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Editorial on the Research Topic

Low-Dimension Sensing Nanomaterials

Sensing is the art of seeing things invisible (Fourkas, 2011; Yao et al., 2021). Specifically,
sensors help human beings collect chemical/physical/bio-stimulus or variations in the
environment, and transduce them into readable signals that can be further processed and
analyzed (Hu W. et al, 2019; Broza et al,, 2019; Xie et al.). In the last 2 decades, the
intensive studies on low dimension nanomaterials have indicated the advantages of such
materials on developing new sensors with ultrahigh sensitivity, specificity, low-power
consumption, multi-functionality, and miniaturized size (Choi and Kim, 2018; Ge et al;
Meng et al., 2019; Qiu and Tang, 2020; Yang et al., 2020).

The Frontiers research topic “Low-Dimension Sensing Nanomaterials” comprises a collection
of original research and review articles dealing with the synthesis, chemistry, and applications of
low-dimension sensing nanomaterials. This special issue consists of 15 research articles and five
mini-reviews, reflecting recent developments on sensing materials, data processing, and
theoretical calculations. The collected papers cover the broad applications of sensors in
fields of environmental monitoring/cleaning (Li B. et al.; Dong et al; Luo et al; Tang et al.),
disease diagnosis (Cai et al; Wang H. et al.), biosensing (Song et al.; Wang Z. et al.), public
security affairs (Li Y. et al.), etc.

The rich history of sensing materials has made it possible to predict with a relatively high degree of
confidence what sensing performances might result if certain well-studied materials are used individually or
jointly. However, there are still many worthwhile directions to be pursued to overcome the difficulty to fulfill
the “4S” requirements (i.e., sensitivity (response), selectivity, speed (response/recovery time) and stability) at
the same time. Firstly, the newly emerging sensing materials (e.g, metal organic framework/porous
coordination polymers (MOF/PCPs), black phosphorus, covalent-organic frameworks (COFs), conducting
polymers, Mxenes) or hybrid materials always bring new understanding of what the sensor can or cannot do
(Hu Y. et al; Cai et al;; Zhou et al; Zhuo et al.), which can be further applied to guide the development of
existed sensing materials. Secondly, the boosting developments of characterization techniques triggered
various in-depth and fundamental studies on both atomic/nanoscale level structure-properties relationships
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and in-/ex-situ sensing mechanisms characterization (Hu Y. et al;
Shao et al; Song et al; Wang H. et al; Jia et al; Wu et al.). Its great
challenge is how to move forward the qualitative measurements to
quantitative measurements, summarize the individual cases into
general rules via data processing, and thus guide the design of high
performance sensors. Last but not the least, the theoretical calculations
have contributed greatly to the understanding of sensing mechanisms
in the past few decades (Ji et al, 2019; Zhu et al.). With the fast
development of simulation theories and computing power, greater
contributions on both confirmation and prediction can be expected.
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We hope the contributions here can give the inquisitive reader
a primer and a springboard that inspires further new ideas in this
exciting and challenging research area, in which many more
discoveries will be made.
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By using CALYPSO searching method and Density Functional Theory (DFT) method at
the B3LYP/6-311G (d) level of cluster method, a systematic study of the structures,
stabilities, electronic and spectral properties of Sigl\/lgﬁJ (h=1-11;Q =0, £1) clusters of
silicon-magnesium sensor material, is performed. According to the calculations, it was
found that when n > 4, most stable isomers in SigMgﬁ) (n=1-11; Q = 0, £1) clusters
of silicon-magnesium sensor material are three-dimensional structures. Interestingly,
although large size Sigl\/lgﬁ’ clusters show cage-like structures, silicon atoms are not
in the center of the cage, but tend to the edge. The SiMgy ] ¢ 4 and SiaMgl3 , 61
clusters obviously differ to their corresponding neutral structures, which are in good
agreement with the calculated values of VIP, AIP, VEA, and AEA. |VIP-VEA| values reveal
that the hardness of SioMgy, clusters decreases with the increase of magnesium atoms.
The relative stabilities of neutral and charged Sizl\/lgﬁJ (h=1-11; Q = 0, £1) clusters of
silicon-magnesium sensor material is analyzed by calculating the average binding energy,
fragmentation energy, second-order energy difference and HOMO-LUMO gaps. The
results reveal that the SigMgg, Sigl\/lgg1, and SigMg§L1cIusters have stronger stabilities
than others. NCP and NEC analysis results show that the charges in Sizl\/lgﬁ (h=1-11;
Q = 0, 1) clusters of silicon-magnesium sensor material transfer from Mg atoms to
Si atoms except for Sigl\/lgj”, and strong sp hybridizations are presented in Si atoms of
Sigl\/lgS clusters. Finally, the infrared (IR) and Raman spectra of all ground state of Sigl\/lgﬁ
(h=1-11; Q =0, 1) clusters of silicon magnesium sensor material are also discussed.

Keywords: silicon-magnesium sensor material, SizMgg'*1 clusters, geometrical structures, electronic properties,
spectral properties

INTRODUCTION

Silicon and magnesium are abundant elements on the earth and are widely used in sensor
industry. In particular, silicon, as the main material of semiconductor sensors, has always been
the research frontier in the field of sensors. As the only stable compound in Mg-Si binary system,
Mg,Si, which has the characteristics of high melting point, high hardness, high modulus of
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Zhu et al.

Cluster Study on Silicon-Magnesium Material

elasticity and environmentally friendly, is an n-type
semiconductor material with a band gap of 0.68-1.03 eV
(Atanassov and Baleva, 2007). There are many experimental and
theoretical studies on silicon-magnesium sensor materials. For
example, theoretically, Morris et al. (1958) first used graphite
crucible to melt stoichiometric components to prepare high
purity single crystal Mg,Si materials, they found the band gap
of Mg,Si is 0.78 eV. Aymerich and Mula (2010) and Imai et al.
(2003) studied the band structure of Mg,Si using empirical
and first-principles pseudopotentials, respectively. Chen et al.
(2010) studied the band structure of Mg,Si and doped Ag, Al
elements by using the first-principles pseudopotential plane
wave method based on density functional theory (DFT). By
using DFT, they obtained the real part, imaginary part and
Photoconductivity of Mg,Si dielectric function as a function
of photon energy. Experimentally, the main work on Mg,Si
is focused on the preparation of thin film materials. Wittmer
et al. (1979) was the first to fabricate Mg,Si semiconductor
thin films on Si (111) substrates by evaporating Mg atoms films
with different thicknesses using an electron gun at a speed of
about 40A/s in vacuum. Boher et al. (1992) used radio frequency
magnetron sputtering technology to sputter Mg,Si targets onto
glass materials and Si (111) substrates, and obtained amorphous
Mg,Si films. Song et al. (2003) used pulsed laser deposition
(PLD) method to grow Mg,Si crystal semiconductor thin films
nearly 380 nanometers thick on stainless steel substrates at 500°
annealing temperature.

All the above theoretical and experimental studies have
greatly enriched the research results on the properties of silicon-
magnesium sensor material. However, these studies have not
touched the fundamental problem, how do the physical and
chemical properties of silicon-magnesium compounds change
from small systems (several or dozens of atoms) to large
systems? Fortunately, small clusters provide a new way to study
this system, which can provide insight into the strength and
properties of metal bonds (Ju et al, 2015; Sun et al, 2017,
2018; Bole et al, 2018). Cluster material scale is a concept
of nanomaterials. It is a relatively stable micro or sub-micro
aggregate composed of several or even thousands of atoms,
molecules or ions. Its physical and chemical properties usually
vary with the number of atoms contained. Cluster studies have
successfully helped us to in-depth understand the structure,
stability, electronic states and spectral properties of many
materials (Jin et al., 2015a,b; Xia et al., 2015; Xing et al., 2016a,b).
There are many reports about sensor material study by using
cluster method. For example, Yang et al. (2006) used full-
muffin-tin-orbital molecular-dynamics (FP-LMTO-MD) method
to study the electronic and geometric structures of GapAs, (n
= 4, 5, 6) cluster ions. They found that some of the lowest
energy structures for the cluster ions are different from those
of the corresponding neutral clusters. Dmytruk et al. (2009)
produced zinc oxide clusters by laser ablation of bulk powder
zinc peroxide in vacuum and studied them by time-of-flight mass
spectrometry. By comparing the experimental results with the
theoretical calculations of clusters, the most stable structure of
(ZnO)n clusters was verified at n = 34, 60, and 78.

However, most of the studies on sensor material clusters are
carried out in a crystal growth mode, such as AsGa and ZnO,

where the number of different atoms increases in harmony. In
this paper, doped clusters will be used to study the materials
of silicon-magnesium sensors. To be exact, we doped a small
amount of silicon into magnesium element, which increased the
number of magnesium atoms around two silicon atoms from
1 to 11, and made them neutral charged, negative charged and
positive charged, respectively. Then, we will study the structure,
stability, electronic and spectral properties of SizMgg (n=1-
11; Q = 0, £1) clusters of silicide-magnesium materials in detail.
The paper is organized as follows: Section Computation Methods
describes the computational details, the results are presented and
completely discussed in section Results and discussions, and the
final conclusions are summarized in section Conclusion.

COMPUTATION METHODS

All structural optimization and infrared Raman spectrum
analysis are carried out by using DFT at B3LYP/6-311G (d)
basis set level in Gauss 09 program package (Frisch et al., 2014).
In order to find the lowest energy state structure of SigMgS
(n = 1-11; Q = 0, £1) clusters of silicon-magnesium sensor
material, it is necessary to prepare enough initial configurations
of SipMg, clusters. We used the particle swarm optimization
(CALYPSO) method (Wang et al., 2010, 2012; Lv et al,, 2012)
to get the initial structures of pure magnesium clusters. Then,
replacing any two Mg atoms with Si atom in the initial Mg,
clusters’ structures. CALYPSO method has successfully predicted
structures for various systems ranging from clusters to crystal
structures (Lu et al., 2013, 2017, 2018; Lu and Chen, 2018; Xiao
et al,, 2019). In the process of geometric optimization in Gauss
09 package, for neutral clusters, the spin multiplicity of electrons
takes into account 1, 3, 5 states, while for charged clusters, it
is 2, 4, 6 states, and there is no constraint on the symmetry.
Finally, if the optimization results include virtual frequencies, the
coordinates of the virtual mode are relaxed until the real local
minimum is obtained. On the basis of eliminating imaginary
frequency, the potential energy of all optimized ground state
structures will reach absolute local minimum.

In order to prove the reliability of the selected B3LYP/6-
311G (d) basis set level, the calculated bond length, vibrational
frequency, vertical ionization potential (VIP) and vertical
electron affinity (VEA)of the neutral Mg, Siy, SiMg clusters by
using different methods at the same 6-311G (d) basis set are
shown in Table 1. As showed in Table 1, the calculated values
r(Mgy) = 3.93 A, w(Mgy) = 44.96 cm ™1, r(Siy) = 2.17 A, w(Siy)
= 540.82 cm™!, VIP(Si;) = 9.13eV, and VEA(Siy) = 2.02¢V,
these conclusions are quite agree with the existed experimental
results (Huber, 1979; de Heer et al., 1987; Kitsopoulos et al., 1991;
Ruette et al., 2005).

RESULTS AND DISCUSSIONS

Geometrical Structures of SizMgﬁ(n =
1-11; Q = 0, 1) Clusters of
Silicon-Magnesium Sensor Material

The geometries of SizMgS (n = 1-11; Q = 0, £1) clusters
of silicon-magnesium sensor material are optimized by using
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TABLE 1 | Calculated values of bond length r (A), frequency » (cm~1), vertical ionization potential VIP (eV) and vertical electron affinity VEA (eV) for the Mgp, Sip, and SiMg

clusters by different methods.

Methods Mg2 Siy SiMg

r ® VIP VEA r ® VIP VEA r ® VIP VEA
B3LYP 3.93 44.96 8.16 0.43 217 540.82 9.13 2.02 2.57 288.31 6.77 0.61
B3PW9I1 3.61 85.29 6.20 0.22 2.31 476.71 8.53 2.79 2.54 325.98 5.84 1.70
PBE 2.78 263.51 4.75 1.68 2.18 531.49 8.15 2.08 2.56 311.01 6.91 0.96
BPV86 2.78 259.56 7.71 0.69 2.18 527.65 7.84 2.08 2.55 306.74 7.94 1.32
MP1PW91 3.60 88.05 6.16 0.21 2.30 484.06 8.54 2.79 2.54 327.96 5.80 1.71
Expt 3.892 452 - - 2.25° 5110 >8.49° 2.176 + 0.002¢ - - - -

aRuette et al. (2005).
bHuber (1979).

Cde Heer et al. (1987).
dKitsopoulos et al. (1991).

the computational method in section Computation Methods.
Due to the existence of so many initial structures, the relative
energies of all the initial isomers with different spin multiplicities
are optimized, but only the lowest energies and a few low-
lying energy isomers are given in Figures 1-3. In addition, in
Figures 1-3, in order to compare the effect of Si-doped Mg
clusters on the original structure of pure Mg clusters, we also
list the lowest energy state structure Mgy, (n = 1-11) of pure
Mg clusters optimized by the same method, while the lowest
energy state and two metastable structures of neutral Si;Mg?,
anionic Si;Mg; !, cationic Si;Mg! (n = 1-11) clusters are given.
Under each isomer structure, there are three information about
the energy difference between the metastable structure and the
lowest energy state structure, the symmetry, and the electronic

spin state. So, the first structure of SizMgS clusters are all
labeled as 0.00 eV, indicating that this structure is the lowest
energy state. The latter two are two metastable structures, and
the energy difference with the lowest energy state is directly
expressed as a non-zero value. It is noteworthy that when n
is determined, there are three energy differences on the right
side of the lowest energy structure of Mgy4», they are AE; =
E(Si;Mg®)-E(Mgy+2), AE; = E(SiMg,, })-E(Mgy+2), and AE;
= E(SizMg!)-E(Mgy+2), notably, E means the ground state
energy. Since there are too many structures, we first give a brief
introduction to each structure, and then analyze and discuss their
growth patterns shortly below.

n = 1: SiMgy, SiaMg ', SiaMg ™, and Mgs

The lowest energy structure of neutral SiyMgl with spin
singlet and Cg symmetry is an isosceles triangle, which are the
similar as the ground state of cationic Si;Mg;"' and pure Mgs
clusters. For anionic SizMgl_l, the linear chain (Cg, °A) in which
the Mg atom is in the middle position is found to be the most
stable isomer. For metastable isomers, two triangular structures
for SizMgiH, two linear chain structures for SizMgl_l, and one
triangular, one linear chain structures for neutral Si;Mg1.

n=2:SiMg, SiaMg; ', SixMgy ™, and Mgy

The ground states of Si;Mg2 (D, TAG) and Si,Mg, Y (Con,
2AG) are parallelograms with a little different shapes. Replacing

any two Mg atoms with Si atoms in the tetrahedral structure
of Mgy (Tp, TA}) forms the lowest energy isomer structure of
SizMg;rl (Cav, 2B;). All metastable isomers are planar structures,
such as trapezoids, triangles and parallelograms.

n = 3: SiMgs, SixMg; ', SixMgi!, and Mgs

It is impossible to replace two magnesium atoms in the ground
state structure of Mgs (Cj, TA) with silicon atoms to directly
form any Si,MgQ 3 (Q = 0, 1) cluster structure. But the lowest
energy isomer structures of Si;Mg3 (Cs, 1A) and SizMg3_1 (Cs,
2A) can be formed by the second metastable isomer structure of
Si;Mg2, in where attracting a Mg atom in the same plane outside
the trapezoidal silicon-silicon bond. The lowest energy isomer
structure of SizMggH (C1, 2A) is formed by the ground state of
SizMg;rl with a magnesium cap at the top of a magnesium atom.
In addition, all metastable isomers exhibit planar structures.

n = 4: SiyMga, SixMg, ", Si Mg, and Mg

The lowest energy structure of Mgg (Cy, ' A) is an octahedron.
When the two magnesium atoms at the octahedron vertex are
replaced by silicon atoms and the lower silicon atoms float up
to the plane where the four magnesium atoms are located, the
lowest energy state structures of SiyMgy (Cy, 'A) and SizMgZI
(Cy, 2A) are formed. The ground state structure of SiznglH (Cy,
2A) can be formed by the ground state of SizMg;'lattrcating a
Mg-Mg bond parallel to the Si-Si bond. All metastable isomers
are three-dimensional structures and are directly related to the
structure of isomers with small # values.

n = 5: SiyMgs, SixMg; ', Six Mg, and Mg,

The ground state structure of Mgy (Cy, TA) can be directly
formed from Mg with a magnesium atom cap on one side of
the octahedron. The ground state structures of SizMgS_1 (Cq,
2A) and SizMg;rl (Cy, 2A) are similar, their main body is a
triangular prism with a magnesium-silicon-magnesium triangle
at the top and bottom, and then a magnesium atom cap at
different distances from the side. The lowest energy structure
of neutral Si;Mgs (Cy, 2A) is formed when the ground sate
structure of Si;Mgy attracting one magnesium atom. It is easy to
see that the first metastable structure of cationic SigMg;H is the
lowest energy state structure of neutral Si,Mgs. Interestingly, the
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AE =-4867.41 AE,=-4864.22
Mg, AE,—4867.22 | Mg AE,=-4865.96
SA” Cg AE;=-4860.23 1A, T, AE;=-4857.66
Si,Mg, Si,Mg,
0.00 1A’ C;  1.84 SA” Cg  2.04 A’ Cj 0.00 'AG D, 0.28 34’ C; 042 'A, G,
0.00 °A> C; 0.56 *A” Cg 0.64 °A” C 0.00 2AG C,, 0.07 2A, C,, 0.80 2AG D,
Si,Mg," A A Si,Mg A A :
0.00 2A” C; 0.54 ‘A” C,  0.94 ‘A” C 0.00 ’B, C,, 0.13 ‘A” C, 0.18 B, C,,
AE;=-4865.03 AE,=-4865.20
Mg, AE -.4866.73 | Més AE,=-4867.07
5= AE;=4859.64
A C, 4859.01 3
0.00 'A’ Cg 0.12 'A’ C5  0.16 'A’ C 0.00 'AC, 023'AC, 027'AC,
0.00 2A’ C; 024 2A° Cg 0.25 2A’ C 0.00 2A C 0.33 2A C 0.37 2A C
Si,Mg,* A' WW Si,Mg,"
0.00 2A C, 0.07 A’ C; 0.11 2A’ C 0.00 %A C, 0.07 A C, 0.08 %A C,
FIGURE 1 | Optimized geometries of Mgn 2 and SizMg? (n = 1-4; Q = 0, +1) clusters of silicon-magnesium sensor material at B3LYP/6-311+G(d) level. The pink
and gray balls present the Mg and Si atoms, respectively.

difference between the first metastable state structure of neutral
SipMgs and the lowest energy state structure of anionic SizMgS_1
is the orientation of the cap with magnesium atom, the former at
the bottom and the latter at the side.

n = 6: SixMgs, SixMgs ', SixMg!, and Mgs

The lowest energy structure of Mgg (C;, 'A) is formed by
adding a Mg atom cap to the up down mirror symmetry of Mg;.
When adding a Mg atom cap to the right left mirror symmetry
of the lowest energy structure of SiZMg;rl, the ground state
structures of SizMggH (C1, 2A) is formed. The lowest energy
structure of neutral Si;Mgg (Cy, 1A) is as the same as its first
metastable structure. The ground state of SizMggl(Cl, 2A) is an

irregular polyhedral cylinder, but its metastable state structures
show certain irregularity.

n=7:Si,Mgy, Six Mg, Si Mg, and Mg,

The lowest energy state structure of the cationic SizMg7+1
(C1, 2A), which is as the same as its second metastable state
structure, can be formed by substituting the upper and lower
mirror symmetrical Mg atoms for the silicon atoms in the lowest
energy state Mgg (Cy, TA) structure. The ground state of Si;Mg; !
(C1, 2A) is similar as the first metastable state structure SizMg;H.
The lowest energy structure of the neutral SiyMg; (Cy, 2A) has
the same main body as the ground state structure of Si;Mgy.
Interestingly, the second metastable state structure of Si;Mgy
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AE,=-4865.61 AE,=-4866.35
Mg, AE,=-4867.31 | Mg, AE,=-4867.90
IAC, E,=-4860.12 AC.  AE;=4860.75
0.00 'A C, 0.06 'A C, 020 'A C, 0.00 'AC, 001 'AC, 044'AC,
0 A C, 0.12 2A C, 0.52 2A C, 0.00 A C;,  0.29 2A C, 0.46 %A C,
0.00 2A C, 0.08 2A C, 0.10 2A C, 0.00 %A C, 0.02 2A C, 0.21 2A C,
AE,=-4866.00 AE,=-4865.67
Mg, E,=-4867.57 Mg,, AE,=-4867.50
1A C, E;=-4861.12 A C, AE;=-4860.54
Si,Mg, $ w Si,Mg, @ m @
0.00 'AC, 028 'AC, 0.52'AC, 000'AC, 021 'AC, 022'AC
Si,Mg,"
lz g7 SiZMgs- m m @
0.00 2A C, 020 2A C,  0.29 2A C, 000 2A C, 0232AC, 0.33 A C,
Si,Mg,”
Si,Mgg*
0.00 2A C, 027 A C, 0.29 2A C, .00 A C, 0.25 2A C, 0.26 2A C,
FIGURE 2 | Optimized geometries of Mgn.2 and SizMgﬁJ (n=5-8; Q =0, £1) clusters of silicon-magnesium sensor material at B3LYP/6-311+G(d) level. The pink
and gray balls present the Mg and Si atoms, respectively.

is similar as the ground state structure of Si;Mg; "', the only
difference is the two silicon atoms are bonded from top to bottom
to left.

n = 8: SixMgs, SiMgg ', SixMgg ', and Mgio

The lowest energy state structure of the Mgy (Cy,
'A) is formed by Mgy with a magnesium atom on right
side. The ground state structure of SizMgéH (C1, 2A) can
be formed by ground state structure of SizMg;rl with
a magnesium cap on left-down side. The lowest energy
state structure of neutral Si;Mgg (Cy, 2A) is similar
as the first metastable state structure of SizMggl. The

ground state of Si;Mgg'(Ci, 2A) is cage-like structure
with one silicon atom trapped on the upper surface.
Interestingly, other metastable state structures also present
cage-like structures.

n=9: SiyMgo, SiMgy ', Six Mgy, and Mgy

When Mg attracting a magnesium on the left side, it is
the lowest energy structure of Mg;; (Ci, 1A). From n = 9, it
is easy found that no structure of SizMgS (Q =0, £1) can be
formed by substituting two magnesium atoms for silicon atoms
in Mgny. The ground state of Si;Mgy 1 (Cy, 2A) is similar as
its first metastable state structure. They can be formed based on
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AE =-4865.61 AE,=-4866.24
Mg, AE,=4867.50 | M2 AE,=-4867.94
AE;=-4861.03 63 == :
A C, 3 A g, AE4861.48
0.00 'AC, 009 'AC, 0.10'AC, 0.00 'AC, 0.02'AC, 0.06'AC,
Si,Mg, ’ -
Si,Mg,,
0.00 2A C, 0.10 2A C, 0.33 *A C, 0.00 2A C, 0.09 2A C, 0.10 %A C,
Si,Mg,*
Si,Mg,,"
0.002A C, 0192AC, 039 %A C, 000 °A C, 022°AC, 023°AC,
AE,=-4866.39
Mg,; AE,=-4867.96
AE;=-4861.51
1A C,
0.00 'A C, 0.10 'A C, 0.127A C,
Si,Mg,,” m
0.00 2A C, 0.18 2A C,  0.20 2A C,
0.00 2A C, 0.12 2A C, 0.17 A C,
FIGURE 3 | Optimized geometries of Mgn.» and SigMg‘ﬂ3 (n=9-11; Q = 0, 1) clusters of silicon-magnesium sensor material at B3LYP/6-311+4G(d) level. The pink
and gray balls present the Mg and Si atoms, respectively.

the first metastable structure of SizMgéH with a Mg atomic cap.
The ground state structure of neutral SiyMgo (Cy, 2A) is similar
as its second metastable structure and the second metastable
structure of Si;Mgy . The lowest energy state structure of
Si;Mgg '(Cy, 2A) is a complex 3D cage-like structure based on
the second metastable state of Si;Mgy with attracting more five
Mg atoms.

n = 10: SizMgio, SixMg; 0, SixMg™ 0, and Mgy,

The ground state structures of neutral Si,Mgo (C, TA) and
SizMgl_IO (C1, 2A) are the same and can be formed by the

lowest energy state structure of SizMg;H with a magnesium
cap. The lowest energy state structure of SizMgiHO (Cy, 2A) is
formed by the ground state structure of SiZMgg1 with adding
two magnesium atoms. All the metastable structures present
3D structures, and some of them can easily be found to
be associated with the cluster structure discussed earlier. For
example, the metastable structure of neutral Si;Mg;o can be
formed by the ground state of neutral Si;Mgg with adding two
Mg atoms.
n = 11: SiyMg1, SixMg; ' 1, Siy Mg 1, and Mgy3
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The lowest energy structures of SipMgy; (Cy, 1p),
SizMgl_ll(Cl, 2A), SizMgiH 1(C;, %A) show cage structures,
but no silicon atom located the cage center. By using the ground
state structure of Si;Mgy ! with adding two magnesium atoms,
the lowest energy structure of SizMgfll(Cl, 2A) is got. The
ground state structure of Si;Mgy; (Cy, TA) can be formed by the
first metastable structure of Si;Mgg with two more magnesium
attracted. The lowest energy structure of SizMgY'1 1(Cy,%A) is the
same as the first metastable structure of Si;Mgi;, and they are
quite similar as the first metastable structure of SizMggl. Other
metastable structures exhibit 3D cage-like structure.

Energy Difference Between Structures
As shown in Figures1-3, the energy differences AE,;
(from —4867.41 to —4864.22¢V), AE, (from —4867.96 to

—4865.96¢eV), and AE3 (from —4861.51 to —4857.66¢V) are
quite stable and reasonable. Because the energy difference
between the free neutral Si and Mg,, E(Siz)-E(Mgy) =
—4864.42 eV, is quite near to the AE; In addition, AE; < AE;
< AEj3 is consistent with the following conclusion: if the neutral
charged cluster is negatively charged, the cluster will lose energy,
and if the neutral charged cluster is positively charged, the cluster
will get energy. In addition, the energy differences between all
metastable state structures and their corresponding ground state
structures are also listed under each metastable state structure,
they are all very small (from 0.01 to 2.04 eV) and reasonable.

Growth Pattern
According to the structural characteristics of the lowest energy
state structures mentioned above, the growth mechanism of

TABLE 2 | The shortest bond length (&) of Mg+, neutral and charged SipMgQ (1 = 1-11; Q = 0, &1) clusters.

Clusters The shortest bond length (A) Clusters The shortest bond length (A)
Anionic Cationic Neutral

SixMg1 dsi—si = 5.27 dsi—si = 2.31 dsi—si = 2.21 Mgs dmg-mg = 2.91
dsi-mg = 2.63 dsi-mg = 2.70 dsi—mg = 2.54

Si,Mgs dg_s = 2.37 ds_g = 2.47 dg_g = 2.22 Mg dvig_mg = 3.17
dsi—-mg = 2.66 dsi-mg = 2.66 dsi-mg = 2.79
dmg-mg = 4.76 dmg-mg = 2.99 dvg-mg =5.13

SixMgs dsi—si = 2.25 dsi—si = 2.21 dsi_g = 2.32 Mgs dmvg-mg = 3.45
dsi-mg = 2.67 dsi—mg = 2.66 dsi—mg = 2.53
dmg-mg = 3.01 dmg-mg = 2.96 dwg-mg = 3.00

SixMg4 dsi—si = 2.23 dsi—si = 2.75 dsi_g = 2.27 Mgs dmg-mg = 3.00
dsi-mg = 2.77 dsi—mg = 2.59 dsi—mg = 2.68
dmg-mg = 3.03 dmg—mg = 2.99 dmg-mg = 2.93

SixMgs dsi—si = 2.32 dsi—si = 2.59 dsi_g = 2.22 Mgz dmg-mg = 3.15
dsi—mg = 2.69 dsi—mg = 2.58 dsi—mg = 2.60
dmg-mg = 3.05 dmg-mg = 2.98 dmg-mg = 2.88

SixMgs dsi—si = 2.33 dsi_si = 2.56 dsi_si = 2.74 Mgs dmg-mg = 3.14
dsi—mg = 2.65 dsi-mg = 2.64 dsi—mg = 2.60
dmg-mg = 2.99 dmg-mg = 2.99 dmg-mg = 2.87

Si;Mg7 dsi_si = 2.29 dsi_si = 2.36 dsi_si = 2.23 Mg divig_mg = 3.12
dsi-mg = 2.67 dsi-mg = 2.67 dsi-mg = 2.66
dmg-mg = 3.03 dvig-mg = 3.02 dvig-mg = 2.90

SixMgg dsi—si = 2.39 dsi—si = 2.69 dsi_si = 5.15 Mgio dmg-mg = 3.04
dsi-mg = 2.67 dsi-mg = 2.65 dsi—mg = 2.54
dmg-mg = 3.01 dmg-mg = 2.99 dvg-mg = 2.89

SixMgg dsi—si = 5.02 dsi—si = 2.39 dsi_gi = 5.72 Mg+ dmg-mg = 3.08
dsi-mg = 2.64 dsi-mg = 2.65 dsi—mg = 2.58
dmg-mg = 2.98 dmg-mg = 3.03 dmg—mg =2.92

SixMg1g dsi—si = 5.90 dsi—si = 2.45 dsi—si = 5.84 Mgi2 dmg-mg = 3.09
dsi—mg = 2.64 dsi—mg = 2.67 dsi—mg = 2.55
dmg-mg = 3.03 dmg—mg = 3.02 dmg-mg = 2.88

SixMg14 dsi—si = 5.17 dsi_si = 5.22 dsi—si = 6.04 Mg dmg—mg = 3.03
dsi—mg = 2.64 dsi—mg = 2.67 dsi—mg = 2.68
dmg-mg = 2.96 dmg-mg = 2.96 dmg-mg = 2.93
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SizMgS (n = 1-11; Q = 0, %1) clusters of silicon-magnesium
sensor material can be summarized as following: (i) The
lowest energy state SizMgr(l2 clusters favor 3D and low spin
multiplicity for n = 4-11. (ii) Compared with neutral Si;Mg,
clusters, charged Si;Mgt! clusters formed when they get or
lose electrons will change their structures in most cases. (iii)
Larger size clusters Si;Mgl*! show cage-like geometries, but
silicon atoms are not in the center of the cage, but tend to
the edge, which is different from some reports (Zhang et al.,
2015). This may be related to the distribution of electrons
outside the nucleus of magnesium and silicon atoms. Through
the above structure optimization, we can find that the shortest
chemical bond length of clusters tends to be smaller when
silicon doped with magnesium. Table2 shows the shortest
chemical bond lengths of Mg-Mg, Si-Si, Si-Mg for all Si;Mg,

clusters as the number of magnesium atoms increases. For
comparison, Table 2 also lists the shortest chemical bond lengths
of Mg-Mg clusters with corresponding atomic numbers of pure
magnesium clusters. From Table 2, it can be seen clearly that
silicon doping into magnesium can indeed make the cluster
structure more compact when the total number of atoms is
the same.

The Relative Stabilities of SizMgﬁ(n =1-11;
Q = 0, £1) Clusters of Silicon-Magnesium
Sensor Material

In order to study the relativity stabilities of neutral and charged
SizMgS (n = 1-11; Q = 0, %1) clusters of silicon-magnesium
sensor material, the average binding energy Ey, fragmentation
energy Ef, the second-order energy differences AE, and the
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FIGURE 4 | The size-dependent properties of Es, Ak, Ef, and Eggp of the lowest-energy SigMgS(n =1-11; Q = 0, 1) clusters of silicon-magnesium sensor material.

TABLE 3 | NCP of the lowest-energy structures for neutral SiMg,, (n = 1-11) clusters of silicon-magnesium sensor material.

Clusters/Atom Si-1 Si-2 Mg-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11
SipMg1 —0.36 —0.36 0.72

SixMg» —0.55 —0.55 0.55 0.55

SixMgs -0.88 —0.89 0.45 0.45 0.86

SixMg4 —0.59 —1.14 0.57 0.29 0.29 0.57

SixMgs -0.92 -0.76 0.26 0.27 0.23 0.46 0.45

SixMgs —0.89 —0.89 0.23 0.42 0.42 0.00 0.23 0.49

SixMgy —1.34 —0.68 0.43 0.22 0.15 0.45 0.52 0.00 0.25

SixMgg —1.89 —1.89 0.51 0.59 0.30 0.51 0.51 0.51 0.59 0.25

SioMgg —-1.37 —1.63 0.61 0.25 0.22 0.42 0.49 0.25 0.22 —0.04 0.49

SixMg1o —1.69 —1.61 0.49 0.00 0.16 0.34 0.37 0.35 0.37 0.48 0.15 0.59

SisMg14 —1.70 —1.73 0.37 0.52 0.41 0.30 0.04 0.53 —0.03 0.30 0.22 0.58 0.19
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HOMO-LUMO energy gap Eg,p are calculated, which can be read
as below:

Ep(SiaMg,) = [nEx(Mg) + 2Ex(Si) — Ex(SiaMg,))/(n +2) (1)
Ep(SixMgt!) = [(n — 1)Ex(Mg) + Ex(Mg®)
+2Ex(Si) — Ex(SiaMgEh )/ (n+2) )

Ef(SizMgy™!) = Ex(SixMg)™) + Ex(Mg) — Ex(SixMg)™*") (3)
A2ESixMgd™!) = Ex(SinMgh™)) + Ex(SixMg2h)

—2E(SizMgy™") (4)

Egap(SiaMgh™) = Erumo(SixMgl™*") — Eromo(SiaMgy™)  (5)

Ey in Equations (1-4) are the total energy of the corresponding
atom and ground state clusters. Egomo and Erymo in Equation
(5) are the energies of highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO).

The motivation for comparing pure magnesium clusters
must be explained here. Physically, the most ideal (simplest)
silicon doping is to replace two magnesium atoms with silicon
atoms in pure magnesium clusters, and then to optimize the
structure. Therefore, comparing some properties of silicon-
doped magnesium clusters, we always habitually compare pure
magnesium clusters with the total number of corresponding

atoms in our research. The size-dependent properties of Ey,
Ef, AE, and Eg,p, for the lowest energy state SizMgS (n=1-
11; Q = 0, £1) clusters of silicon-magnesium sensor material
are presented in Figure 4. We can summarize the properties as
the following:

1) The Ey values of all SizMgS (n = 1-11; Q = 0, £1) clusters
of silicon-magnesium sensor material decrease followed by
same tendency with the size increases, but the Ey values of
pure Mgy clusters are gradually increase. In addition, the Ej,
values of cationic SiyMg ! are always the highest, while the E;,
values of neutral Si;Mg! are the lowest all the time. It means
that electron removal can enhance the chemical properties of
SiMg,, clusters.

2) The Ef curves of neutral and charged SizMgS (n=1-11;Q
= 0, £1) clusters of silicon-magnesium sensor material have
a similar oscillating tendency. For neutral SizMg?1 clusters,
the stronger relative stability clusters are SiMg), SixMg?,
and Si;Mg?, based on the maxim of Ey values. For anionic
Si;Mg ! clusters, three significant maxima are found at n =
3,7, 9, which indicate that Si;Mg; ", Si;Mg; ', and Si;Mg, '
clusters are the most stable clusters. For cationic Si;Mg!
clusters, three local peaks can be found from the Ef curve, it

TABLE 4 | NCP of the lowest-energy structures for anionic SixMg; " (0 = 1-11) clusters of silicon-magnesium sensor material.

Clusters/Atom Si-1 Si-2 Mg-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11
SioMgy -0.73 -0.73 0.46

SioMg, —-0.81 —0.81 0.31 0.31

SixMggz —0.88 —0.88 0.38 0.19 0.19

Si;Mg, —0.65 -1.07 0.27 0.09 0.09 0.27

Si;Mgg —0.98 —0.98 0.23 0.07 0.23 0.35 0.07

Si;Mgg —0.53 —0.53 -0.07 0.08 0.08 —0.07 0.03 0.03

Si;Mg;, —0.79 —1.46 0.22 0.05 0.35 0.19 0.09 —0.02 0.37

SizMgg —1.47 —1.49 0.30 0.27 0.17 0.39 0.19 0.21 0.17 0.26

SiMgg —1.52 —1.67 0.41 0.27 0.04 0.29 0.00 0.33 0.38 0.34 0.12

SizMg;, —1.83 —-1.74 0.46 0.05 0.02 0.31 0.30 0.31 0.30 0.38 0.02 0.43

SiaMgy; —1.88 —1.80 0.35 -0.19 0.44 0.45 0.04 0.09 0.04 0.43 0.49 0.30 0.25

TABLE 5 | NCP of the lowest-energy structures for cationic SixMg; (1 = 1-11) clusters of silicon-magnesium sensor material.

Clusters/Atom Si-1 Si-2 Mg-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11
SiMg; 0.02 0.03 0.95

Si,Mg; —-0.34 —0.34 0.84 0.84

SioMgf —0.38 -0.37 0.55 0.65 0.55

Si,Mg; -1.16 —-1.16 0.99 0.99 0.67 0.67

SipMgy -1.37 -1.29 0.67 0.66 0.64 1.09 0.61

SipMg -1.15 —-1.15 0.44 0.44 0.78 0.44 0.44 0.78

SipMg; —1.09 —1.09 0.65 0.42 0.42 0.42 0.42 0.21 0.65

SipMgg -1.33 —-1.14 0.35 0.49 0.85 -0.12 0.43 0.81 0.30 0.36

SioMgg —1.43 —1.49 0.55 0.55 0.35 0.53 0.53 0.19 0.19 0.69 0.35

Si,Mg7, —1.51 —1.51 0.49 0.38 0.48 0.40 0.22 0.41 0.48 0.49 0.41 0.26

SibMgt, —2.06 —2.06 0.12 0.45 0.59 0.66 0.52 0.52 0.59 0.28 0.28 0.45 0.66
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means that SizMggH, SizMgéH, Sip MgéH clusters are more
stable than their neighbors.

3) The irregular oscillation behaviors are the most prominent
feature of A,E curves of all SizMgS (n = 1-11; Q =
0, £1) clusters of silicon-magnesium sensor material. The
maxima are found at n = 3 for all SizMgS clusters, n
= 6 and 8 for both neutral Si;Mg® and anionic SiMg,*
clusters, n = 7 for cationic SizMgIJlrl clusters. It means that
the Si,Mg; !, SixMg; ', SixMgg !, Si Mg, Si;Mg+1 6, and
SizMg;H clusters have slightly stronger relative stabilities and
have large abundances in mass spectroscopy in comparison
with the corresponding neighbors. For neutral clusters,
Si,Mg), SiMg?, and Si;Mg) clusters are more stable than
other clusters.

4) The pure Mgy, clusters have the highest Eg, is an
unexpected conclusion, because pure magnesium has higher
chemical stability than silicon magnesium. For SizMgS (n
= 1-11; Q = 0, £1) clusters, the Eg,, of cationic SizMg;f1
clutters is always the higher one. It means that SiMg™
clusters have higher chemical stability than the neutral and
anionic SizMgS clusters. The curves of Eg,, show that the

maxima values appear at n = 3 for all SizMgS (Q=0, £1)
clusters, n = 7 for both neutral SizMg?1 and cationic Sizngl,
and n = 8 for anionic Si;Mg, ! clusters, which implies that
the higher chemical stability clusters are Si;MgJ, SizMg; L
SiaMgi, Si;Mgd, Si;Mgi !, and Si;Mgg .

Based on the discussions about Ey,, Ef, AzE, and Eg,yp, we can

conclude that the magic numbers of neutral and charged SizMgS
(n = 1-11; Q = 0, £1) clusters of silicon-magnesium sensor
material are Si; MgJ, SixMg; L SiZMg;rl.

The Charge Transfer of Si2Mg‘,3(n =1-11;Q
= 0, 1) Clusters of Silicon-Magnesium

Sensor Material
Natural charge population (NCP) and natural electron
population (NEC) of clusters are two important parameters

to study the localization of charges in clusters (Trivedi et al,
2014). In order to study internal charge transfer of neutral and
charged SizMgS (n = 1-11; Q = 0, £1) clusters of silicon-
magnesium sensor material, we calculate NCP and NEC for
the ground state structures of SizMgS (n =1-11; Q = 0, £1),
and the results are summarized in the Tables 3-6. We can find
that the charges of silicon atoms in SizMgS (n=1-11,Q=0,
=+1) clusters is very significant from the Tables 3-5. Specifically,
except for SiZMgfl, silicon atoms are negatively charged in
the range of —0.34 to —2.06 electrons, and most magnesium
atoms are positively charged in the range of 0.02-0.99 electrons.
This result is consistent with expectation, because electrons are
always transferred from magnesium atoms to silicon atoms in
SizMgS clusters. In short, the NCP of Si atoms indicates that
silicon atoms are electron acceptors in SizMgS clusters. The
NEC of silicon atoms can be found in the Table 6, the electronic
configuration for silicon atoms (3s'3p®) shows that 3p orbital get

TABLE 7 | AIP, VIP, AEA, VEA of ground state Si, MgnQ (h=1-11,Q=0, +1)
clusters of silicon-magnesium sensor material.

n AIP VIP |AIP- AEA VEA |AEA- |VIP-
(eV) (eV) VIP| (eV) (eV) VEA| VEA|
(eV) (eV) (eV)

—

7.1 7.04 0.07 1.44 0.91 0.53 6.13

2 6.59 6.33 0.25 1.61 1.24 0.37 5.09
3 6.02 6.37 0.36 1.70 1.59 0.11 4.78
4 5.56 5.92 0.36 1.87 1.78 0.08 4.14
5 5.50 5.68 0.18 1.71 1.20 0.50 4.48
6 5.60 5.79 0.19 1.556 1.21 0.34 4.58
7 4.88 5.57 0.69 1.57 1.34 0.23 4.23
8 5.13 5.42 0.29 1.83 1.36 0.47 4.06
9 4.57 5.34 0.77 1.90 1.66 0.24 3.68
10 4.76 5.32 0.57 1.70 1.62 0.18 3.80

-
—

4.88 5.03 0.15 1.58 1.40 0.18 3.63

TABLE 6 | NEC of the lowest-energy structures for neutral and charged SigMgS(n = 1-11; Q = 0, £1) clusters of silicon-magnesium sensor material.

Clusters Neutral Anionic Cationic
Si-1 Si-2 Si-1 Si-2 Si-1 Si-2

Si>Mgs 3g1753p2.60 351753259 351893p2.83 351893283 3g1853p2-11 351853210
SibMgs 351763p277 3s1763p2.77 3s1713p807 3s1713p307 3s1813p25" 3g1813p25"
Si,Mgs 31683819 3g1:673p819 3g1:653p321 3g1:653p321 3s1-733p262 3s1-733p262
Si,Mgy 351:693p288. 351633p348 3516630296 351593p345 3s1743p340 3s1743p340
SixMgs 381'593[)3'3” 3s! 623p3.11 st.ezsps.sz 331.623p3.32 3171 3p3.64 381'723p3 55
SixMgs 351613825 351613825 3515938.39 3515938.39 351673845 351673345
Si,Mgy 351543876 3s16238.03 351893817 351:5838.89 351613844 351613044
SibMgs 3s1643p424 3g1643p4:24 35160358.83 3515938.85 3g16238.68 351653346
Si,Mge 351633872 3516038.92 3s16238.88 351593407 3516038.80 351:5638.89
SibMgio 351593409 3s16238.98 3g1603p421 3g1613p4 11 351603887 351603887
SibMg11 351613p408 351593418 351893428 3g1883p4-21 3s1613p443 3g1613pA43
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0.10-2.28 electrons, while 3s orbital loses 0.11-0.47 electrons.
Obviously, charge transfer occurs only in the outermost electron
orbit, and strong s-p hybridizations are presented in silicon
atoms of SizMgS clusters. Notably, the contributions of 4s and
5d orbitals are almost zero and can be ignored. Moreover, the
charges of 3s and 3p orbitals for two silicon atoms in the ground
state of SizMgS clusters are equal except for SiMg;_5, SixMg, ,
SiMgy_,; SixMgy, SixMg,_,,, SixMgy, and Si;Mgy .

lonization Potential and Electron Affinity of
Si;MgQ(n = 1-11; Q = 0, £1) Clusters of
Silicon-Magnesium Sensor Material

Adiabatic ionization potential (AIP), vertical ionization potential
(VIP), adiabatic electron affinity (AEA), and vertical electron
affinity (VEA) are important characteristics of the electronic
properties for clusters. On the basis of optimizing the structure,
AIP, VIP, AEA, and VEA are calculated and listed in the Table 7
with the following formulas (Deka et al., 2014):

(6)

AIP = E(optimized cation) — E(optimized neutral)

VIP = E(cation at optimized neutral geometry) — E(optimized neutral)
7)
AEA = E(optimized neutral) — E(optimized anion) (8)
VEA = E(optimized neutral) — E(anion at optimized neutral geometry) %)

It should be pointed out that the properties of neutral clusters
are related to the values of VIP and VEA, while the properties
of anionic and cationic clusters are related to AEA and AIP.
Figures 5A,B show the size dependence of the AIP, VIP, AEA,
and VEA. As Figure 5A showed, the curves of AIP and VIP
have the same tendencies as the cluster size increases except
n = 3, 8, 10. This result means that most cations are similar
to the corresponding neutrals. In addition, from the Table 7,
we can find that except for n = 3, 4, 7, 9, 10, the |[AIP-VIP|
values are in the range of 0.07-0.29 eV, which implies that the
deformation of these structures corresponding to their neutral
clusters are not big. The relation between AEA and VEA is
showed in the Figure 5B, one can find that they also have the
same tendencies and the |AEA-VEA| values are all small except
for n = 1, 2, 5, 6, and 8, which means that these structures of
Si;Mg ! clusters do not differ greatly from the corresponding
Si;Mg, clusters. In addition, as one knows that [VIP-VEA| can
present the chemical hardness and is always used to characterize
the stability of clusters (Pearson, 1997). Table 7 also shows the
hardness of SiMg, (n= 1-11) clusters, and one can find that
the hardness of Si;Mgy, clusters decreases with the increase of
magnesium atoms. It is noteworthy that when n = 6, the hardness
of the corresponding clusters is obviously larger than that of the
adjacent clusters, which indicates that the stability of Si;Mge is
higher. This conclusion is consistent with that of the AE in
Figure 4.
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=121
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FIGURE 5 | Size dependence of AIP, VIP, AEA, and VEA of ground state
SigMgS (n =1-11; Q =0, £1) clusters of silicon-magnesium sensor material.
(A) Size dependent properties of AEA and VEA of the ground state of Si» MgnO
(Q =0, £1; n = 1-11) clusters. (B) Size dependent properties of AIP and VIP
of the ground state of SigMgS(Q =0, £1; n = 1-11) clusters.

Infrared and Raman Spectra of Si2Mg$(n =
1-11; Q = 0, +1) Clusters of
Silicon-Magnesium Sensor Material

In order to further determine the stability of silicon-magnesium
semiconductor sensor material, we calculate the infrared and
Raman spectra of ground state of pure Mgy, and all SizMgS
(n 1-11; Q = 0, £1) clusters at B3LYP/6-311G (d) level,
and present them in Figures 6-9. Figure 6 presents the infrared
spectra of the lowest energy structure of Mgy, (n = 1-11) and

SizMgg (n = 1-5; Q = 0, 1) clusters. It is necessary to point
out that the vibration spectra (intensity ratio, line width, wave
number, and location) are related to the calculation methods
and basis groups. For example, the IR spectra of Mg, _3; clusters
are calculated and showed by two different basis sets under
B3PW1 function (Belyaev et al., 2016), but the overall trend of
the spectra is similar. By our calculation, the main absorption
bands of Mg, clusters (n = 1-11) are located at 60-230 cm™ L,
which is similar as the results of the existing report (Belyaev
et al., 2016). From Figures 6, 7, one can find that the IR strong
peaks frequencies are in the range of 40-500 cm~! for neutral
Si;Mg? clusters, 80-460 cm ™! for anionic Si;Mg_ ! clusters and
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30-540 cm™!. In small size (n < 5) clusters, the IR strong
vibration spectra of neutral, anionic and cationic SizMgS(n =
1-11; Q = 0, £1) clusters are easily distinguished from each
other. While, in large size (n = 6-11) clusters, the frequency of
IR strong vibration spectra of these clusters is relatively close
from mid-frequency to the high-frequency region. As we know
that the electron-absorbing base moves the infrared absorption
peak to the high frequency region, and the electron-supplying
base moves the infrared absorption peak to the low frequency
region. In addition, the tension property of materials shows
that the larger the tension of structures, the higher the infrared
absorption frequency. Therefore, we can find that two interesting
conclusions from Figures 6, 7. (i) The electron-absorbing base
structure of neutral cluster materials is stronger than that of
charged clusters, and this trend decreases with the increase

of the number of magnesium atoms. (ii) With the increase
of magnesium atoms around silicon atoms, the peak infrared
absorption frequency shifts from relative high frequency to
relative low frequency. This indicates that the tension properties
of cluster materials with high Mg atoms are not good. The
vibration modes of IR spectra of SizMgS(n =1-11; Q = 0,
=+1) clusters are very numerous and complex, and as the results
discussed above show that magic number clusters of Si,Mg),
SiZMg_;l, Sip Mg;rl are more stable than other clusters. Therefore,
here we only focus on these three clusters’ vibration modes. As
Figure 6 showed, the highest intensity IR frequency of neutral
Si;Mg] locates at 425.28 cm ™!, and its vibration mode is assigned
as stretching of Si2-Sil bond. The frequency of the strongest peak
of anionic Si;Mgy ! cluster at 465.87 cm™!, and its vibrational
mode is as the same as the highest peak of neutral Si;Mg3. The
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strong peaks of IR spectra of cationic SizMg;H cluster at 516.55
cm~! resulted from the stretching of Si2-Sil bond.

From Figures 8, 9, one can find Raman spectra of Mgy, and
SizMgS (n = 1-11; Q = 0, £1) clusters. Raman spectra activity
of Mgn+2 (n = 1-11) clusters show a fairly low frequency (in the
range of 25-180 cm™!) nature except for Mgs. Raman spectra
activity properties of SizMg,cl2 (n=1-11; Q = 0, 1) clusters are
rather different from their IR absorption properties. In small size
clusters (n = 1-3), the Raman activity of cationic Si, MgS clusters
is fairly high in Mid-frequency and high-frequency regions.
When n = 4, 5, the Raman activity of the clusters is widely
distributed, and it is easy to distinguish them from each other.
However, after n > 5, the Raman activity of the clusters begin to

shift slowly from the high-frequency region to the mid-frequency
region and close to each other. The Raman activity frequency
of SizMgS (Q = 0, 1) clusters are 50-480 cm™! for neutral
Si;MgY, 40-480 cm~! for anionic Si;Mg, ! and 40-450 cm~!,
respectively. When studying the vibration information of Raman
spectra with specific magic number structure, we can find that
the maximum Raman activity of neutral Si;Mg] cluster at the
frequency of 179.66 cm ™! with the stretching of Mg3-Mg4 bond,
the frequency of the highest peak of anionic Si;Mg; ' cluster
at 308.76 cm~! is assigned as stretching of Sil-Mg3 and Si2-
Mg3 bonds and the highest Raman activity frequency peak of
cationic SizMg;'1 cluster at 182.25 cm™! vibrated as stretching
of Sil-Mg4, Si2-Mg4 bonds.
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CONCLUSION

The structural, stability, electronic structure and spectral
properties of silicon-magnesium semiconductor sensor materials
are systematically studied by SizMgS (n =1-11; Q = 0, £1)
clusters in this paper. By using the CALYPSO searching method
and B3LYP at 6-311G (d) basis set of DFT, the results can be
summarized below:

(i) The results of Si;MgQ (n = 1-11; Q = 0, +1)
clusters’ structure of silicon-magnesium semiconductor
sensor material reveal that only a few of the lowest-
energy anionic and cationic geometries are similar as their
corresponding neutral ones, most of them are deformation.
This conclusion is in good agreement with the changes of

(iii)

their AIP, VIP, AEA, and VEA. |VIP-VEA| values reveal that
the hardness of Si;Mg,, clusters decreases with the increase
of magnesium atoms.

For the stability of Si;MgQ (n = 1-11; Q = 0, %1) clusters
of silicon-magnesium semiconductor sensor materials, the
average bonding energy of neutral Si;Mg? clusters are
always smaller than the anionic and cationic ones show
that attachment or detachment of one electron can enhance
chemical stabilities of SiyMg? clusters. Based on the
calculations of Ey, Eg, AzE, and Eg,yp, we find that SizMgg,
SiMg; !, SizMggH, clusters have stronger stabilities than
other clusters.

The cluster electronic structure of silicon-magnesium
semiconductor sensor materials is analyzed. The results of
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0 60 120 180 240 300 360
Frequency / em’?
V22 S1,Mgy,
30 -SizMg_u

" 4
- Si,Me,

60 120 180 240

Frequency / em!

NCP and NEC show that the charges in SizMgS (n=1-11
Q =0, 1) clusters transfer from Mg atoms to Si atoms, and
the sp hybridization is existed in Si atoms in the clusters.
The infrared (IR) and Raman spectra of SizMgS (n=1-11;
Q = 0, £1) clusters of silicon-magnesium semiconductor
sensor materials show different properties. Both IR and
Raman spectra can be easily distinguished each other in
small size clusters, however, in large clusters, IR spectra
converge and concentrate at high frequencies, while Raman
spectra converge and concentrate at mid-frequency region.

(iv)
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Metal oxide hetero-nanostructures have widely been used as the core part of chemical
gas sensors. To improve the dispersion state of each constituent and the poor stability
that exists in heterogeneous gas sensing materials, a uniaxial electro-spinning method
combined with calcination was applied to synthesize pure SnO, and three groups
of WO3/SnO, (WO3 of 0.1, 0.3, 0.9 wt%) hetero-nanofibers (HNFs) in our work. A
series of characterizations prove that the products present hollow and fibrous structures
composed of even nanoparticles while WOg3 is uniformly distributed into the SnO»
matrix. Gas sensing tests display that the WO3/SnO» (0.3 wt%) sensor not only exhibits
the highest response (30.28) and excellent selectivity to acetone vapor at the lower
detection temperature (170°C), 6 times higher than that of pure SnO» (5.2), but still
achieves a considerable response (4.7) when the acetone concentration is down to
100 ppb with the corresponding response/recovery times of 50/200 s, respectively. Such
structure obviously enhances the gas sensing performance toward acetone which guides
the construction of a highly sensitive acetone sensor. Meanwhile, the enhancement
mechanism of such a special sensor is also discussed in detail.

Keywords: electrostatic spinning, hollow nanofiber, WO3/SnO, heterojunction, acetone, gas sensor

INTRODUCTION

The air quality in the workplace and living environment is closely related to people’s health, it is
therefore urgent to detect air pollution quickly and accurately. Acetone, a common organic volatile
solvent, is widely used in laboratories and industries, posing a threat to the nose, eyes, and central
nervous system of the human body when the concentration in the environment reaches 0.90 ppm
(Hygienic Standard for Design of Industrial Enterprises) (Yang C. et al., 2019). Additionally, clinical
data indicate that certain components of exhaust gases can be regarded as diagnostic markers
of certain diseases, to that end acetone can be used as a marker of diabetes (Parthibavarman
et al., 2018). Therefore, chemical gas sensors have emerged as many advantages such as portable,
real-time and online detection are required (Meng et al., 2017; Yuan et al., 2019). Thus the
development of acetone gas sensor can supply better service for safety control and human health
(Meng et al., 2019).
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GRAPHICAL ABSTRACT | Response curves or hollow WO3/SnO, hetero-nanofibers at different concentrations and temperatures.

;”* PO

To date, a great deal of research still focuses on fabricating
high performance metal oxide semiconductor (MOS) gas sensing
materials due to their many irreplaceable advantages such as
their stability and their reliable sensing (Kucheyev et al., 2006;
Das and Jayaraman, 2014; Yang and Guo, 2016; Teng et al,
2019), especially in improving the gas sensing properties of SnO,-
based nanomaterials through the assembly into heterojunctions
(Das and Jayaraman, 2014; Koohestani, 2019; Teng et al., 2019).
It is known that pristine SnO;-based sensors often work at
higher temperatures (>300°C) with poor selectivity, a lack
of reproducibility, and an inadequate detection limit, thereby
restricting their practical application (Wang et al., 2016; Wang L.
et al., 2019). Hetero-junction constructing has become attractive
since it produces intimate interface-contact directly between
two different semiconductor materials, thus balancing the Fermi
level, forming the thicker depletion layer on the interface, and
finally increasing the sensor performances (Wang et al., 2016;
Zhao et al., 2019).

Furthermore, SnO, composed hollow/porous
nanostructure can help increase the surface area remarkably, and
provide more channels to transfer electrons (Lu et al., 2011). 1D
nanofibers (NFs) possess a high surface area-to-volume ratio,
excellent stability, and can easily be modified which are favorable
for enhancing response signals (Xia et al., 2010), while WO3
has been widely studied in gas sensors with advantages of low
temperature, high sensitivity, and low detection limit (Joshi et al.,
2018; Li et al,, 2018; Sukunta et al., 2018). By combining the
advantages of 1D and hollow/porous structures, more attention
is now being focused on the construction of the WO3/SnO,
heterojunction. In comparison with other synthetic methods, like
the hydrothermal or impregnation method, electro-spinning is
the most effective method to uniformly control one-dimensional

of a

hetero-nanofibers (HNFs) with a high yield and favorable
stability (Ma et al., 2010; Wang et al., 2013).

Inspired by the newly reported 1D HNFs and with the
intention of artificially tuning the gas-sensing performances,
electro-spinning was used to construct hollow WO3/SnO, HNFs
with different weight ratios of WO3 (Patil et al., 2017; Wang K.
etal., 2019). Herein, the synthesized sensor based on WO3/SnO,
(0.3 wt%) could be a good candidate for acetone pollutant
monitoring. Its gas sensing properties and working mechanism
in particular will be evaluated and discussed systematically.

EXPERIMENTAL SECTION
Synthesis of Hollow WO3/SnO>; HNFs

All the reagents used in the experiment, including Tin(II) choride
dehydrate (SnCl,-2H,0, AR, >98%), N,N-dimethylformamide
(DME, AR, 99.5%) and polyvinylpyrrolidone (PVP, K
1300000, K88-96) were purchased from Aladdin Industrial
Corporation  (Shanghai, China). Sinopharm  Chemical
Reagent Co. Ltd. (Shanghai, China) provides ammonium
tungstate hydrate ((NHg);oW12041-xH,0, AR) and ethanol
(CH3CH,OH, AR). Furthermore, distilled water was used in the
synthesis procedures.

An electrostatic spinning method was applied for the
preparation. Typically, 1 mmol of SnCl,-2H,O and a certain
amount of (NHy)19 W12041-xH,0O was dissolved in 2.32ml of
DMF and 2.79ml of anhydrous ethanol under stirring. Then,
0.0003 mmol of PVP (K = 1300000) was added before the
precursor solution was prepared. By controlling the amount of
(NH4)10W 12041 -xH, O, we designed different mass percentages
of WO3 as 0, 0.1, 0.3, 0.9 wt% respectively in the WO3/SnO;
products, which were denoted as pure SnO;, WO3/SnO, (0.1%),
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WO3/Sn0; (0.3%), and WO3/SnO; (0.9%). Then the configured
solution was transferred in the 5ml syringe, then 20-22 kV of
positive voltage was added to the needle and 3-4 kV of negative
voltage to the receiver of the sample. The distance between the
needles and the receiver was 15 cm, and the jet velocity of the
fluid from the syringe was kept 2.32mL of DMF and 2.79 mL
as 0.2 mm/min under a high voltage electric field. In the whole
electrostatic spinning process, the temperature was kept at 60°C
and humidity of 10%. Afterwards, the white film was collected
and calcined at 600°C, for 2 h in the air state, and finally different
HNFs products were obtained.

Characterization of Hollow WO3/Sn0O»
HNFs

The samples were characterized by means of powder XRD
analysis (Rigaku Ultima IV, Japan; Cu Ko radiation, A =
1.5418 A), Field-emission SEM (Hitachi SU5000, Japan), TEM
and HRTEM with EDS (FEI Tecnai G2 20 s-twin, 200 KV),
XPS (Thermo SCIENTIFIC ESCALAB 250Xi, Al Ka X-ray
monochromator), BET (Autosorb-IQ, USA).

Preparation of Gas Sensor and Sensing
Test

The detailed manufacturing process of gas sensors can be found
in our previous reports (Wang L. et al., 2019). Briefly, the sample
was mixed with deionized water and ground until it became
sticky and was then coated onto the surface of the ceramic tube,
which was welded to the pedestal and inserted into the test
channel. A gas-sensing test was carried out using the CGS-8
intelligent test system (Beijing Elite Tech Co. Ltd., China). The
response value (S) of sensors based on n-type semiconductor is
defined as § = Ry/Rq, where R, and Ry represent the resistance
value of the sensor in air and in target gas, respectively, while
the p type is the opposite. Response time is defined as the time
taken by the sensor to reach 90% of the final equilibrium value,
or the recovery time for gas desorption. Most tests were carried
out under dry air conditions, except the discussion of RHs effect
on the response of different sensors (Xia et al., 2010; Wang et al.,
2013; Wang L. et al., 2019).

RESULTS AND DISCUSSION

Characterization

X-ray diffraction was utilized to confirm the crystal structure
of as-prepared samples. As shown in Figure la, the sharp
diffraction peaks represent the pure tetragonal SnO, phase
(JCPDS file No. 41-1445) with high crystallinity and large crystal
size. Additionally, the main diffraction patterns in Figures 1b-d
can also be indexed to tetragonal SnO,, but no obvious WO3 peak
presents due to its low content or highly dispersed amorphous
state in the HNFs. Then the grain sizes of WO3/SnO;, (0.1%,
0.3%, 0.9%) and pure SnO, samples were calculated by the
Scherrer formula taken from 26 = 26.6° of the XRD data, which
were 17.53, 15.71, 20.56, and 22.70 nm, respectively. It means
that the grain size was smallest in the sample of WO3/SnO,
(0.3%) HNFs. It is overwhelmingly known that when crystallite
sizes approach Debye length (\p, usually several nm), the sensor
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FIGURE 1 | XRD patterns of (a) pure SnO,, and (b) WO3/SnO> (0.1%), (c)
WO3/Sn0O; (0.3%), and (d) WO3/SnO, (0.9%) HNFs.

response will drastically increase, and the smaller the better
(Miller et al., 2014; Nan et al., 2019). The conclusion can therefore
be drawn from the XRD results that the WO3/SnO, (0.3%)
sample with the smallest grain size, 15.71 nm, would exhibit
excellent gas sensing performance in the following tests, and all
the other characterizations were taken based on this example.

The morphology of each sample, namely the pure SnO,,
and WO3/SnO, (0.1, 0.3, and 0.9%) HNF samples, respectively,
were investigated by FESEM. As can be seen in Figure 2a, a
uniform and hollow SnO, NF is composed of large numbers
of nanoparticles with an average diameter of ~18 nm, which is
derived from the electro-spinning and heat treatment. Regarding
the WO3/SnO;, HNF samples in Figures 2b-d, they show similar
morphologies to that of the pristine SnO, NF (Figure 2a), but
as the amount of WOj3 increases, the average diameters of the
particle-like construction units increase gradually to 22, 48, and
52 nm respectively. SEM results showed that the surface structure
of SnO, NF had been changed by the doping of WO3, which
may indirectly prove the existence of WOs3. Such results are
also proven through other investigations (HRTEM and XPS)
in the following sections. Since the WO3/SnO, composite is
comprised of aggregated nanoparticles with porous structures,
the N, adsorption-desorption method (Figure 3) was applied
on WO3/SnO; (0.3%) to confirm the speculation, as can be
calculated from the data in Figure 3 which shows that the specific
surface area is 22.05 m?/g with a pore size diameter in the range of
3.4-45 nm averaged at 12.4 nm, proving its mesoporous structure
for the composite. Therefore, the porosity of the sensing materials
could improve its sensitivity due to the high surface area and
rapid gas diffusion.

To more clearly provide insight into the microstructure,
TEM & HRTEM were taken on the WO3/SnO; (0.3%) HNFs.
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FIGURE 2 | SEM images of the (a) pure SnO», and the (b) WO3/SnO> (0.1%),
(c) WO3/Sn0O; (0.3%), and (d) WO3/SnO» (0.9%) HNF samples, respectively.
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FIGURE 3 | N, adsorption-desorption isotherm with the BJH pore-size
distribution of WO3/SnO, (0.3%) HNFs.

Corresponding to the SEM image in Figure 4a, the sample in
the enlarged (Figure 4b) presents a hollow structure composed
of various crossly-dispersed and stereoscopic nanofibers with
width of ~200 nm. In addition, it can be seen in Figure 4c that
the interplanar spacings of the SnO; (110) and WO3 (200) are
0.334 and 0.316 nm, respectively. The SAED pattern (Figure 4d)
displays the polycrystal characteristic of the composite, while the
elemental mapping shown in Figures 4e-g proves the existence
of Sn, O and W elements in the final composite; in particular, W is
uniformly distributed along the SnO;, matrix. The corresponding
EDS spectrum image and content of Sn, O and W elements were
exhibited in Figure S1.

As is known, combining of the W element should bring
interface change that then affects the chemical state of the SnO,
substrate (Tang et al., 2014; Stojadinovic¢ et al., 2016). In order
to obtain a clearer vision the elemental chemical status of pure
SnO; and WO3/Sn0O; (0.9%) HNFs were confirmed by XPS in
Figure 5. Besides the peaks of Sn, O and C, a tiny peak of W
4f can be seen in the XPS spectra of the WO3/SnO; (0.3%)
composite (Figures 5A,D), consistent with the results shown in
Figure 4d. The binding energy of Sn 3ds/; (494.98¢eV) and Sn
3ds;> (486.58 eV) in particular, are displayed in the pure SnO,,
but a minor negative shift of 0.18 eV can be noted for the Sn 3d3,
(494.8eV) and Sn 3ds;; (486.4eV) in the WO3/SnO; (0.3%)
composite (Figure 5B) (Lavacchi et al., 2000; Liu et al., 2016).
Furthermore, a minor negative shift of the binding energy is also
observed for the element of O 1s (Figure 5C), i.e., the lattice
oxygen [530.38eV (Or)] and chemisorbed oxygen (531.24eV
(Onp)) for pure SnO,, while 530.38 eV (O 1) and 531.11eV (Or)
are the values for the WO3/SnO; (0.3%) composite, wherein
the chemisorbed oxygen of Op shifts negatively for 0.13eV
(Yang and Guo, 2016; Yang C. et al, 2019). Note that the gas
sensing property is quite relative to the content of chemisorbed
oxygen which increases by 9% after W modification, so the
sensing performance would be remarkably improved (Teng et al.,
2019). Finally, in Figure 5D, W 4f in the WO3/SnO; (0.3%)
composite gives a spin orbital dipole with two binding energies
of 36.38 and 38.48 eV, respectively. The calculation results show
that the spin orbit jet energy is 2.1 eV, which reaches a similar
agreement with the theoretical calculation value (Nayak et al.,
2015; Bai et al, 2016; Tofighi et al., 2019). According to the
XPS results, interaction with the decoration of WOs3 is clearly
witnessed, leading to the modification of the chemical state of
the WO3/Sn0O; (0.3%) composite. In particular, the improved gas
properties will be compared with pure SnO, and discussed in
detail in the gas sensitivity test section.

Gas Sensing Test
As mentioned, the WO3/SnO; (0.3%) HNF could be a good gas
sensor candidate, since its hollow channel and porous structure
may accelerate the gas diffusion and reaction on the active sites.
Moreover, the interaction of W nanoparticles with the SnO,
substrate can promote the O, chemisorption and generate a
higher response when exposed to an acetone pollutant at low
concentrations. Consequently, the optimal working temperature
of the gas sensitive materials, based on various WO3/SnO, HNFs
with acetone as the target gas was first determined with pure
SnO, HNFs included for comparison. Figure 6 shows that all
the four response curves gradually increase when increasing the
working temperature from 50°C, and decline at only 170°C
for WO3/SnO; (0.3%), but 250°C for the other three samples.
Additionally, the sensor that is based on WO3/SnO, (0.3%)
provides the highest response (32) compared with other sensors.
Just as expected, WO3/SnO; (0.3%) is a promising choice and
all the following tests were carried out at the optimal operating
temperature of 170°C.

Additionally, four dynamic response change curves of pure
SnO, and WO3/SnO; sensor devices of different concentrations
(0.1-200 ppm) of acetone at 170°C have been provided in
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W elements.

FIGURE 4 | (a) SEM image, (b) TEM image, (¢) HRTEM image and (d) SAED of WO3/SnO5 (0.3%) sample, with the (e-g) elemental mappings of Sn, O, and

Sn0, R11):% =%

SnO, (110)

100 nm 100 nm

Figure7. As can be seen in Figure7A, WO3/SnO, (0.3%)
presents the highest response amplitude compared with the
others, as well as the fastest instantaneous response speeds (<6 s),
which proves its favorable response properties. (Figure S3)
enlarged response- recovery curve for 100 ppb acetone gas was
explored to determine the response/recovery time. At 170°C,
for as-fabricated WO3/SnO, (0.3%) based sensor toward 100
ppb acetone gas, the response/recovery time was 50 and 200,
respectively. Furthermore, the sensors display a better fold
linear relationship between the response signal vs. acetone
concentration (Figure 7B). Such a result clearly indicates that
the gas sensitivity of SnO, has been significantly improved
through the synergistic effect of the hetero-junction formed by
WO3 doping, which is also consistent with the results from
Figures 4, 5. However, the doping amount of WOj3 also displays
an important role in the synergistic effect, thus affecting the
surficial gas catalytical sensing properties.

In order to further confirm the selectivity of the WO3/SnO,
(0.3%)-based sensor, 100 ppm of industrial gases such as
methanol, formaldehyde, triethylamine, ethylenediamine and
toluene were chosen to test at 170°C. Figure 8A shows that the
WO3/SnO; (0.3%) sample not only exhibits excellent selectivity
to acetone gas (32), three times more than other polluting gases,
but also the highest response value compared to the other three
sensors types. The sensor selectivity was influenced by many
factors. On the one hand, the bond dissociation energy of CH3-
COCHj3 (352 kJ/mol) is smaller than that of C;HsO-H, CH30-H
(462 kJ/mol), H-COH (368 kJ/mol), H-CH,C¢Hs (371 kJ/mol),
therefore, acetone is more likely to react with the adsorbed
oxygen species than other gas molecules. On the other hand,
the polar nature of the surface of the WO3/SnO; (0.3 wt%)
would accelerate the adsorption of polar molecules. Acetone is
much easier to be adsorbed on the surface of WO3/SnO, (0.3
wt%) than triethylamine. Consequently, more acetone molecules
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can react with the adsorbed oxygen species which releases
more electrons than any other gas molecule. As a result, the
WO3/SnO; (0.3 wt%) hetero-nanofibers had a good sensing
response and selectivity to acetone gas (Li et al., 2016; Zhang
et al., 2017). The more detailed mechanism of adsorption and
reaction using DFT calculation and in situ instruments, will be
discussed in our future work. In Figure 8B, the corresponding
desirable repeatability can also be witnessed for the four sensors
to 100 ppm of acetone after five circles, especially the most
attractive component of WO3/SnO; (0.3%). In general, the
sensor based on WO3/SnO; (0.3%) HNF in this study is a
promising candidate for trace indoor or industrial acetone
gas sensing.

Last but not the least, to verify the stability of the
prepared acetone sensor, the sensitivity of pure SnO, and
three groups of WO3/SnO, (0.1, 0.3, 0.9 wt%) HNFs were
detected every 6 days for 1 month. Figure S2 shows that
all the sensors nearly keep their response states, especially
the sensor based on WO3/SnO; (0.3%) which exhibits
quite high and stable response values. Such a result also
indicates that the acetone gas sensor has good stability and
prospective application.

To give a clear vision on the sensing properties of gas sensors
to acetone, comparisons were made in Table 1. As can be seen,
the gas sensor based on our WO3/SnO; (0.3%) HNF material
displays the improved performance in a certain way, such as a
lower working temperature of only 170°C. Generally, this work is
valuable in enhancing the gas sensing properties by preparation
of hollow hetero-structures.

Gas Sensing Mechanism

The basic sensing principle for the n-type semiconductor metal
oxides is based on the conductivity changes which are caused
by surface gas adsorption and desorption (Wang Q. et al., 2019).
In short, oxygen molecules in the air are adsorbed on the metal
oxide surfaces. The different oxygen species including O~, 0*~,
and O, will form at different temperatures by capturing free
electrons from the conduction bands of WO3 and SnO,, e.g.,
the stable oxygen species on the surface of the sensing material
is mainly O~ below 300°C (Yamazoe et al., 2003; Rakshit et al.,
2012). Thus, the electron concentration will be reduced to form
an electron depletion layer, resulting in a higher resistance. When
the sensor is exposed to the reduced gas like acetone, it can react
with the adsorbed O~ and release the captured electrons back,
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thus decreasing the resistance (Das and Jayaraman, 2014; Yang
and Guo, 2016).

On the basis of the above theory, the improved sensing
performances for the sensor based on WO3/SnO; (0.3%) HNF
can be attributed to three factors. First, as shown in Figure9,
the band gap and work function of SnO; is 3.6 and 4.9 eV, while
that for WO3 it is 2.6 and 4.8 eV, respectively. As the work
functions of both are imbalanced, the electrons will transfer from
the Fermi level of WO3 (higher Fermi level) to that of SnO,
(lower Fermi level) until they reach a balance, as displayed in
Figures 9A,B. At the equilibrium point, the Schottky barrier
with an additional depletion layer between WO3 and SnO,
are formed, controlling the electron transport efficiency of the
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FIGURE 6 | Response of the sensors based on above sensing materials to
100 ppm of acetone at operating temperatures from 50 to 300°C.

heterojunction (Rakshit et al., 2012; Koohestani, 2019). The
WO3/SnO; hetero-structure provides more electrons to oxygen
than pure SnO,, then produces more O~ species on the materials
surface. Therefore, the hetero-structure exhibits better sensing
properties (Wal et al., 2009; Lingyue and Shantang, 2018; Yang
etal., 2018).

Second, it’s also the key factor that the synergetic effect
between the interfaces can improve their sensing performances
(Gu et al, 2011). It can be concluded from the TEM and
XPS results in Figures 4, 5 that, WO3 nanoparticles have been
incorporated into the SnO, HNFs successfully, thus both of
them become highly accessible for the adsorption of oxygen
species, add the thickness of the depletion layer at the interfaces
and join in the reaction with acetone to a greater extent. This
promotes the sensing response but helps reduce the working
temperature of pure SnO, (Parthibavarman et al., 2018; Wang
L. et al, 2019). However, the heterojunctions with different
contents of WO3 showed different gas sensing properties during
the test, which also indicates that the optimal proportion of
dopant is quite important in the construction of heterojunctions
(Stojadinovic et al., 2016).

The last factor has a lot to do with the morphology of the
heterojunction. Many advantages exist in the HNFs produced by
the electro-spinning method, since compared to the other three
dimensions, the first characteristic of 1D nanostructure is its
smaller dimension structure and high aspect ratio, which could
efficiently transport electrical carriers along one controllable
direction, making it highly suitable for moving charges in
integrated nanoscale systems (Wal et al, 2009; Gu et al,
2011; Lu et al,, 2011; Yuan et al., 2011; Wang et al.,, 2016).
Additionally, the grain size also greatly affects the gas sensitivity.
The region within a Debye length of the surface is known as
the depletion region because it is depleted of its normal charge
carriers. The Debye length may change to more or less when
oxygen is adsorbed on the surface, which in turn causes a
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TABLE 1 | Sensing performance of various gas sensors toward acetone.

Materials Method W.T. (°C) LOD (ppm) Response References
Ag@CuO-TiO, Hydrothermal 200 1 1 Wang G. et al., 2019
Pt-decorated Fe,O3 Hydrothermal 139 1 1.8 Zhang et al., 2019a
nanocubes
CoFe»04 nanoparticles Solvothermal 220 50 16 Zhang H. et al., 2019
(Sm)
Porous NiFe>O4 Hydrothermal 250 0.2 1.2 Zhang et al., 2019b
microspheres
0.5 wt% Au-ZnO Sol-geltechnique 172 15 10 Yang M. et al., 2019
BiFeOs Hydrothermal 350 1 1.8 Chakraborty and Pal,
nanoparticles 2019
WO3/Sn0Os Electrospinning 170 0.1 4.7 This work
heterostructure
A B Equc
‘& Evac l
4.8 v I , ——
A .. H,_ e Fc
E PR
2 6 eV Elllllllllllllllllllll I; SEEEEEEEEEE. LR R RN
] ‘ £i% 2.6 eV
s LA
3.6eV Ev .6eV 7
\ WO3 _‘-. WO Ev
Ev Ev - 3

SnO, | | Sn0,

FIGURE 9 | lllustration Diagram of (A) the energy band gap of SnO, and WO3, (B) the energy band gap of the hollow fibrous heterostructure.
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measurable change in the resistance. It has been overwhelmingly
shown that when crystallite sizes are below about 20 nm, sensor
response drastically increases (Miller et al.,, 2014), similar to
the explanation presented in the XRD part, where the grain
size calculations of various heterojunctions at 17.53, 15.71, and
20.56nm in the WO3/SnO; (0.1%,0.3%,0.9%) composite, and
the smallest grain size of 15.71 nm in the WO3/SnO; (0.3%),
contributes to its best gas sensitivity among all the samples. The
gas sensitivity was not controlled by the grain size of the main
phase alone, but also the particle size, density, and distribution
of the doped catalyst WO3. As the doping amount of WOs3 is
0.1 wt%, small WO3 nanoparticles are sparsely dispersed in SnO,
nanotubes with a lower density and less heterogeneous nodes.
The increased charge carrier density would have little impact
on depletion regions and the overall electrical conduction in the
WO3/SnO; heterostructure. When the doping of WOj3 is higher
than 0.3 wt%, the crystallization of WO3 is accompanied by the
growth of SnO; crystallite size and the loss in specific surface
area, leading to a less effective target gas diffusion, less reduction
of depletion regions and deteriorated sensor response. Motivated
by such facts, when the content of WOj3 is above 0.3 wt% results
in a weakened gas response.

CONCLUSION

The heterogeneous structure and pure SnO; of three components
of WO3/SnO; hollow nanofibers (HNF) were prepared by
electro spinning in this study. The grain size measured by
TEM and calculated by scherer formula also proved that the
group with the best gas sensitivity was WO3/SnO; (0.3%) HNF.
Moreover, the large specific surface area characteristic of the
hollow structure and the enhanced surface activity as the grain
size decreases to the nanometer level providing a good way
for the gas to enter the semiconductor material. The sample
of the WO3/SnO, (0.3%) component has the best selectivity
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Listeria monocytogenes (L. monocytogenes) has been recognized as one of the
extremely hazardous and potentially life-threatening food-borne pathogens, its real-time
monitoring is of great importance to human health. Herein, a simple and effective method
based on platinum sensitized tin dioxide semiconductor gas sensors has been proposed
for selective and rapid detection of L. monocytogenes. Pt doped SnO» nanospheres with
particular mesoporous hollow structure have been synthesized successfully through a
robust and template-free approach and used for the detection of 3-hydroxy-2-butanone
biomarker of L. monocytogenes. The steady crystal structure, unique micromorphology,
good monodispersit, and large specific surface area of the obtained materials have
been confirmed by X-ray diffraction (XRD), Raman spectroscopy, Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray Photoelectron
Spectroscopy (XPS), Brunauer-Emmett-Teller (BET), and Photoluminescence spectra
(PL). Pt doped SnO, mesoporous hollow nanosphere sensors reach the maximum
response of 3-hydroxy-2-butanone at 250°C. Remarkably, sensors based on SnO»
mesoporous hollow nanospheres with 0.16 wt% Pt dopant exhibit excellent sensitivity
(Rair/Rgas = 48.69) and short response/recovery time (11/20's, respectively) to 10 ppm
3-hydroxy-2-butanone at the optimum working temperature. Moreover, 0.16 wt% Pt
doped SnO» gas sensors also present particularly low limit of detection (LOD = 0.5 ppm),
superb long-term stability and prominent selectivity to 3-hydroxy-2-butanone. Such a gas
sensor with high sensing performance foresees its tremendous application prospects
for accurate and efficient detection of foodborne pathogens for the food security and
public health.

Keywords: 3-hydroxy-2-butanone, gas sensor, Pt doped SnO, nanomaterial, mesoporous hollow nanosphere,
controlled synthesis
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High sensitivity
caused by unique
structure and
dopant sensitization
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GRAPHICAL ABSTRACT | Pt doped SnO, material with mesoporous hollow nanospheres structure were synthesized and used as semiconducting sensing

materials to sensitively and selectively detect of trace 3-hydroxy-2-butanone biomarker. The enhanced sensing performance can be attributed to the unique and
uniform mesoporous hollow nanosphere structure and dopant sensitization.

INTRODUCTION Gas sensor based on metal oxide semiconductor is deemed
as a desirable tool for on-site inspection of gases by virtue
Bacterial foodborne pathogens are widely spread and cause  of the advantages of simplicity, portability, cost-effective, easy-
millions of cases of human illness every year around the world  operation, and fast response to target gas molecules (Panahi et al.,
(Carlson et al, 2018). Listeria monocytogenes is a zoonotic  2018). The wide variety of microbial volatile organic compounds
pathogen with strong adaptability and can survive in the  that produced the proliferation of L. monocytogenes (Audrain
temperature between 3 and 45°C (Ciesielski et al,, 1987) and et al, 2015; Wang Y. et al., 2016a) make it possible for metal
pH varying from 4.4 to 9.6 (Farber et al., 1992), it frequently  oxide semiconductors gas sensors to be widely used in timely
associated with outbreaks of foodborne illness via intaking  examination of biological hazards in food. Among these exhaled
contaminated foods (Radoshevich and Cossart, 2018). People  gases, 3-hydroxy-2-butanone is considered as a biomarker and
infected by L. monocytogenes may suffer from serious diseases  can be used to indirectly identify and detect L. monocytogenes (Yu
such as meningitis, septicemia and hyperthermia gastroenteritis, et al,, 2015; Chen et al., 2017). Our previous research creatively
especially in Susceptible populations, the mortality rate is as used mesoporous WO3_based gas sensors to detect food_borne
high as 30% (Cheng et al, 2014). Great efforts have been  pathogens (Zhu et al.,, 2017). Later, Chen, Zhu et al. made new
made in detecting L. monocytogenes. Conventional methods  attempts in this direction and made further breakthroughs (Zhu
such as biochemical tests and cell culture, are standard et al, 2018; Chen et al., 2019). However, few studies have been
monitoring methods, but they are time-consuming and laborious  conducted on the detection of L. monocytogenes by gas sensors
in detection (Vilimaa et al, 2015). In the contrast, smart based on metal sensitized nanomaterials. Accordingly, efforts are
detection of L. monocytogenes, such as immunological assay  still needed to develop more sensitive and stable gas-sensitive
and molecular analysis, can significantly improve the detection  nanomaterials for tracing L. monocytogenes in real time.
efficiency, however, these methods suffer from either requiring Tin dioxide (SnO,), a representative wide bandgap (3.6 eV)
professional technicians or complicated and expensive facilities n_type semiconductor’ offers great advantages in gas sensing
(Zhao et al, 2018; Zhang Z. et al, 2019). Consequently,  owing to its quick response and good stability (Li Z. et al,
advances in rapid and facile examination techniques is of great ~ 2016). However, the pure SnO, based sensors are suffering
significance to the economy and real-time monitoring of bacterial  from poor selectivity and harsh working temperature in gas
foodborne pathogens. detection. Two main promising approaches have been manifested
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to be most efficacious to address these issues: (1) controlling
synthesis of novel and complex unique nanostructures; (2)
doping or decorating with noble metals or metal oxide. In terms
of structural control, the homogeneous mesoporous hollow
nanostructure with large surface area and pore size can provide
vast reaction sites for gasses access and effective pathways for
rapid electronic transport, thus improving the sensitivity of gas
sensors (Chen et al., 2011; Chen and Lou, 2013). As for element
doping or decorating aspect, metal oxide semiconductors always
fabricated and functionalized with noble metals like Pd, Au, and
Rh (McFarland and Metiu, 2013; Hua et al., 2018), especially
Pt (Wang et al, 2013, 2014), to improve the gas sensing
performances. Xue’s research group reported the synthesis of Pt
doped SnO; nanoflowers for highly sensitive gas sensor (Xue
et al,, 2019). Wang L. et al. (2016) synthesized hierarchical 3D
SnO, nanocomposites functionalized by Pt nanoparticles for
sensitive and selective detection of ethanol. D’Arienzo et al.
(2010) discussed the influence of catalytic activity on the response
of Pt-Doped SnO; gas sensors to reducing gas. Gas sensors
based on Pt doped SnO; enable high gas sensing performance,
especially selectivity, due to the sensitization activity of the metals
in improving the surface properties and adjusting the band
structure (Li et al., 2014; Yao et al., 2014).

In this study, we present a low-cost and easy-to-use
Pt doped SnO; mesoporous hollow nanospheres based gas
sensor for selective and rapid determination of 3-hydroxy-
2-butanone biomarker. Firstly, the SnO, mesoporous hollow
nanospheres were controlled synthesized through a simple one-
step templateless method, based on a classical inside-out Ostwald
ripening mechanism. Then, Pt doped SnO; compounds were
obtained through a simple and novel approach possess by using
dopamine as the adsorbent and reductant, and finally used
to form the 3-hydroxy-2-butanone sensors. Compared to pure
SnO, mesoporous hollow nanospheres, the Pt doped SnO,
gas sensors achieve remarkably improved sensing performance
toward 3-hydroxy-2-butanone vapor. Particularly, the 0.16 wt%
Pt doped SnO; mesoporous hollow nanospheres sensor display
the highest sensitivity, reaching 48.69 (Rair/Rgas) toward 10
ppm 3-hydroxy-2-butanone at 250°C, while that of gas sensor
assembled with pure SnO, hollow nanospheres is only about
14.37 (Rair/Rgas). Moreover, this kind of gas sensor based on
0.16 wt% Pt sensitized metal oxide semiconductor presents
fast response/recovery time (11/20's, respectively), particularly
low limit of detection (LOD = 0.5 ppm), excellent selectivity
and long-term stability, showing greater advantages for rapid
and ultrasensitive detection of L. monocytogenes in food,
environment, clinical, and communal samples.

MATERIALS AND METHODS

Chemical and Reagents

Ethanol solution (100%) and urea of AR grade were purchased
from SinoPharm Chemical Reagent Co. Ltd. (Shanghai, China).
Potassium stannate trihydrate (K,SnO3-3H,O, AR), dopamine
hydrochloride, Tris-buffer (99.5%) and chloroplatinic acid
(H,PtCls-6H,0) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Synthesis of SnO>; Mesoporous Hollow

Nanospheres

According to the previous work (Lou et al, 2006), a robust
and template-free approach has been taken for the controlled
synthesis of SnO, mesoporous hollow nanospheres. Typically,
1.15 mmol of K;Sn0O3-3H,0 was dissolved into 60 mL of 37.5%
ethanol-water bi-component solvent. After magnetic stirring for
at least 5 min, a translucent solution with slightly white color was
obtained. Thirty millimolars of urea was added into the solution
before it was transferred to a 60mL Teflon-lined autoclave.
After reacting at 150°C for 24 h, the system was cooled down
spontaneously. Finally, the white products were collected and
washed with ethanol and deionized water for more than five
times, then dried at 50°C overnight for further application.

Doping of SnO> Mesoporous Hollow
Nanospheres With Pt Nanoparticles

Pt doped SnO; mesoporous hollow spheres were fabricated
through an in-situ reduction of the H,PtClg-6H,O by using
dopamine as the adsorbent and deoxidizer. One hundred
milligrams of SnO, mesoporous hollow nanospheres was evenly
dispersed into the solution of 50 mg dopamine hydrochloride
dissolved in 25ml Tris-buffer (10 mM, pH 8.5). After stirring
12h at room temperature, the gray product dopamine coated
SnO; mesoporous hollow nanospheres were washed with ethanol
and water in turn and laid aside at 50°C overnight. Then,
appropriate obtained product was added to 30 ml H,PtClg-6H, 0O
solution to reach the Pt dosage of 0.08 wt%, and keep stirring
at normal temperature for 12h. Afterwards, the white powder
was obtained and then washed with ethanol and water and dried
at 50°C overnight. Finally, the organic dopamine coating of Pt
doped SnO; mesoporous hollow nanospheres were removed by
annealing at 500°C in air for 5h, with an up/down ramp rate
of 5°C/min. In addition to adjusting the concentration of tin
sources, the above processes were repeated for preparation of
others Pt doped SnO; mesoporous hollow nanospheres at 0.12,
0.16, 0.24, and 0.48 wt% Pt loading.

Materials Characterization

The morphology and crystalline structure of as-prepared gas
sensing materials were explored by the followed methodologies.
The structural characteristics were recorded by X-ray diffraction
(XRD; Bruker, D8 Advance, Germany) with Cu-Ka radiation
(» = 0.15418 nm) in the range from 10° to 80° at normal
temperature. The doping process of Pt metal after heat treatment
was confirmed by Raman Spectrograph (Horiba, LabRAM HR
Evolution, France) with an excitation wavelength of 532 nm. The
microtopography of the materials was recorded with Scanning
Electron Microscopy (SEM, FEI, Quanta FEG 450, USA) and
Transmission Electron Microscope (TEM, FEI, Tecnai G220S-
Twin, USA). The decorated Pt nanoparticles and their oxidized
state were explored by X-ray Photoelectron Spectroscopy (XPS,
Thermo Scientific, EscaLab 250Xi spectrometer). The specific
surface areas of the particular mesoporous hollow nanostructures
were calculated by Brunauer-Emmett-Teller (BET) method,
using nitrogen as the adsorbate. Photoluminescence spectra

Frontiers in Chemistry | www.frontiersin.org

35

December 2019 | Volume 7 | Article 843


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Cai et al.

Pt/SnO, Mesoporous Hollow Nanospheres

(PL) of the Pt doped metal oxide have been acquired from
a fluorescence spectrometer (Shimadzu International Trade
Company, RF5301, Japan).

Gas Sensor Fabrication and Measurement
The obtained nanomaterials were fully grounded with deionized
water (4:1) to form a paste. The obtained homogeneous mixture
was then carefully painted onto the ceramic tube welded with two
gold electrodes and four platinum wires, which finally followed
by sintering at 300°C for 2 h to remove the adhesive and get more
closely combined gas sensor. Finally, a Ni-Cr heating resistance
was plugged into the tube and then aged for 1 week under test
conditions at 250°C to enhance the stability.

Gas sensing tests were performed on a commercial WS-30B
Gas Sensing Measurement System developed and manufactured
by Weisheng Instruments Co. (Zhengzhou, China). The test
system comes with an 18L test chamber. The gas sensing
properties of the fabricated gas sensors to 3-hydroxy-2-butanone
have been measured by recording the electrical resistance
variation of the gas sensitive element and calculated according to
the definition. The response value of the sensor is defined as the
ratio of the resistances under target air and gas (S = Rair/Rgas),
and the response and recovery time are defined as the time the
sensor reaches 90% of the final equilibrium value after injection
or release of the target gas.

RESULT AND DISCUSSION

Structural, Morphology, and Composition

of the Samples

Figure 1 illustrates the scheme of the controlled synthesize
of SnO; mesoporous hollow nanospheres doped with Pt
metal. According to the Ostwald ripening mechanism, the
controlled synthesis of SnO, mesoporous hollow nanospheres
was accomplished in the aqueous alcohol solution taking
K2Sn03-3H,0 as the precursor. Then, dopamine was used to
form thin and surface-adherent polydopamine films on SnO;
hollow nanospheres. As shown in Figure 1, the bio-inspired
dopamine molecule could spontaneously polymerize to the
outer surface and interior of the SnO, mesoporous hollow
nanospheres. Subsequently, chloroplatinate adsorbed onto the
positively charged amine groups of dopamine where they were
reduced to platinum nanoparticles by dopamine (Bernsmann
et al, 2011; Nda-Umar et al., 2018). Finally, Pt doped SnO,
mesoporous hollow nanospheres with good monodispersity,
stable crystals and large BET surface area were obtained by
calcination in air. Most of the platinum nanoparticles were
oxidized to PtO; during the calcination process. The use of
dopamine as adhesive is not only simple and quick, but also
inexpensive and “green” (Lee et al., 2007; Zhu et al, 2013).
There is no need for any additional reducing agent, and is easily
to remove the dopamine coating from the synthetic material
through a calcination process in air.

The crystal structures of the one-fold SnO, and metal
doped nano-sized mesoporous hollow spherical semiconductor
materials were investigated by XRD analysis. The observed
patterns in Figure 2A show that the three intense diffractions

peaks at 26 = 26.4°, 33.9°, and 51.8° correspond to (110), (101),
and (211) planes of SnO,, respectively. Other diffraction peaks in
Figure 2A are matched with the (200), (111), (220), (002), (310),
(112),(301), (202), and (321) planes of SnO;. All of these emerged
diffraction peaks are perfectly indexed to the JCPDS card No.
41-1445, confirming the tetragonal rutile crystal phase of the
synthesized SnO, nanomaterials. Meanwhile, no Pt nanoparticle
peak of Pt doped SnO; sample is observed, which is probably
due to extremely small doses of added Pt (Ma et al., 2018). Since
material synthesis is always carried out in a high temperature, the
effect of temperature on the crystal structure is also worthy of
attention (Wang et al., 2014). Therefore, the SnO, were prepared
at calcination temperatures varying from 350 to 550°C, and
their XRD patterns were presented in Figure 2B. Obviously,
every sample exhibit all of the characteristic diffraction peaks of
SnO,, indicating the brilliant stable crystals of SnO, mesoporous
hollow nanospheres.

Raman spectra of pristine SnO,, pure dopamine, Pt-DPA-
SnO; and Pt doped SnO, are shown in Figure 3. The three
strong peaks locate at 475 cm™!, 632 cm™! and 775 cm™! are
attributed to Eg, A1g, and Byg vibrations of SnO;, respectively.
As for intermediate products, two new fitted peaks appeared at
1,340 and 1,590 cm ™!, representing the presence of dopamine.
After calcining at 500°C for 5 h, no fingerprint peaks of dopamine
in Pt doped SnO, were observed, demonstrating the exhaustive
removal of dopamine in the final product. Notably, none of the
reflection peaks was related to Pt due to the extremely small size
of well-dispersed Pt (Oh and Jeong, 2014).

Figure 4 presents the morphological structure of Pt doped
SnO; nanomaterials. Apparently, the products consist of
spherical hollow sphere with particle diameter of 400-
500nm and a shell thickness of ~30nm. SEM micrographs
(Figures 4A,B) display the spherical morphology of the
nanomaterials with similar size distribution. The inset SEM
image of Figure4A and bright contour in TEM images
(Figures 4D,E) clearly located in the center of the particle
present the corresponding mesoporous hollow structure of
the as-prepared Pt doped SnO, nanomaterials. Figure 4D and
the inset HRTEM image of Figure 4E reveal that the stable Pt
doped SnO; mesoporous hollow nanosphere as synthesized is
composed of multiple layers of tin dioxide nanoparticles. The
mesoporous hollow nanostructures stacked by multiple layers
of SnO, nanosphere have a highly usable alternating and stable
structure (Wang Y. et al, 2016b), which is favorable for the
diffusion of gases and then effectively improve the gas sensing
performance. No phases of anchored Pt nanoparticles were
observed in both SEM and HRTEM micrographs, possibly due to
small amount of Pt catalyst (Bulemo et al., 2018). TEM mapping
of Pt doped SnO; nanomaterial was also conducted (Figure 4G),
which notarize the existence and equidistributional of only Sn, O,
and Pt component. Noting that the Sn and O are originated from
the SnO; hollow nanospheres, whereas Pt are exogenous doped.

The surface chemical state of the semiconductor plays a non-
negligible part in sensing properties. Therefore, the chemical
states of the respective elements present in the singlet and Pt
doped SnO; mesoporous hollow nanospheres were analyzed by
XPS. The complete spectra of the samples were displayed in
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FIGURE 1 | Schematic illustration of the formation of Pt doped SnO, mesoporous hollow nanospheres via a simple template-free process.
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FIGURE 2 | (A) X-ray diffraction patterns of as-synthesized pure and Pt doped SnO, mesoporous hollow nanospheres samples obtained after calcination at 500°C in
air. (B) XRD patterns of pure SnO, mesoporous hollow nanospheres with the calcination temperature of 350, 400, 450, 500, and 550°C, respectively.
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Figure 5A. Apart from the C 1Is calibration peak at 284.78 eV,
only peaks fitted to Sn, O, and Pt are observed in Pt doped SnO,
samples, indicating the good monodispersity of the as-prepared
Pt doped SnO, samples. The signal decomposed into Sn 3ds/,

and Sn 3d3,, (Figure 5B) two portions with peak located at 486.5
and 495.0 eV, respectively, which are typical characteristics of
Sn** in tetragonal SnO,. No shifts of the Sn 3d peaks between the
singular SnO; and Pt doped SnO; nanomaterials were observed
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FIGURE 3 | Raman spectra of as-synthesized products and intermediates
(pure SnO, mesoporous hollow nanosphere, pure DPA, Pt-DPA-SnO,
mesoporous hollow nanospheres and Pt doped SnO» mesoporous hollow
nanospheres).

mainly due to the low Pt dosage (Murata et al, 2013). The
high-resolution XPS spectra of O 1s (Figure 5C) presents three
peaks with binding energy at 530.2, 531.0, and 532.0 eV, which
could be assigned to different chemical states of oxygen in the
system: lattice oxygen (027) and absorbed oxygens (O~ and
05 ), respectively (Jeong et al., 2018b). Usually, lattice oxygens
are pretty stable and have no benefit in improving sensitivity, in
the meantime, the absorbed oxygens are very active, which play a
key role in gas sensitivity (Liu et al., 2015). As Figure 5D shows,
Pt peaks were not detected in the pure SnO; nanospheres. In
contrast, five peaks were spited from XPS spectrum of Pt doped
SnO; samples (Jang et al., 2015; Bulemo et al., 2018). Two main
peaks observed at 75.00 and 78.35 eV fitted to PtO, (Kamble and
Umarji, 2016), with a spin-orbit coupling energy between PtO;
4f7,5 and PtO; 4f5/; of 3.35eV. The peaks centered at 72.70 eV is
suggested as assignable to PtO 4f;/,. The two peaks at 71.50 and
74.80 eV correspond to Pt 4f;7/, and Pt 4f5,, (Kim et al., 2016). A
large proportion of Pt nanoparticles were oxidized to form PtO;
at the annealing temperature ~500°C (Jang et al., 2015), caused
the strong peaks of Pt*T, weak peaks of Pt and Pt>*.

To clearly investigate the surface adsorption properties
of commercial, singular and Pt doped SnO, mesoporous
hollow nanospheres, we carried out BET test (Figure 6A)
and Barrett-Joyner-Halenda (BJH) analysis (Table 1). Nitrogen
adsorption-desorption isotherms of the pure and Pt doped
SnO; hollow nanospheres samples show typical type-IV curves
with a hysteresis loop, demonstrating the uniform and large
mesoporous structure of SnO; hollow nanospheres. In the
contrast, commercial SnO, nanoparticles shows typical type-
II curves. BET surface area of pure SnO, mesoporous hollow
nanospheres (28.2 m?/g STP) is nearly four-folds larger than
commercial SnO; (7.6 m?/ g STP). Meanwhile, SnO, mesoporous
hollow nanospheres with different Pt doped dosages how
different surface area and pore size. 0.08 wt% Pt doped SnO,

hollow nanospheres have the largest surface area (35.7 m?/g
STP), while 0.16 wt% Pt doped SnO; hollow nanosphere shows
a little lower surface area of 31.5 m?/g STP but has the biggest
pore volume (0.12 cm3/g) and pore size (15.4nm) (Table 1).
These pores with large size are conducive to the facilitating
diffusion of gaseous molecules (Zhou et al., 2015), and the big
pore volume can provide high-density of active surface locations
(Zhang et al., 2016).

Photoluminescence spectroscopy is a convenient and fast
technique, which provides information about the types of oxygen
vacancies in nanomaterials. PL emission spectra of the pure SnO,
present three strong peaks at 425, 450, and 477 nm, and five
weak peaks at 433, 490, 505, 529, and 561 nm at an excitation
wavelength of 385 nm (Figure 6B). According to the literatures,
the purple luminescence peak (425 nm) can be attributed to the
luminescence center formed by the tin gap or dangling bond
(Arik et al., 2011), the PL peaks at 433, 450, and 477 nm can
be ascribed to crystal defects in SnO, matrix, the PL peaks
appears at 490, 505, 529, and 561 nm which corresponds to green
luminescence, and can be consider as singly charged oxygen
vacancies in the material (Jean and Her, 2009). It is worth noting
that the fluorescence intensity of Pt doped SnO, is lower than
pure SnO;, and the fluorescence intensity decreases gradually as
the increases of platinum content, which can be attributed to the
interaction of Pt metal and SnO,. Owing to the stronger ability
to capture electronics of Pt than SnO,, the doped Pt can lead
to reduction of donor type oxygen vacancies (Rani et al., 2007),
thereby reducing the radiative recombination centers. Thus, the
appearance of Pt and PtO; not only occupy material voids, reduce
pore volume and pore size (shown by BET results), but also
decrease in the number of oxygen vacancies.

Gas-Sensing Characteristics

Encouraged by the excellent structure of the synthetized SnO,
and Pt doped SnO, nanomaterials, we further fabricated gas
sensors based on commercial SnO; (S;), pure SnO, mesoporous
hollow spheres (S;) and SnO; mesoporous hollow nanospheres
with different Pt doped content (S3-S7), respectively, to
systematically explore their application prospect in the detection
of L. monocytogenes. Commercial non-mesoporous SnO, is
employed as the reference for comparison. As previous studies
investigated, the gas sensing characteristics depend upon the
catalyst loading and dispersion. The insufficient loading of
catalysts cannot reach the optimal catalytic effect, while, the
excessive loading of catalysts on SnO, mesoporous hollow
spheres causes saturation and aggregation of catalysts, leading
to a poor sensing performance. Hence, we carefully varied the
dosages range of catalysts (S3: 0.08 wt%, S4: 0.12 wt%, Ss: 0.16
wt%, Se: 0.24 wt%, S7: 0.48 wt%) to find the optimized dosage
of catalysts.

Basically, working temperature affects the adsorption and
desorption characteristics of target analytes and the charge
transport features on the surface of semiconductors, thus affects
the gas sensing properties (Li et al, 2019). Therefore, the
operating temperature tests of sensors based on commercial
SnO, particles, SnO, mesoporous hollow spheres and Pt
doped SnO, mesoporous hollow spheres samples were firstly
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SnO, mesoporous hollow nanospheres for Sn, O, and Pt.

FIGURE 4 | SEM (A-C), TEM (D), and HRTEM (E,F) of 0.16 wt% Pt doped SnO, mesoporous hollow nanospheres; (G) elemental mappings of 0.16 wt% Pt doped

carried out in 10 ppm 3-hydroxy-2-butanone over temperatures
ranging from 200 to 400°C (Figure 7A). The gas response
gradually increases as the working temperature increase from
200 to 250°C, then decreases as the further elevation in
operating temperature. Hence, 250°C is considered as the
optimum working temperature for further sensing observations.
At the same time, it is obvious that the Pt doped samples
possess much higher sensitivity, especially sensor Ss based on
0.16 wt% Pt doped SnO; mesoporous hollow nanospheres.
The gas response toward 10 ppm 3-hydroxy-2-butanone is
greatly enhanced from 14.37 to 48.69 by the decoration
of Pt.

The dynamic gas sensor response of different pure and Pt
loading amount SnO, toward different concentrations of 3-
hydroxy-2-butanone (0.5-20 ppm) an operating temperature of
250°C were then measured and shown in Figure 7B. The gas
sensing results of all the fabricated gas sensors show increasing
continuously with the increment of 3-hydroxy-2-butanone
concentration while decrease as the concentration fall from 20
to 0.5 ppm, indicate the excellent reversibility and repeatability.
The results of S, sensor based on pure SnO; (Ryir/Rgas = 14.37)

to 10 ppm of 3-hydroxy-2-butanone is almost 3 times higher
than §; sensor based on commercial SnOz (Rair/Rgas = 5.04).
Moreover, the gas sensor still has obvious response at 0.5 ppm 3-
hydroxy-2-butanone concentration. Notably, the sensitivity can
be increased by doping platinum. Among Pt decorated SnO,
sensors, the S5 sensor shows the best performance (Rair/Rgas =
48.69, 10 ppm) and excellent linearity with the 3-hydroxy-2-
butanone concentration (Figure 7C). According to the results
of BET and PL tests, the highest response is mainly attributed
to effect of platinum particles: the incorporation of Pt and
Pt oxide inhibited the agglomeration of SnO, particles and
increased the specific surface area of the material then improves
the sensitivity, however, excess Pt occupied the mesoporous
space and even caused the decrease in oxygen vacancies, thereby
reduced the response value (Singh and Singh, 2019). The
response and recovery properties of sensors upon exposure to
10 ppm 3-hydroxy-2-butanone were also calculated from the
sensing transients and the results were given in Figure 7D. The
S5 sensor based on 0.16 wt% Pt sensitized SnO, nanomaterials
shows very low response (11s) and recovery (20s) times upon
exposure to 3-hydroxy-2-butanone in those of commercial
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SnO, (response/recovery: 22 s/21s) and mesoporous hollow  response-recovery duration of S5 toward the target gas under the
nanospheres (response/recovery: 18 s/20s). The mesoporous  same conditions.

hollow structure of SnO; nanosphere with a high specific surface Practically, the sensor with high sensitivity and fast response
and large pore size can offer substantial active reaction sites  speed cannot satisfy the requirement of accurate and efficient
for sensing test (Li Y. et al, 2016; Chen et al, 2018) and  detection of 3-hydroxy-2-butanone in complex gas environment.
facilitate the quick and easy diffusion of gas molecules within ~ Therefore, we investigated the sensitivities of commercial, pure
the mesoporous structure in Ss, resulting in the minimum  and 0.16 wt% Pt doped SnO; mesoporous hollow nanospheres
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based sensors. The response of S;, S, and Ss sensor in
the presence of some common volatile organic compounds
with a concentration of 10 ppm at 250°C, including acetone,
ethanol, methanol, formaldehyde and ammonia, were shown in
Figure 8. Obviously, sensor S; based on 0.16 wt% Pt doped
SnO; mesoporous hollow nanospheres shows excellent selectivity
to 3-hydroxy-2-butanone and less affected by other gases.
Furthermore, four typical gases in exhaled L. monocytogenes
breath, 2,3-butanedion, 3-methylbutanal, 2,5-dimethyl-pyrazine
and benzaldehyde were also selected as interfering gases. The
gas response of S5 toward 3-hydroxy-2-butanone is roughly 10.5,
6.8, 6.5, and 3.5 times higher than that toward benzaldehyde,
2,3-butanedione, 2,5-dimethyl-pyrazine and 3-methylbutanal,
respectively. These results clearly show that the Ss sensor has

TABLE 1 | BET Surface Area of as-synthesized pure and Pt doped SnO,
mesoporous hollow nanospheres.

Sample Commercial SnO; 0.08 wt%  0.16 wt% 0.24 wt%
SnOz Pt-SI'\Oz Pt-SnOz Pt-SnOz
BET surface area (m?/g) 7.6 28.2 35.7 31.5 29.7
Pore volume (cm®/g) 0.03 0.07 0.09 0.12 0.10
Pore size (nm) 18.1 9.4 10.2 15.4 12.7

a good selectivity to the exhaled 3-hydroxy-2-butanone of L.
monocytogenes. The highly selective properties of sensor are
mainly attribute to the sensitization effect of Pt. The formation
of p-n junction caused by Pt element can effectively increase
the amount of electron transfer and thus increase the response
(Jang et al., 2015). Meanwhile, the Pt element are capable of
dissociating hydroxyl group and keto group, leading to selective
detection of 3-hydroxy-2-butanone (Wu et al,, 2011; Jeong et al.,
2018b). All results shown above demonstrate that the S5 gas
sensor is suitable for the selective detection of the 3-hydroxy-2-
butanone molecules in complex atmosphere.

Excellent repeatability and long-term stability are also
requisite in actual detection. The repeatability of the Ss sensor
was recorded by exposing to 10 ppm of 3-hydroxy-2-butanone
five times under the same conditions, and the response and
recovery curves are shown in Figure 9A. The response level and
response-recovery time in every test show no distinct difference,
indicate that the as-fabricated 3-hydroxy-2-butanone sensor
based on 0.16 wt% Pt doped SnO; hollow nanospheres has
good repeatability. The results of stability test on the S5 sensor
to 10 ppm of 3-hydroxy-2-butanone show a neglectable
change during the 5-week testing process (Figure9B),
reflecting the good long-term stability of 0.16 wt% Pt activated
SnO; sensors.
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FIGURE 7 | Typical response curve and variations of the sensors base on different samples: (A) response of the gas sensors S1-S7 versus different operating
temperature (200-400°C) to 10 ppm 3-hydroxy-2-butanone, (B) dynamic 3-hydroxy-2-butanone (0.5-20 ppm) sensing transients of the gas sensors S-Sy, (C) the
relationship between gas sensor Ss and concentration of 3-hydroxy-2-butanone gas and (D) response/recovery curves of gas sensor Ss (gas sensor Sy and Sy
based on commercial SnO» particles and as-synthesized pure SnO, mesoporous hollow nanospheres, gas sensor S3-S7 based on 0.08, 0.12, 0.16, 0.24, 0.48 wt%
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Sensitization Mechanism of
3-Hydroxy-2-Butanone Sensing

On the basis of comprehensive analyses of experimental results,
the enhanced sensing performances may be attributed to the
unique mesoporous hollow nanosphere structure and the doped
of Pt nanoparticles. The detection mechanism of the as-fabricated
3-hydroxy-2-butanone sensor is on account of the change in
conductance of the semiconductor metal oxide nanomaterial
when reacted with the target gas adsorbed on the sensing layer,
which belongs to the surface-controlled mode (Wang L. et al,
2016). As shown in Figure 10, the schematic illustration presents
the sensing mechanism and energy band levels of the pure and Pt
doped SnO, sensors. When the gas sensors are exposed to the
air (left part of Figure 10), oxygen molecules are adsorbed on
the SnO, mesoporous hollow nanosphere and generate adsorbed
oxygen ions (O, and O7) by trapping electrons from the

S50 S,
40| TS,
S,

Response(Ra/Rg)

FIGURE 8 | Selectivity of (gas sensor Ss) 0.16 wt% Pt doped SnO, based gas
sensor toward 3-hydroxy-2-butanone at the optimal working temperature of
250°C.

conduction band of SnO; semiconductor, causing the formation
of a thick electron depletion layer and low conductance of the
sensor (Zhang D. et al.,, 2019). The chemical reactions involved
in this process can be summarized as follows:

0, = Oy (ads)
0, (ads) + e — 0y (uds) < 150°C
0, (ads) + e~ — 207 (ads) 150 —400°C

As shown in the right part of Figure 10, once the target gas is
injected, absorbed oxygens react with the 3-hydroxy-2-butanone
molecules immediately and oxidize such reductive molecules
to oxidation products. As a result, absorbed oxygens release
electrons back to Pt doped SnO, hollow nanospheres, leading
to reduction of electron depletion layer and a low conductance
(Yang et al., 2018).

On the basis of above theories, the improved sensing
performance of the Pt doped SnO, sensing materials can be
concluded in two following aspects: (1) From the morphology
structure aspect, the 0.16 wt% Pt doped SnO, mesoporous hollow
nanosphere with high specific surface area provides a mass of
active sites both on the surface for oxygen molecules adsorb as
well as sensitization agent to decorate and show their function
(Hu et al,, 2018). (2) As for Pt doping aspect, previous studies
have shown that Pt nanocatalysts exist as oxidized forms (PtO;)
at the annealing temperature ~500°C (Jang et al., 2015) which
are p-type material, leading to the formation of p-n junction at
the interface of SnO; and PtO; (Jeong et al., 2018a; Qiu et al,,
2018).Therefore, this interaction between PtO, and SnO; play
a significant role when the Pt doped SnO; nanomaterials are
exposed to 3-hydroxy-2-butanone, which expands the electron
depletion region on SnO, (Figure 10) and cause an increase
in conductivity (Shao et al., 2016). Moreover, owing to the
“spillover effect” of Pt element (Liu et al., 2017), oxygen molecules
will be more easily absorbed on the surface of Pt and PtO,
compare with pristine SnO, (Peng et al., 2018), leading to the
promotion of sensing reaction between the tested gas molecules
and adsorbed surface oxygen species. Under the above synergy
between Pt dopant and SnO,, the conductivity of the Pt doped
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SnO;, gas sensor changes more greatly as the 3-hydroxy-2-
butanone gases are in or out, leading to a higher response
than the pristine SnO;. From all the above, the Pt doped
SnO, mesoporous hollow nanosphere sensor shows excellent
3-hydroxy-2-butanone sensing property.

CONCLUSIONS

In summary, well-crystalline SnO, mesoporous hollow spheres
nanomaterials have been synthesized via a simple one-step
template-free and robust method by using K,SnO3-3H,0 as a
precursor in the presence of precipitant urea, followed by doping
with Pt by using H,PtCls-6H,O as Pt source in the presence
of reducing agent dopamine. The obtained 0.16 wt% Pt doped
SnO; mesoporous hollow nanospheres have high specific surface
areas (31.5 m?/g) and large aperture of 15.3 nm. As a result of
the doping of Pt element and the uniform mesoporous hollow
structure with high surface areas, 0.16 wt% Pt doped SnO; based
sensors exhibit superior sensitivity, excellent long-term stability
and highly selective detection to 3-hydroxy-2-butanone, at a
wide range concentration. Specifically, it displays rapid response
(response/recovery: 11 s/205s), superior sensitivity (Rair/Rgas =
48.69) toward low concentration of 3-hydroxy-2-butanone (10
ppm) at a working temperature of 250°C. Detailed analysis

demonstrates that the improved 3-hydroxy-2-butanone sensing
characteristics are possibly due to the “sensitization effect”
driven by Pt nanoparticles platinum tungsten oxide. This 0.16
wt% Pt doped SnO, mesoporous hollow nanosphere based gas
sensor with superior 3-hydroxy-2-butanone sensitivity provide
a great commitment for developing a novel, simple, accurate
and rapid volatile organic compound portable sensor for the
supervision of foodborne bacteria in food, environment, clinical,
and communal samples.
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Herein, we report that the ternary chalcogenide nanosheet exhibits different affinity
toward oligonucleotides with different lengths and efficiently quenches the fluorescence
of dye-labeled DNA probes. Based on these findings, as a proof-of-concept application,
the ternary chalcogenide nanosheet is used as a target cyclic amplification biosensor,
showing high specificity in discriminating single-base mismatch. This simple strategy is
fast and sensitive for the single nucleotide polymorphism detection. Ultralow detection
limit of unlabeled target (250 fM) and high discrimination ratio (5%) in the mixture of
perfect match (mutant-type) and single-base mismatch (wild-type) target are achieved.
This sensing method is extensively compatible for the single nucleotide polymorphism
detection in clinical samples, making it a promising tool for the mutation-based clinical
diagnostic and genomic research.

Keywords: ternary chalcogenide nanosheets, single nucleotide polymorphisms, two-dimensional nanomaterials,
fluorescent detection, sensor

INTRODUCTION

Single nucleotide polymorphisms (SNPs) are agents of various diseases such as cancers, Alzheimer
disease, and diabetes (Martin et al., 2000; Syvanen, 2001; Unoki et al., 2008). Therefore, methods
to discriminate SNPs are of significant importance as the first step for the disease prediction
and clinical diagnosis. In the past two decades, several approaches have been developed for
the SNP detection, such as ligation chain reaction, molecule beacons, and surface-enhanced
Raman scattering (Chen et al.,, 2013, 2019; Li et al., 2019; Li Y. et al., 2019). However, the small
thermodynamic energy difference between the perfect match and single-base mismatch makes
it difficult to achieve both good sensitivity and high SNP discrimination (Zhang et al., 2013;
Wu et al,, 2015). Although many efforts have been made to develop analysis technologies and
detection platforms for improving the sensitivity and specificity, such as polymerase chain reaction
(PCR) technique and enzyme-assisted methods, sophisticated biological systems are designed
to distinguish such mismatch due to allele-specific oligonucleotides hybridization and enzyme
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recognition (Mhlanga and Malmberg, 2001; Doerks et al., 2002).
Especially, high cost, complicated primer design, and specific
enzyme recognition sites restrict their practical applications
(Mhlanga and Malmberg, 2001; Nazarenko et al., 2002; Li et al,,
2008; Gerasimova and Kolpashchikov, 2014; Chang et al.,, 2015;
Huang et al., 2019). Over the past decades, nanomaterials have
been greatly explored as biosensing platforms (Yang et al., 2016;
Cai et al, 2018; Qiu et al., 2019; Zeng et al.,, 2019). As a new
class of nanomaterials, single- and few-layered transition metal
dichalcogenide (TMD) nanosheets have attracted tremendous
attention (Chhowalla et al., 2013; Tan et al., 2017; Chen et al.,
2018). Owing to their unique electronic, optical, chemical
properties, and low toxicity (Zhang et al, 2018; Su et al,
2019), TMD nanosheets exhibit great potential in various
applications including catalysis (Woods et al., 2016; Tang et al.,
2019), electronic devices (Zhu W. et al., 2019), energy storage
(Yun et al,, 2019), and sensors (Chen et al., 2015; Li et al,
2015; Hu et al, 2017; Xu et al, 2019). Owing to their high-
efficiency electron transfer, high surface/volume ratio, and easy
dispersibility in water, TMD nanosheets have been chosen as
competitive candidates for biosensing (Bolotsky et al., 2019). For
example, our group previously reported that the MoS, nanosheet
can serve as a platform to construct a fluorescent sensor for
detection of DNA and small molecules due to its fluorescence
quenching ability and adsorption of dye-labeled single-stranded
(ss) DNA (Zhu C. et al,, 2013). This strategy has been extended
to other TMD nanosheets, such as WS,, TaS,, and TiS, (Ge
et al,, 2014; Zhang et al., 2015; Zhu D. et al,, 2019). Recently, the
ternary chalcogenide nanosheet, i.e., TayNiSs, also exhibited the
similar ability for DNA detection and show better performance
than that of MoS, (Tan et al., 2015). Therefore, efforts can be
made in the exploration of applications of Ta;NiSs nanosheets
with good sensitivity and specificity, so that the sensing platform
can be used in clinical diagnose especially genetic-variation-
related diseases.

Here, the ternary chalcogenide nanosheet, i.e., Ta;NiSs, is
used as a target cyclic amplification biosensor for the SNP
detection, showing high sensitivity and good specificity. A dye-
labeled DNA is used as probe (P) for the detection of mutant-
type target (MT). Wild-type target (WT) is used to evaluate the
SNP discrimination.

MATERIALS AND METHODS

Materials

DNA sequences were synthesized and purified by Sangon
Biotechnology Co., Ltd. (Shanghai, China). Exonuclease III (Exo
III), NEBuffer 1, and loading buffer were purchased from New
England Biolabs (Singapore). DNA ladder was purchased from
Takara Biotechnology Co. Ltd. (Dalian, China). Tris-acetate—
ethylenediaminetetraacetic acid buffer (50x) was purchased
from Axil Scientific Pte Ltd. Acrylamide/bis mixed solution
[30% (w/v] (29:1) was purchased from Nacalai Tesque, Inc.
Ammonium persulfate and tetramethylethylenediamine were
purchased from Biorad. All these chemicals were used without
further purification. The Milli-Q water was obtained through a
Milli-Q system (Millipore) and was used in all the experiments.

Preparation of Single-Layer TasNIS5

Nanosheets

The single-layer Ta;NiS5 nanosheets were synthesized based on
the lithium-intercalation method developed by our group (Zeng
et al,, 2011). The obtained suspension was then centrifuged and
washed with water for four times. The final product was collected
for further experiments.

Characterization

Transmission electron microscopy (TEM) images were taken by
a JEOL JEM-2100F transmission electron microscope. Atomic
force microscopy (AFM) images were recorded by a Dimension
3100 AFM (Veeco, Fremont, CA, USA) in tapping mode.
Fluorescence measurements were performed on a Shimadzu RF-
5301 PC fluorophotometer.

Single-Nucleotide Polymorphism Detection
In a typical hybridization and digestion process, 5 pul of probe
(P, 10 M) was hybridized with a series of MT at increasing
concentrations (5 pl, 0-1uM) premixed with 5 pl of Exo
I (25U wl™!) in 330 pl of NEBuffer 1 work solution for
30 min at 37°C. Two microliters of Ta;NiSs nanosheets (0.125 mg
ml~1) was added to the mixture and incubated for 5 min. Then,
the fluorescence measurements were carried out with the final
concentration of MT (0-100 nM). The excitation and emission
wavelengths were 590 and 610 nm, respectively.

Gel Electrophoresis Analysis

Gel electrophoresis analysis was performed using 12%
polyacrylamide gel. The electrophoresis was carried out at
84V for 100 min in 1x Tris-acetate—ethylenediaminetetraacetic
acid with a load of 20 pl of sample containing 2 pl of loading
buffer. Then, the gel was stained with ethidium bromide for
10 min. The gel images were obtained by a charge-coupled device
under UV lamp illumination.

Cell Culture, Cellular Extracts Preparation,

and Human Genomic Sample Analysis

Lung cancer cell lines (A549) and induced pluripotent stem cells
were purchased from the American Type Culture Collection.
The cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 pg ml™!
streptomycin, and 100U ml~! penicillin. All cells were
maintained in a humidified incubator at 37°C containing
5% CO,.

DNA was extracted from A549 cells and induced pluripotent
stem cells with TRIzol following the manufacturer’s protocol,
respectively. Briefly, approximately 1 x 107 cells were harvested
and washed once with phosphate-buffered saline (pH 7.4,
containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPOy, and
2.0mM KH;,POy). Then, the total DNA was isolated according to
the manufacturer’s instruction and quantified using a NanoDrop
1000 Spectrophometer (Thermo Scientific).

Target DNA amplification was performed in 100 .1 of reaction
mixture with 200puM deoxyribonucleoside triphosphates,
1.5mM MgCl,, 1uM forward and reverse primers, 0.02U
pl=! KOD Enzyme, 10 pl buffer (10x buffer for KOD Hot
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Start DNA Polymerase) and genomic DNA (lung cancer
DNA, 1.1 ng; normal DNA, 1.2 ng). The sequences of
primers used in the experiment are listed in Table S1. After
an initial denaturation at 95°C for 1min, the amplification
was achieved by 29 cycles of thermal cycling at 95°C for
20s, 52°C for 10s, and 70°C for 1min to get 359 bp PCR
products. The PCR products were used for subsequent
experiments after purification with E.ZN.A.® Cycle Pure
Kit (Omega Bio-Tek Inc., Doraville, GA, USA) following the
manufacturer’s protocol. DNA sequencing was carried out
by DNA Sequencing Facility (Institute of Molecular and Cell
Biology, Singapore).

RESULTS AND DISCUSSION

Sensing Mechanism

The proposed detection process is shown in Scheme 1. Briefly,
the dye-labeled DNA probe (P) and MT were incubated together
to form perfectly matched double-stranded (ds) DNA, used
as the substrate of exonuclease III (Exo III) digestion. For
the perfectly match system, Exo III could digest one strand
of a duplex from the recessed 3’ termini, so P was cleaved
to shorter oligonucleotides. Meanwhile, MT was released and
able to hybridize with other P in solution. This facilitated
a new round of hybridization, digestion, and release process.
Owing to the weak affinity between the Ta,NiSs nanosheet and
short oligonucleotides, the fluorescence of P would partially
remain (Wu et al, 2011). In addition, the recycled process
prompted an amplification of fluorescence signal. This is in
contrast to the WT system, in which WT could form single-
base mismatched duplex with P at 3’ termini. The mismatched
base prevented Exo III from digesting P, resulting in the
fluorescence quenching after addition of Ta;NiSs nanosheets.
The DNA sequences used in this experiment are listed
in Table S1.

Characterization of TaoNIS5 Nanosheet

The Ta;NiS; nanosheet was prepared through the
electrochemical lithium-intercalation method according to
our previous method (Zeng et al., 2011; Tan et al., 2015). AFM
measurement revealed that the average thickness of Ta;NiSs
nanosheet is ~1.1 nm, indicating that the Ta,;NiS; nanosheet
is single layer in thickness (Figure 1A) (Tan et al., 2015). The
TEM and high-resolution TEM images of the Ta;NiSs nanosheet
are shown in Figure 1B. The measured lattice spacing from
the high-resolution TEM is 0.26 nm, corresponding to the
(006) planes of TapNiSs (Tan et al, 2015). Previous studies
indicate that the oligonucleotides can be absorbed to two-
dimensional nanomaterials, and the fluorescence of dye-labeled
oligonucleotides can be quenched due to the photo-induced
electron transfer happening between the aromatic fluorescent
dyes and two-dimensional nanomaterials (Ramakrishna Matte
et al, 2011). After preparation of Ta;NiSs nanosheets, their
fluorescence quenching ability toward ssDNA with different
lengths was studied. As shown in Figure S1, the Ta;NiSs
nanosheet exhibits the fluorescence quenching efficiency up
to 50, 85, 99, and 99% toward ssDNA with 5, 10, 15, and
20 bases, demonstrating that for ssDNA with <15 bases, the
affinity between ssDNA and Ta,NiSs; nanosheet increases along
with the length of ssDNA, resulting in higher fluorescence
quenching efficiency.

Feasibility Analysis

To investigate the feasibility of our designed method for the
single-base mismatch discrimination, fluorescent spectra of P
were carried out under different conditions of assays, as shown
in Figure 2A. When P (1 M) was incubated with MT (100 nM)
with the addition of Ta;NiS5 nanosheet (5.0 g ml™1), only weak
fluorescence can be observed [pink curve (P/MT + Ta;NiSs) in
Figure 2A]. The fluorescence spectrum of P/WT in the presence
of Ta;NiSs also showed weak fluorescence intensity [green curve

Q n
-
/VV\ Recycle ’ 1
N N > MT system
( - VAVAVAN
> VAVAVAN
L' > \. > \, — V4 WT system
N\ N\ M &
Mutant-type Wild-type
o/ \ Probe NSNS\ 1arget um) Target (WT)
( Exonuclease Il TazNiSs
SCHEME 1 | Schematic illustration of the TazNiSs nanosheet-based fluorescent sensor for the single nucleotide polymorphism (SNP) detection.
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FIGURE 1 | (A) Atomic force microscopy (AFM) height image of TazNiSs nanosheets with average height of 1.1 nm. (B) Transmission electron microscopy (TEM)
image of TapNiSs nanosheets. Inset: the corresponding high-resolution TEM (HRTEM) image.
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FIGURE 2 | (A) Fluorescence spectra of P/MT + Exo lll 4+ TazNiSs (black), P/WT + Exo Il + TaoNiSs (red), P/MT + TazNiSs (pink), and P/WT + TazNiSs (green).

(B) The fluorescence intensity ratio (FP/MT/FP/WT) at 610 nm for P/MT + Exo Il and P/WT + Exo lll in the absence (black) and presence (red) of TaoNiSs nanosheets.
(C) Fluorescence intensity of P/MT + Exo Il (black) and P/WT + Exo lll (red) in the presence of TaxNiSs nanosheets with different final concentrations of 2.5, 5.0, 7.5,
10.0, and 12.5 ug mi=" (P = 1 pM; MT = 100nM; WT = 100nM; Exo lll = 0.25U wl~"). (D) The fluorescence intensity ratio (FP/MT/FP/WT) at 610 nm in the
presence of Ta2NiS5 nanosheets with different final concentrations of 2.5, 5.0, 7.5, 10.0, and 12.5 pg mi=" (P = 1 wM; MT = 100nM; WT = 100nM; Exo lll = 0.25U
wl=1. The excitation wavelength is 590 nm.

(P/WT + Ta;NiSs) in Figure 2A]. When Exo III was employed  signal could be partially recovered. However, for the single-base
in the aforementioned system, the fluorescence intensity retained ~ mismatch system, no significant fluorescence increase was
for the perfect match system of P and MT [black curve  observed [red curve (P/WT + Exo III 4+ Ta;NiSs) in Figure 2A],
(P/MT + Exo III + Ta,NiSs) in Figure 2A], indicating that P suggesting that the fluorophore was adsorbed on the surface of
was digested by Exo III. As a result of the weak interaction  Ta,NiSs nanosheet. Moreover, the discrimination ratio of P/MT
between fluorophore and Ta;NiSs nanosheet, the fluorescence  + Exo III to P/WT 4 Exo III, referred to as Fp,mt/Fp/wTs
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where Fp/vr and Fpywr are the fluorescence signals of MT
and WT systems, respectively, was 1.5 and 20.5 in the absence
and presence of Ta;NiS; nanosheet, respectively (Figure 2B). It
suggests that the introduction of Ta;NiSs nanosheets results in
the effective discrimination of SNP. The digestion process has
also been confirmed through the gel electrophoresis (Figure S2).
These results demonstrated that the single-base mismatch at 3’
terminus can weaken the digestion ability of Exo III (Figure S3),
and the Ta;NiS5 nanosheet plays an important role in improving
the single-base mismatch discrimination.

Optimization of Detection Conditions

To achieve better assay performance, we optimized the digestion
and sensing conditions, including the concentration and
digestion time of Exo III in the digestion process and the
amount of Ta;NiSs nanosheets. As shown in Figure $4, after
using Exo III digestion for 30 min, fluorescence intensity of P/MT
almost reaches the maximum value. Therefore, the reaction
time of biosensor was chosen at 30min. To optimize the
concentration of Exo III, Fp/vt1/Fp/wt was used as the criterion.
The dependence of Fp/\r/Fp/wr on the concentration of Exo
III is illustrated in Figure S5, showing maximum value at 0.25U
pl~! of Exo III. Therefore, 0.25U pl~! was chosen for the
concentration of Exo III and used throughout the subsequent
assays. Besides the concentration of Exo III, the concentration of

Ta,NiSs nanosheets should also affect the fluorescence response.
As shown in Figure 2C, the fluorescence intensity changes of
P/MT + Exo III and P/WT + Exo III were carried out in
the presence of different concentrations of Ta;NiSs nanosheets.
Both Fp,vt and Fpywr decreased along with the increasing
concentration in TayNiSs nanosheet, while Fp/t was always
higher than Fp,wr. Figure 2D displayed the dependence of
Fpmr/Fpywr on the concentration of Ta;NiSs nanosheets.
Fp/m1/Fpywrt increased with an increasing concentration of
Ta,NiSs nanosheets with maximum value at the final Ta;NiSs
nanosheet concentration of 5.0 g ml~!. Then, Fpmt1/Fp/wr
decreased with further increasing concentration of Ta;NiSs
nanosheets, resulting from the adsorption of short dye-labeled
oligonucleotides with excess Ta,;NiS; nanosheets. Thus, the
concentration of Ta;NiSs nanosheet was optimized to be 5.0 g
ml~! for further experiments.

Sensitivity and Specificity Analysis

The sensitivity of the Ta;NiSs nanosheet-based biosensor was
examined under the optimal conditions. Different concentrations
of MT from 0 to 100 nM were incubated with P (1 wM) in the
presence of Exo III (0.25 U ul=!) for 30 min and then mixed with
the Ta;NiS5 nanosheets (5.0 jLg ml™1). The fluorescence intensity
increases along with the increase in the MT concentration
(Figure 3A). As shown in Figure 3B, the fluorescence intensity

FIGURE 3 | (A) The fluorescence spectra of P (1 wM) in the presence of different concentrations of mutant-type target (0, 0.001, 0.01, 0.1, 1, 10, and 100 nM) and
Exo Il (0.25U pl~") with addition of TapNiSs nanosheets (5.0 wg mi~"). (B) Relationship between fluorescence intensity at 610 nm and the concentrations of
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showed a linear correlation vs. a series of MT concentrations
in logarithmic scale in the range from 1 pM to 100 nM. The
calibration equation was Y = 57.46 + 13.97 Ig X (R*> = 0.9952),
where Y stands for the fluorescence intensity and X is the
concentration of MT. According to the 3o rule, the limit of
detection was calculated to be 250 fM (Hu et al., 2018). The
comparison of Ta;NiSs nanosheet-based biosensor with the
conventional reported SNP biosensor based on Ti3C, nanosheet,
GO nanosheet, MoS;@Au NPs, and Au NPs is presented in
Table S2; the Ta;NiSs5 nanosheet-based exhibits high sensitivity
for SNP detection.

Different ratios of MT and WT were mixed and used as DNA
samples for the analysis of allele sequence. Detection results
were carried out for mixtures with various ratios of MT (0,
5, 10, 20, 40, 60, 80, and 100%). The total concentration of
MT and WT was 100 pM. Figure 3C showed the fluorescence
spectra of P with a series ratio of MT in the presence of
Exo III (0.25U pl™!) and Ta;NiSs nanosheet (5.0 ng ml™h).
The statistic curve of the relationship between fluorescence
intensity and the percentage of MT in the tested samples
is shown in Figure3D. The increasing amount of MT in
DNA mixtures led to an increase in fluorescence intensity
at 610nm. Moreover, MT, as low as 5%, could be detected.
These results indicated that this strategy afforded high specificity
as well as good sensitivity for SNP detection due to the
quenching ability of Ta;NiSs nanosheet and low detection
background together with signal amplification of target cyclic
amplification reaction. Based on this, the proposed method can
be considered a potential candidate for mutant detection in
practical cancer research.

The applicability of the proposed single nucleotide
discrimination method was further validated by the PCR
product of human genomic samples with a point mutant (C
> T) in the CHRNA3 gene (rs1051730) (Han et al, 2015).
Previous researches confirm that rs1051730 polymorphism
have a significant correlation with lung cancer in the East Asia
countries (Han et al., 2015). Therefore, rs1051730 polymorphism
detection was performed. The 359-bp amplicons were obtained
by PCR from four DNA samples (samples 1 and 2: mutant-
type samples; samples 3 and 4: wild-type samples). Agarose
gel analysis was performed to confirm the PCR amplicons
(Figure S6). Then, the PCR amplicons were used for the
mutation detection through the proposed method (Figure S7).
It was observed that the fluorescence signals of samples 1
and 2 were much higher than those of samples 3 and 4,
indicating that samples 1 and 2 were mutant type and could
be distinguished from wild-type samples. These results were
consistent with the DNA sequence data, indicating the potential
application of the developed method for SNP detection of
real samples.
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Gas sensor, as one of the most important devices to detect noxious gases, provides a
vital way to monitor the concentration and environmental information of gas in order
to guarantee the safety of production. Therefore, researches on high sensitivity, high
selectivity, and high stability have become hot issues. Since the discovery of the
nanomaterial, it has been increasingly applied to the gas sensor for its distinguishing
surface performances. However, 0-D and 1-D nanomaterials, with limited electronic
confinement effect and surface effect, cannot reach the requirement for the production of
gas sensors. This paper gives an introduction about the current researching progress and
development trend of 2-D nanomaterials, analyzes the common forms of 2-D nanoscale
structure, and summarizes the mechanism of gas sensing. Then, widely concerned
factors including morphological properties and crystalline structure of 2-D nanomaterial,
impact of doped metal on the sensibility of gas sensors, impact of symmetry, and working
temperature on the selectivity of gas sensors have been demonstrated in detail. In all,
the detailed analysis above has pointed out a way for the development of new 2-D
nanomaterial and enhancing the sensibility of gas sensors.

Keywords: 2-D nanomaterial, gas sensor, performance improvement, current application, development trend

INTRODUCTION

Nanotechnology, a newly developed technology based on quantum mechanics, molecular biology,
material science, microelectronics, and computer technology, is a scientific way to synthesize
new materials on nanoscales. Prof. Tanggulachi firstly defined this newly emerged subject as
nanotechnology in 1974 and clarified that the research on the characteristics and applications
of nanomaterial should be restricted to the scale of 0.1-100nm (Zhu et al., 2010; Huang et al.,
2014). Nanomaterial has dramatic advantages over traditional material. Those advantages include
distinguishing surface effect (Zhang, 2011) and quantum size effect (Xu et al.,, 2019). Factors
like tiny particles, large surface areas, and high surface energy will enhance the performances of
nanomaterial tremendously (Wang, 2013).

Gas sensor (You et al, 2012) converts the components and concentrations of various
gases into standard electrical signals by using specific physical and chemical effects. It has
been widely used in the detection of noxious and harmful gases and natural gas leakage.
It has been improved greatly since the 1970s, with nanomaterials changed from single
metallic oxide to combined metal oxide. Large progress has also been made on the sensing
performances like sensitivity, accuracy, and stability when detecting specific variety of gas
(Gonullu et al., 2012; Trung et al., 2012; Xu et al., 2012).

Frontiers in Chemistry | www.frontiersin.org

54 December 2019 | Volume 7 | Article 839


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00839
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00839&domain=pdf&date_stamp=2019-12-10
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:g.y.tian@ncl.ac.uk
https://doi.org/10.3389/fchem.2019.00839
https://www.frontiersin.org/articles/10.3389/fchem.2019.00839/full
http://loop.frontiersin.org/people/798310/overview
http://loop.frontiersin.org/people/782119/overview
http://loop.frontiersin.org/people/813333/overview

Geetal.

2-D Nanomaterial Gas Sensor

In recent years, the development of electronic devices
is more about integration, miniaturization, and even
microminiaturization. Nanomaterial plays an increasingly
important role in the improvement of gas sensors. Based on the
gas-sensing properties of 2-D nanomaterials such as response
speed, selectivity, and stability, this paper gives a review of the
factors that influence the performance of 2-D nanomaterial
gas sensors and proposes the future development trend of the
improvement of these sensors’ parameters.

DEVELOPMENT OF RESEARCH ON 2-D
NANOMATERIAL

Since the successful extraction of graphene (a 2-D nanoscale
graphite with single atomic layer) by the Geim Group (Geim
and Novoselov, 2007; Geim, 2009; Perreault et al., 2015; Varghese
et al., 2015) from Manchester University, UK, in 2004, more
and more researchers have been attracted to the study of 2-D
nanomaterial. According to numerous researches, nanomaterials
are sorted into four categories by their number of nanoscale

dimension. Each nanomaterial has different gas sensitivities due
to electronics confinement effect, surface effect, etc. Generally
speaking, three dimensions of 0-D nanomaterial are all in
the scale of nanometers. Those 0-D nanomaterials include
nanoscale particles, metallic cluster, etc. 1-D nanomaterial has
two dimensions in nanoscale, with the other one of non-
nanoscale size, such as the organic chain structures of nanoscale
tube (Ma et al., 2014), nanoscale line (Tao et al., 2011), nanoscale
band (Sun et al., 2003), nanoscale rod (Zhang et al., 2003), etc.
2-D nanomaterial only has one dimension of nanoscale, such
as nanoscale membrane, 2-D single layer structure (Li et al,
2009), and nanoscale sheets (Liu et al., 2016). 3-D nanomaterial,
such as nanoscale flowers (Wang and Rogach, 2014), etc. can
be sorted into organic and inorganic nanomaterials according to
its components.

In 2000, Kong et al. proved that a 1-D carbon nanoscale
tube (CNTs) can detect the existence of NHz and NO,
at low concentration under room temperature. CNTs have
high absorption efficiency with rich adsorption structures and
adsorption points, and they also have great value when it
comes to application (Kong et al, 2000). In 2009, based on

FIGURE 1 | Electron microscopic images of partial 2-D nanomaterials. (A) ZnO nanoscale membrane (adapted from Shen et al., 2018 with permission from Shen).
(B) 2-D B3Ny single-layer structure (adapted from Sun et al., 2016 with permission from Sun). (C) INMO3(ZnO),, superlattice (adapted from Wang, 2018 with
permission from Wang). (D) New SnO» nanoscale sheets (adapted from Yue and Yu, 2019 with permission from Yue).
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2-D nanomaterial, Zhang et al. developed the SnO, hollow
microsphere, which was used for NO; sensor. The results showed
that SnO, hollow sphere sensors can respond to NO, at ppm
level under 160°C and distinguishing selectivity (Zhang et al,,
2009). In 2013, Sharm et al. produced a WO3 cluster/tin oxide
heterostructure that can detect NO, with low concentration of
10 ppm under 100°C (Sharma et al., 2013). In 2014, Rumyantsev
et al. synthesized 2-D thin-film transistor MoS, as well as
figured out the CV graph of it. Comparing this MoS, with
ethanol, hexanenitrile, toluene, chloroform, and methanol on a
time—current graph, a conclusion can be drawn that this material
had better selectivity to alcohols (Shur et al., 2014). By using
MoS; layers of different thicknesses, photodetection of gas could
be achieved (Wen et al., 2018). In 2016, Pang et al. used CNTs
doped with nanoscale SnO; particles to produce formic acid
gas sensors, with their sensitivity reaching 13.49 (Pang et al.,
2016). Also, this material lowered the working temperature
by 120°C and shortened the response time by 4s. Sun et al.
constructed a graphene-like single-layered nanoscale structure
(shown in Figure 1B). Though this material was a non-magnetic
conductor, it had metallic characteristics. It could be a new
research material in the nanotechnology field (Sun et al., 2016). In
2017, Tao et al. used ultrasonic spray pyrolysis with electrostatic
enhancement to produce 2-DMWCNTs/SnO, nanocomposite.
When the deposition temperature was 300°C with MWCNTS
doping amount reaching 10 mg/ml, the performances of gas-
sensitive material have improved greatly (Tao, 2017). In 2017,
Yuan obtained 2-D PS/WOj3 hollow nanoscale gas sensor with
thick membrane by spin coating WO3 hollow nanoscale structure
on the surface of PS. The experiment showed that this material
had high sensitivity and distinguishing response characteristics
when facing ppb level of NO, (Yuan, 2017). In 2018, in order
to cope with the problems that pure phase « — MoOs3 had
(excessively high working temperature, low stability, and long
response time), Yu synthesized 2-DTiO,/a — MoOj3 nanosheet,
o — MoO3 — PANI p — n heterojuction, Au/a — MoOs3
composite nanosheet, etc., which improved its sensitivity and
stability greatly and shortened the response time (Yu, 2018). Shen
et al. applied chemical vapor deposition (CVD) to synthesize
ZnO nanofilm on the glass substrate, with the material having
the best sensitivity to ethanol at room temperature (shown in
Figure 1A) (Shen et al., 2018). Wang et al. composed Zn-Sn-O
superlattice nanoscale particle (shown in Figure 1C), which had
good selectivity and extremely high sensitivity to H,S (Wang,
2018). In 2019, Yu et al. made a new SnO, nanoscale sheet
structure (shown in Figure 1D), with the sensitivity of 12.14 at
its best working temperature of 175°C and concentration of 100
ppm. This nanomaterial showed a tremendous improvement of
sensitivity to gas like ethanol and formaldehyde (Yue and Yu,
2019). Kou’s group systematically demonstrated the electronic,
structure, and transport characters of monolayer BP with the
adsorption of several typical gas molecules, CO, NHj3, CO,
NO,, and NO (Liu and Zhou, 2019). In 2018, Qiu et al. used
ultraviolet rays and ozone method to in-situ synthesize oxide
graphene membrane. The gas sensor of high performance can
be made by combining oxide graphene membrane and two-
terminal electrical devices. This sensor has higher sensitivity

to NH3, and better selectivity to NH3 compared with acetone
and absolute ethanol (Qiu et al., 2018). In 2019, Yang’s study
for dissertation proved this conclusion (Yang, 2019). Guo
developed graphene/polyaniline material and analyzed its gas-
sensing performances to multiple gases including NH3, CO, NO,
H,, etc. The results showed that this material is characterized
by higher selectivity to NHj because of higher sensitivity and
stronger adsorption to it (Guo, 2018).

GAS-SENSING PERFORMANCE OF GAS
SENSOR BASED ON 2-D NANOMATERIAL

Gas-Sensing Mechanism Based on 2-D

Nanomaterial

The detecting principle of gas sensor is that gas molecules
are adsorbed on the surface of the substrate nanomaterial.
Then, charge transfer occurs between the gas molecule and
the substrate material, which changes the resistivity of the
substrate nanomaterial. By testing the resistivity of the substrate
nanomaterial, characteristics of gas such as properties and
concentration can be known. When it comes to substrate
nanomaterial, process of choosing from 0-D quantum dot, 1-D
quantum wire, to 2-D quantum surface is experienced. A large
number of studies have shown that 2-D nanomaterial has larger
surface compared with 0-D and 1-D nanomaterials. Special
membranous or lamellar structure has stronger capability to
absorb gas molecules. Meanwhile the gas sensitivity can be
improved by metal doping to pure nanomaterial (Dai and Yuan,
2010; Beheshtian et al., 2012a,b; Zhang et al., 2012; Rastegar et al.,
2013; Ahmad et al,, 2019; Choi et al., 2019; Kim et al., 2019).
Take graphene for instance. Pure graphene absorbs common
gas molecules physically, which has a large limitation on gas
sensitivity (Feng et al., 2012; Meng et al., 2013; Abideen et al.,
2018; Mirzaei et al., 2019; Mourya et al., 2019). The performance
of graphene can be changed by metal doping. Arsenene 2-D
semiconductor structure (Fleurence et al, 2012), antimony-
vinyl folded honeycomb 2-D structure, and telluriene structure
can be produced by imitating the graphene’s structure (Liu,
2017). In conclusion, 2-D nanomaterial has higher sensitivity
and selectivity when compared with other materials on gas-
sensing mechanism.

Effect of 2-D Nanomaterial on Gas-Sensing

Performance

Gas-sensitive materials have many properties, such as sensitivity,
selectivity, stability, response time, etc., which are directly
related to the surface characteristics of material. Surface
characteristics are decided by the particle size of material.
When the scale of the material reaches nano size, its surface
area and surface activity will increase. Nanomaterials can be
designed into different shapes, which will greatly increase the
capability of absorbing specific gases. Therefore, gas sensors
made by those nanomaterials will have their performances
enhanced dramatically. Take SnO, as an example; the porous
hollow rod SnO; composed of 1-D nanoscale rod provides
more paths for gaseous diffusion, due to massive petal shape
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TABLE 1 | Relationship between microstructure, preparation, and gas sensitivity in 2-D nanomaterial (WO3, ZnQO).

Gas-sensitive Operation Target gas Detection range The dynamic responses R Response time References
material temperature (°C) (ppm) (s)

R = Ra/Rg Concentration

(ppm)

WO3 nanoscale 150 NO, 1-20 107.3 5.00 - Qin et al., 2010
sheet
WOg3 hollow half 300 HoS 0.12-2 1.2 0.12 35 Choi et al., 2012
tube
ZnO nanoscale 350 Ethanol 1-500 20.0 100.00 12 Alenezi et al., 2013
sheet
WO3 hollow crystal 340 Ethanol 10-500 25 10.00 - Suetal., 2010
sheet
WOs3 hollow 75 NO» 0.04-1 16.0 0.04 10 You et al., 2012
microshpere
WOj3 nanoscale 320 Acetone 1-400 17.5 100.00 2 Huang et al., 2011
cluster
ZnO flower structure 370 Ethanol 5-500 31.0 100.00 12 Chen et al., 2013
ZnO nest 420 Acetone 5-1,000 17.4 100.00 7 Wang et al., 2012

nanosheets and pores. The conversion of sphere-like structures
into petal-like ones and successful synthesis of 1-D nanoscale
rod and cones when composing flower-like SnO; improves the
gas sensitivity and shortens the response time. In order to
avoid the performance degradation caused by accumulation of
nanostructure, the porous flower-like SnO, structure composed
by 2-D nanosheets not only enlarges the surface area of the
structure but also increases the internal hole channels as well,
which will promote gas diffusion. Finally, flake-like layered
SnO; structure composed by numerous thin nanosheets marks
further improvement on the material’s surface activity and
shows excellent gas selectivity and sensitivity in the test (shown
in Table 1).

Effect of 2-D Nanomaterial on Gas

Sensor’s Sensitivity

Improving the response sensitivity of nanomaterial gas sensor is
crucial in practical engineering applications. Response sensitivity
can be improved by (1) changing the surface of the 2-D
nanomaterial (generally metallic oxide) to enhance the sensibility
of the reaction 1-D nanofiber formed by nanoparticles will
provide more route for the electron to move rapidly and bigger
specific surface area to improve its sensibility; Cho et al. produced
hemispherical N;O nanomaterial, which had a sensitivity of 1.5 to
ethanol vapor (Cho et al., 2011); Song et al. produced nanotube
N;O nanomaterial, with a sensitivity of 3 to ethanol vapor; the
particle size and touching area are also the important factors on
the sensitivity (Song et al., 2011), (2) changing the morphology
of the nanomaterial Szilagyi et al. sintered ammonium tungstate
compounds to produce hexagonal phase h-WO3, which was
sensitive to H,S and monoclinic y — WO3, CHy, Hy, and CO
(Szilagyi et al., 2010); Gao et al. used hydrothermal method
to synthesize triclinic 8§ — WOj3 square nanosheet, which had
higher gas response sensitivity to cyclohexene (Gao et al., 2013),
and (3) doping of transition metal to improve the sensitivity

of nanomaterial Wang et al. doped Cr to produce ferroelectric
monoclinic ¢ — WO3, which had better selectivity to acetone
(Wang et al.,, 2008); Kim et al. prepared N;O doped with Fe3*
to make a gas sensor with the response value of 100 ppm
ethanol improved from 5.5 to 172.5, which showed tremendous
improvement of nanomaterial sensitivity by metallic doping
(Kim, 2012).

Effect of 2-D Nanomaterial on Gas Sensor
Selectivity

Something interesting will be found when we combine special
microstructure of nanomaterial with specific structure of
different gases. This interesting finding will be the nanomaterial’s
specific selectivity to gases in macroscopic. Selectivity of 2-D
nanomaterial is an important factor to measure the effect of
materials. The lower symmetry of structure indicates the better
selectivity of gas sensors. Take WOj3 nanocrystal with exocentric
structure as an example. The symmetry of triclinic WO3 crystal
is lower than that of monoclinic and hexagonal WO3 crystals.
So, the triclinic WO3 crystal has higher sensitivity and selectivity
on acetone molecules with larger dipole moments (Bai, 2014).
The influence of working temperature on the selectivity of
materials is also an important factor to consider. Triclinic WO3
nanomaterial has better selectivity and sensitivity to acetone
at higher temperature and better selectivity to NO, at lower
temperature (Zhao et al., 2013).

DEVELOPMENT TREND OF GAS SENSOR
BASED ON 2-D NANOMATERIAL

Throughout the development of nanotechnology, gas sensor
based on nanomaterial is always an extremely important research
field. It has deep and wide influence on life and production.
However, 2-D nanomaterial research is still full of problems in the
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aspects ranging from imperfect sensitive materials and immature
preparation technology to disability on scaled production. Gas
sensor materials will be developed from single metallic oxide to
composite oxide. Morphology of nanomaterial can be changed
to improve the sensing performances; particle size can be reduced
to improve the surface activity of the material; new structure
can be designed to absorb more specific gases; selectivity of the
sensors can be improved by reducing the asymmetry of 2-D
nanomaterial structure and improving its working temperature.

2-D nanomaterial plays an increasingly important role in
the further improvement of the gas sensor’s performance.
In recent years, the development trend of various electronic
components tends to be more integrated, miniaturized, and even
microminiaturized. Gas sensor will also consume less power, be
multi-functional, and have higher performance. The material of
gas sensor will be changed from simple gas-sensitive materials
to complex composite materials. The structure of gas sensor
will be changed from monolayer to multilayer and from simple
morphology to special morphology. Also, it will be widely
used in chemical production, gas transportation, and other
toxic and harmful gas detection. In 2019, Tian et al. prepared
ternary complex of graphene/WO3 nanorod/polythiophene
(3D-r GO/WO3/PTh), and studied its gas sensitivity to H2S.
The study results showed that under low temperature of 75°C,
this material has fast response and distinguishing selectivity to
H2S (Tian et al., 2019). Therefore, it can be found that the
study of multiple element compound is a very popular research
issue for the development of new gas sensor materials with
better performance.

CONCLUSION

In this paper, gas-sensing properties of the 2-D nanomaterial
are reviewed. Firstly, the classification of nanomaterials
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Gas sensors were fabricated from CroWOg nanoparticles for NO» detection. Low
dimensional materials CroWOQOg were prepared by a wet chemistry method followed
by hydrothermal treatment. The morphology of the nanoparticles and their sensing
properties to NO, were investigated in both dry and humid conditions. Additionally, the
sensing response was also characterized in a non-oxygen condition. It was concluded
that the sensor responses in N conditions were higher than that in air conditions at
200°C. Moreover, the sensing characteristics were inhibited by water vapor at 200°C.
The oxygen adsorption behavior was also investigated to verify the basic sensing
mechanism of CroWQg in the absence and presence of NO» and water vapor separately.
Based on the power law response, it was indicated that both NO» and water vapor have
a strong adsorption ability than oxygen ions of CroWOg sensors.

Keywords: nitrogen dioxide, CroWOg, low dimensional material, gas sensors, humidity

INTRODUCTION

National nitrogen oxide (NOy) emissions were 20.6 million metric tons (Mt) in 2015, with annual
growth rates of 5.9% since 1949 in China (Richter et al., 2005; Sun et al., 2018). Among them,
owing to its toxic effects to animals and plants, NO; is irritant and corrosive even at ppm level
with serious harm to the respiratory tract and causticity particularly in children and elderly (Ling
and Leach, 2004; Kida et al., 2009). Thus, determination of NOy emissions is vital to regional and
global ozone air pollution, acid deposition, and climate change (Jaegle et al., 2005). There have been
great demands for cheap, reliable, and effective methods of real-time monitoring of NO, level in
the environment (Stanoiu et al., 2012). To date, gas sensors based on metal oxide semiconductors
(MOS) have been extensively investigated and successfully commercialized for NOy detection due
to their superior properties, simple structure, and low cost (Afzal et al., 2012). Among them, WO3
based sensors show an excellent property to NO, in respect of sensitivity (Choi et al., 2004; Hua
etal.,, 2018d). It was reported that WO3 sensors fabricated through a wet process were sensitive to
ppb levels of NO, with a low temperature due to a strong adsorption ability of NO, onto tungsten
atoms compared with the weak adsorption of oxygen (Choi et al., 2004). Recently, gas sensors based
on P-type MOS materials have been reported to have a sensitive and selective response to NO,
with a low cross-sensitivity to humidity (Nguyen and El-Safty, 2011; Stanoiu et al., 2012). It was
reported that the NO;, sensors based on Cr,O3 showed a selectivity relative to CO and low cross-
sensitivity to humidity, which was due to the higher surface reactivity toward NO; than CO through
the electrical resistance and work function changes both in dry and humid air (Stanoiu et al.,
2012). Gas sensors based on NiO nanosheets were fabricated by a hydrothermal method, which
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showed high sensitivity and selectivity to NO, (Nguyen and El-
Safty, 2011). That may be due to NO, having higher electron
affinity than the pre-adsorbed oxygen (Hoa et al, 2009). In
this paper, chromium tungstate (CryWOg) was prepared by
a wet chemistry method followed by hydrothermal treatment.
The sensing properties to NO, in oxygen and non-oxygen
atmosphere were investigated under dry and humid conditions,
respectively. It was found that sensors based on P-type CryWOg
were very sensitive to NO; even with a high humid condition.
In addition, the sensing mechanism was verified by the oxygen
adsorption behavior in different conditions. Eventually, the
fundamental sensing mechanism to NO, was explained.

EXPERIMENTAL

Chromium(III) nitrate nonahydrate (99.95%) and sodium
tungstate dehydrate (ACS 99.0-101.0%) were provided
by Shanghai Aladdin Biochemical Technology Co., Ltd.
Chromium  tungstate  (CryWOg)  nanoparticles — were
synthesized by a hydrothermal assisted process as described in
Supplementary Materials A (Zhou et al.,, 2015). Subsequently,
the powders were annealed at 1,000°C in air for 2 h. The samples
were characterized using X-ray diffraction (XRD; D8 FOCUS,
Bruker, Germany) in Cuka radiation with corresponding
wavelengths of 1.54 A and a filament current and voltage
of 15mA and 40 kV and a field-emission scanning electron
microscope (FE-SEM; Nova Nano SEM 450, FEI). The surface
morphology of the material was analyzed by transmission
electron microscopy (TEM; Tecnai-F20, FEI, USA) with an
accelerating voltage of 200 kV. The sample powders were mixed
with glycerin to form a homogeneous paste and then was
screen-printed on the alumina substrate. In order to obtain good
stability, all sensors were aged at 400°C for 24 h. The gas sensing
performance was measured by DC resistance with a homemade
apparatus equipped with a dynamic gas distribution system as
shown schematically in Figure 1. Target gases were supplied
by gas cylinders with appropriate concentrations balanced

with the carrier gases (air or nitrogen). The humidity and
oxygen concentrations were calibrated using a humidity sensor
(SHT31-ARP, Sensirion, Switzerland) and oxygen analyzer
(SST, England), respectively. Keithley multimeter (Keithley
2000, USA) was used to record all data in real time. The
sensor response was defined as S = Ra/Rg, where R, and Ry
were the resistances in the presence of air/N, and oxidizing
gases, respectively.

RESULTS AND DISCUSSION

In order to obtain a high purity of CryWOg phase, a high
sintering temperature of 1,000°C was used and the crystal
structure was characterized by XRD. Figure S3 shows the XRD
patterns of prepared Cr,WOg powders. Obviously, XRD patterns
exhibit very narrow peaks indicating a good crystal quality and
the patterns could be well-fit with the tetragonal phase (JCPDS
35-0791) indicating a high purity of the prepared Cr,WOg.
The morphology of Cr,WOs powders was characterized by
SEM and TEM. Figures 2A,B show SEM images of Cr,WOg
powders, which consisted of huge number of particles in
a grain shape with a large size. According to the insert
SEM images the grain shape is estimated around 300nm by
counting. TEM images in Figure 2C show that the grain size
is consistent with the SEM images. Additionally, HRTEM
images in Figure 2D also suggest a good crystalline quality of
Cr;WOg nanoparticles and the lattice spacing of 0.323 nm and
0.248nm is in good accordance with (110) and (103) planes
of tetragonal Cr;WOg (JCPDS 35-0791) and results of XRD
(Zhou et al., 2015).

The sensing properties were characterized with NO; ranging
from 0.2 to 5 ppm balanced with syntheses with an operation
temperature of 200-350°C. According to previous reports,
chemiresistive type sensors with a low concentration of carriers,
i.e,, holes in the present case, have a strong transduction ability
with high cost of resistance (Barsan et al., 2010; Hua et al., 2018a).
It is worth noting that two identical sensor devices fabricated
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FIGURE 1 | Experimental system for the sensing characteristics of sensor devices.
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FIGURE 2 | The morphology analysis of powders (A,B) SEM images, (C) TEM images, and (D) HRTEM micrograph with lattice diffraction pattern of nanoparticles.

from the same materials were measured; however, only one
sensors data was presented for simplicity. The other one was
used as a reference and not shown. Figure 3A presented the time
and temperature dependence of sensor resistance. It was found
that sensor resistance significantly increased with reduction in
operation temperatures. When the temperature decreased from
250 to 200°C, sensor resistance was almost increased by 3
times. However, when the temperature was lower than 200°C,
sensors gave an extremely high resistance reaching to 108 Q
and over the range of measurement (Keithley 2000), which
is also very difficult for practical applications. Thus, sensing
response was only characterized from 200 to 350°C. One can note
that sensor resistance is significantly reduced when exposed to
NO,, suggesting a P-type response of Cr,WOgs. Moreover, the
sensor responses were found to be highly temperature-dependent
and increased with reduction in temperatures (Bodneva et al.,
2019). When the working temperature increased to 350°C, the
responses of 5 ppm NO, were reduced by 4.5 times.

Detection of NO, in the non-oxygen atmosphere was highly
required and could be applied to some specific scenes, such as
the fuel leaks in aerospace systems. The sensor responses to
NO; balanced with N, were investigated from 200 to 350°C

in the absence of oxygen. Owing to its p-type conduction,
the baseline resistance in N, was largely enhanced caused by
the increase in electrons released by adsorbed oxygens on
the surface. Consequently, the sensor responses were greatly
increased to NO, higher than 1 ppm and much higher than in
air atmosphere as shown in Figure 3B. It was shown that the
responses in N conditions were 4 times as much as that in air
conditions at 200°C as shown in Figure 3C. It was well-known
that in the presence of oxygen there could be a competitive
adsorption between oxygen and NO,, and therefore, that may
give a reason for the clear difference of sensing responses in
the presence and absence of oxygen (Hua et al., 2018d). What’s
more, the competitive relation between NO, and oxygen will be
analyzed by the oxygen adsorption behavior in the following.
In addition, it was indicated that the sensing responses in N;
atmosphere were highly dependent on the working temperatures
similar to that in the air atmosphere. When the temperature
decreased from 350 to 200°C, sensor resistance was almost
promoted by 2 orders and sensor responses were enhanced
by almost 4 times. As shown in Figure $4, it seems that the
sensors gave a relatively poor response to NO; below 1 ppm,
almost no response in a dry condition. In other words, the
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FIGURE 3 | (A) The transient response of sensor devices and (B) the sensor
responses as a function of NO, concentration and (C) temperatures.

limit of detection (LOD) of NO, for Cr,WOg¢ nanoparticles
is better than 1 ppm. This is very similar to a typical n-
type MOS gas sensor when exposed to reducing gases such
H; and CO (Hua et al, 2018c). A small concentration of gas
could be shielded by adsorption of oxygen due to the release
of free electrons by the reaction of adsorbed oxygens with
reducing gases. Thus, small concentration of reducing gases
could not be detected (Hua et al., 2018d). However, in the
present case, it is believed that the shielding effect of NO,

could be caused by a competitive adsorption of oxygen and
NO, on the surface of Cr,WQg. When NO, adsorbed onto
the surface and shared the same sites with oxygen adsorption
leading to desorption of oxygen, there was no electron charge
transfer. As NO, molecular trap the electrons, which released
from desorption of O, the surface density will not generate a
net increase. As a result, there was no resistive response, which
was known as a chemical shielding effect for MOS gas sensors
(Hua et al., 2018d). Finally, a comparison of MOS sensors to
NO,, including various n-type and p-type materials, was given
in Table1 (Ling and Leach, 2004; Hoa et al, 2009; Nguyen
and El-Safty, 2011; Vyas et al., 2013; Marichy et al., 2015).
In conclusion, the Cr;WOg sensors have reat sensitivity and
lower operation temperatures to NO, compared with the n-
type materials including SnO;/WOj3; and ZnO both in air and
N, atmospheres. Furthermore, some typical p-type materials
were listed in Table1, and the Cr,WOg sensors displayed
high sensitivity, which had great potential to be applied to
some specific scenes. The stability of sensors have been also
investigated in Figure S7 of Supplementary Material E.

Moreover, the sensing properties to NO, balanced with
air in the presence of humidity were also investigated at
200°C and the transient responses were shown in Figure S5
of Supplementary Materials C. It was clear that all sensor
resistances were a direct proportion to the relative humidity
at 25°C (RH at 25°C) compared with that in dry conditions
as revealed in Figure4. The phenomenon can be explained
by water vapor competing for adsorption sites of NO, on the
surface of CryWOg nanoparticles. When the humidity reached
4% RH at 25°C, sensor resistance was promoted by ~2 times
and the sensor responses were enhanced in the humid conditions
in Figure 4. The sensor response was increased by almost 2
times to 2 ppm NO; in the presence of 4% RH at 25°C. In
the sensing processes, NO, acted as the acceptor, meanwhile
the water vapor was the donor. Moreover, the water vapor
gave an inhibition to the oxygen adsorption on the material
surface. Interestingly, the sensor responses were reduced when
the humidity increased to 14 and 20% RH at 25°C. That may
owe to the chemical adsorption of water vapor, which occupies
the adsorption sites of NO,. However, the responses were
still higher than that in dry conditions. Moreover, the sensing
properties balanced with N, in humid atmosphere were also
analyzed by Keithley multimeter; nevertheless, the water vapor
gave a promotion to sensor resistance compared with that in
dry conditions. Therefore, we cannot evaluate the performance
of the sensor devices based on the existing equipment in
the laboratory.

According to our previous reports, oxygen adsorption, and
reaction play a basic role in the sensing process with the
formation of O;, O, or O?~ on the surface of metal oxides
(Hua et al., 2018a,b,c). The oxygen adsorption behavior could
be analyzed by the relationship between sensor resistance (Rg)
and partial pressure of oxygen (Poy) in different atmospheres,
i.e., power-law response. Figure 5 shows the linear plot of Rg
on the Po; ranging from 0.1 to 0.7 atm (1 atm = 100% in
volume) in a double logarithm-scale at an operation temperature
of 200°C. It was obvious that the Ry decreased with increasing
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TABLE 1 | The response to NOy compared with other MOS sensors.

MOS Target gases Detection concentration = Response Temperature (°C) Conduction References
sensors (ppm) characteristic
SnO2/WO3 NO./Air 6.5 300 n-type Ling and Leach, 2004
Cro03 NO,/Air 3 2 200 p-type Stanoiu et al., 2012
NiO NO,/Air 1 13 250 p-type Nguyen and El-Safty, 2011
SnO, — SWNT NOy/Air 60 2,300% 200 n-type Hoa et al., 2009
TiO2/CNT700 NO,/Air 8 10 150 p-type Marichy et al., 2015
ZnO NO2/N2 20 1.2 300 n-type Vyas et al., 2013
CroWOg NO/Air 8 200 p-type This work
CroWOg NO2/No 33.9 200 p-type This work
sl 195 F ®
—=—NO_ (Air)=1 ppm —e— NO, (Air)=2 ppm ®  NO,=0 ppm / RH=0%@25°C
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P(,, indicating the presence of oxygen adsorption on the surface g
of Cr;WOg nanoparticles. Adsorption of oxygen on the surface §
traps electrons and releases holes resulting in a reduction in s
sensor resistance. Moreover, Figure 5A presents the power-law ?
response to oxygen, and the fitting slope (n) was —0.15 at 200°C. e
However, for p-type materials, the receptor and transducer 2 5x10°
. . . c
functions have not been built yet. Thus, the fitting power-law S
exponent could not be well-clarified. However, it was quite 21%
clear that oxygen adsorption served as the receptor function B e
for Cr,WOg without difference with typical n-type WO3 or p- B Lt o d g
type Cr,O3 (Hua et al.,, 2018a,b,c). As mentioned before, water 0 100 200 300 400 500 600
vapor forms chemical adsorption on surface leading to a block Time / min
on oxygen adsorption as shown in Figure 5A. With humidity o _
increasing from 0 to 10% RH at 25°C, Rg was promoted at all Poa FIGURE 5 | (A) The power-law response to oxygen fgr pristine CroWOg |nv the
d the absolut 1 £ d d ti t absence and presence of water vapor and (B) a transient response to O in
and the absolute value of n was decreased, suggesting a strong the presence of 1 ppm NOs at 200°C.

electronic interaction of oxygen with the CryWOg surface. This
may be caused by the competitive adsorption between oxygen
and water molecules (Hua et al., 2018c). With the presence of
NO,, the power-law response to oxygen was also investigated
to clarify the role of oxygen on the sensing process of NO,
(Hua et al., 2018d). When exposed to NO, of 1 ppm, the
sensor resistance greatly decreased. According to Figure 5B, the
power-law response to oxygen is not linear, suggesting that

the adsorption of oxygen is influenced by NO, adsorption.
More specifically, the electronic interaction of oxygen with the
CryWOg surface was significantly inhibited by NO,, i.e., shielded
by NO,. This could be due to a competitive adsorption of
NO,, which may share the same adsorption sites, in case of
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typical MOS, are metal atoms and oxygen vacancies. When
exposed to humidity in the presence of NO, (1 ppm balanced
with Nj), sensor resistance was almost independent of Py,
and the power-law exponent was merely 0.06, which is much
smaller than that in a dry condition. The corresponding transient
responses of power law response were shown in Figure S6 of
Supplementary Material D. In addition, it was noted that the
absolute value of the power-law exponent, n became much
smaller compared with that in the absence of NO,. In other
words, humidity not only promotes the sensing response but
also changes the basic mechanism of p-type Cr;WOg to NO;
according to the power-law response. It is possible that in
the presence of humidity oxygen adsorption may take place
with a competitive adsorption with water, which forms a
weak adsorption on the surface of CryWOg. This causes a
weak adsorption.

CONCLUSION

A new sensing material CryWOg was prepared and its sensing
properties to NO, were investigated in both dry and humid
conditions. The basic sensing mechanism was also analyzed by
surface oxygen adsorption behavior in different atmospheres.
Here are the conclusions:

O Sensors based on CrWOg nanoparticles showed great

response to NO; based on air atmosphere down to 0.2 ppm.
The sensor responses in N, conditions were higher than in air
conditions over 1 ppm of NO.

Sensor resistances were raised up with the relative humidity
increasing. However, sensor responses to all gases were
enhanced by water vapor over the range of 0-20% RH
at 25°C.
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A facile TiO> nanosheets-based chemiresistive gas sensor array was prepared to
identify 11 kinds of military and improvised explosive vapors at room temperature. The
morphology of TiO» nanosheets was well-controlled by adjusting the concentration
of HF applied during the preparation. Owing to the morphology difference, the TiO»
nanosheet-based sensors show different response values toward 11 kinds of explosives,
which is the basis of the successful discriminative identification. This method owes
lots of advantages over other detection techniques, such as the facile preparation
procedure, high response value (115.6% for TNT and 830% for PNT) at room
temperature, rapid identifying properties (within 30 s for 9 explosives), simple operation,
high anti-interference property, and low probability of misinforming, and consequently
has a huge potential application in the qualitative detection of explosives.

Keywords: TiO,, chemiresistive sensor array, military explosives, improvised explosives, vapor detection

INTRODUCTION

Rapid and accurate detection of explosives has been a hot issue of global concern due to the
deepening terrorism crisis (Chen et al.,, 2010; Lichtenstein et al., 2014; Yang et al., 2015; Guo
et al., 2017; Bastatas et al., 2018; Liu et al., 2019). The illegal blast induced by terrorists applied
not only the powerful military explosives, but also the less powerful improvised explosives made
of commercial available chemicals. Military explosives, mainly referred to nitro-explosives, such
as 2,4,6-trinitrotoluene (TNT), dinitrotoluene (DNT), hexogen (RDX), and so on. The sensitive,
selective, and rapid detection of nitro-explosive vapors is still a challenge owing to their low vapor
pressures at room temperature. For instance, the room temperature saturated vapor pressures of
TNT, DNT, para-nitro toluene (PNT), picric acid (PA), RDX are 9 ppb (part per billion), 180 ppb,
647 ppb, 0.97 ppb, and 4.9 ppt (part per trillion), respectively (Ewing et al., 2013). During the
past decade, several techniques have been applied for the detection of military explosive vapors,
such as fluorescence (Andrew and Swager, 2007; He et al., 2009; Olley et al., 2010; Zhu et al,,
2011), surface enhanced Raman scattering (SERS) (Yang et al., 2010; Wang et al., 2014), ion
mobility spectrometer (IMS) (Zhou et al., 2015), and chemiresistive sensors (Che et al., 2010;
Chen et al., 2010; Engel et al., 2010; Wang et al., 2011a; Aluri et al., 2013). However, most of the
previous reports were unable to realize the identification of different kinds of military explosives
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(Andrew and Swager, 2007; He et al., 2009; Che et al., 2010; Chen
etal., 2010; Engel et al., 2010; Olley et al., 2010; Wang et al., 2011a;
Zhu et al., 2011; Aluri et al., 2013; Zhou et al., 2015). Moreover,
some of the reported techniques suffer from the extremely low
response at room temperature (Chen et al., 2010; Aluri et al.,
2013) and time consuming problem (Hutchinson et al., 2007; Zhu
etal., 2011), inhabiting their application in the rapid on-the-spot
detection of military explosives.

Different from the relative mature development of military
explosive vapors detection, the detection of improvised
explosives barely got any attention due to their ultra-low vapor
pressure even at the typical maximum desorber temperature
(Steinfeld and Wormhoudt, 1998; Mikinen et al., 2011; Najarro
et al, 2012; Peng et al, 2014). Improvised explosives are
generally made of non-explosive compounds including KClO3,
KNO3, KMnOy, S, NH4NO;3; and urea (Kuila et al, 2006;
Peters et al., 2015), via simple reaction or just blending, and
are extensively used in terrorist attacks owing to their readily
availability and low cost. Some techniques have been utilized
for the detection of improvised explosives, such as capillary
electrophoresis (CE) (Hutchinson et al., 2007; Blanco et al.,
2011), ion chromatography (IC) (Dicinoski et al., 2006; Meng
et al, 2008), and electrospray ionization mass spectrometry
(ESIMS) (Zhao and Yinon, 2002; Flanigan et al., 2011).
However, their drawbacks limited their application in the
rapid identification of improvised explosives. For example,
CE and IC need about 10min to identify various kinds of
anions and cations (Hutchinson et al., 2007; Johns et al,
2008), while ESIMS requires large equipment and therefore
results in high testing expense and difficulties in on-the-spot
application. Ionization mass spectrometry (IMS) has been
proved to be an efficient technique for on-the-spot detection
of trace improvised explosives such as KNOj, KClOs3 and
KCIO4 within 5s (Peng et al, 2014). However, it involves a
time-consuming pretreatment procedure including sample swap
and acidification. Therefore, a method to identify improvised
explosives in a simple, fast, and low energy consuming manner
is urgently needed.

Nanomaterial-based chemiresistive-gas sensor is an important
explosives detection method due to the small device size, low
energy consumption, high and rapid response (Senesac and
Thundat, 2008; Che et al., 2010; Chen et al., 2010; Engel et al.,
2010; Zu et al., 2013; Guo et al., 2014). For the detection of
the military explosives, such as TNT, DNT, and RDX, several
nanostructures have been explored as the sensing components,
including TiO,(B) nanowires (Wang et al., 2011a), GaN/TiO,
heterostructure (Aluri et al., 2013), organic nanoribbons (Che
et al., 2010), carbon nanotubes and ZnO nanowires (Chen et al.,
2010). Moreover, nanostructured materials, such as Mn?*-doped
ZnS nanocrystal, Fe-doped ZnO nanomaterial, and Aphen-
doped TiO, nanocrystal, have also been proved to be efficient
for the gas sensing of improvised explosives (Qu et al., 2016; Wu
et al., 2016; Xie and Liu, 2019). However, these chemiresistors
can only detect a few explosive vapors, and the response
values are as low as 5% at room-temperature (Chen et al,
2010; Aluri et al, 2013), leading to the increased possibility
of misinforming.

In order to avoid the interference of other similar gases and
decrease the misinformation, the chemically modified single-
walled carbon nanotube (SWCNT) -based (Schnorr et al., 2013;
Liu et al., 2015) and Si nanowire-based (Lichtenstein et al., 2014)
nanosensor array were prepared to discriminatively identify
different vapors. However, it is confirmed that the covalent
functionalization of the SWCNTs can disrupt the extended
electronic states and thus increase the base resistance, which
may lower the sensitivity (Schnorr et al., 2013). Although quality
sensors can be obtained by modest degree of functionalization,
the experiment procedure is rather complicated (Bekyarova
et al., 2010; Schnorr et al,, 2013). In addition, the chemically
modified selectors may increase the contact distance due to
the existence of the functionalized molecular chains between
analytes and the sensing materials, which may lower the sensor
sensitivity. Nanostructured TiO; is proved to be an efficient
sensing material toward nitro-explosives detection (Wang et al.,
2011a,b, 2013; Aluri et al.,, 2013; Tao et al., 2013; Yang et al,
2015). While doping with Apen, the TiO; nanocrystal is applied
for the detection of limited number of military and improvised
explosives under UV-light illustration, including TNT, DNT, PA,
S, AN, and TATP (Xie and Liu, 2019). However, the application
of undoped TiO; nanomaterials in the detection of improvised
explosives remains unexplored. To the best of our knowledge,
the morphology of nanomaterials has significant impact on
their gas sensing performance since the geometric morphology
difference can cause different specific surface area and the change
in electron depletion layer (Gurlo, 2011; Cho et al,, 2013).
Hence, gas sensory array based on MoS2/RGO composites with
various morphologies has been constructed for the recognitive
detection of Triacetone Triperoxide (TATP) precursors (Sun
et al.,, 2019). Furthermore, utilizing the fluorine as the capping
agent for exposure facets stabilization, the morphology of
TiO, nanomaterials with treatment could be well tailored by
modulating the synthesis parameters, including F sources, the
concentration of the source, reaction temperature and time, and
soon (Leeetal.,2016; Yan et al., 2017; Zhao et al., 2017). However,
there is no attempt on the construction of gas sensor array based
on nanostructured TiO, with different morphologies to realize
the discrimination of various explosives.

In this work, a series of TiO, nanosheets with different
morphologies were successfully prepared via the hydrothermal
reaction with the help of F~. The gas sensor array with these TiO,
nanosheets as the sensing components can identify the 5 nitro-
explosive vapors (TNT, DNT, PNT, RDX, PA) and 6 improvised
explosive vapors (including KNO3, KC1O3, KMnOy, S, NH4NO3,
urea) successfully.

MATERIALS AND METHODS

Chemicals

Tetrabutyl orthotitanate (TBOT), concentrated sulfuric acid
(H2SO4, 98%), hydrofluoric acid (HF, 40%), 2,4-dinitrotoluene
(DNT), p-nitrotoluene (PNT), picric acid (PA), potassium nitrate
(KNO3), potassium chloride (KClO3), potassium permagnate
(KMnOQy), sulfur (S), ammonium nitrate (NH4NO3), and urea
were purchased from Sigma-Aldrich. 2,4,6-trinitrotoluene (TNT)
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and hexogen (RDX) were obtained from the National Security
Department of China. Except for TNT was recrystallized with
ethanol before use, all other chemicals were of analytical grade
and used without further purification.

Caution
TNT and other nitro-explosives used in the present study are
highly explosive and should be handled only in small quantities.

Preparation of TiO, Nanosheets

The TiO; nanosheets were prepared via a hydrothermal method.
In a typical procedure, different amounts of HF (0-1 ml) were
added to the mixture of 12.5ml TBOT and 1.5ml H,SO4 with
vigorous stirring, followed by the addition of certain amount of
H,0 to maintain the total volume of the reaction mixture as
15 ml. The mixture was then transferred to Teflon lined autoclave
and kept at 180" C for 24 h. After completion of the reaction, the
white precipitate was filtered and washed with ethanol several
times and then dried in air at 60 C.

Characterization

X-ray diffraction (XRD) measurement was conducted using
powder XRD (Bruker D8 Advance, with Cu-K, radiation
operating at 40 kV and 40mA, scanning from 26 10
to 90°). Field-emission scanning electron microscopy
(FESEM, ZEISS SUPRA 55VP), and transmission electron
microscope (JEM-2011 TEM, 200 kV) were used to
characterize the morphology and the detailed structure of
the samples.

Sensor Array Fabrication and Gas Sensing

Performance Testing

The obtained TiO, nanosheets were mixed with deionized water
in a weight ratio of 4:1 and ground in a mortar for 10 min
to form a uniform paste. The paste was then coated on a
ceramic substrate, on which silver interdigitated electrodes with
both finger-width and inter-finger spacing of about 200 pm was
previously printed, by a thin brush to construct a gas sensor. The
thickness of the film was controlled by the brushed cycles. The
sample was dried naturally in air overnight and aged at 10V in
air to ensure the good stability. Five gas sensors from TiO, with
different morphologies were fabricated together to construct the
sensor array. The room temperature-saturated explosive vapor
was obtained by putting solid explosive powder (1g) at the
bottom of a conical flask (50 mL) before it was sealed for 48 h. All
tests were performed at consistent operating temperature (room
temperature, 25 + 2°C) and relative humidity (30 + 3%) to
avoid undesired signal fluctuate. For gas sensing test, the sensor
was inserted into the saturated vapor of an explosive. After the
sensor resistance reached a new constant value, the sensor was
then inserted into a same size conical flask full of air to recover.
The electric signal (current) of the sensor was recorded by
electrochemical workstation (CIMPS-2, ZAHNER). The essential
gas sensing characteristics, namely the corresponding response
value, response time and recovery time, can be obtained from
the response curves. The response value is the steady-state value

of the response with exposure toward explosive vapors, and is
defined as,

1)

L — 1,
Response = 17*100%
a

where I and I, are the current value of the gas sensor measured
in explosive vapor and in air at room temperature, respectively.
The response time is defined as the period it takes to cause 90%
of the current changes upon exposure to the explosive vapor,
while the recovery time is defined as the period it takes to cause
90% of the current changes after the explosive vapor is removed.

RESULTS AND DISCUSSION
Morphology Tailoring of TiO> Nanosheets

X-ray diffraction (XRD) analysis was performed to investigate the
crystal phase of the TiO, nanosheets prepared by adjusting the
amounts of HF solution (0-1.0 ml) applied in the hydrothermal
reaction. As shown in Figure 1A, it is obvious that all the
diffraction peaks of TiO, nanosheets prepared via this method
can be well-indexed as the anatase TiO, phase (JCPDS NO.
21-1272), demonstrating that the phase of the TiO, nanosheets
would not be affected by the concentrations of HF solution
within this range during the preparation. The morphology
of the TiO, nanosheets was investigated by transmission
electron microscopy (TEM) and field emission scanning electron
microscopy (FESEM), as shown in Figures 1B-F. It is found
that the morphologies are different with the increasing amount
of HF applied from 0 to 1.0ml. With the absence of HE
the TiO, nanoparticles grew randomly and form the irregular
shape with size ranging from 5 to 20nm, and there is no
continuous growth of large nanosheets (Figure 1B). With the
amount of HF increasing to 0.25ml, it is observed that
the TiO, crystals grew larger to form rectangular-shaped
nanosheets, which consist of the smaller ones with size of
15-25nm as major and limited number of larger nanosheets
over 40 nm (Figure 1C). With the amount of HF continuously
increasing to 0.50 ml, the number of relatively larger sized TiO,
nanosheets (45nm in average) increased, however, the smaller
nanosheets (20nm in average) are still the major component
due to the restricted HF amount (Figure 1D). Meanwhile, it
is also observed that extra-large nanosheets with size about
100nm start to form. With the amount of HF continuously
increasing to 0.75 ml, although there are still smaller nanosheets
(20nm) and larger sized TiO, nanosheets (45nm in average)
existing, the extra-large nanosheets with size around 100 nm
are distinctively observed (Figure 1E). When the amount of HF
further increases to 1.0 ml, the overgrowth of TiO, nanosheets
occurred leading to the sheet-like structures with size of
several microns (Figure 1F). Hence, with the amount of HF
increasing from 0 to 1ml, the size of TiO, nanosheets grew
from a dozen nanometers to several microns. High resolution
transmission electron microscopy (HRTEM) was adopted to
obtain the detailed crystal structure (insets in Figures 1B-F),
clear lattice fringes with the lattice spacing corresponding to
the (101) plane of anatase TiO, were shown, indicating the
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FIGURE 1 | (A) XRD patterns of five kinds of TiO, nanosheets, TEM, and SEM images of the TiO» nanosheets prepared with different amounts of HF (B) O ml, (C)

good crystallinity of the samples. As a whole, the increased
HF content in the original reaction mixture promotes the
growth of the anatase TiO, nanosheets with more reactive
facets beneficial for sensing due to the enlarged capping effect.
This phenomenon is in good agreement with the previously
reported results, in which the growth behavior of TiO, with
various contents of F~ is systematically studies (Lee et al,
2016). Therefore, the introduction of F~ ion during the
preparation is a reasonable choice to control the growth, tailor the
morphology, and thus adjust the sensing performance of anatase
TiO, nanosheets.

Varying Sensing Performance Toward

Military and Improvised Explosive Vapors

The as-prepared TiO, nanosheets with different morphologies
were fabricated on ceramic substrate with comb-like electrodes,
respectively, to construct a chemiresistive gas sensor array, as
schematically shown in Figure 2A. The obtained sensor array

was exposed to five saturated military explosive vapors (TNT,
DNT, PNT, RDX, PA) and six saturated improvised explosive
vapors (KNO3, KCIO3, KMnOy, S, NH4NO3, urea) at room-
temperature for evaluation of the sensing properties (Figure 2B).
The room-temperature saturated vapor pressures of all these
analytes are extremely low, such as 9 ppb for TNT, 411 ppb
for DNT, 647 ppb for PNT, 0.97 ppb for PA, 4.9 ppt for
RDX, 2 ppb for S, 9 ppt for urea, and 14.7 ppb for NH4sNO3
(Lyons, 2011; Ewing et al., 2013). Meanwhile, the other three
explosives, KNO3, KClO3, and KMnOy, owing to their ionic
crystal nature, are non-volatile and hard to decompose at room
temperature indicating that neither the vapor of themselves
nor their decomposition products is responsible for the gas
sensing signal (Supplementary Table 1) However, it has been
discovered that microparticulates could be separated from non-
volatile solids and suspended in air (Clark and Shirley, 1973;
Samet et al., 2004; Li et al., 2018; Yao et al., 2018). Therefore,
we believe that the microparticulates suspended in the vapor
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FIGURE 2 | (A) The schematic diagram of the gas sensor array based on TiO, nanosheets. (B) The corresponding response curves toward 11 explosive vapors (TNT,

of these explosives, which could interact with the surface of
sensing materials and hence are responsible for the electric
signal changes of the sensors in the array. The response curves
are generated from the current change traces of the sensors
toward explosive vapors at an applied voltage of 10 V. From
the current change behaviors (Supplementary Figures 1-10), it
is obvious that with the immersing of the sensor array into
explosive vapors, the resistances change immediately, and then
with the immersing of the sensor array into air, the resistance
change back to its initial value rapidly, indicating the good
repeatability of the sensor array toward each explosive vapor.
It is also observed that each sensor in the array shows different
resistance change with exposure to different kinds of explosive
vapors. While with immersion into the same explosive vapor,
the sensors in the array show different resistance change as
well. It is believed that the resistance change of the TiO,
nanosheets sensing materials was caused by the change of
the charge depletion layer depth. For a single sensor in the
array exposed to various explosive vapors, the different gas
molecules adsorbed on the surface of TiO, nanosheets would
lead to different surface potential barrier, which depends on

the charge density established upon interaction between the
adsorbed target gas and active sites on the surface of the sensing
layer. Thus, different charge depletion layer depth would be
resulted and hence the difference in resistance was observed.
Furthermore, the differences in response among all sensors
in the array toward the same explosive vapor are caused
by the different charge depletion layer depth introduced by
morphology tailoring. The modulation of sensing performance
by morphology tailoring could be attribute to the capping
effect of F~ ion. It is observed that the response of the TiO,
nanosheets toward certain explosive vapor generally increased
first and then decrease with the increasing amount of F~ ion
On one hand, since the F~ ion serves as the capping agent for
stabilizing reactive facets (Lee et al., 2016), with the increasing
amount of F~ ion, more reactive facets are exposed for sensing,
resulting in the enhanced sensing performance. While on the
other hand, with the increasing amount of F~ ion, the TiO,
nanosheet crystals grow larger, leading to a reduced charge
depletion layer depth which is hindering the sensing performance
enhancement. However, due to the extreme complicated gas
sensing response process, the responses could be affected by
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FIGURE 4 | (A) Response times and (B) recovery times of the gas sensor
array toward 11 explosive vapors.

many factors, including the interaction between the analyte
and the sensing material, decomposition products, the humidity
change caused by the analyte and the floating tiny clusters of
the analyte (Supplementary Table 1), and hence they are not
strictly in line with the changing trend. Therefore, the sensing
performance of TiO; nanosheets toward explosive vapors could
be modulated by morphology tailoring.

The response values of the sensor array toward 5 kinds of
military explosive vapors and 6 kinds of improvised explosive
vapors are summarized from the response curves (Figure 3).
It is clearly shown that all 5 gas sensors consisted in the
array can detect 11 kinds of explosive vapors yielding different
response values. For military explosives detection (Figure 3A),
such as, toward TNT and PNT vapors, sensor 2 (0.25 HF)
shows the largest responses of 115.6 and 830.0%, respectively.
Sensor 3 (0.5 HF) shows the largest response value (65.0%)
toward DNT. Toward RDX, sensor 1 (0 HF) shows the largest
response of 40.0%. Sensor 4 (0.75 HF) shows the largest response
value of 115.0% toward PA. Toward improvised explosives, the
TiO, nanosheet-based gas sensor array also show excellent gas
sensing performance (Figure 3B). Sensor 3 (0.5 HF) exhibits
the largest responses toward KNO3, KMnOy4 and S, while the
corresponding values are 56.3, 140.5, and 156.8%, respectively.
Sensor 1 (0 HF) exhibits the largest response of 96.2% toward
KCIO3. Toward NH4NO3 and urea, all sensors show strikingly
large responses, and sensor 4 (0.75 HF) exhibits the largest
responses of 255.6 and 1783.1 times, respectively. To sum up,
TiO, nanosheets with different morphologies show different
response values toward nitro- and improvised explosive vapors,
which further indicates that the sensing performance of TiO;
nanosheets can be well-regulated to achieve the response
differences by simply controlling the morphology. Furthermore,
it should be noted that the TiO, nanosheet-based sensor array
can work in a very large response range, from zero to a few
thousands, which would enhance the practical application of
the array.

Besides the response values, response time and recovery time
of the gas sensor array toward 11 explosive vapors are also
summarized (Figure 4). Toward TNT, PNT, RDX, PA, KNOs,
KClO3, and S, sensor 5 (1 HF) shows the fastest response
with response times of 10.7, 12.3, 1.3, 8.3, 7.7, 11.7, and 8.3s,
respectively (Figure 4A). Meanwhile, toward DNT, KMnOy, and
NH4NO3, sensor 1 (0 HF) shows the fastest response, and
the corresponding response times are 11.0, 9.7, and 16.3s,
respectively. It should be noted that the response time of sensor 2
(0.25 HF) toward urea is only 25.3 s although the response value
is as high as 399.5. The response time periods are within 30 s for
most of the explosive vapors.

Similar as the response time, the recovery time of sensors
in the array are also different resulting from the morphology
differences of TiO, nanosheets (Figure 4B). Toward TNT, DNT,
PNT, KNOs3, KCIO3, KMnOy, and S, sensor 1 (0 HF) shows the
fastest recovery, and the corresponding recovery times are 3.3,
9.7, 3.7, 9.7, 8.0, 6.3, and 9.7 s, respectively. Toward RDX, PA,
NH4NOj3, and urea, sensor 5 (1 HF) shows the fastest recovery
with recovery times of 1.0, 6.0, 3.3, and 2.3 s, respectively. As a
whole, the TiO; nanosheet-based gas sensor array can recover to
its initial state within 35 s in atmosphere, indicating that it can be
employed for the next detection cycle rapidly.

The anti-interfering performance of the sensor
array is evaluated by exposing the sensor array to
common interfering gases, namely ethanol (EtOH),

NO,, and NHj, with concentration of 1 ppm (Figure 5;
Supplementary Figures 11-15). All 5 gas sensors in the array
exhibit positive response toward EtOH and NO, gases and
negative response toward NH3 (Figure 5A), which is in good
agreement with results discussed above. It is worth to notice
that the currents of the TiO, nanosheets based sensors increase
in typical electron withdrawing target vapors, such as TNT,
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DNT, and NO;, which is rare and under further exploration.
The response values toward EtOH and NO; are much smaller
compared with that of explosive vapors. For instance, sensor
3 (0.5 HF) shows the largest response of 10.6% toward EtOH,
while sensor 4 (0.75 HF) shows the largest response of 6.1%
toward NO, (Figure 5B). Meanwhile, in the case of NHj3, the
sensors in the array all shows negative response values with a
largest response of —66.7%, which is relatively large but in the
opposite direction compared with that of explosive vapors. The
response time toward these interfering gases are all <30s which
are comparable with that of the explosive vapors (Figure 5C).
Considering the fact that the room temperature vapor pressures
of the explosives are much lower than 1 ppm, it can be concluded
that the common interfering gases in real-world have limited
influence on the sensing performance of the sensor array toward
explosive vapors.

Discriminative Recognition of Explosive

Vapors
The methodology of principal component analysis (PCA), which
could extract the selective feature of original data depending on
variance criteria and visualize the extracted feature, was used to
discriminatively recognize explosives. Its analysis procedure is
schematically shown in Figure 6A. All responses data from the
gas sensor array were subjected to PCA, and were transformed
to a new coordinate system. Afterwards, each kind of explosive
vapor can be represented as a point in the new three-dimensional
space, such as TNT1 (x1, yl1, z1). Thus, different explosives and
the interfering gases appear at different positions in the new
coordinate system, as shown in Figures 6B-D.

Based on the response difference induced by morphology
difference between TiO; nanosheets, all 11 kinds of explosives

and 3 interfering gases can be discriminatively identified except
for DNT and EtOH, which are overlapping, and urea and
NH4NOs3, which are very close to each other (Figure 6B). If
only the family of military explosives and the interfering gases
are considered, the clusters of organic explosives and some of
the interfering gases are scattered further from each other with
the exception of DNT and EtOH (Figure 6C). Similarly, if only
the family of improvised explosives and the interfering gases are
of interest, the clusters of improvised explosives are also scattered
further from each other, such as KNO3, KCIO3 KMnOQOy, S, NH3,
NO,, and EtOH from NH4NOj3 and urea (Figure 6D). However,
it should be noted that although the PCA analysis of responses is
powerful enough to discriminate 10 explosives and 2 interfering
gases, it is difficult to discriminate DNT from EtOH and urea
from NH4NOj3 using PCA analytical method based only on the
response values.

During the gas sensing procedure, the response value as a
steady state parameter is associated with the thermodynamic
interaction between the explosive species and the TiO;
nanosheets, while the response time and recovery time
are associated with the kinetic interaction between them.
However, response time is a more meaningful kinetic parameter
for explosives recognition in practical detecting situation
since fast responding is essential to achieve early alarming.
Therefore, by combining the rapid mathematical analysis of the
thermodynamic and kinetic interactions, namely the response
value and response time, a visible fingerprinting method is
utilized to realize the discriminative identification of explosives.
This fingerprinting method is suitable for discriminative
identification as the shape of the fingerprinting pattern is
independent with the analyte concentration (Lichtenstein et al.,
2014). Figure 7 shows the fingerprinting radar plot patterns of
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all explosive vapors and 3 interfering gases generated from the
response values and response times of the sensors in the array.
It is obvious that each analyte has its unique fingerprinting
pattern, which can be used to distinguish from each other
and thus to realize the discriminative identification of all
the analytes including not only the explosives but also the
interfering gases (Figures 7A-G). For instance, TNT, DNT,
and PNT exhibit different patterns although they have similar
molecular structures. Meanwhile, although KNO3 and KClO3
are both potassium salts, their radar plot patterns distinguish
from each other. This distinction should be ascribed to the
different interactions between different explosive vapors and
TiO, nanosheets with different morphologies. In the case of
NH4NO3 and urea, which are hard to be discriminated using
PCA method, they can be differentiated from each other easily
owing to their remarkably different radar plot patterns. While for
DNT and EtOH, which are unable to be distinguish in the PCA

plot, the radar plot patterns are of great difference and thus it is
also easy to discriminate them from each other using this method.
Therefore, with straightforward data analysis, the chemiresistive
sensor array from TiO, nanosheets with different morphologies
is capable of discriminatively identifying 11 types of explosive
vapors and 3 common interfering gases.

Furthermore, the present chemiresistive gas sensor array has
lots of advantages for practical application. Compared with other
vapor electrical sensors (Che et al., 2010; Chen et al., 2010;
Wang et al,, 2011a; Aluri et al., 2013; Schnorr et al., 2013; Liu
et al,, 2015; Yang et al, 2015), it shows a higher sensitivity
toward TNT, DNT, and PNT, and can detect RDX vapor at ppt
level (Supplementary Table 2). Compared with other military
explosive detecting techniques (Andrew and Swager, 2007; He
et al., 2009; Olley et al.,, 2010; Zhu et al, 2011; Wang et al.,
2014; Zhou et al.,, 2015), it can identify 5 military explosives
within 30s and avoid (1) the interference induced by other
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substances, (2) the large and expensive instrumentation, and (3)
complicated operating procedure, which might be problematic
for fluorescence, SERS, and IMS (Supplementary Table 3). In the
case of detection of improvised explosives, the present gas sensor
array can discriminatively identify 6 improvised explosive vapors
within 75 s, which is much more efficient compared with CE and
IC (Supplementary Table 4; Hutchinson et al., 2007; Peng et al.,
2014). Moreover, it can avoid complicated operation which is
essential in IMS technique (Johns et al., 2008). Therefore, the
present TiO, nanosheet-based chemiresistive gas sensor array
shows high sensitivity, short testing time, handy operation,
and the ability to avoid interference, which are beneficial for
practical application in rapid identification of military and
improvised explosives.

CONCLUSIONS

A series of TiO, nanosheets with well-tailored morphologies
were successfully prepared via a simple hydrothermal method.
HF was utilized as morphology modulation agent in the
reaction. The size of the TiO, nanosheets grew larger with the
increase of the amount of HF. The morphological difference
of TiO, nanosheets leads to the dissimilarity of the specific
surface area and the charge depletion layer depth, and hence
different responses toward explosive vapors. The gas sensor
array based on the series of TiO, nanosheets can rapidly and
discriminatively identify the vapors of 5 nitro-explosives (TNT,
DNT, PNT, RDX, PA) and 6 improvised explosives (KNOs,
KCIO3, KMnOy, S, NH4NO3, urea) along with 3 common
interfering gases (EtOH, NO,, NH3) successfully under room-
temperature condition with the help of PCA and fingerprinting
pattern recognition method. It has a huge potential for practical
application owing to its obviously superior advantages compared

with other detection techniques. Thus, this work presents an
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Gas sensors have been wildly used in various fields related to people’s lives. Gas
sensor materials were the core factors that affected the performances of various gas
sensors, and these have attracted much attention from scientific researchers due their
high sensitivity, high selectivity, adjustable reliability, low cost, and other advantages. The
preparation of nanostructures with a highly specific surface area was a useful method to
improve the gas-sensing performance of a metal oxide semiconductor. Meanwhile, lots
of research has focused on preparing nanostructures with a highly specific surface area.
This paper has explored some fabricated sensors with high sensitivity, good selectivity,
and long-term stability, which has also made them promising candidates for toxic gas
detection. Besides, this paper has reviewed the development status of metal oxides used
as gas sensors.

Keywords: metal oxides nanostructures, gas sensors, gas sensing mechanism, gas sensing performance,
modification methods

INTRODUCTION

Gas sensors depends on converting gas into electrical signal output through chemical and physical
effects in order to detect the composition and concentration of gas. Gas sensors are widely used
in the fields of flammable detection, explosive detection, toxic and harmful gases detection, and
environmental control (Zhou et al., 2019).

Recently, most of the gas sensors have been surface-controlled resistance sensors in which the
sensitive materials of semiconductor resistance gas sensors are mainly concentrated in metal oxide
semiconductors (Jeong et al., 2019). Due to a large number of free electrons in the conduction
band and oxygen vacancies on the surface of the metal semiconductors, the material surface has
strong adsorption characteristics and high reactivity and is changed under the action of surface
gas. Therefore, the measurements can be made based on the electrical parameters (Rabee et al.,
2019). Metal oxide materials have outstanding physical and chemical properties, are of low cost
to produce, and have simple preparation methods (Wang et al., 2019). Therefore, they have been
increasingly used in gas sensing.

Song et al. prepared hollow porous core-shell NiO nanotubes using a hydrothermal method.
There were many micropores on the wall of a single nanotube with a specific surface area of 97.3 m?
g~ ! (Song et al.,, 2011). Due to the large specific surface area, the sensitivity of the NiO gas sensor
to 50 ppm ethanol gas was very high. It was believed that the hollow porous core-shell structure
enabled ethanol molecules to diffuse and transport rapidly into the interior of the sensor, and so
the material showed an excellent gas-sensing performance.

Frontiers in Chemistry | www.frontiersin.org

80 February 2020 | Volume 8 | Article 76


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2020.00076
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2020.00076&domain=pdf&date_stamp=2020-02-21
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:limingshan@scies.org
https://doi.org/10.3389/fchem.2020.00076
https://www.frontiersin.org/articles/10.3389/fchem.2020.00076/full
http://loop.frontiersin.org/people/804871/overview

Guan et al.

Metal Oxides Gas Sensing

Ma et al. prepared hollow microtubules of In,Os with
degreased cotton as a soft biological template (Ma et al., 2019).
The length of the hollow microtubule was 50-70 wm, the width
was 5-6 um, and the wall thickness was about 1um. The
Rgas/Rair value to 10 ppm Cl, gas was 1,051 for the hollow
microtubule sensor of In;O3, which was 25 times higher than
that of In,O3 particles at 200°C. The existence of the hollow
morphology of In,O3 with a highly specific surface area, rich
oxygen vacancy, and narrow band gap were the reasons for the
improving gas-sensing performance.

Wanit et al. prepared the ZnO nano-trees with a multistage
branching structure through a hydrothermal growth method
where numerous nano trees with dense distribution formed a
vast nano forest (Wanit et al., 2012). This nano forest structure
was suitable for dye-sensitized solar cells; it was similar to
the role of the actual forest, which was used to convert solar
energy into electricity. Obviously, this kind of nano forest
structure had a very large specific surface area, which could
be used significantly improve the gas-sensing performance of
materials. Besides, the experiments indicated that this structure
could greatly improve the light conversion efficiency and the
overall light conversion efficiency was five times higher than
that of dye-sensitized solar cells constructed by vertical ZnO
nanowires. The improvement of light conversion efficiency was
due to the large increase of specific surface area, which made

the photosensitive dye adhesion area more extensive and could
capture more sunlight. Moreover, the multi-level branch of
the “nano tree” provided a direct conduction path for the
charge and reduced the neutralization of the charge in the
transmission process.

RESEARCH STATUS OF METAL OXIDES
FOR GAS SENSORS

Gas sensors mainly include semiconductor gas sensors,
electrochemical gas sensors, and contact combustion gas sensors,
among which the most promising ones are the semiconductor gas
sensors. With the application of a series of oxide semiconductors,
including NiO, ZnO, Sn0O,, and CdO, the research into metal
oxide for gas sensing is popular. The oxidation semiconductor
refers to the one whose conductivity increases with the oxidation
atmosphere, which belongs to the p-type semiconductor. The
reduction semiconductor refers to the one whose conductivity
increases with the reduction atmosphere, which belongs to
the n-type semiconductor. The amphoteric semiconducting
refers to the one whose conductivity type forms the p-type
or n-type semiconductor with the oxygen partial pressure
in the atmosphere. There are some methods to improve the
gas-sensing performance, such as surface modification with
organic molecules, perpetration of inorganic heterojunction

FIGURE 1 | (a-d) TEM images of the Au/NiO core-shell structure. Reprinted with permission from Rai et al. (2014). Copyright (2014) Elsevier Science BV.
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sensitization, generation of hybrid structures with 1D or 2D
materials, and oxygen vacancy modification (Zhang et al., 2019).

Adding a small amount of precious metals to semiconductor
materials is an effective way to improve the gas-sensitive
properties of materials. Shaver first found that the noble metal Pt
had a significant enhancement for improving the sensitivity and
selectivity of gas sensors, and that it also shortened the response
time for WO3 oxide semiconductor gas sensors. In addition,
adding a certain amount of rare earth metals to the material was
also an effective way to improve the sensitivity and selectivity of
the material.

Wang et al. prepared a series of polyaniline-TiO;
nanocomposites on the TiO, surface by in-situ chemical
oxidation polymerization of aniline (Wang et al., 2017). It was
found that the polyaniline chain formed by TiO; and polyaniline
could increase the CO adsorption, which led to much more
electrons transfer from CO to polyaniline. Following from
polyaniline to TiO, through a hydrogen bond, this resulted
in promoting the photocatalytic oxidation of CO on the

composite film sensor. This study provided a method for the
development of a gas-sensitive material with organic-inorganic
hybrid nanocomposites.

Nulhakim et al. prepared highly Ga-doped ZnO
polycrystalline thin films deposited by radio-frequency
magnetron sputtering for hydrogen gas sensing (Nulhakim
et al., 2017). The relationship between the microstructure of
preferred c-axis-oriented thin films and the hydrogen gas-sensing
performance was introduced. It is found that the sensitivity of
the sample to hydrogen increased slightly with the decrease
of the microcrystalline size under the working temperature of
330°C. Moreover, the sensitivity was significantly improved
by increasing the preferred orientation distribution. It was
concluded that the c-axis orientation had a great influence on the
sensitivity of the hydrogen gas sensor.

Amani et al. prepared a WO3 semiconductor gas sensor
by electron beam evaporation technology, and the gas-sensing
characteristics of the WO3 nano film activated by Pt and Au
were studied (Amani et al., 2017). The results indicated that the

permission from Kim et al. (2014) Copyright 2014 American Chemical Society.

FIGURE 2 | (a,b) SEM image of In,O3-Decorated NiO hollow nanostructures. (¢,d) TEM image of In,Oz-Decorated NiO hollow nanostructures. Reprinted with
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existence of a Pt and Cu layer reduced the working temperature
of the WO3 sensor; the WO3 nano thin film activation by the Pt
layer significantly reduced the working temperature of the sensor.

Yang et al. synthesized ultralong MoO3 nanobelts with
an average length of 200 um and width of 200-400 nm by
simple hydrothermal technology (Yang et al., 2016). The results
indicated that the gas sensor prepared by an ultralong MoO3
nanobelt had a good gas-sensing performance for trimethylamine
under the temperature of 240°C. The selectivity test of different
reducing gases showed that the gas sensor had a better response
to TMA than other gases, such as ethanol, ammonia, toluene,
methanol, and acetone.

Zolghadr et al. conducted research on the effect of annealing
temperatures at 600°C and 800°C on the gas-sensing properties
of a-Fe, O3 (Zolghadr et al.,, 2016). The results showed that the
gas sensitivity of a-Fe; O3 film annealed at 800°C was more stable,
and the gas sensitivity of a-Fe; O3 to NO; gas was higher than that
of other gases.

Liu etal. prepared SnO; thin films for gas sensors by ultrasonic
spray pyrolysis technology and showed the effect of Cu doping
amount on the gas-sensing performance (Liu et al., 2017). The
results indicated that Cu doping could improve the gas sensitivity
of SnO; films, which was incorporated at the Cu/Sn ratio of 0-1.

Rai et al. synthesized the Au/NiO core-shell structure with
uniform dispersion by two-step hydrothermal method (Rai et al.,
2014). As shown in Figurel, Au existing alone in the NiO
spherical shell showed an excellent gas-sensing performance for
hydrogen sulfide gas. A wonderful rotten egg connection of gas-
sensing material and gas was generated. The results indicated
that the sensitivity to H,S gas for the NiO core-shell structure
with Au as the core was nearly four times higher than that of
the NiO sphere. Moreover, the sulfurization layer formed on
the surface of Au particles adsorbed H,S gas; this reduced the
reaction potential energy and made it easier for electrons to
transfer from Au particles to the NiO shell and increased the
resistance value.

Kim et al. also synthesized the NiO hollow sphere
nanostructure and used In,O3 to modify the NiO hollow sphere
(Kim et al., 2014). The results indicated that the sensitivity to
ethanol gas for In,O3-Decorated NiO hollow nanostructures was
nearly five times higher than that of NiO sphere. The existence
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CONCLUSION

The research included some metal oxides used for gas
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Xuexin Duan*

State Key Laboratory of Precision Measuring Technology & Instruments, Tianjin University, Tianjin, China

Low dimension poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT: PSS)
has been applied as resistor-type devices for temperature sensing applications. However,
their response speed and thermal sensitivity is still not good enough for practical
application. In this work, we proposed a new strategy to improve the thermal
sensing performance of PEDOT: PSS by combined micro/nano confinement and
materials doping. The dimension effect is carefully studied by fabricating different sized
micro/nanowires through a low-cost printing approach. It was found that response speed
can be regulated by adjusting the surface/volume (S/V) ratio of PEDOT: PSS. The fastest
response (<3.5 s) was achieved by using nanowires with a maximum S/V ratio. Besides,
by doping PEDOT: PSS nanowires with Graphene oxide (GO), its thermo-sensitivity can
be maximized at specific doping ratio. The optimized nanowires-based temperature
sensor was further integrated as a flexible epidermal electronic system (FEES) by
connecting with wireless communication components. Benefited by its flexibility, fast
and sensitive response, the FEES was demonstrated as a facile tool for different mobile
healthcare applications.

Keywords: temperature sensor, nanowires, fast response, healthcare, tumor, smartphone

INTRODUCTION

Real-time and continuous measurement of human body local epidermal temperature enables a
better tracking of personal health status such as local wounds infection (Celeste et al., 2013),
subcutaneous tumor (Sudharsan et al., 1999), as well as monitoring of body activities, since many
diseases and physiological behaviors will cause local changes in body epidermal temperature (Deng
and Liu, 2004; Helmy and Rizkalla, 2008; Ng, 2009; Li et al., 2017). Recently, wearable epidermal
electronic systems (EESs) based on flexible devices have opened new frontiers in the measurement
of body local temperature (Gao et al., 2014; Takei et al., 2015). Due to their soft and flexible nature,
they can be directly attached to the human skin and conform to the body, local temperature can
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be detected anytime and anywhere (Webb et al., 2013; Zhang
et al, 2016). Besides, the use of soft substrate enables high
mechanical durability in different bending conditions, thus
their responses will not be influenced by the movement of
the body (Wu and Haick, 2018; Chang et al., 2019). However,
due to the materials limitation, current EESs based thermal
meters still suffer from the issues of responding slowly or not
sensitive enough to body temperature change, which in fact
cannot provide real-time precise temperature tracking. Hence the
development of fast and sensitive response wearable temperature
sensors which can track personal health status is still required.

Among all EES temperature sensor, PEDOT: PSS based
resistor-type electronics have been largely applied since the
PEDOT: PSS itself is very sensitive to temperature changes
(Culebras et al, 2016) and the soft nature of such organic
electronics ensures its excellent performance as flexible sensors
(Lipomi et al., 2012). The thermosensitive mechanism of PEDOT:
PSS can be explained by the structural change of PEDOT: PSS
induced by the temperature change which eventually alters the
conductivity of PEDOT: PSS (Takano et al., 2012; Zhou et al,,
2014; Vuorinen et al., 2016). Previous studies on PEDOT: PSS
based temperature sensors were focused on doping the PEDOT:
PSS with other materials to enhance the device’s response to
temperature (Honda et al, 2014; Oh et al, 2018). However,
understanding the control parameters regarding their response
time to temperature change is less covered.

In this work, in order to simultaneously optimize the
response speed and sensitivity of conductive polymers for
epidermal temperature sensing applications such as quick
temperature detecting or real-time precise temperature tracking.
we proposed a strategy to combine the micro/nano confinement
with the materials doping to simultaneously optimize the
response time and sensitivity of PEDOT: PSS based resistor-
type temperature sensor. Low dimension PEDOT: PSS wires
from a few micrometers down to sub-100 nm in diameters were
fabricated using a low-cost micro/nanoscale printing approach
(Gates et al, 2005; Massi et al., 2006; Duan et al.,, 2010;
Tang et al, 2019). Their sensitivity and response time to
temperature were compared (Scheme 1). Then, graphene oxide
(GO) was selected to dope the PEDOT: PSS and the doping
ratios were carefully optimized to enhance their temperature
sensing performance. Hence the fabricated sensor under such
strategy is responding both fast and sensitive enough to detective
minute temperature change and track temperature in real-time.
The sensor shows ultra-fast response and sensitive to body
temperature change. Furthermore, the sensor is also used to
achieve temperature monitoring of subcutaneous tumors in
mice and by detecting the minute change of body temperature
in mice to test the effect of drugs. Given the prominent
mechanical and sensing properties, a homemade wearable system
based on the temperature sensor was further developed to
achieve a live and wireless transmission of the signals to a
smartphone using Bluetooth assisted communication. These
results demonstrate that this fast response skin-attachable
nanowires-based temperature sensor has great potential as a
wearable bioelectronic for application in medical diagnosis and
mobile healthcare.

EXPERIMENTAL METHODS

Reagents and Materials

mr-I T85 was purchased from Micro-Resist. PEDOT: PSS
aqueous suspension (~1.3 wt%) with a conductivity of 1S cm™!
was purchased from Sigma-Aldrich. GO was purchased from
Chengdu Organic Chemical company and further sonicated
for 30min to form a uniform and stable dispersion with
a concentration of 7 mg/ml. The compound solution was
obtained by stirring PEDOT: PSS aqueous suspension and GO
aqueous suspension for 10 min. Polydimethylsiloxane (PDMS)
was purchased from Dow corning.

Fabrication of Flat PDMS Molds With

Micro/Nano Grooves

First, casting the liquid prepolymer of PDMS base and the curing
agent in a 10:1 (w/w) ratio onto a silicon wafer with two kinds
of silicon micro-ridges (3 wm in width and 1 wm in height and
spacing 5pum, 5um in width and 1 wm in height and spacing
10 wm, respectively). After the bubbles generated during the
stirring process disappear, the wafer with the uncured PDMS was
put into hot oven. After curing at 80°C for 40 min, the PDMS
with microgrooves was cooled to room temperature and peeled
off from the silicon wafer. Then, the PDMS with microgrooves
was cut into pieces with the boundary of the microgrooves. The
fabrication of the molds with nanogroove can be seen on previous
case articles performed in our lab (Tang et al., 2019).

Formation of Micro/Nano Channels

The molds with micro/nano groove were first treated with oxygen
plasma (10 mTorr;10 sccm O3; 10 W; 15 s) to facilitate the contact
between the molds and PET substrates. The molds were then
bonded to the PET substrates which were also treated with
oxygen plasma (20 mTorr;20 sccm O3; 20 W; 155). The molds
can conformal contact with the PET substrates because of the
oxygen plasma treated procedure and soft properties of the molds
and PET substrates. Hence the micro/nano grooves changed into
micro/nano channels after contacting.

Electrodes Fabrication

The Au electrodes were then prepared by thermal evaporation
on the PET substrate with nanowires under self-made copper
shadow masks to promote the electrical connection. The
electrodes were with pad length in 7mm, width in 300 pm
and spacing in 300 um. The electrodes of microwires-based
devices were silver paste at an interval of 3 mm approximately.
Silver paste and silver wires were used to have further
electrical contacts.

Measurements

Atomic force microscope (AFM), Scanning electron microscope
(SEM) and the confocal laser scanning microscope (CLSM)
images were carried out with Dimension Icon (Bruker), FEI
FP 2031/12 Inspect F50 and OLYMPUS OLS5000, respectively.
Electrical measurements with a constant voltage of +1V
were performed with a semiconductor analyzer (Agilent
Technologies, B1500A).
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Animal Tumor Model
Liver cancer tumor cells was injected into KM mice to establish
an animal tumor model.

Temperature Monitoring Based on

Smartphone
The homemade  wearable watch-type system  was
fabricated by integrating the ADS5933/STM32/HC-05

and their peripheral circuits on a flexible circuit board.
AD5933/STM32/HC-05 control resistance measurement,
communication, and data transmission, respectively.
An Android application program was developed on
the smartphone to receive real-time data from the
wearable watch-type system and plot the responses on the
screen. Comparing the response change to its resistance

calibration at standard temperature, the temperature was
successfully measured.

RESULTS AND DISCUSSION

Micro/nanowires Fabrication and

Characterization

To study the structure effects on the thermal sensing performance
of PEDOT: PSS, here we design three different sized PEDOT:
PSS wires, where their widths vary from 4pm to 70nm
(Scheme 1). Hence different S/V ratios are achieved. The
micro/nanowires were fabricated by an adapted soft lithography
which does not require any cleanroom facilities (Gates et al.,
2005; Massi et al., 2006; Duan et al., 2010; Tang et al., 2019).
Scheme 1E shows the schematic of fabricating procedure
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FIGURE 1 | (A) Optical microscope, (B) SEM, (C) AFM, and (D) CLSM, image of microwires @ 4 pm. (E) Optical microscope, (F) SEM, (G) AFM, and (H) CLSM,
image of microwires @ 2 um. (I) Optical microscope, (J) SEM, (K) AFM, and (L) CLSM, image of nanowires.
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of micro/nanowires. After the micro/nanochannels (The
preparation process is shown in the Experimental Methods)
have completely formed, the PEDOT: PSS aqueous solution
were dropped to the margins of channels. The solution filled
the channels spontaneously by traction of the Laplace pressure.
After the solvent has completely evaporated, removed the
mold from PET and leaved the micro/nanowires on the PET
substrate. Then, metal electrodes were fabricated on the side
of the micro/nanowires through evaporation as the contact
electrodes, thus resistor-type sensors have been achieved. The
comparison between our method and current available methods
for fabricating nanowires in the format of a table is shown in
Supplementary Information.

Figure 1 shows the optical microscope, Scanning Electron
Microscope (SEM), Atomic Force Microscope (AFM) and
Confocal Laser Scanning Microscope (CLSM) images of the
micro/nanowires with different sizes, respectively. These results
show that the microwires have the same height (~ 0.7 um)
but with different width (4 wm, 2 um). The nanowires have
an average width of 70nm and an average height of 59 nm.
Thus, the S/V ratio of microwires @ 4 pm, microwires @
2 wm and nanowires can be calculated as follow: 1.928, 2.429,
and 45.52. As can be seen in the AFM images, the height
of the microwires sides are higher than the middle part,
which is due to the microchannels are treated with O, plasma
hence are more hydrophilic, thus the aqueous solution tends
to stick to the wall before evaporates, which resulting in
this phenomenon.

Temperature Sensing

To study the structure effects on their temperature sensing
behavior, we compared the response value and response speed
of the three PEDOT: PSS based resistor-type temperature sensors
with different S/V ratio. Their resistance were measured under
a temperature range from 30 to 80°C with an interval of 10°C
(Figures 2A-C). The response value is defined as:

R = ((R = Ro)/Ro)

where Ry and R are the resistance values at 30°C
and the set temperature. And TCR is defined as
TCR = ((R—Rg)/Rg)/AT =6R/AT. The results show

that the resistance of the three devices decrease linearly as
the temperature rises and their sensitivity (slope of the liner
fitting) are rather similar (Figure 2D). The 3R of PEDOT: PSS
microwires @ 4 jum, microwires @ 2 wm and nanowires-based
temperature sensor between 30 and 80°C (303 and 353K)
are —0.377, —0.378, and —0.379, so the TCR of them can
be calculated as —0.007545, —0.007579, and —0.007599 K~!.
We then tested their response speed to temperature change
by attaching or removing these devices to human arm which
has a constant temperature. As shown in Figures 2E-G, the
currents show increase or decrease after touching or removing
the devices from the human skin. Compare with their thermal
sensitivity, very differently, the devices with different S/V ratio
show quite different temperature response speed (defined as the
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FIGURE 2 | Relative resistance changes depending on the temperature with increments of 10°C of the (A) microwires @ 4 um, (B) microwires @ 2 um and (C)
nanowires, based temperature sensor. (D) Sensitivity of the sensors with different S/V ratio. Real-time response of (E) microwires @ 4 um, (F) microwires @ 2 pm and
(G) nanowires, based temperature sensor. (H) Total response time of the sensors with different S/V ratio.

time required to reach 90% of the zenith response). The response
and recovery time of the microwires @ 4 um, microwires @
2um and nanowires-based temperature sensor were 6.9 and
25.2s, 5.8 and 23.8s, 3.5 and 13.4s, respectively. As compared
in Figure 2H, a clear trend can be observed that the response
speed increases with the increase of the S/V ratio, especially
the nanowires with a maximum S/V ratio shows an ultra-fast
response speed. This behavior can be explained by the electron
transportation and thermal sensing mechanism of PEDOT:
PSS which is very related to its microstructure. As shown in
Scheme 1C, PEDOT: PSS has a typical core-shell structure
in which the core is PEDOT nanocrystal and surrounded by
PSS-rich shell. The insulating PSS boundaries with a strong
hygroscopic ability have a major effect to the overall conductance
of the PEDOT: PSS (Takano et al., 2012; Zhou et al., 2014). When
temperature rising, the water molecules absorbed in the PSS
boundaries will be partially released, which leads to the shrinkage
of PSS boundaries and results in a decrease of the distance
between adjacent PEDOT (Scheme 1C). This will facilitate the
electron transportation between the PEDOT domains and results
the decrease of the resistance of PEDOT: PSS (Zhou et al., 2014;
Vuorinen et al., 2016). The response of PEDOT: PSS film are
shown in Figure S1 in Supplementary Information. By confining
the PEDOT: PSS from 2D thin film to 1D nanowire (increase
of its S/V ratio), PSS boundaries can be fully exposed to the
external environment, thus increase its thermal conduction
and facilitates the water evaporation, which will increase its
response speed to temperature change. Besides, the electron
transport efficiency within the 1D nanowire is improved as well.
Other nanomaterials-based resistive temperature sensors also
have showed such advantages of nanomaterials in temperature
detecting (Joh et al., 2018; Sehrawat et al., 2018; Bang et al., 2019;
Cui et al, 2019). However, reducing the materials dimension
will not influence the deformation ratio of the PSS boundaries,
which is related to the amount of the water absorbed, thus the

change of S/V ratio will not influence the thermal sensitivity of
PEDOT: PSS.

Doping Effect

As discussed above, nanoscale confinement strategy can enhance
the response speed of the PEDOT: PSS to temperature and
PEDOT: PSS nanowires with the highest S/V ratio show the
fattest response to temperature change which is rather important
to develop as temperature sensor. Next, we focus on improving
its thermal sensitivity. As reported before, doping of PEDOT:
PSS with other temperature-sensitive materials such as graphene
(Trung et al., 2014, 2016, 2018) can further increase its response
to temperature (Honda et al, 2014; Oh et al,, 2018). Here,
we applied the graphene doping strategy to further adjust the
temperature sensitivity of PEDOT: PSS nanowires. Since the
mixtures are required to be dispersed in aqueous solution for
capillary filling, the oxidation form of graphene (GO) was used,
which contains many oxygen-containing functional groups, such
as hydroxyl, epoxide and carboxyl groups and ensures its good
solubility in aqueous solution (Wang et al., 2009; Chen and
Li, 2012; Lee et al., 2012; Dwandaru et al., 2019). The doped
mixtures were characterized by FT-IR (Figure S2 in Supporting
Information), the mixtures have the same characteristics as
PEDOT: PSS and contain the specific bands of GO, which proves
that the two materials have been fully mixed and the chemical
structures of PEDOT: PSS and GO are well-maintained. We then
optimized the GO doping ratio to understand its thermal sensing
effect. I-V curves of the nanowires constructed by mixtures with
different mixing ratios (PEDOT: PSS/GO, V/V) were measured
under temperature range from 30 to 80°C with an interval of
10°C. As shown in Figure 3A, the GO doping has a conspicuous
influence on the thermal sensitivity of the PEDOT: PSS. The
nanowire device with mixing ratio of 13:1 shows the highest
temperature response. This can be explained by the fact that GO
is a kind of relatively hydrophilic material, thus GO should be
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FIGURE 3 | (A) Relative resistance changes of the sensors with different mixing ratios at different temperatures. (B) Schematic diagram of PEDOT: PSS nanowires
doped with opportune, insufficient and excessive amount of GO; Real-time response of the nanowire sensors with a mixing ratio of (C) 13:1 and (D) 20:1, after

mostly adsorbed on the hydrophilic PSS when it is mixed with
PEDOT: PSS. Hence a little bit of GO will not affect the overall
conductivity of PEDOT: PSS due to PSS does not participate in
conductivity of PEDOT: PSS. However, GO has excellent thermal
conductivity (Teng et al., 2011; Yao et al,, 2016), hence doping
GO can affect the thermal sensitivity of PEDOT: PSS. When the
mixing ratio is 13:1 (The upper schematic of Figure 3B), the
GO flakes are fully filled in the PSS and the gap between the
adjacent PEDOT: PSS nanoparticles. Such composite materials
show higher temperature sensitivity compared to the less, more
or no GO filling. If the mixing ratio is higher than 13:1, such as
15:1, which means the amount of GO flakes is less than that of
13:1, hence the GO flakes are not adequately filled in the PSS and
the gap between adjacent PEDOT: PSS nanoparticles(The middle
schematic of Figure 3B), leading to the temperature sensitivity
of this ratio lower than that of 13:1 but higher than non-doped
pure PEDOT: PSS. If the mixing ratio is lower than 13:1, such
as 10:1, under such mixing ratio, the amount of GO is larger
than that of 13:1, hence the connection between adjacent PEDOT:
PSS nanoparticles will be affected (The bottom schematic of
Figure 3B), leading to the response of this ratio lower than that of
13:1. Furthermore, when the ratio is further reduced, such as 1:1,
which means the proportion of GO is far more than that of 13:1,
hence the connection between the PEDOT: PSS nanoparticles
will be affected severely, leading to the response of this ratio
is even lower than that of non-doped pure PEDOT: PSS. We
also explored whether the GO doping would affect the response
speed of PEDOT: PSS nanowires. As shown in Figures 3C,D,

compared with the pure PEDOT: PSS nanowires (Figure 2E), the
response time and recovery time of these GO doped nanowires
have no obvious difference. It proves that the GO doping did
not affect the response speed of PEDOT: PSS nanowires but
only enhance the thermal sensitivity. Thus, by combining the
nanoconfinement and GO doping strategy, the response speed
and thermal sensitivity can be simultaneously optimized. The
13:1 GO doped nanowires are used to prepare the temperature
sensor for rest of the applications.

Repeatability and Stability

After optimization the structure and the materials, we then
fabricated the optimized Go doped PEDOT: PSS nanowires on
a flexible PET substrate to facilitate their epidermal sensing
applications. The repeatability and stability of the nanoscale
flexible sensors were tested, especially for their hysteretic
behavior (Han et al., 2018). Figure 4A shows the hysteresis of the
nanowires response to temperature with a heating and cooling
cycle, which indicates a very minor hysteresis (~0.0046). Next,
we evaluated the repeatability of the nanowires-based sensor by
applying the sensor for multiple tests of touch to and removal
from the skin (Figure 4B). The stable performance demonstrates
that the devices have good repeatability and stability. The sensors
were then kept under ambient air for 1 months and their
response to temperature change were measured again. The
results in Figure S3 in the Supporting Information show that
their temperature response after 1 months is slightly changed
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FIGURE 5 | (A) IR thermograms and picture(middle) of the temperature sensor attached on the head of five volunteers. Resistance of the device and measured skin
temperature of (B) five volunteers and (C) a volunteer before and after 30 push-ups.

in comparison with the as-fabricated sensors, which prove the  35.37°C after doing 30 push-ups (see Figure 5C). These results
long-term stability of the PEDOT: PSS nanowires in ambient air. ~ demonstrate that the nanowire-based temperature sensors can be
effectively applied for rapidly and accurately tracking of human

Skin Temperature Detection skin temperature.

We then tested the nanowires-based temperature sensor for .

skin temperature detection. Five volunteers were chosen to Mobile Healthcare Based on Nanoscale

use the sensors for monitoring their local skin temperature by ~ Fees

attaching these devices on their heads (Figure 5A). The good  Many diseases and physiological behaviors will cause local
mechanical property and ultra-thin size of the flexible sensor  changes in body epidermal temperature, hence real-time and
facilitate its attachment to human skin and hence ensure the  continuous measurement of the local skin temperature could
reliable temperature measurement. According to the results of  enable a better tracking of personal health status (Deng and
the previous fitting, the corresponding skin temperature of five =~ Liu, 2004; Helmy and Rizkalla, 2008; Ng, 2009; Li et al,
volunteers can be calculated. As shown in Figure 5B, the skin ~ 2017). Based on the nanoscale flexible temperature sensor,
temperature of the five volunteers is 35.12°C, 34.86°C, 34.71°C,  a wearable FEES was further developed by integrating the
35.05°C, 35.36°C, respectively. The results are consistent with ~ nanowires with commercial electronic components to enable
the results obtained by thermocouple which proves the accuracy ~ the wireless communication. An Android application program
of the device (35.1°C, 34.7°C, 34.7°C, 35.0°C, 35.2°C). Since  was further developed and installed on a smartphone to
the skin temperature will change during strenuous or long-term  directly receive and process the sensing signals in real-
exercise, we apply the temperature sensor to track the volunteer ~ time. As shown in Figure S4, the FEES can be worn on
exercise status. The sensor was attached to the head of a volunteer ~ the wrist for continuously monitoring the skin temperature.
to monitor the subtle temperature changes during exercise. The ~ Figure 6A shows the screenshot of the smartphone interacting
normal skin temperature of the volunteer’s temple was measured ~ with the FEES system by touching or removing the system
to be approximately 34.93°C. It increased to approximately  from the skin, which demonstrates their rapid response to
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human skin temperature. The system was further applied to
compare the administration route of drugs by monitoring
the subtle skin temperature changes after intraperitoneal and
hypodermic injection of adrenaline to a mouse (Figure 6B). It
clearly shows that after intraperitoneal injection of adrenaline,
the resistance of the device did not change significantly,
indicating that body temperature of the mouse was constant.
While after hypodermic injection, the resistance of the sensor
was slowly and continuously decreased, indicating that body
temperature of the mouse was slowly increasing, which are
consistent with the existing studies (Maling et al., 1979). These
results demonstrate the feasibility of the FEES system in real
temperature monitoring applications.

Subcutaneous tumors, as a kind of common tumor, will
change the metabolic activity of the lesion area and in turn
change the normal temperature distribution on the skin surface
(Sudharsan et al,, 1999). Benefited by the fast response and
high thermal sensitivity, the EES could provide a neat tool to
monitoring skin temperature outside the subcutaneous tumors
in a new way. Figure 6D shows the skin temperature distribution
around the tumor area detected by attaching the FEES on
different place of the skin (Figure 6C). The results indicate that
the temperature in the tumor area is significantly lower than
the surrounding area, which is consistent with the results of
existing studies (Konerding and Steinberg, 1988). Meanwhile,
the results detected by the FEES are more accurate than IR
thermograms (inset in Figure 6C), and this method provides
the possibility of real-time monitoring. It also shows that the
sensor has great potential to be made into temperature sensor

arrays, which can detect spatial mapping of skin temperature
so that the arrays could provide a feasible method to judge
the diffusion area and monitor the deterioration status of
the subcutaneous tumors efficiently and conveniently. All
these results demonstrate that this EES has great potential
as a wearable bioelectronic for mobile medical diagnosis and
healthcare applications.

CONCLUSION

In this work, we developed a strategy by combining the
micro/nano confinement with materials doping to enable
simultaneous optimization of the response speed and sensitivity
of low dimension conductive polymers. By confining the PEDOT:
PSS into nanowires and doping with GO at optimized doping
ratio, ultra-fast response to temperature change (<3.5s) and
maximized thermal-sensitivity is achieved. Well-defined sub-
100 nm nanowires were fabricated on flexible substrates using
a low-cost nanoscale printing approach which were further
integrated as a functional skin-attachable flexible epidermal
electronic system (FEES) to enable a live and wireless
temperature sensing. The developed FEES were applied for
different physiological behaviors and diseases monitoring by
recording the real-time skin temperature changes.
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Oil-immersed power transformers are considered to be one of the most crucial and
expensive devices used in power systems. Hence, high-performance gas sensors
have been extensively explored and are widely used for detecting fault characteristic
gases dissolved in transformer oil which can be used to evaluate the working state
of transformers and thus ensure the reliable operation of power grids. Hitherto, as
a typical n-type metal-oxide semiconductor, tungsten trioxide (WOg3) has received
considerable attention due to its unique structure. Also, the requirements for high quality
gas detectors were given. Based on this, considerable efforts have been made to
design and fabricate more prominent WO3 based sensors with higher responses and
more outstanding properties. Lots of research has focused on the synthesis of WOg3
nanomaterials with different effective and controllable strategies. Meanwhile, the various
morphologies of currently synthesized nanostructures from 0-D to 3-D are discussed,
along with their respective beneficial characteristics. Additionally, this paper focused on
the gas sensing properties and mechanisms of the WOz based sensors, especially for
the detection of fault characteristic gases. In all, the detailed analysis has contributed
some beneficial guidance to the exploration on the surface morphology and special
hierarchical structure of WOg for highly sensitive detection of fault characteristic gases in
oil-immersed transformers.

Keywords: WO3;, gas sensors, hierarchical structure, oil-immersed transformer, fault characteristic gas,
mechanism

INTRODUCTION

The safe and reliable operation of transformers is of vital importance for a stable and continuous
power supply to the power grid (Lu et al, 2018; Zhang D. Z. et al,, 2018; Zhang Q. Y.
et al, 2018; Cui et al, 2019; Yang et al, 2019a,b). To date, the number of oil-immersed
transformers accounts for more than 90% of the total number of power transformers, and
the operating state of these power transformers will directly affect the condition of power
systems (Zhou et al., 2016; Zhang X. X. et al, 2019). For a long-running transformer, partial
overheating and partial discharge will lead to the decomposition of transformer oil into a
variety of fault gases, namely hydrogen (H,), carbon monoxide (CO), carbon dioxide (CO,),
methane (CHy), acetylene (C,H,), ethylene (C;Hy), and ethane (CyHg) (Jin et al., 2017; Gao
et al, 2019; Park et al., 2019; Wang J. X. et al., 2019). Hence, the detection of these fault

Frontiers in Chemistry | www.frontiersin.org

95 April 2020 | Volume 8 | Article 188


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2020.00188
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2020.00188&domain=pdf&date_stamp=2020-04-07
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lingnaxu@swu.edu.cn
mailto:zhouqu@swu.edu.cn
https://doi.org/10.3389/fchem.2020.00188
https://www.frontiersin.org/articles/10.3389/fchem.2020.00188/full
http://loop.frontiersin.org/people/865524/overview
http://loop.frontiersin.org/people/547980/overview

Wei et al.

WO3-Based Fault Characteristic Gas Sensors

characteristic gases has been extensively applied to diagnose early
latent faults and evaluate the operation quality of oil-immersed
transformers (Zhang et al., 2018a; Cui et al., 2019; Gui et al,
2019). In this respect, metal oxide semiconductor (MOS) gas
sensors have attracted considerable attention due to their high-
performance capability and wide range of applications for the
detection of these fault characteristic gases in transformer oil
(Zhou et al., 2013; Zhang Y. Z. et al,, 2019).

Given this, various metal oxides have been investigated via
different synthesis routes (Ge et al., 2017; Zhou et al., 2018a,b;
Wei et al., 2019a). Of all the oxides, as a typical n-type metal-
oxide semiconductor, WO3 has attracted a large amount interest
due to its excellent physicochemical properties (Miao et al,
2015; Xu et al,, 2019). To improve the performance of the gas
sensors, sustainable efforts have been made to synthesize various
nanostructures such as nanoparticles, nanorods, nanosheets,
and nanoflowers (Wei et al, 2019b). Additionally, previous
researchers have confirmed that these unique structures are
closely related to its gas sensing properties (Yu et al., 2016).
Therefore, the morphology controllable synthesis of different
hierarchical WO3 nanostructures and the enhanced gas sensing
performances thereof are of great importance to explore and
discuss. In this review, we focus on the morphology controllable
synthesis of hierarchical WO3 nanostructures including 0-
dimensional (0-D), 1-dimensional (1-D), 2-dimensional (2-
D), and 3-dimensional (3-D). In addition, the enhanced gas
sensing performance and related mechanisms, especially the
detection of the dissolved gases in transformer oil, have
been introduced.

SYNTHESIS, SENSOR FABRICATION AND
MEASUREMENT

Synthesis of WO3; Materials With Different

Strategies

Up to now, various effective strategies have been proposed for
preparing special surface morphologies and then fabricating
WOj3 based sensors with an enhanced gas sensing performance.
Among these synthesis routes the template route, hydrothermal
process, electrospinning method, and chemical deposition have
all been widely used. Wang M. D. et al. (2019) synthesized
three-dimensionally porous WO3 materials with different pore
sizes via the template route, and they proposed a relationship
between the pore size and the enhanced gas sensing performance.
Gibot et al. (2011) reported the template synthesis of a highly
specific surface area WO3 nanoparticle and discussed the surface
properties, morphology and crystallographic structure in detail.
Jin et al. (2019) developed different types of WO3 nanoparticles
through a facile hydrothermal process and proposed the
morphology controllable route of changing the proportion of the
reagents. Cao and Chen (2017) used a facile CTAB (Hexadecyl
trimethyl ammonium bromide)-assisted hydrothermal method
to synthesize an urchin-like WO3 nanostructure, and a sensor
based on this possessed an excellent gas sensing performance
due to its special microstructure. Giancaterini et al. (2016)
investigated the influence of thermal- and visible light-activation

on the response of WOj3; nanofibers via an electrospinning
method. Jaroenapibal et al. (2018) presented the electrospinning
synthesis of Ag-doped WO3 nanofibers and demonstrated an
enhanced gas sensing mechanism.

Sensor Fabrication and Measurement

To investigate the gas sensing performances of the different
morphologies of WO3 materials, the prepared samples are used
to fabricate side-heated structures, the most common versions
of which are known as planar and tubular configurations. As
depicted in Figure 1A, both of the structures were composed of
four parts: sensing materials, wires, electrodesm, and substrate.
The sensing materials in the sensor structure are prepared by
dissolving the obtained WOj; powders into a water-ethanol
mixed solution. After forming a homogeneous slurry, the paste
is coated onto an alumina ceramic substrate evenly to obtain
a sensing film (Zhou et al., 2019a,b). The wires are used to
connect the whole measuring circuit and the electrodes are
used to measure the change in sensor resistance which directly
reflects the performance of the fabricated sensor (Zhou et al.,
2018a). The substrate is usually made of aluminum, which
can provide reliable support for sensing materials (Zhou et al.,
2018c,d).

The gas sensing properties of fabricated WO3 based sensors
are investigated using a static intelligent gas sensing analysis
platform. Figure 1B presents an example gas sensor experimental
process. In this set up the background gas and target gas are
alternately introduced into the gas chamber to measure the
characteristic dynamic response and response-recovery rate of
the prepared device. The flow controller is used to adjust the
flux and speed of gases in order to control their concentrations.
The fabricated sensors are installed in the testing chamber and
the gas sensitivity data will be directly transmitted to the central
computer for processing (Wei et al., 2019¢).

MORPHOLOGY CONTROL FROM 0-D TO
3-D

In general, the change in sensor resistance caused by the redox
reaction between oxygen molecules and test gas molecules is used
to explain the basic operating principle of gas sensors. The surface
morphology and special hierarchical microstructures have a
crucial effect on the performance of gas sensors. In this respect,
various morphologies from 0-D to 3-D with unique physical
and chemical properties have been successfully synthesized and
extensively explored via different effective strategies (Guo et al.,
2015; Yao et al.,, 2015). Additionally, the controllable synthesis
routes of WO3 nanostructures have been proposed to allow
further investigation into how surface morphology affects gas
sensing properties. As shown in Figure 1C, the four typical
kinds of nanostructures, from 0-D to 3-D, can be controllably
synthesized with different effective strategies. Given this, to
further optimize the performance of WO3 based sensors for
practical application, the exploration of surface morphology
and special hierarchical structure is still a challenging but
meaningful work.
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0-Dimensional (0-D) WO3;

As the lowest dimensional structure, 0-D WOs3; has been
investigated less as it is limited by its low specific surface
area and insufficient porous structure. These disadvantages limit
the diffusion and adsorption of target gas molecules during
the sensing process, leading to unsatisfactory performances.
Additionally, during the preparation of 0-D WOj3 nanoparticles
and the operation of the fabricated sensor, the coarsening
and agglomeration of the nanoparticles might decrease the
response of the device. However, various WO3 nanoparticles have
been rationally designed and synthesized. Based on the defects
mentioned above, WOj3 nanoparticles with high dispersivity
and ultra-small diameters might improve the performance of
nanoparticle based sensors. In this respect, Li et al. (2019)
synthesized highly dispersible WO3; nanoparticles with sizes
ranging from 10 to 50 nm and they found the fabricated sensor
exhibited an excellent gas sensing performance due to the highly
effective surface area and sufficient oxygen vacancies.

1-Dimensional (1-D) WO3
1-D WOj3 structures, for instance, nanorods, nanofibers,
nanotubes, and nanowires, are considered to be beneficial

nanostructures with improved special surface areas compared
to. Also, the typical morphology has been applied to the
detection the fault characteristic gases dissolved in transformer
oil. Wisitsoorat et al. (2013) developed 1-D WO3 nanorods via
a magnetron sputtering method, an H, sensor based on which
possessed prominent properties including a high response and
fast response-recovery time. To further enhance the performance
of 1-D WOs3, the doping of metal ions and the introduction
of surfactants have been confirmed to be effective strategies
to improve the redox reaction and the orientation of special
structures. Atomic platinum (Pt) is considered to be an effective
doping element which can optimize the sensing properties and
this strategy can be explained by the spillover effect of oxygen
species and the enhancement of adsorption and desorption (Park
etal, 2012).

2-Dimensional (2-D) WO3

Compared with low dimensional structures, 2-D structures
possess a larger special surface area for the target gas molecules
and therefore higher gas responses (Dral and ten Elshof,
2018). In comparison to the bulk 3-D structure, freestanding
2-D structures such as nanosheets, nanoplates, and thin
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films can provide better optimization routes including the
modulation of the materials activity, surface polarization and rich
oxygen vacancies. Additionally, the hierarchical microstructure
assembled by rigid 2-D nanosheets possesses an open and well-
defined structure which can promote the diffusion of target
gas molecules (Nasir and Pumera, 2019). Especially in the field
of the detection of fault characteristic gases in oil-immersed
transformers, 2-D WO3 based sensors have been confirmed to be
promising candidates with excellent gas sensing performances.
Huang et al. (2020) synthesized Ru-loaded WOj3; nanosheets
via a facile impregnation method and they believed that the
higher activity of surface lattice oxygens in WO3 nanosheets was
activated by the introduction of Ru. Ou et al. (2012) fabricated
H; sensors based on WOj3; nanoplates at different calcination
temperatures and proved that the 2-D structure possesses a
higher surface to volume ratio which clearly increased the
number of surface interactive areas that could interact with
H, molecules.

3-Dimensional (3-D) WO3

Hierarchical 3-D structures are always assembled from diverse
lower dimension fundamental blocks such nanoparticles,
nanorods, and nanosheets. These various assembly routes
make the hierarchical microstructures present different special
morphologies, for instance, microspheres, microflowers,
mesoporous structures, and other irregular structures. The well-
defined structures always possess a larger special surface area
and more unique microstructures, leading to better gas sensing
performances including higher response times, more prominent
selectivity, stability, and repeatability (Zhang et al., 2013).
To detect fault characteristic gases, Zhang Y. X. et al. (2019)
prepared a sea-urchin-like hexagonal WO3 structure created by
the capping effect of potassium sulfate (which can prompt the
anisotropic growth of WO3) and the H, sensing performance
was confirmed to benefit from the special hierarchical 3-D
microstructure. Wei et al. (2017) synthesized hollow cauliflower-
like WO3 by a facile hydrothermal process and found that the
higher and faster response to CO might benefit from the hollow
porous microstructure.

GAS SENSING PROPERTIES AND
MECHANISM

To improve the performances of the detection of fault
characteristic gases in oil-immersed transformers, WOj3
based sensors with different hierarchical structures have been
confirmed to be promising candidates for on-line monitoring
of oil-immersed power transformers due to their excellent gas
sensing properties. In this section, we summarize the related
works based on the recently published investigations (Table 1)
and propose a plausible gas sensing mechanism.

The gas sensing mechanism of the WO3 based sensors can be
demonstrated as the change in sensor resistance caused by the
redox reaction between the oxygen species (mainly O™) and test
gas molecules on the surface of synthesized materials, as shown
in Figure 1D. For typical n-type WO3 based sensing materials,

TABLE 1 | Summary of recent researches on WO3 based sensors for sensing of
fault characteristic gases dissolved in transformer oil.

Gas Sensing material Concentration Temp. Response Refereneces

Ho  WOj3 nanoparticles 200 ppm  200°C 20 Boudiba et al.,
2013
WO3 nanoparticles 0.5 vol% R.T. 27.3 Xiao et al., 2018
Pd-doped 5000 ppm R.T. 11.78 Wuetal.,, 2019
mesoporous WO3
PdO-WO3 40 ppm 100°C 23.5 Geng et al., 2017
nanohybrids
WO3 nanosheets 1% 250°C 80% Rahmani et al.,
2017

CO Pt doped 100 ppm 125°C 10.1 Ma et al., 2018
mesoporous WO3
Cauliflower-like 50 ppm 270°C 16.6 Wei et al., 2017
W03
Pt-modified WO3 20 ppm 150°C 114 Lei et al., 2016
films
Pt-WO3 nanorods 30 ppm 300°C 4.82 Park et al., 2012

CH4 SnO2-WOg3 500 ppm 90°C 1.5 Xue et al., 2019a
nanosheets
Rh-modified WO3 5 ppm 350°C 63.1 Tan and Lei, 2019
films
Au-WO3 nanowire 100 ppm  250°C 37% Vuong et al., 2015
SnO,-WO3 500 ppm 110°C 2.85 Xue et al., 2019b
nanoplates

CoHo Porous WO3 200 ppm 300°C 58 Zhang et al., 2018b
networks
WOg3 nanoflowers 50 ppm 275°C 20.95 Weietal., 2019b
rGO-WO3 50 ppm 150°C 15 Jiang et al., 2018
nanocomposite

R.T., room temperature.

the oxygen molecules in the testing environment will be reduced
and adsorbed on the surface of the materials by capturing the
electrons from the conduction band, and the target gas molecules
will react with the oxygen ions and release the electrons back to
the conduction band. The involved reactions can be described as
follows (H; and CO gas are taken as examples):

O2(g) = O2(ads) (1)

Oaads) + 2~ — 207 (aas) 2

Hy(g) + O (adyy+ = H2O0(ad5) + € (3)
COads) + O (ags) = CO2 + ¢~ (4)

CONCLUSION

In this mini review, we focus on the synthesis strategies,
morphology control, sensing experimental procedures, and gas
sensing performances of hierarchical WO3 structures from 0-D
to 3-D. The gas sensing properties of various high-performance
WO3; based sensors are summarized and discussed, especially in
regards to the detection of fault characteristic gases dissolved
in transformer oil. With an increasing requirement for high
quality gas sensors with high responses, prominent selectivity,
outstanding stability, and excellent repeatability, considerable
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efforts have been made to propose more effective synthesis
routes, more beneficial morphology control and more accurate
experiment processes. It can be foreseen that more and more
hierarchical WOs3 structures will be rationally designed and
prepared due to their complicated microstructures with high
special surface areas, broad internal contact area, and well-
defined structures. These special hierarchical structures will
provide more diffusion paths, reactive sites, and micro reaction
spaces for target gas molecules adsorption, retention, and
reaction. Although some achievements have been made by
unremitting efforts, the further enhancement of the gas sensing
properties of WO3 based sensors for practical applications
is still a challenging but meaningful work. We hope that
our work can contribute some beneficial guidance to the
exploration of the surface morphology and special hierarchical
structures of WOj. Additionally, much effort should be
made to fabricate high-performance WO3 based sensors with
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Single-walled carbon nanotubes (SWCNTs) have been widely discussed and applied as
novel gas sensing nanomaterials. Hydrogen is one of the remarkable fault characteristic
gases in high-voltage oil-paper insulated transformers. In this paper, 3.07 wt% Pd
nanoparticles (NPs) were used to decorate SWCNTs. The unloaded, the carboxylated,
and the Pd-doped SWCNTs were fabricated into three planar gas sensors, and their gas
sensing properties to hydrogen were studied. Gas sensing mechanism was analyzed.
Results show that the optimal operating temperature of a Pd-doped SWCNTs-based
gas sensor is 125°C lower than that of the unloaded SWCNTs-based gas sensor, and it
shows the highest gas sensing response value. This is attributed to the decreasing work
function of Pd, which reduces the hole carries in the nanotubes.

Keywords: single-walled carbon nanotubes, Pd-doped, hydrogen detection, gas sensing properties, high-voltage
transformers

INTRODUCTION

Novel gas sensing materials were discovered and have been studied over the past five decades. A
number of works on the improvement of microstructures, structures, and sensing properties of gas
sensing materials have been done by researchers. Nanomaterials, such as nanofibers, nanowires,
carbon nanotubes (CNTs), and nanoparticles, are the main focus of this research. In a study by Zhou
et al. (2017a,b), the highly porous NiO nanodisks (NiO-NDs) and its synthesis, characterization,
and sensing applications to alcohol were analyzed. In the reference (Zhou et al., 2018), the
1D hierarchical p-n heterostructured Mn3O4/SnO4 hybrid materials (HMs) was synthesized by
Zhou et al,, and the sensing results to acetone indicates the perfect gas sensing performance of
hybrid materials.

Due to CNTs fullerene structure and its large surface area, and the excellent electrical,
mechanical, and thermal properties they have, CNTs have been one of the most widely studied gas
sensing materials in the past two decades (Chen et al., 2001; Rana et al., 2017; Zaporotskova et al.,
2017). Single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MW CNTs)
are the two main types of CNTs. The microstructure of SWCNTs and MWCNTs are somehow the
same, that is, they consist of a rolled-up single sheet of a layer of graphene. However, MWCNTs are
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composed of concentric tubes of graphene fitted inside each other
(Pitroda et al., 2016; Beitollahi et al., 2018; Han et al., 2019).
It is confirmed that adsorption of electron withdrawing (e.g.,
NO;, O,) or donating (like NH3) molecules on SWCNTs will
cause the charge transfer between the nanotubes and molecules
(Kong et al., 2001). Compared with other gas sensing materials,
like MOS, CNTs—especially single-walled carbon nanotubes—
have remarkable properties. For example, they have the highest
Young’s modulus, highest thermal conductivity, ballistic electron
transport, and a high aspect ratio structure. What’s more, CNTs
are a more stable electrode material than other gas sensing
materials due to its lower probability to be reduced or oxidized
during a substantial range of potentials (Robertson, 2004). In the
reference (Naje et al., 2016), the detection of NO;, using SWCNTs
and MWCNTs on porous silicon wafers was done by Naje et al.
The NO; gas sensing performance of SWCNTs and MWCNTs
vary at temperatures ranging from 25 to 250°C, and it shows
that equal sensitivity can be reached with a higher temperature

for SWCNTs compared to MWCNTS, while the highest response
of SWCNTs (79.8%) is higher than MWCNTs (59.6%) at
their optimum temperature (150°C for SWCNTs, 200°C for
MWCNTSs). The trace level detection of NH3; and NO, at room
temperature via randomly oriented SWCNTs, which is grown by
PECVE technique at 650°C, were realized by Lone et al. (2018).
Results show the quick response and recovery characteristics of
both NH3 and NO,. Additionally, the gas sensing abilities of
unloaded SWCNTs to N;Oy4 (Dai et al., 1999), O, (Kong et al.,
1998), CO; (Yoon et al., 2018), and CHy4 (Poonia et al., 2015) are
widely discussed.

High-voltage oil-paper insulated transformers play an
essential role in power transmission, but during the long-
term operation, due to oxidation, pollution, and excessive
inner temperature, the transformer insulation oil will be
degraded and decomposed, producing traces of characteristic
gases dissolving in the oil. Hydrogen is one of the main
characteristic gases reflecting overheat fault and discharge
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FIGURE 1 | (a-c) The 2D structure of the planar gas sensor. (d) The 3D structure of the planar gas sensor.
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fault in the oil-immersed transformer (International Standard
IEC 60599: 2015, 2015). Gas sensing nanomaterials such as
Sn0;, ZnO, WO3, and MoS,, as well as their functionalized
derivatives, have been applied in studies on characteristic
gases detecting of high-voltage transformers (Tang et al., 2017;
Zhou et al.,, 2018; Wang et al., 2019; Wei et al,, 2019). More
importantly, Zhang et al. found that CNTs are well-performed
gas sensing materials for gas detection of high-voltage electrical
equipment (Zhang et al, 2017). However, it was reported
in the study Kong et al. (2001) that nanotubes show a poor
sensing response to some gas molecules. Instead, geometrical
optimizations of SWCNTs with and without doped metals
and their gas adsorption structures were studied based on
computational methodology by applying restricted density
functional theory (DFT) by Tabtimsai et al. (2011). Calculation
and simulation indicated that decorating SWCNTs with
Pd nanoparticles can effectively enhance the gas sensing
performance to NO;, NHiz, H,O, and H,. The hydrogen
atoms dissociated from the hydrogen molecules have smaller
adsorption energy and dissociation energy on the Pd cluster. As
an electron donor, Pd clusters can quickly dissociate hydrogen
atoms, electron acceptors, and accelerate electron transfer in
gas-sensitive materials.

In this paper, the carboxylated and 3.07 wt% Pd-doped
SWCNTs-based nanomaterials were synthesized based on the
unloaded SWCNTs-based nanomaterials. Three SWCNTs-
based nanomaterials (the wunloaded, the carboxylated,
and the Pd-doped) were fabricated into corresponding
planar gas sensors. Gas sensing properties including the
temperature characteristics, the concentration characteristics,
the linearity, detecting limitation, and the response and
recovery time characteristics of three SWCNTs-based gas
sensors to hydrogen were studied. Gas sensing mechanisms

were analyzed. In the results, Pd-doped SWCNTs-base
gas sensor presents the best gas sensing performance to
hydrogen. This study can provide a novel solution to the
issue of characteristic gases detection in high-voltage oil-paper
insulated transformers.

MATERIALS AND METHODS

Preparation of SWCNTs-Based

Nanomaterials
The unloaded SWCNTs-based nanomaterials were made by
Timesnano of Chengdu Organic Chemicals Co. Ltd., Chinese
Academy of Sciences. The outer Diameter (OD) of the
unloaded SWCNTs-based gas sensing nanomaterials is 1-3 nm,
and the purity is all higher than 90 wt%. The length of
nanomaterials is about 50 microns. Concentrated hydrochloric
acid, concentrated sulfuric acid, concentrated nitric acid,
isopropanol, and ammonia used in the preparation process
were purchased from Chongging Chuandong Chemical Co., Ltd.
(China), and all were of analytical grade. Palladium chloride
(PdCl,) provided a source of palladium. Deionized water was
also used.

The processes of preparation of
nanomaterials are classified into three steps:

(1) Purification of the unloaded SWCNTSs

Six hundred milligram of unloaded SWCNTs were added
to 300 ml of concentrated hydrochloric acid and ultrasonically
cleaned for 30 min. Five hundred milligram of deionized water
was used to ultrasonically clean the mixture for another
30min. The cleaned mixture was placed in a drying box
and dried at 150°C for 10h. Purified unloaded SWCNTs
were obtained.

(2) Acidification of the purified SWCNTs

SWCNTs-based
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FIGURE 2 | Steps of processing of the planar gas sensor in sectional view. (A) The productive layer of Si base layer productive. (B) SiO. insulting layer is produced by
thermal oxidation. (C) Photolithographing on the heating electrode. (D) Sputter the Pt electrode. (E) Remove the metal-attached photoresist by stripping.
(F) Deposition of SiNy isolation layer on the heating electrode. (G) Photolithography, sputtering and stripping of Au electrode. (H) Corrosion of Si base layer. (l) Etching
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FIGURE 3 | The planar gas sensor.

Four hundred milligram of purified unloaded SWCNTs
were added to 50 ml of concentrated sulfuric acid and 20 ml
of concentrated nitric acid, and heated and stirred at 80°C
for 4h. After the mixture was cooled down, it was diluted
with 60ml deionized water. The mixture was filtered through
a microporous membrane with a pore diameter of 0.45
microns, and washed repeatedly with deionized water until
pH = 7. After drying at 80°C for 12h, acidified SWCNTs
were obtained.

(3) Functionalization of the acidified SWCNTs

Two hundred milligram of SWCNT was dissolved in 50 ml
of isopropanol and sonicated for 20min to improve the
dispersibility of SWCNTs. 10.31 mg of PdCl, was dissolved
in 3ml of ammonia water. PdCl, solution was added to the
SWCNTs/isopropanol mixed solution drop by drop, and stirred
at a high speed for 2h. The obtained suspension was put in
a drying box and dried at 80°C for 2h. The obtained powder
was put in a calciner at 600°C for 2h. 3.07 wt% Pd-doped
SWCNTs-based nanomaterials were synthesized successfully.

The microstructure of the nanomaterials was characterized
by Scanning Electron Microscopy (SEM) (SU8020, HITACHI,
Japan) and Transmission Electron Microscopy (TEM) (JEM-
2000EX, JEOL, Japan).

Fabricated of SWCNTs-Based Gas Sensors

Planar gas sensors are applied in this paper. The structure of
planar gas sensors is shown in Figure 1. The planar gas sensor is
mainly composed of a Pt heating electrode, a Si base layer, an Au
gas sensing electrode, and a SWCNTS-based sensing film layer.
The size of the testing area is 300 um x 300 wm. The hardware
structure of the gas sensor is fabricated by Zhengzhou Winsen
Electronics Technology CO., Ltd by processes mainly including
oxidation, photolithography, sputtering, stripping, deposition,
and etching, which are presented in Figure 2.

The planar sensor array is shown in Figure 3. The n-type
(110) crystal face double polished silicon wafer (thickness is about
300 pm, and conductivity is 0.001-0.1 S/m) is used. In this paper,
three SWCNTs-based sensing nanomaterials are coated by the
droplet guiding method. After fully grinding the appropriate
number of SWCNTs-based nanomaterials, it was dissolved in
absolute ethanol for 1h to obtain the corresponding dispersion,
which was then dried at 400°C to get ultrafine powder. The
deionized water droplets were applied to the sensor unit testing
area using a micro syringe, and the SWCNTs-based nanomaterial
powder was carefully applied to the droplets. After drying for 8 h,
the powder was closely attached to the testing area, and three
SWCNTs-based planar gas sensors were fabricated successfully.

Gas Sensing Test Methods
The experimental platform consists of air source, RSC2000-
A automatic gas mixing system (Beijing JS Co.), and CGS-8
intelligent gas sensitivity analysis system (Beijing Elite Tech
Co., China), which is presented in Figure 4. The detection of
the electrical signals of the gas sensor is mainly realized by
the classical resistor divider principle, and the test circuit is
shown in Figure 5, where Ry is the adjustable load resistance
and Rg is the resistance at both ends of the test electrode.
Ry is the resistance of the heating electrode of the sensing
unit. Vy and Vg is the heating voltage and test voltage,
respectively. During the test, Rg will vary with the change
of condition and can be calculated by the principle of
voltage division.

The sensor response values defined here are as follows (Wang
etal., 2010):

Ry = (Rgas - Rair)/Rair
Specific steps are as follows:

1. The gas sensor is placed in a closed air chamber filled with pure
air (20L), and the sensing signal (R;) is recorded by CGS-8
system during the test.

2. The determined concentrations of hydrogen are injected by
RSC2000-A system (gas flow: 250 sccm). The resistance value
is recorded after the signal is stable.

3. The air chamber is opened through the fume hood and the
resistance made to return to the initial value Ry ;.

4. Step (2) and step (3) are repeated.

5. The recorded data is saved and further experiments can be
proceeded with.

Experiments were all carried out at a temperature of 28°C and at
60% humidity.
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RESULTS AND DISCUSSIONS

Morphology

Figure 6 shows the SEM and TEM images of the unloaded, the
carboxylated, and the Pd-doped SWCNTs. From the SEM images,
the three kinds of SWCNTs are all intertwined and woven into a
mesh, and the morphology of the SWCNTs after functioning has
not changed much. However, in Figures 6b,c, the carboxylated
and the Pd-doped SWCNTs are shorter in length and more
distributed compared to the unloaded SWCNTs in Figure 6a. In
the TEM images, all three SWCNTSs are curved and tubular, and
the basic structure has not been functionally damaged.

After acidification treatment, SWCNTs were oxidized under
the action of concentrated sulfuric acid and concentrated nitric
acid. Oxygen atoms released by concentrated nitric acid attacked
carbon nanotubes, especially the defects at the ends and on the
tube walls. Because carbon atoms are not stable six-membered

rings in SWCNTs and are in a metastable state, SWCNTs
will break in places where the nanotube curvature is large.
Thus, the length of nanotubes becomes shorter, and nanotubes
gradually disperse.

Gas Sensing Properties

The temperature characteristics, concentration characteristics
(including linearity and detecting limitation), response and
recovery time characteristics of the unloaded, the carboxylated,
and the Pd-doped SWCNTs- based gas sensors were studied in
the hydrogen atmosphere.

In Figure 7, the temperature characteristics of three SWCNTs-
based gas sensors are illustrated among 150-400°C to 100 wL/L
hdrogen. On the one hand, three different SWCNTs-based gas
sensors present the same trend of temperature characteristics:
curves climb at first with the increase of the temperature and
decrease after reaching the optimal operating temperature. This
might be because when heated to a certain temperature, the
surface of SWCNTs nanomaterials is occupied by oxygen atoms
released from the air, which increases the surface conductance of
the materials and, thus, shows a decrease in resistance. On the
other hand, after modifying SWCNTs-based nanomaterials with
Pd nanoparticles, the optimal operating temperature dropped
sharply by 125°C, and the peak response of Pd-doped SWCNTs-
based gas sensor is 10.1 and 3.2 times higher than that of the
unloaded and carboxylated SWCNTs-based gas sensors under the
respective optimal operating temperature, respectively.

Concentration characteristics were tested in 0-500 pL/L
hydrogen at 275°C, as shown in Figure8. As the gas
concentration rises, the growth rate of the response value
of all three gas sensors slows down and gradually becomes
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unloaded, the carboxylated, and the Pd-doped SWCNTs.

FIGURE 6 | The morphology of nanomaterials. (a-c) The SEM images of the unloaded, the carboxylated, and the Pd-doped SWCNTs. (d-f) The TEM images of the
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FIGURE 7 | The temperature characteristics of the unloaded, carboxylated,
and 3.07 wt% Pd-doped SWCNTs-based gas sensors.

saturated. However, 3.07 wt% Pd-doped SWCNT-based gas
sensor has better gas sensing performance in an extreme high gas
concentration atmosphere. When the concentration of hydrogen
is 500 pL/L, the gas sensing response of Pd-doped SWCNTs-
based gas sensor is about 33.79, which is almost 14 and 3.7 times
higher than the gas sensing response of the unloaded and the
carboxylated SWCNTs-based gas sensors, respectively.

In Figure 8, R; is linearly related to the concentration in the
respective low concentration ranges (1-30 L/L), and the fitting
function and corresponding R?(linearity) is shown in Table 1.
Assuming that when hydrogen is 1 L L/L, the gas sensing response
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FIGURE 8 | The concentration characteristics of the unloaded, carboxylated,
and 3.07 wt% Pd-doped SWCNTs-based gas sensors.

is not lower than 1, the corresponding gas sensor is able to reach
the detecting limitation (International Standard IEC 60599: 2015,
2015; Tang et al., 2017). Results are shown in Table 1. SWCNTs-
based gas sensors with or without functionalization all show
perfect linearity, while only the Pd-doped SWCNTs-based gas
sensor can meet the requirement of detecting limitation.
Figure9 presents the response and recovery
characteristics of three gas sensors which were tested at
275°C to 50 wL/L hydrogen. The experiment was repeated three
times: 50 WL/L hydrogen was injected at 50, 800, and 1,550,
and was exhausted at 450, 1,200, and 1,950s. It is obvious that

time
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TABLE 1 | The fitting function, linearity and detecting limitation of three
SWCNTs-based gas sensors to hydrogen.

Sensor units The fitting function R? Detection limit
Unloaded y =0.0148x + 0.0574 0.994 x
Carboxylated y = 0.0706x + 0.8921 0.9999 x
Pd-doped y =1.2757x+40.9729 0.9697
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FIGURE 9 | The gas response and recovery time characteristics of three
different SWCNTs-based gas sensors.

both response and recovery time of Pd-doped SWCNTs-based
gas sensor are shorter than the other two. The response time
and recovery time of Pd-doped SWCNTs-based gas sensor are
about 100 and 150s. Whats more, the gas sensing response
value of the three gas sensors is slightly increased after the third
time test, which might be because of the incomplete exhaust
each time, resulting in the presence of more hydrogen than
expected in the final gas chamber. The recovery process of
gas sensing materials is a dynamic process of adsorption and
desorption between the molecules of the test gas, hydrogen, and
nanotubes. If the hydrogen molecules in the gas chamber are
not exhausted cleanly, a small amount of hydrogen molecules
will still be adsorbed with the active sites on the surface of the
nanotube at high temperatures, shown as the hydrogen atoms,
so that there will still be less electron exchange in the gas sensing
material nanotubes.

Gas Sensing Mechanism

Obviously, after decorating SWCNTs with Pd nanoparticles, the
gas sensing performance to hydrogen was remarkably enhanced.
This is attributed to the enhanced electrical property toward
molecular hydrogen compared with the undecorated SWCNTs.
The gas sensing reaction is the interactions between H;, Pd,
and the nanotubes. After heating, hydrogen molecules dissociate
faster into atomic hydrogen on Pd surface, resulting in the
dissolution of atomic hydrogen in Pd with high solubility,

consequently decreasing the work function of Pd, that is shown in
the formula (1). The lowering of the work function of Pd leads to
faster and easier electron transfer from Pd to SWCNTS, reducing
the number of hole-carries in the p-type nanotubes and the value
of conductance.

When the Pd-doped SWCNTs-based gas sensor was in a low
hydrogen atmosphere, the reason why it can reverse and auto
recover is because of the oxygen in the air and on the surfaces,
which is represented as the formulas (2) and (3) (Mandelis et al.,
1993; Collins, 2000; Kong, 2000).

Hj — 2Hgtom on surfacesHatom on surfaces Huominpa (1)
O2 + 2Hatom on surfaces —> 20H (2)
OH + Hatom on surfaces —> HO (3)

CONCLUSION

In this paper, we prepared the carboxylated and 3.07 wt% Pd-
doped SWCNTs-based nanomaterials based on the unloaded
SWCNTs, and three different SWCNTs-based planar gas sensors
were fabricated and tested in hydrogen to study their gas sensing
properties. Results show that functionalized SWCNTs-based
gas sensor with Pd nanoparticles present the best gas sensing
performance, and has the lowest optimal operating temperature
(225°C) and the highest gas sensing response to 500 wL/L
hydrogen at 275°C (R; = 33.79). The gas response and recovery
time of Pd-doped SWCNTs-based gas sensor are both 50 s shorter
than those of the unloaded and carboxylated SWCNTs-based gas
sensors. This was because the Pd doping lowers the work function
and enhances the electrical property toward molecular hydrogen.
Results could assist the development of novel SWCNTs-based gas
sensors for fault characteristic gases detection in the high-voltage
electrical transformers.
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The regulation of transcription level is an important step in gene expression process.
Beauveria bassiana is a broad-spectrum insecticidal fungi widely used in the biologic
control of arthropod. The regulation of its transcription level is a multilevel complex
process. Multiprotein bridging factor 1(MBF1) is a transcriptional co-activator that bridges
sequence-specific activators and the TATA-box binding protein(TBP), Little is known
about the interaction between MBF1, TBP, and TBP binding to DNA(TATA-sequences)in
filamentous fungi of Beauveria bassiana, The binding of TBP to TATA-box and TBP to
MBF1 was investigated via electrochemical biosensor. Graphene oxide has an electronic
mobility that is unattainable for any metal, so it will be highly sensitive as a test electrode.
Hence, we developed a simple, sensitive and specific sensor based on an TBP probe
and graphene oxide that successfully detected the interaction of TBP and TATA-box
or MBF1. From the electrochemical impedance spectroscopy (EIS), we find that the
radius will increase when adding TATA-box or MBF1 buffer to the modified TBP protein
electrode. When adding no TATA-box or no MBF1, the radius is relatively unchanged. The
interaction between TBP and TATA-box or MBF1 was proved based on the results. These
data confirmed the specificity of the interactions, (1) our developed graphene-based
electrochemical biosensor can be used for monitoring the interaction between TBP and
TATA-box or MBF1, (2) TBP can bind to TATA-box, (3) TBP can bind to MBF1, and
(4) TBP mediates the interactions of MBF1 to DNA. Therefore, this work provided a
label-free, low-cost and simple detection method for the complex process of eukaryotic
gene transcription regulation.

Keywords: Beauveria bassiana, TATA-box binding protein (TBP), multiprotein bridging factor 1(MBF1), graphene
oxide, electrochemical impedance spectroscopy (EIS)
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INTRODUCTION

Transcription factors are a major group of important protein
factors in cell life activities. They are active in the nucleus
and regulate the expression of genetic genes, thus affecting all
aspects of life. Transcription is a complex process of synthesis
of RNA catalyzed by RNA polymerase, in which DNA is used
as template and ATP, CTP, GTP, and UTP are used as raw
materials. The transcription of eukaryotic cells can be divided
into three categories according to different RNA polymerases: (1)
RNA polymerase I transcription rRNA; (2) RNA polymerase II
transcription mRNA; (3) RNA polymerase III transcription tRNA
and other small RNA.

The TATA-box binding protein (TBP) is a key protein in
transcription initiation of eukaryotic cells. And it is a universal
transcription factor with 30 kD. At the same time, it is required
for transcription initiation of RNA polymerase and the only
universal transcription factor that can specifically bind to DNA
(Lee and Young, 2000). In most eukaryotes, the TBP protein
binds to a conserved sequence called TATA-box at about 25
bp on the promoter (Kornberg, 2007). TBP is an important
component of transcription factor IID (TFIID). It, together with
other transcription factors, constitutes TATA binding protein-
related factors involved in transcription initiation and regulation
of transcription activity (Tang et al., 1996).

At present, studies have found that nearly 30 species of protein
can interact with TBP to form TATA binding protein-related
factors (Davidson, 2003). Binding of TBP to the transcription
coactivator MBF1 (Takemaru et al., 1997) in vivo and in vitro has
been reported in humans, arabidopsis, and yeasts (Mariotti et al.,
2000; Brendel et al., 2002; Liu, 2003).

In this work, in order to study the binding of TBP with TATA-
box or MBFI in filamentous fungus, we attempted to establish
a biosensor based on electrochemical impedance spectroscopy
to carry out the study. Graphene or graphene oxide (GO) has
carrier mobility inaccessible to any metal and as a test electrode
that is high sensitive to changes in electrochemical parameters
(Shu et al, 2018; Zeng et al, 2018). The unique capacity of
graphene or graphene oxide (GO) in adsorbing biomolecules
such as nucleic acids and proteins will make graphene biosensor
more sensitive and target-specific than other detection methods,
such as chromatography, colorimetry, and fluorescence analysis
(Hu et al, 2011, 2012; Wang et al., 2011; Pei et al, 2012;
Xing et al, 2012). In addition, Electrochemical Impedance
spectrum (EIS) use a small amplitude sine wave voltage (or
current) as the disturbance signal and make the response
of the electrode system to produce the approximate linear
relationship (Newman, 1989). It is a kind of measuring method
of frequency domain, so it can get more dynamic information
and electrode interface structure information than conventional
Electrochemical methods (Newman, 1989). At present, most
biosensors based on electrochemical impedance spectroscopy
focus on the interaction between antibodies and antigens (Katz
et al,, 2004; Hou et al,, 2014). The impedance change on the
electrode surface was measured by the electrochemical system
to reflect the binding effects of the antigens and antibodies
(Hou et al,, 2013). Based on the principle, we adopt a more

Double layer capacitance Cg;

Resistance R,

J

Electrode Electrolyte

FIGURE 1 | Electric double layers model.

intuitive Nyquist diagram to reflect the binding effect of TBP
and TATA-box or MBF1 in filamentous fungus (Hu et al., 2011).
The variation of the semicircle radius in the Nyquist diagram
reflects the impedance change at the electrode interface, so as
to verify the binding effect of TBP and TATA -box or MBFI in
filamentous fungus.

MECHANISM OF EXPERIMENT

After adding solution to the surface of the electrode, the charges
near the interface between the electrode and the solution will be
redistributed, and the opposite charges will be equally distributed
on both sides of the interface, thus forming the simplest electric
double layers model, which is also called the Helmholtz electric
double layers model (Helmholtz, 1879; Christine et al., 2001).
However, there is a flaw in the Helmholtz model, which assumes
that the capacitance Cg of electric double layers is a constant
value. However, in the experiment, Cqj is a variable, which can
be influenced by relative potential and the concentration of
electrolyte. According to the concept of Helmholtz model, the
improved model of electrode and solution interface distribution
is shown in Figure 1 (Helmholtz, 1879).

Both charge transfer and diffusion control the process. The
Nyquist plots are made up of a semicircle in the high frequency
region and a straight line with a dip angle of 45° in the low
frequency region. The high frequency area is controlled by charge
transfer, while the low frequency area is controlled by diffusion of
solution. In an ideal situation, the typical EIS diagram obtained
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FIGURE 2 | The typical EIS diagram.

is a curve with a semicircle and tail, as shown in Figure 2
(Prodromidis, 2010; Lu et al., 2011; Asadi et al., 2016).

In the Nyquist plots, we can calculate electrode resistance via
the diameter of the semicircle. The larger the resistance, the larger
the radius of the semicircle, which can directly reflect the changes
in the electrode interface. In this work, when the solution was
added to the electrode surface, the specific interaction between
TBP protein and TATA-box, as well as the binding between TBP
protein and BbMBF1 protein, will lead to the increase in the
thickness of the electric double layers, resulting in the reduction
of Cg, as shown in Figure3 (Helmholtz, 1879). According
to the equation (1) shows that when the electric double-layer
capacitance Cg decreases, the impedance Z of the equivalent
circuit will increase, the corresponding radius of Nyquist plots
will also increase.

1
Z =R+

ijdH-% )
Ret+ow 2 (1*]‘)

Where Rg is the ohm internal resistance, R is the charge
transfer resistance, Cqj is the electric double-layers capacitance,
o is the diffused coefficient, w is the angular frequency, j is the
imaginary unit.

MATERIALS AND METHODS

Materials and Reagents
Beauveria bassiana ARSEF2860 was purchased from RW Holley
Center for Agriculture and Health, Ithaca, NY, USA. Expression

carrier: pET-28-a (+) contains six histidine labels and was
gained from Novagen (USA). TADNA ligase was acquired from
New England BioLabs. Escherichia coli Rosetta DE3 cells were
purchased from Novagen (USA) and used for heterologous
expression of proteins. Escherichia coli TOP10 were applied to
vector transformation and plasmid amplification and purchased
from Invitrogen (USA).

Methods

Heterologous Expression and Purification of BbTBP
and BbMBF1

Before heterogenous expression and purification of TBP
and MBF1, expression carriers of TBP and MBFI1 were
constructed. In order to build pET-28a-BbTBP and pET-
28a-BbTBP recombinant vector, we applied T4DNA ligase
to connect the target gene to the vector. The recombinant
carrier was transformed into E. coli TOP 10 for transformation
and extraction, thus obtaining the recombinant plasmid. The
recombinant plasmids pET-28a-BbTBP and pET-28a-BbMBF1
were transformed into E. coli Rosetta DE3 cells of protein-
expressing. According to the characteristics of host bacteria,
different inducers were added to induce protein expression. The
expression levels of BbTBP and BbMBF1 proteins were optimized
based on induction time and temperature. Optimal conditions
for large-scale expression of BbTBP and BbMBF1 were selected.
The protein was purified according to the label of recombinant
protein, then concentrated and dialyzed to obtain BbTBP and
BbMBF1 proteins. This process of expression and purification is
described in more detail in article (Chi et al., 2015). Among them,
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the concentration induced by BbTBP heterologous expression
of IPTG was 0.3 mM, the induction temperature was 18°C and
induction time was 12 h. BbMBF1 induce expression of IPTG ata
concentration of 0.5 mM, and the induction condition was 30°C
for4h.

Methods

An e-corder impedance analyzer (EDAQ Instruments, USA) was
applied in this work. The specific electrode is a three-electrode
system, the test electrode is a graphene electrode, the reference
electrode is a platinum wire, and the connection electrode is an
Ag/AgCI (saturated KCI) electrode. The three electrodes were
placed in the potassium iron hydride electrolyte to keep distance
from each other to prevent short circuit. Before testing the
sample, the electrode assembly was verified by cyclic voltammetry
and impedance method. And the cyclic voltammetry has a
working potential of 0 ~ 0.65V and a sweep speed of 0.1 V/S.

As shown in Figure4, 2 pl of the BbTBP protein sample
contains a 6 x His label was added dropwise to the graphene
electrode for functionalization. After the sample was dried, the
graphene electrode surface was detected impedance value. Then
add the BbMBF1 protein or the nucleic acid sequence TATA-
box to be tested to the middle of the electrode, and after drying,
measure the change in the surface impedance of the graphene

electrode, and obtain the Nyquist plot. Using the impedance
meter’s own software ZMAN 2.2 to analyze the spectrum and
obtain the impedance value of the electrode surface. In this
work, BbTBP protein was firstly dropped onto the surface
of graphene electrode and the changes of impedance on the
electrode surface were measured. The Nyquist plot was acquired
through measuring the current changes on the electrode surface
via an electrochemical system, which could present the physical
changes on the surface in a numerical way.

RESULTS AND DISCUSSIONS

EIS Analysis of BbTBP and TATA-Box

Probes

The sensitivity and linear relationship of BbTBP protein binding
test electrode were tested firstly. Two microliter BbTBP protein
(0.26, 0.51, 1.02, 2.04, 3.06, 4.08, and 5.1 pg) of different
concentrations were dropped onto the electrode surface, and then
the impedances of electrode surface were measured, respectively.
In the Figure5A, the radius of the semicircle increased with
the increasing of concentration. Where the starting point of
the semicircles were almost equal, the R resistance was almost
unchanged. The increase of the radius represented the increase
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of the transfer resistance R, which reflected the strength of
charge transfer at the interface. The stronger the charge transfer
was, the larger the transfer resistance R, was, the smaller
the interface capacitance Cy was, and the impedance value
on the corresponding electrode surface increased. This also
indicated that with the increase of BbTBP protein concentration,
more and more proteins adsorbed on the electrode surface,
resulting in the increase in the thickness of the electric double
layer and enhanced charge transfer, which increased R and
decreased Cy. And the impedance of the equivalent circuit
was also increased. From Figure 5B, we could see that the
impedance of the electrode surface increased with the change

TABLE 1 | The nucleic sequences of TATA-box and no-TATA-box.

Name Nucleic sequences
TATA-box CAGTAAAAGCTTGGTAGTATTTATATCTTCTCTCTTTCAC
No TATA-box CAGTAAAAGCTTGGTAGTATTTCTTCTCTCTTTCAC

of BbTBP protein concentration, showing a certain linear
relationship (R? = 0.9811).

According to the experiment and detection principle of the
BbTBP protein binding test electrode, a low concentration of
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BbTBP protein (0.26 pg) was selected to detect its binding
effect on TATA-box. Firstly, 2 pL, 0.26 png of BbTBP protein
was dropped onto the test electrode surface, and then 4, 8,
12, 18, and 20 ng TATA-box 1 nucleic acid sequences were
sequentially added dropwise to the test electrode surface. The
concentrations of TATA-box 1 is 80, 160, 240, 360, 400 nM. In
order to evaluate the specificity of BbTBP and TATA-box, the
concentrations 360 nM of TATA-box and no-TATA-box were
kept as controls. At the concentration and same volume (2
nL), TATA-box 1 nucleic acid (24843Da) mass is 18 ng, and
no-TATA-box nucleic acid (24073Da) mass is 17.4 ng. The
nucleic sequences of tata-box and no-tata-box are shown in
Table 1, the bold part is the TATA core sequence, and their
masses are calculated by formula 2. Simultaneous detection of
impedance changes on the test electrode surface. The results
were shown in Figure 6A. It could be seen that the adsorptive
behavior of TBP and controls were very different. But for control
group, the Nyquist plots of the electrode surface without BbTBP
protein were very similar. For TBP and TBP+no TATA DNA

(360 nM), the Nyquist plots of the electrode surface were very
similar. And for TBP and TBP+ TATA DNA (360 nM), the
Nyquist plots of the electrode surface were very different. It
could be seen from the figure that the radius of Nyquist plot
of the electrode surface with BbTBP protein increased with the
addition of TATA-box 1 at different concentrations, indicating
that the impedance of the electrode surface increased after the
addition of TATA-box 1, which further proved that BbTBP
protein and TATA-box 1 had binding effect on the electrode
surface. Figure 6B was the impedance corresponding to the
Nyquist diagram.

M=CxV x M, (2)

Where M is the mass, C is the concentration (mM), V is the
volume (ml), M, is the molecular weight (g/mol).
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EIS Analysis of the Interaction Between

BbTBP and BbMBF1

The results of BbTBP protein and TATA-box electrochemical
experiments showed that the electrochemical impedance
spectroscopy could be used for the interaction between protein
and nucleic acid. Similarly, the electrochemical system was
also used to try to detect the possibility of protein-protein
interactions. Firstly, the His-tag of the BbMBF1 protein was
removed, we used the thrombin cleavage site on the expression
vector pET28a to remove the BbMBF1 protein. Then, the
digested protein was dropped onto the surface of the test
electrode, and the impedance of the electrode surface was
detected to verify the effect of the enzyme digestion. The
enzyme digestion conditions of His-tag were determined by
comparing the impedance of the blank electrode. The results
were shown in Figure 7. Compared with the blank electrode,
the enzyme-digested BbMBF1 protein was less adsorbed on

the electrode surface with the same impedance level as the
negative control. This shows that the BbMBF1 protein His-tag
was completely excised.

BbTBP containing His-tag of 1.02 jLg was dropped onto the
surface of the test electrode, and then the BbMBFI protein
containing His-tag of different concentrations were removed
successively (0.16, 0.32, 0.48, 0.64, 0.8, and 0.96 pg). The
impedance changes on the surface of the test electrode were
detected by electrochemical system. As shown in Figure 7, it was
obvious from Figure 7A that the semicircle radius increased with
the increase of concentration of BbMBF1, which also reflected the
binding effect between the BbTBP protein and BbMBF1 protein
on the electrode surface. And with the increase of BbMBF1
protein concentration, the binding effect was enhanced, and
binding was basically saturated at a certain concentration (0.64
ng). Figure 7B showed the impedance on the electrode surface
with the increase of BbMBF1 protein concentration. It could
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be more intuitively seen from the figure that the changes of
impedance on the electrode surface. This experiment showed that
electrochemical impedance spectroscopy could also be used to
detect protein-protein interactions.

In order to further determine the accuracy of the experiment,
a detailed control experiment was conducted, as was shown
in Figures8, 9. The 1.02 pug BbTBP protein and 0.48 pg
BbMBF1 protein were selected for electrochemical detection of
the interaction. BSA and buffer were added as controls. Figure 8
showed that the impedance on the surface of the BbMBF1 protein
test electrode with only BSA, buffer and His-tag removed was
only slightly higher than the blank electrode. After BbTBP was
dropped, the impedance on the surface of the electrode was
significantly higher. This indicated that the binding of BbTBP
protein to the electrode was not disturbed by other factors. In
addition, the effects of BbTBP protein and BbMBF1 protein were
also unaffected by other factors.

DISCUSSION

To verify the interaction between BbTBP and TATA-box, this
work tried a graphene biosensor based on electrochemical
impedance spectroscopy. Firstly, BbTBP containing a histidine
tag was combined with test electrode, which can specifically
recognize TATA-box. By measuring the impedance changes of
electrode surface to detect binding of BbTBP with TATA-box is
effective and practical. Secondly, the interaction signal between
BbTBP and BbMBF1 was acquired by the graphene-based
electrochemical biosensors. The interaction between BbTBP
and BbMBF1 was proved based on the results. Compared
with gel migration experiment (Chi et al., 2015), DNase
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Zero-dimensional (OD) nanomaterials, including graphene quantum dots (GQDs), carbon
quantum dots (CQDs), fullerenes, inorganic quantum dots (QDs), magnetic nanoparticles
(MNPs), noble metal nanoparticles, upconversion nanoparticles (UCNPs) and polymer
dots (Pdots), have attracted extensive research interest in the field of biosensing in
recent years. Benefiting from the ultra-small size, quantum confinement effect, excellent
physical and chemical properties and good biocompatibility, OD nanomaterials have
shown great potential in ion detection, biomolecular recognition, disease diagnosis and
pathogen detection. Here we first introduce the structures and properties of different
0D nanomaterials. On this basis, recent progress and application examples of 0D
nanomaterials in the field of biosensing are discussed. In the last part, we summarize
the research status of OD nanomaterials in the field of biosensing and anticipate the
development prospects and future challenges in this field.

Keywords: 0D nanomaterials, biosensing, ion detection, disease diagnosis, pathogen detection

INTRODUCTION

Nanotechnology has been a fast-growing field in the past few decades. By changing the chemical
composition, atomic arrangement, or dimension of nanomaterials, many nanomaterials with
alterations in physical and physicochemical properties are produced (Carneiro et al., 2019; Raja
etal,, 2019; Vikrant et al., 2019). Since the term “nano” was coined by Norio Taniguchi in 1974, zero-
dimensional (0D) nanomaterials have been hailed as the forerunner of nanotechnology. Due to the
inherent structural properties of 0D nanomaterials, such as ultra-small sizes and high surface-to-
volume ratios, they have more active edge sites per unit mass. The edge and quantum confinement
effects of 0D nanomaterials endow them with more improved or novel properties such as high
photoluminescence (PL) quantum efficiency and chemiluminescence (Jiang and Tian, 2018; Chen J.
B.etal,, 2019; Farzin et al., 2019; Pirzada and Altintas, 2019). Up to now, various 0D nanomaterials
have been extensively explored. For instance, graphene quantum dots (GQDs) (Qian et al., 2014;
Lu et al,, 2018; Yan et al., 2019), carbon quantum dots (CQDs) (Zheng et al., 2015; Li et al., 2018b;
Pandit et al., 2019), fullerenes (Barberis et al., 2015; Zhang C. et al., 2018), inorganic quantum
dots (QDs) (Freeman et al., 2012; Li et al., 2018a; Robidillo et al., 2019), magnetic nanoparticles
(MNPs) (Yu et al,, 2017; Bragina et al., 2019), noble metal nanoparticles (Yang C. T. et al., 2016;
Jain and Chauhan, 2017; Bagheri et al., 2018), upconversion nanoparticles (UCNPs) (Cheng Z. H.
etal., 2019; Gu et al., 2019) and polymer dots (Pdots) (Ou et al., 2019; Zhang H. et al., 2019) are all
representative 0D nanomaterials with potential applications in materials science (Zhang X. et al.,
2014), photovoltaic science (Guo et al., 2010), catalysis (Xu et al., 2015), energy (Guldi and Sgobba,
2011), sensing (Ramanathan et al., 2019), biomedicine (Yao et al., 2018) and nanodevices (Zhang
Y. etal, 2014).
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By changing the size of nanomaterials and converting them
to zero-dimensional structures, the newly fabricated structure
can be given novel properties that differ from those of higher-
dimensional materials (Liang et al., 2014a). Compared with bulk
high-dimensional nanomaterials, 0D nanomaterials are mostly
spherical or quasi-spherical nanoparticles with a diameter of less
than 100 nm (Liu J. N. et al., 2017; Chen J. B. et al., 2019; Sondhi
et al., 2020). With such novel properties as optical stability,
wavelength-dependent photoluminescence, chemical inertness,
cellular permeability and biocompatibility, 0D nanomaterials
offer great adaptability to biomedical applications such as
nanomedicine, cosmetics, bioelectronics, biosensor and biochip
(Koh and Josephson, 2009; Yao et al, 2018). Biosensor is
considered as a reliable and usually portable tool for the rapid and
cost-effective determination of analytes including biomolecules,
antigens, proteins, biotoxins, DNA, viruses, bacteria and others.
One of the main challenges in the field of biosensor is to develop
highly sensitive biosensors by increasing the active surface area,
electrochemical activity and conductivity or optical performance
of biosensors (Pirzada and Altintas, 2019; Dhenadhayalan et al.,
2020). Therefore, 0D nanomaterials as a powerful sensing
material are utilized as an important probe to increase the
sensitivity of biosensors and thus enhance their analytical
performance due to their conductive properties and special
optical properties (Carneiro et al., 2019; Sondhi et al., 2020).

Over the past few years, an increasing number of studies on
0D nanomaterials regarding their application in biosensors have
been reported (Jiang and Tian, 2018; Chen J. B. et al,, 2019), but
few have provided a comprehensive overview of this application,
which possesses great significance to the biosensing development
of 0D nanomaterials. Therefore, this review intends to present an
overview of the most frequently used 0D nanomaterials in the
development of biosensing. Firstly, the structures and properties
of these 0D nanomaterials are introduced. Subsequently, their
application in ion, biomolecule and pathogen detection and
disease diagnosis are discussed in detail for a comprehensive
understanding of biosensors based on 0D nanomaterials. In the
end, we summarize the research status of 0D nanomaterials in the
field of biosensing, and anticipate the development prospects and
future challenges in this field.

0D CARBON-BASED NANOMATERIALS

Carbon-based nanomaterials are one of the most widely studied
materials in the field of nanotechnology due to their low cost
of mass production, low intrinsic toxicity and multifunctional
surface functionalization (Panwar et al., 2019). Because of these
excellent properties, carbon-based nanomaterials have become
promising alternatives to other nanomaterials in a variety of
biological applications, such as imaging, sensing and drug
delivery (Xu Q. et al, 2019). Among all these carbon-based
nanomaterials, 0D carbon-based nanomaterials have inimitable
electrical, optical properties, low toxicity and high quantum yield;
therefore can be used to produce micro-sensors with superior
performance and low power consumption (Shi et al., 2019; Zhou
et al., 2019). In this section, we will give a detailed introduction

to the latest progress in the application of 0D carbon-based
nanomaterials in the field of biosensing.

Graphene Quantum Dots

Graphene quantum dots (GQDs) are a new type of 0D graphene
nanomaterials characterized by atom-thin graphitized planes
(usually 1 or 2 layers, not exceeding 2 nanometers in thickness)
and small transverse dimensions (<10 nanometers in general)
(Chung et al, 2019; Li et al, 2019). One of the outstanding
features of GQDs is PL. A large number of studies have
demonstrated that the PL excitation and emission wavelength of
GQDs can be changed by adjusting their dimension, morphology
or dopant. The tunable PL property enables GQDs use in
bioimaging and biosensing. In addition, there are plenty of
oxygen-rich functional groups at the edge of GQDs, which
contributes to their good water solubility and biocompatibility
(Sun et al., 2013). Furthermore, due to such advantages as anti-
bleaching, luminescence stability and good conductivity, the
application of GQDs in the field of biosensing has been further
expanded (Zhu et al, 2015). Now, GQDs-based sensors are
widely used in the detection of various ions and biomarkers as
well as the diagnosis of major diseases.

By virtue of their PL properties, GQDs have been used in the
manufacture of many optical biosensors to detect various metal
ions (Chung et al., 2019). For example, Pathan et al. constructed
an aggregation-induced enhanced PL sensing system based on
magnetic graphene oxide quantum dots (Fe-GQDs) to sensitively
and selectively detect arsenic ions in contaminated water. The
detection limit of Fe-GQDs for As** was 5.1 ppb, which is
lower than the WHO allowable limit for arsenic in drinking
water (10 pg/L) (Pathan et al, 2019). In another work, Qian
et al. synthesized a fluorescent sensor based on GQDs-aptamer
probe and graphene oxide (GO) to detect Pb>*, The GQDs-
aptamer served as the fluorophore for the detection of Pb**,
and the unique electron transfer between GQDs and GO was
used to achieve the efficient detection of Pb>*. This nanosensor
possessed a linear range of 400.0 nM and a detection limit as low
as 0.6 nM. Due to the excellent biocompatibility of GQDs and
GO, this sensing system was expected to be used for the detection
of Pb?t in vivo and in vitro (Qian et al., 2015).

In addition, GQDs-based biosensors play a significant role
in the detection of biomarkers, such as ascorbic acid (AA),
dopamine, DNA and amino acid. In a recent study, a sensitive
and rapid fluorescence turn-on nanosensor based on orange
emission GQDs was developed for the detection of AA. AA
could consume hydroxyl radicals and recover the fluorescence of
GQDs quenched by o-benzoquinone. Such a fluorescence switch
mode provided the sensor with such advantages as universality
and high selectivity. Besides, no heavy metal element was added
to the system and thus avoided heavy metal contamination.
According to the experimental results, the detection limit of this
GQDs-based biosensor on AA was 0.32 uM, which was lower
than that of other fluorescence biosensors. Glutathione (GSH)
monitoring has received considerable attention for its vital role
in human diseases (Liu H. et al.,, 2017). Yan et al. designed a
fluorescence “turn-off-on” biosensor based on GQDs-MnO,
nanosheets for the ultrasensitive detection of GSH in living
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cells. The fluorescence intensity of GQDs was quenched by
the fluorescence resonance energy transfer between MnO, and
GQDs. After the nanometer sensor entered the cell, GSH could
reduce MnO, nanosheets to Mn%t cation so as to release GQDs
and sufficiently recover the fluorescence signal. This sensing
platform displayed a sensitive response to GSH with an ultralow
detection limit of 150 nM (Yan et al., 2016).

Apart from the detection of small molecules, GQDs-based
biosensors can also be used as tools to diagnose cancer (Xi
etal., 2016). Because tumors can produce lactic acid and conduct
adenosine triphosphate hydrolysis under anaerobic and energy-
deficient conditions, their pH values are lower than those of

healthy tissues. This characteristic has been clinically exploited
for efficient cancer diagnosis. A pH-responsive fluorescent sulfur-
nitrogen-doped GQDs probe (pRF-GQDs) was constructed to
distinguish tumors from normal tissues (Figure 1). The pRF-
GQDs showed green PL in pH below 6.8 and transited into blue
PL in pH overtop 6.8, a value matching the acidic extracellular
microenvironment in solid tumors. The fluorescence switch was
reversible and the fluorescence intensity was related to the degree
of acidosis. The prepared pRF-GQDs showed excellent stability.
The fluorescence intensity remained unchanged after continuous
irradiation for 24 h. After the injection of pRF-GQDs, the tumor
sites of tumor-bearing mice showed a strong green PL signal (Fan
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FIGURE 1 | (A) Schematic diagrams of pRF-GQDs at different pH values and their application in tumor imaging. (B) Digital images of pRF-GQDs at different pH
values. (C) Fluorescence images of a Hel.a tumor-bearing mouse after intravenous injection of pRF-GQDs. (D) Ex vivo imaging of major organs from a mouse treated
with pRF-GQDs. (E) Cytotoxicity of pRF-GQDs on indicated cells. (F) H&E stained indicated tissue slices from two groups of healthy mice after 15 d post-treatment.
Reproduced with permission from Fan et al. (2017). Copyright 2017, Royal Society of Chemistry.
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etal., 2017). This GQDs-based biosensor has great potential to be
used as a universal fluorescent probe to tumor diagnosis.

Carbon Quantum Dots

Carbon quantum dots (CQDs), commonly known as carbon
dots (CDs), are quasi-spherical fluorescent particles with sizes
<10 nm. Compared with GQDs, CQDs have poorer crystallinity,
which is due to the lower content of crystalline sp? carbon and
more surface defects (Pirzada and Altintas, 2019). CQDs possess
excellent optical properties in fluorescence, chemiluminescence
(CL) and electrochemiluminescence (ECL); therefore are widely
used in fields of bioimaging, drug delivery and biosensing
(Atabaev, 2018; Molaei, 2019b). Similar to GQDs, CQDs can be
synthesized and functionalized quickly and easily. The doping
or surface functionalization can further improve the topical
chemical properties, optical properties, surface reaction activity
and biocompatibility of CQDs, so as to improve their sensitivity
as biosensors (Molaei, 2019a). In this part, recent advances
of CQDs in ion detection and disease diagnosis are reviewed
in detail.

The use of CQDs in metal ion sensing has been developing
rapidly, and a large number of CQDs-based electrochemical and
fluorescent sensors have been reported. For instance, Fan et al.
constructed a functionalized CQDs-modified gating electrode for
Cu?T detection based on solution-gated graphene transistors.
The combination of CQDs and Cu?* led to the change of the
capacitance of the double electrical layer near the gate electrode,
which further led to the change of channel current. Since Cu?*
bounded with CQDs very well, the detection limit of Cu?* in
the CQDs-modified sensor was as low as 1 x 1074 M (Fan
et al,, 2020). Another example of ion detection is the application
of CQDs in the rapid quantitative detection of heavy metal
contamination in water. Yang et al. synthesized a novel S-doped

CQDs (S-CQDs) with excellent selectivity and sensitivity for
the detection of Fe** in pH 0 solutions (Figure 2). These S-
CQDs exhibited strong acidophilia, high luminescence and high
quantum yield (up to 32%) in strong acid solutions, and the
detection limit for Fe>* was as low as 0.96 wM. S-CQDs also
had robust stability. After 8 cycles, these pH-switch PL properties
of S-CQDs were not significantly affected. These results
showed that doped CQDs have a promising prospect in the
detection of heavy metal pollutants in strong acid environments
(Yang G. et al., 2016).

In addition, CQDs can also be utilized to detect intracellular
biomolecules (Loo et al., 2016; Liu T. et al.,, 2017; Zhang Q. Q.
et al., 2018). Selenoproteins are involved in a variety of cellular
functions and are associated with various human diseases such
as cancer and cardiovascular diseases. Wang et al. prepared a
CQDs-based novel fluorescent nanoprobe for the fluorescence
imaging of selenol in vitro. After selenocysteine treatment,
the 2,4-dinitrobenzenesulfonyl chloride fragment of CQDs was
split easily by selenolate to form yellow-green fluorescence
CQDs. The prepared nanoprobe was highly sensitive and
selective to selenol and could achieve the fluorescence imaging
of exogenous and endogenous selenol in living cells. By
adding different identifying elements, the functionalized CQDs
were expected to be used to detect other biological analytes
(Wang et al., 2017).

Besides, CQDs have been successfully used in cancer
diagnosis. Lu et al. developed an ultra-sensitive fluorescent sensor
platform based on nitrogen-doped CQDs (N-CQDs) for the
detection of tumor invasive biomarker B-glucuronidase (GLU).
In this sensor platform, N-CQDs with green PL were used as the
fluorophore, and 4-nitrophenyl-catalyzed d-glucuronide served
as the GLU substrate. The GLU catalytic product (p-nitrophenol)
acted as a robust absorber to turn off the fluorescence of
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N-CQDs. Therefore, the activity of GLU could be reflected by
the fluorescence intensity of N-CQDs. The as-prepared sensor
could detect GLU with high sensitivity and the detection limit
was 0.3 U/L. This sensing strategy avoided complex modification
of fluorophores or covalent bond connections between receptors
and fluorophores; therefore provided a new idea for the
development of sensitive sensors to detect tumor biomarkers by
fluorescent CQDs (Lu et al., 2016).

Fullerenes

Fullerene is a molecular allotrope of carbon discovered in 1985
by Kroto et al. Cgp, the most common fullerene, consists of five
to six sp? hybrid carbon rings, forming a truncated icosahedron
(Carneiro et al., 2019; Pirzada and Altintas, 2019). Fullerenes
exhibit high electron affinity, large surface volume ratios and
structural stability (Sun et al., 2018). With these characteristics,
fullerenes are used in a diverse range of applications, including
electronics, biology and medicine. In addition, fullerenes also
possess good biocompatibility and inertia, and have good
affinity with various organic molecules; therefore can be used
to construct various biosensors (Winkler et al., 2006; Afreen
et al,, 2015). As a nanomaterial for amplifying detection signals,
fullerenes are also used in the ultra-sensitive detection of analytes
in different chemical and biological materials, such as amino
acids, DNA and biomarkers for early-stage cancer diagnosis
(Miyazawa, 2015).

Because of their large electroactive surface area, fullerenes
are often used to construct electrochemical biosensors to
detect amino acids. As an example, Jaiswal et al. produced a
Ceo-based electrochemical sensor to quantitatively distinguish
D- from L- serine, which was essential to the function of
central nervous system. This sensor demonstrated a very
good analytical performance, showing a detection limit of
0.24 ng/mL for both isomerides. The experimental results showed
that the Cgo-based electrochemical sensor could maintain
the original performance without current deviation, and was
durable in water samples for up to 3 weeks. In view of
this, this sensor had higher detection sensitivity, stability and
repeatability than previously reported sensors. It could be a
promising tool for the diagnosis of schizophrenia in clinical
patients (Jaiswal et al., 2019).

In another study, a photoelectrochemical (PEC) biosensor
based on fullerenes was prepared to detect DNA. Wang
et al. synthesized a smart PEC biosensor based on Co3Oj4-
fullerene to realize ultrasensitive DNA detection, in which
p-n-sensitized heterostructure Co3O4-fullerene as an efficient
sensitizer improved the photoelectric conversion efficiency
greatly, making it 6 times higher than that of the fullerene
alone (Figure 3). As reported, the Co3O4-fullerene biosensing
structure was successfully used in the ultrasensitive investigation
of model DNA (a fragment of the p53 gene) with a
detection limit of 20 aM and a wide linear range from
60 to 1 x 10° aM (Wang H. H. et al, 2019). This
study opens a fascinating avenue to construct sensitized
photoconductive candidates with excellent PEC performance

and exhibits significant application foreground in the detection
of biomolecules.

Like GQDs and CQDs, fullerenes also have their use in cancer
diagnosis. For example, Yuan et al. constructed a sandwich-
type electrochemical biosensor based on 4-MPBA@n-Cgo-PdPt
to detect tumor biomarkers a2,3-sialylated glycans. Maackia
amurensis lectin (MAL) was fixed on Au-poly (Au-PMB) to form
a specific recognition tool for a2,3-sial-Gs. Amino-functionalized
fullerene (n-Cgg) was introduced to the surface of PdPt bimetallic
alloy to further improve the load capacity and conductivity
of the sensor. The n-Cgp nanomaterial had a good electron
transferability, which could accelerate the electron transfer rate
and improve the sensitivity of the biosensor. The detection limit
was observed to be as low as 3 fg/mL (S/N = 3). Moreover, this
sensing platform exhibited good recovery and stability, indicating
its potential application in clinical research (Yuan et al., 2018).

In conclusion, we have discussed three kinds of 0D
carbon-based nanomaterials used in different sensors such
as PL sensor, electronic sensor, electrochemical sensor and
electrochemiluminescence sensor that can be applied to ion
detection, biomolecular recognition and disease diagnosis (Sun
et al, 2013; Raja et al., 2019; Dhenadhayalan et al., 2020).
Although 0D carbon-based nanomaterials have been noticed
by a lot of researchers, research on them is still in the initial
stage. Current synthesis methods cannot control the structure
of materials at the atomic level. Moreover, the fluorescence
quenching mechanism of 0D carbon nanomaterials has not been
well-explained. In the future, the synthesis accuracy and optical
and electrical properties of 0D carbon-based nanomaterials
should be studied, so as to prepare biosensors with more clinical
application value.

QUANTUM DOTS

As fluorescent semiconductor nanocrystals, quantum dots (QDs)
are generally prepared with atoms from group II-VI or III-V in
the periodic table. The most common QDs, such as CdTe, CdSe,
and InP, have potential applications in various biomedicine fields,
including bioimaging, biosensing, and therapy (Wegner and
Hildebrandt, 2015; Xiao et al., 2019). Because of the toxicity of
heavy metals, the biocompatibility of inorganic QDs is generally
questioned. To some extent, this problem is solved by the
synthesis of QDs in aqueous solution, which improves not only
the biocompatibility but also the water solubility and stability.
Emerging heavy metal-free QDs such as SiQDs can also be
an ideal alternative to commercially available cytotoxic CdTe
and CdSe QDs (Keshavarz et al., 2018). QDs have been used
to develop a variety of fluorescence, chemiluminescence and
bioluminescence sensors due to their unique optical properties
such as enhanced brightness, resistance to photobleaching, large
absorption coefficient, narrow emission spectrum and size-
tunable light emission (Liang et al., 2014b; Ma et al., 2019). In this
section, we will focus on the application of QDs in biosensing in
recent years.

Owning to their unique photochemical stability and high
PL quantum yields, QDs have been widely employed in
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FIGURE 3 | (A) Schematic illustration of the proposed mechanism for the photocurrent responses of (a) n-fullerene, (b) p-CozOy4, and (c) p-n CozOg/fullerene. (B)
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pathogen detection. For example, Zhang et al. functionalized = multiple influenza viruses (HON2, H3N2, HIN1) simultaneously.
an integrated microfluidic chip with high-luminance QDs and By conducting superparamagnetic beads and QDs-assisted
magnetic nanoparticles for the detection and subtyping of  multiple DNA hybridization detection on microfluidic chips
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with controlled micro-magnetic fields, HON2, H3N2, and HIN1
c¢DNAs could be simultaneously detected within 80 min with a
very low sample and reagent consumption (only 3 L). This was a
convenient, time-saving, cost-effective, and highly sensitive way;
therefore could be a powerful technology platform for the rapid
detection of multiple influenza viruses (Zhang R. Q. et al., 2018).

In addition, water-soluble and low toxic QDs can be used
for cell detection and dynamic evaluation. As a paradigm, Li
et al. constructed a novel PEC biosensing platform combining
near-infrared (NIR) Ag,S QDs with AuNPs for the non-
destructive analysis of living cells. The water-dispersed Ag,S QDs
were photoelectrochemically active species with excellent PEC
properties under NIR. Under NIR light of 810 nm, the linear
range in this strategy was 1 x 10? to 1 x 107 cells/mL, and
the detection limit was 100 cells/mL (Li et al., 2018c). All these
experimental results show that NIR QDs have a good application
prospect in the construction of novel PEC platforms for the
detection of biomolecules.

Moreover, QDs-based biosensors can be employed as
universal tools to detect biomarkers of cancer and brain
diseases. For instance, Li et al. designed a new kind of ECL
biosensor based on CdSe@ZnS QDs that combined target

recovery amplification with a double-output conversion strategy
to achieve the ultrasensitive detection of microRNA in human
prostate cancer cells. Experimental results showed that the ECL
biosensor could quantitatively detect miRNA-141 in a wide
range from 100 aM to 10 pM with a detection limit of 33
aM (Li et al, 2017). In another work, Li et al. prepared a
V&A@AgZ,S QDs fluorescent nanoprobe in the second near-
infrared (NIR-II) window for the real-time in vivo imaging of
early biomarkers of traumatic brain injury (TBI) (Figure 4).
The fluorescence of AgyS was turned off due to the energy
transfer from Ag,S to A1094 chromophore. After intravenous
injection, A1094 was bleached by the TBI precursor biomarker
peroxynitrite (ONOO™), achieving rapid recovery of Ag,S QDs
fluorescence. This NIR-II in vivo turn-on sensing and imaging
strategy indicated a broad prospect of QDs fluorescence imaging
in clinical applications (Li et al., 2020).

SiQDs are a new type of heavy metal-free QDs developed
in recent years. They have the advantages of aqueous solubility,
low cost, high quantum yield and strong resistance to
photobleaching. Because of these interesting properties and good
biocompatibility, SiQDs are widely used as fluorescent probes
to detect small molecules, ions and biological macromolecules.
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FIGURE 4 | (A) Schematic diagrams of the synthesis procedure of the V&A@AG, S probe and detection of ONOO™ in vivo. (B) NIR-Il fluorescence intensity changes of
V&A@AQ, S upon the addition of various ROS/RNS analytes and ions. (C) Photoluminescence recovery of V&A@AQ, S in aqueous solutions as a function of ONOO™
concentration. (D) Confocal fluorescence images of inflamed endothelial cells. The cells were incubated with Cy7.5-modified VAA@AQG, S first and then further
incubated with LysoTracker, MitoTracker, and Hoechst. (E) The timespan of NIR-II fluorescence in brain vascular injury and healthy mice at different time points after
injection of V@AQ, S, VRA@AQ,S, and A@QAg,S. (F) Time-dependent signal-to-noise ratio (SNR) changes determined by the NIR-II fluorescence imaging of mice after
various treatments. Reproduced with permission from Li et al. (2020). Copyright 2020, Wiley-VCH.
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Li et al. prepared SiQDs through a one-pot approach by using
3-(aminopropyl)-trimethoxysilane (APTMS) as precursors. The
incorporation of salicylaldehyde effectively inhibited SiQDs
emission through nucleophilic reaction. In addition, the addition
of Zn?>T led to the evolution of emission peak. The green
band at 500nm gradually shifted to the blue direction
at 455nm, and corresponding changes in the ratiometric
signal (I4s5 / Ispp) could accurately reflect the concentration
of Zn*t, with a detection limit of 0.17puM (Li et al,
2018d). These fluorescence emission changes based on SiQDs
would provide a new idea for the development of nanoscale
functional sensors.

In general, we have introduced various biosensing
applications of QDs in this part, which greatly improves the
comprehension of QDs as potential biomaterials for biosensing
applications (Wegner and Hildebrandt, 2015; Ma et al., 2019).
QDs have a good affinity for biomolecules and their chemical
and optical properties enable their use as optical sensors to
detect various biomolecules (Yao et al., 2018). It is expected
that more QDs-based research in fields of pathogen detection,
non-destructive analysis of living cells and disease diagnosis will
be conducted.

MAGNETIC NANOPARTICLES

0D magnetic nanoparticles (MNPs), with a size range of 1-100
nanometers, are composed of materials with high saturation
magnetization, such as pure metals (Fe, Co, Ni), alloys (FeCo,
permalloy, alnico) and oxides (Fe3O4, CoFe;04) (Lin et al., 2017;
Gloag et al.,, 2019). MNPs have attracted extensive attention in
hyperthermia treatment, biosensing and drug delivery due to
their high saturation magnetization and superparamagnetism
(Nabaei et al., 2018). Biosensors with 0D MNPs are important
in the field of sensing because they provide viable solutions to
the long-term challenge of low detection limits and non-specific
effects (Moron et al., 2015). Modulation of the size, composition
and magnetic properties of MNPs benefits their application in the
ultralow detection of proteins, disease biomarkers and pathogens
(Chen Y. et al.,, 2018; KnezZevi¢ et al., 2019).

MNPs can be used for protein capture after combined
with specific recognition molecules. For example, Chuah et al.
synthesized anti-prostate-specific antigen (PSA)-labeled MNPs
to selectively capture protein analyte PSA (Figure5). In the
external magnetic field, the (anti-PSA)-MNPs captured PSA and
rapidly carried them into nanopores. After (anti-PSA)-MNPs
captured PSA, they would form a sandwich complex with the
anti-PSA antibodies in the nanopore. The magnetic field was then
reversed to remove the (anti-PSA)-MNPs that did not capture
PSA to avoid miscounting. The detection limit of this nanopore
sensor was 0.8 fM, which was nearly an order of magnitude
higher than that of the previous nanopore sensors. This MNPs
nanopore blockade concept could be further expanded to other
proteins with suitable antibodies (Chuah et al., 2019).

MNPs have exhibited tremendous potential in early-stage
cancer diagnosis. The ability of biosensors to detect ultralow
levels of circulating microRNAs in the blood is significant for

the development of liquid biopsies to monitor the progression
of diseases. Tavallaie et al. synthesized a network of gold-coated
MNPs modified by probe DNA (DNA Au@MNPs) to directly
analyze nucleic acids in whole blood. The sensor for the first
time detected the concentration of microRNA in untreated blood
samples (10 aM to 1nM). In vivo experiments showed that it
could monitor the small changes in microRNA concentration
in the blood of tumor-growing mice. The use of electrically
reconfigurable DNA Au@MNPs network to supersensitively and
directly detect microRNAs made the device a promising tool for
cancer diagnosis (Tavallaie et al,, 2018). In another study, Pal
et al. designed an MNPs-Abs-based fluorescence spectroscopic
platform to analyze ovarian cancer biomarkers [cancer antigen
125 (CA-125), f2-microglobulin ($2-M), and Apolipoprotein A1l
(ApoAl)]. A sandwich method was established with the help of
polyclonal antibodies. Sandwich particles were extracted from
the sensing medium by magnetic force, and fluorescence changes
at standard concentrations were monitored in real time. The
detection limits were 7.7ng/mL, 0.55ng/mL and 0.26 U/mL
respectively. The sensor also successfully distinguished ovarian
cancer patients from healthy individuals with a sensitivity of 94%
and a specificity of 98% (Pal et al., 2015).

MNPs-based biosensors have also been studied for the
diagnosis of other diseases. Lee et al. constructed functionalized
Au@Fe;0y4 core-shell structures to detect asthma biomarker
eosinophil cationic protein (ECP). The core-shell magnetic
nanostructures modified by cysteamine-tagged heparin (Hep)
amplified the differences in electrochemical signals, thus
increasing the sensitivity of the biosensor. This method provided
a wide linear range of 1~1000nM for the logarithmic analysis
of ECP concentrations, with a determination coefficient of 0.992
and a detection limit of 0.30nM. It could be applied to the
sensitive detection of other analytes by replacing the Hep/ECP
pair with a relevant probe/target combination (Lee et al., 2018).

The unique optical properties and magnetism of MNPs can
be used to construct biosensors for pathogen detection. Alhogail
et al. fabricated a low-cost colorimetric biosensor based on MNPs
for the rapid clinical detection of pseudomonas aeruginosa.
The detection limit was as low as 10> cfu/mL within one min.
This biosensor is expected to be a rapid medical device to
diagnose pseudomonas aeruginosa-related infections (Alhogail
et al,, 2019). As we know, Norovirus (NoV) can cause infectious
diarrhea which is highly contagious and can spread quickly.
Takemura et al. developed an AuNP/MNP hybrid nanocomposite
for the hypersensitive detection of NoV. The high localized
surface plasmon resonance (LSPR) effect was achieved by
combining the AuNP/MNP hybrid nanocomposite with CdSeS
QDs using anti-norovirus genome II antibody (Ab). This sensor
system could be applied to norovirus detection in fecal samples
with a detection limit of 0.48 pg/mL (Takemura et al., 2019).

To sum up, remarkable progress has been made in the
application of MNPs to single-molecule detection, disease
diagnosis as well as pathogen detection. In biosensing devices,
MNPs can be assembled onto the sensor surface or used as labels
(Weddemann et al., 2010; Chen Y. et al., 2018). In addition to
the structure and composition of MNPs, the selection of surface
functional groups and target molecules is also crucial to the
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(n = 18, respectively) measured from ionic current traces. Reproduced with permission from Chuah et al. (2019). Copyright 2019, Nature Publishing Group.

expansion of MNPs to a variety of biosensor applications (Chen
et al., 2017; Avval et al., 2019). Moreover, the stability of MNPs
is particularly important in biological systems where there are
many oxidizing and reducing substances. A stable coating of the
functionalized MNPs is essential to ensure that the MNPs do not
accumulate or cause changes in their finely controlled magnetic
properties. Therefore, adjusting the composition of MNPs and
immobilizing appropriate functional groups on the surface play
important roles in significantly improving the sensitivity and
stability of biosensor pieces.

NOBLE METAL NANOPARTICLES

Noble metal nanoparticles are a kind of nanoscale ultrafine
particles with totally different properties from macroscopic
metals. They have attracted more and more attention due to their
small sizes, good biocompatibility and excellent photophysical
properties. In the presence of light, nanoparticles can generate
electron resonance; therefore the scattering and absorption of

light can be easily enhanced (Chen J. B. et al, 2019; Zhao
X. et al, 2019). Noble metal (gold, silver, etc.) nanoparticles
as fluorescent probes have a broad application prospect in
biomedical fields (Kim et al., 2017; Wang H. et al., 2019; Zhao
Y. et al., 2019). Traditional organic fluorescent dyes often have
the disadvantages of fast photobleaching rate, short fluorescence
life and high biotoxicity, which can be overcome by the unique
optical thermoelectricity and biocompatibility of noble metal
nanoparticles (Koo Lee et al., 2009). In this section, we will focus
on the application of noble metal nanoparticles as biosensors in
biomolecular detection and disease diagnosis.

Gold Nanoparticles

Gold nanoparticles (AuNPs) are conductive materials with a large
surface area and unique optical properties (Kurochkina et al.,
2018). In AuNPs, the surface plasma was constrained to produce
high LSPR (Pirzada and Altintas, 2019). By adjusting the size,
shape and polymerization of AuNPs, it is possible to develop
multifunctional AuNPs that can be used as optical and electrical
biosensors (de la Escosura-Muniz et al., 2016; Tian et al., 2016;
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Mei et al., 2018). Currently, functional AuNPs used for detecting
biomarkers for cancer, neurological diseases, proteins, nucleic
acids, and various pathogens are extensively studied.

The excellent electrical conductivity of AuNPs can enhance
the electron transfer between the redox center and the electrode
surface, providing abundant active sites for the highly sensitive
detection of cancer biomarkers by the biosensor electrode
(Altintas et al., 2014; Yan et al., 2015; Jia et al., 2017). For instance,
Tran et al. used AuNPs to develop a bimetallic nanocrystal
platform for the highly sensitive detection of carcinoembryonic
antigen (CEA). Since the combination of Au and Cu enhanced

the active surface area of Au and enhanced the interaction
between these two components, this nanohybrid-based biosensor
showed excellent electrochemical sensitivity to CEA detection
with a very low detection limit (0.5 pg/mL), proving that the
AuNPs-based sensor had potential application in the diagnosis
of tumors (Tran et al., 2018).

Various  clinically  relevant  compounds, including
neurotransmitters and antigen, have been detected using AuNPs.
Parkinson’s disease (PD) is a common neurodegenerative disease
whose standard treatment is levodopa supplementation.
However, excess accumulation of levodopa can lead to
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FIGURE 7 | (A) Schematic diagrams of the synthesis of CPs@MnO,, AgNPs and the CPs@MnO,-AgNP nanocomposite. (B) The fluorescence intensity of
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GSH. Viability of SMMC-7721 cells after incubation with different concentrations of (D) CPs@MnO,, and (E) the CPs@MnO,-AgNP (irradiated or not). (F) Schematic
diagram of fluorescence recognition and combined therapy of cancer by the CPs@MnO,-AgNP nanocomposite. Reproduced with permission from \Wang Q. et al.

I without irradiation |

W without irradiation
[N with irradiation |

[ with irradiation

m

Cell viability (%)

0 15 30 60 90 120 150
‘The concentration of CPs@MnOz-AgNPs (ug/mL)

5 10 20 30 40 50
The concentration of CPs@MnO: (ng/mL)

CPs@MnO,-AgNPs

Q-

45 Agnes

FL turn-on

dyskinesia and emotional incontinence. Therefore, Ji et al.
developed an AuNPs-based electrochemical detection system
to monitor levodopa concentration in real time. In this system,
AuNPs were used to modify the electrode to improve the
electrical conductivity and electrocatalytic performance so
as to increase the sensitivity of the sensor. This sensor could
detect levodopa at concentration as low as 0.5uM in human
serum (Ji et al., 2019). In another study, AuNPs were used to
detect hepatitis B surface antigen. Sabouri et al. designed a
gold nanoparticle-based immunosensor to detect HBsAg with a
linear concentration range of 0.12 ~ 30 ng/mL and a detection
limit of 14 pg/mL (Figure6). The prepared immunosensor
possessed the advantages of low cost, easy-to-operate and time-
saving, and was expected to be used in clinical immunoassay
(Sabouri et al., 2014).

AuNPs are also frequently used in pathogen detection
(Altintas et al., 2018; Savas et al., 2018; Zhang X. et al., 2019).
Outbreaks of zika virus (ZIKV) in the tropics have posed major
challenges to global health in recent years. Steinmetz et al.
constructed a novel impedance DNA biosensor based on an
oxidized glassy carbon electrode. Due to the high surface area
and high conductivity of AuNPs, the payload of the DNA probe
increased obviously and the electrochemical response sensitivity
of the developed biosensor was significantly improved. The
detection limit of the device was determined to be 0.82 pM
by electrochemical impedance spectroscopy (EIS). After 90 days
of evaluation with EIS, the response of the sensor was about
98.0% of the initial response, indicating the good stability of

the biosensor. This the device was expected to be used as a
commercially viable diagnostic tool for ZIKV (Steinmetz et al.,
2019). Furthermore, AuNPs can be used to construct fluorescent
sensors for pathogen detection due to their unique optical
properties. Lee et al. used gold nanoparticle-decorated carbon
nanotubes to construct a plasmon-assisted fluoro-immunoassay
platform to detect influenza viruses. The minimum detection
limit for the influenza virus was 0.1 pg/mL. This fluorescence
immunoassay system also had good selectivity to influenza virus,
which was 100 times higher than that of commercial diagnostic
kits (Lee et al., 2015).

Silver Nanoparticles

Silver nanoparticles (AgNPs) have similar physical and chemical
properties to gold nanoparticles and are commonly used in
medical diagnosis. Due to the LSPR absorption, the optical
properties of AgNPs are also influenced by their shape, size and
degree of aggregation (Chen J. B. et al, 2019; Xu H. V. et al,
2019). However, AgNPs have fewer applications than AuNPs
due to the concern about cytotoxicity. Nevertheless, the use of
AgNPs in biomedical research is increasingly encouraged because
of their antifungal and antibacterial properties (Malekzad et al.,
2017; Pirzada and Altintas, 2019). In addition, AgNPs have
attractive electrical properties. Compared with AuNPs of the
same dimension, they have higher extinction coefficient and are
more prone to electrochemical oxidation (Bahrami et al., 2016).
In the field of biosensing, AgNPs have been widely used in
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DA-neurons. (B) Immuno-fluorescence imaging of DA-neurons and non-DA-neurons. (Blue: Nucleus (DAPI). Red:  tubulin (TUJ1). Green: Tyrosine Hydroxylase (TH).)
(C) Spontaneous calcium fluctuations determined by Fluo4 fluorescence for an active DA-neuron (white circle). (D) Live cell upconversion luminescence imaging with

DA and non-DA-neurons. (E) Live cell DA sensing quantitative comparison through microscope imaging signal. Reproduced with permission from Rabie et al. (2019).
Copyright 2019, Wiley-VCH.

SERS-based biosensors to improve their performance due to their ~ cells and cancer treatment. A notable feature of tumor
strong plasmon resonance characteristics. microenvironment is that the GSH level is significantly higher

AgNPs-based nanocomposites have excellent recognition  than that of normal tissues (Gao et al., 2018; Peng et al., 2018).
ability and specific response in tumor microenvironment;  Wang et al. constructed a multifunctional nanosensor of carbon
therefore can be used for the biomolecular sensing of cancer  nanoparticles (CPs)@MnO;-AgNPs for GSH sensing and cancer
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TABLE 1 | Summary of 0D nanomaterial-based biosensors for disease diagnosis.

Sensor Analyte Experimental Detection range LOD References
platform/label subject
afGQDs cTnl Blood serum 0.001- 0.192 pg/mL Bhatnagar et al., 2016
1000 ng/mL
pRF-GQDs Solid tumors Mice - - Fan et al., 2017
N-CQDs GLU Blood serum 1-60 U/L 0.3 U/L Luetal., 2016
nano-Cgp/CdTe QDs Thrombin (TB) Blood serum 1fM—-10nM 0.3 M LiM. etal., 2016
SnS, QDs anti-CMV pp65 Blood serum 1fM—-100nM 0.33 M Leietal., 2018
CdSe@znS QDs miRNA-141 Cancer cells 100 aM—10 pM 33 aM Lietal, 2017
V&A@AQ,S QDs ONOO~ Mice - 0.06 uM Li et al., 2020
MNPs-Abs CA-125, B2M, ApoA1 Blood serum - 0.26 U/mL, Pal et al., 2015
0.55ng/mL,
7.7ng/mL
rGO/Au L-Cysteine Cancer cells - 0.51nM Thirumalraj et al., 2018
CPs@Mn0O,-AgNPs GSH Cancer cells 0.8-80uM 0.55uM Wang Q. et al., 2019
UCNP@SIO, @Cy5-pep Caspase-9 Mice 0.5-100 U/mL 0.068 U/mL Liu L. etal., 2019

diagnosis (Figure 7). In this sensor, the AgNPs fluorescence
was quenched by MnO; through internal filter effect and static
quenching effect, and then recovered by GSH due to MnO,
decomposition. The detection limit of GSH was as low as
0.55 M. In addition, due to the photothermal activity of CPs
and the chemotherapy effect of AgNPs as anti-proliferators,
the prepared multifunctional nanocomposite could be used
for cancer fluorescence identification and combination therapy
(Wang Q. et al., 2019).

AgNPs have also been used to test various drugs and monitor
their effects on human body. Recently, a sensitive biosensor
based on AgNPs and electrochemical reduced graphene oxide
nanocomposites (AgNPs: ErGO/PG) was developed to determine
the effect of caffeine (CAF) on estradiol (EST) concentration
in women of childbearing age (18-35 years). According to the
analysis of EST and CAF in serum and urine samples of 5 women
of child-bearing age, the detection limits of EST and CAF were
0.046 and 0.54nM, respectively (Raj and Goyal, 2019). Mao
et al. synthesized Au@Ag core-shell nanoparticles for the SERS
detection of methylamphetamine (MAMP). Compared with
AuNPs, SERS with a core-shell structure had better performance.
By adjusting the concentration of MAMP adaptor modified on
the surface of the sensing platform, the highly sensitive detection
of MAMP was realized. The MAMP sensor had a wide dynamic
range of 0.5 ppb to 40 ppb and a detection limit of 0.16 ppb.
All these results indicated that AgNPs could be used for the
rapid screening of abused illegal drugs and the detection of drug
content in vivo (Mao et al., 2018).

AgNPs are one of the most widely used antibacterial
nanomaterials. Apart from their use as antimicrobial agents,
AgNPs are also broadly used in the construction of electrical
analysis platforms due to their unique functions such as enhanced
electron transfer and controlled electrode microenvironment
(Zheng et al., 2018; Hussain et al., 2019). Yang et al. prepared
vancomycin-functionalized AgNPs/3D-ZnO nanorod arrays for
the detection and clearance of pathogenic bacteria. Based
on Van’s specific identification of gram-positive bacteria, the

constructed electrochemical platform was highly sensitive to the
detection of staphylococcus aureus with a detection limit of
330 cfu/mL. Furthermore, the platform had a high antibacterial
activity (99.99%) due to the synergistic bactericidal effect of
AgNPs and Van (Yang et al., 2017).

In this section, the recent development of AuNPs and
AgNPs in biosensing fields including the detection of cancer
markers, pathogens and drug analytes has been summarized
and discussed. Despite the remarkable progress, the clinical
application of noble metal nanoparticles still faces great
challenges. In order to prepare multifunctional noble metal
nanoparticles with excellent optical and electrical properties,
their synthesis and modification methods need to be optimized
(Guo and Wang, 2011; Zhao X. et al, 2019). To improve
sensor specificity, the discovery of functional molecules is very
crucial. The selectivity of noble metal nanoparticles can be
effectively improved through functionalization (Chen J. B. et al,,
2019; Pirzada and Altintas, 2019; Wang H. et al., 2019). In
addition, the correlations between the composition, structure and
performance of noble metal nanoparticles sensors needs to be
further studied.

OTHER TYPES OF OD NANOMATERIALS

In addition to the above 0D nanomaterials, UCNPs and Pdots
also have their application in biosensing. UCNPs have attracted
extensive attention for their highly efficient up-conversion
PL and photobleaching resistance, and their cytotoxicity is
much lower than that of other nanoparticles (Park et al,
2015). As a type of fluorescent nanoparticles, Pdots have
attracted much interest because of their good photostability,
high brightness, and facile surface functionalization of
fluorescence (Cheng X. et al, 2019). In the following part,
the biosensing application of these three 0D nanomaterials will
be introduced.
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TABLE 2 | Summary of advantages and disadvantages of different 0D
nanomaterial-based biosensors.

ob Advantages
nanomaterials

Disadvantages

GQDs The tunable PL; high photostability ~ The confusing
against photobleaching and blinking; relationship between the
excellent aqueous solubility; low surface chemistry and
toxicity. physicochemical

properties; the unclear
transmission mechanism.

CQDs High chemical stability; simple and ~ The ambiguous of exact
low-cost synthesis process; fast and origin of fluorescence;
easy functionalization; highly the unclear role of doped
resistant to photobleaching; high ions; the unknown
aqueous stability. location of doped ions in

CQDs.

Fullerenes Broad light absorption in the UV-vis  High-cost synthesis;
region; the ability to accommodate  weak fluorescent
multiple electrons and endohedral emission; lack of proper
metal atoms; high electron affinities; chemical modification
charge separation acceleration; and bio-conjugation.
good adsorption abilities to organic
molecules.

QDs Low costs; facile preparation; size Potential toxic effects.
tunable light emission; high PL
quantum yield; large Stokes shifts.

MNPs Low toxicity; high saturation Easy aggregation.
magnetization; stable magnetic and
surface properties; rapid collection of
the analyte; rapid response time for
sensors; highly sensitive detection.

AuNPs Easy operation; simplicity of Unoptimized synthesis
construction; easy functionalization;  conditions.
easy to absorb and capture of target
analyte; readily enhance scattering
and absorption of light; low toxicity.

AgNPs Similar physicochemical properties  Potential toxic effects.
to AuNPs; more affordable than
AuNPs; antifungal and antibacterial
properties; strong plasmon
resonance.

UCNPs Efficient upconversion PL; resistance Low emission intensities;
to photoblinking and relatively poor
photobleaching; minimal upconversion efficiencies.
background autofluorescence; deep
tissue penetration; low toxicity.

Pdots Excellent biocompatibility; easy Difficult to change the

surface functionalization; high
fluorescence quantum yield; high
photo stability; low cytotoxicity.

emission spectrum.

Upconversion Nanoparticles

UCNPs are a special class of lanthanide-doped nanoparticles
capable of converting NIR light into multicolor and high-energy
ultraviolet/visible light. As an efficient fluorescence resonance
energy transfer (FRET) donor, UCNPs can be used to construct
FRET sensor platforms for the detection of various biomolecules
(Liu C. et al, 2019; Wang F. et al,, 2019). For example, Liu
et al. synthesized a FRET sensing platform based on peptide-
functionalized UCNPs for the specific detection of apoptosis-
associated caspase-9 activity in vitro and in vivo. Examination

of caspase-9 activity in vitro showed that the UCNPs-based
sensing platform could identify cisplatin mediated changes in
intracellular caspase-9 activity with a detection limit of 0.068
U/mL. Moreover, due to its excellent FRET performance, low
cytotoxicity and good colloidal stability, this UCNPs-based
sensing platform was successfully used in vivo to visualize
caspase-9 activity. Such a UCNPs-based biosensor could serve as
a powerful sensing platform to monitor the apoptotic process and
evaluate anti-cancer drug efficacy (Liu L. et al., 2019).

In addition, like GQDs and AuNPs, UCNPs can also be
used for neurotransmitter sensing. Rabie et al. developed a
Yb@Er@Yb sandwich UCNPs sensing platform with a wide
detection range from 1 pM to 10 pM to detect dopaminergic
neurons (DA) in stem cell-derived neural interface (Figure 8).
The as-prepared UCNPs-based sensor platform overcame the
disadvantage of low emission intensity of traditional UCNPs,
and generated bright visible light emissions in response to low
power density NIR excitation. The highly efficient upconversion
process of UCNPs greatly improved the detection sensitivity to
DA. Therefore, this UNCPs-based biosensor could be used to
detect neurotransmitters in stem cell-derived neural interface,
showing great potential in the neuroscience and stem cell biology
fields (Rabie et al., 2019).

Polymer Dots

As advanced nanomaterials, Pdots generally possess high
fluorescence brightness and high photostability (Alizadeh and
Salimi, 2019; Kim et al., 2020). In recent years, Pdots have
emerged as interesting fluorescent probes in biosensors and
are widely used in biomolecular detection. Luo et al. designed
a coreactant-free dual amplified ECL sensing platform with
conjugated Pdots as luminophores for the hypersensitive
detection of miRNA. Conjugated Pdots with high carrier mobility
could obtain a super-strong ECL signal without adding any
coreactant, thus improving the sensitivity of the sensor. As a
result, this sensing platform showed a minimum detection limit
of 3.3 aM for RNA. These conjugated Pdots provided a good
platform for the construction of coreactant-free ECL biosensors
and expand the application of Pdots in the clinical analysis (Luo
etal., 2019).

In general, the above mentioned emerging 0D nanomaterials
(UCNPs, Pdots, SiQDs) have made important contributions
to ion detection and biomolecular detection in the field of
biosensing. However, experimental studies on their application
in disease diagnosis remain rare, and there is also short of studies
on their metabolism, biodegradation and long-term toxicology.
What’s more, emphasis should be attached to the innovation of
synthesis methods and realization of large-scale preparation. It
is also worth noting that the functional modification can also
benefit the application of these 0D nanomaterials in the field
of biosensing.

CONCLUSIONS AND PERSPECTIVES

0D nanomaterials are characterized by small volume, high
surface-to-volume ratio, edge and quantum constraint effect
and good biocompatibility. Due to the unique structures and

Frontiers in Chemistry | www.frontiersin.org

April 2020 | Volume 8 | Article 320


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

0D Nanomaterial Biosensor

properties, the application of 0D nanomaterials in the field
of biosensing is expanding rapidly. In this short review, we
have highlighted recent progress in 0D nanomaterials regarding
their structures, properties and biosensing applications. Carbon-
based nanomaterials (GQDs, CQDs, fullerenes), inorganic QDs,
MNPs and noble metal nanoparticles (AuNPs, AgNPs) remain
to be the research focuses in the biosensing field. The recently
studied UCNPs, Pdots, and SiQDs exhibit promising application
prospects. However, the research of all these nanomaterials in
biosensing is still at the immature stage. In order to advance this
field and promote further clinical application, several challenges
need to be addressed.

Although the emergence of various fabrication methods
has made the synthesis of intricately tuned 0D nanomaterials
possible, no specific atomic precise structure has been reported,
which limits the in-depth study of the relationship between the
structure and performance, the precise control of performance
and the sensing mechanism. For instance, a great deal of research
has been conducted on the sensing of metal ions. Most of them
involve the fluorescence quenching of 0D nanomaterials, but how
such quenching is carried out and to what extent the selectivity
is achieved have not been figured out at present. Studies on the
relationship between these structures and properties will broaden
and deepen the applications of 0D nanomaterials.

0D nanomaterial-based biosensors play an important role
in the in vivo bioassay. However, their application is limited
due to the complexity of the in vivo environment. The non-
specific components in the biological body affect the accuracy of
detection. Furthermore, currently, most of the 0D nanomaterial-
based biosensors can only be used for in vitro testing and
laboratory experiments. As Table1 shows, a large number
of studies on disease diagnosis have been conducted, but
most of them are limited to human serum, cells and animal
models (mice). The lack of long-term biotoxicity evaluation
and biodegradation of these materials further limit their
clinical application.

Despite the remarkable achievements of 0D nanomaterials
in the field of biosensors, there are still some disadvantages.
In Table2, we summarize in detail the advantages and
disadvantages of different 0D nanomaterials in biosensing
applications. Moreover, compared with other low-dimensional
nanomaterials (Li B. L. et al., 2016; Jiang et al., 2018; Chen X.
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Nitrite is a toxic substance, when excessive nitrite enters the human body, it will be
seriously harmful to human. At present, the detection methods of nitrite are complicated
to operate and require expensive detection instruments. Therefore, an effective, fast and
highly selective nanogold film interdigital electrode sensors that can detect nitrite easily
and quickly is developed in the work. Firstly, the variation of the sensitivity of nanogold
film nitrite sensors with concentrations (1 mol/L, 10~" mol/L, 10~2 mol/L, 10~3 mol/L,
10~% mol/L, and 10~° mol/L) was measured by experiments. Then, Chrome-black T was
modified to the surface of the nanogold film interdigital electrodes by electrochemical
polymerization, and the film of chrome-black T had affinity for nitrite ions, so nitrite ions
were enriched on the sensor surface. The change law of the impedance signal of the
modified nanogold film nitrite sensors after being added to different concentrations of
sodium nitrite solution were also concluded. The study demonstrates that the larger the
concentration of sodium nitrite solution is added to the modified interdigital electrodes,
the smaller impedance and resistance of the modified interdigital electrodes are reflected.
Finally, specificity of the modified interdigital electrode sensors has been demonstrated.
The novel interdigital electrode sensors can detect the concentration of nitrite solution
conveniently and quickly with only 30s. Therefore, the prospect of applying the novel
nanogold film interdigital electrode sensors to the detection of nitrite in blood, body fluid,
food and drinking water is promising.

Keywords: interdigital electrode sensors, nanogold film, detection of nitrite, impedance, capacitance

INTRODUCTION

Nitrite is a food preservative and therefore commonly used as a food preservative. So humans are
ubiquitously exposed to nitrite. It will destroy the function of red blood cells when excessive nitrite
enters the human body. What's worse, it may result in death. In addition, Nitrite is also able to react
with other compounds to produce carcinogens under specific conditions.

A highly sensitive, simple, and rapid method to detect nitrite in foods and water is essential for
us. At present, there are several methods to detect nitrite. The detection of nitrite by spectroscopic
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method is one of the most basic and common methods, but
it is easy to be interfered by impurities with low accuracy
and sensitivity. A surface-enhanced Raman spectroscopy (SERS)
method coupled with a commercially available gold nano
substrate was evaluated for the detection of nitrate and nitrite
in water by Gajaraj et al. (2013). Chromatographic method
has the advantages of simple operation and wide linear range.
But toxic agents and the expensive instruments should be used
in the detection, which has impeded its development. Akio
Tanaka used an electron capture detector to analyze nitrite in
meat and cheese by gas-liquid chromatography (Tanaka et al.,
1982). A method was developed for determination of inorganic
anions, including nitrite (NO;-) and nitrate (NO3-) in seawater
by ion chromatography (Ito et al, 2012). In recent years,
electrochemical sensors are widely used to measure the content
of nitrite in water and food. It has the advantages of easy
operation, high sensitivity and good stability. The development
of an electrode system for the determination of nitrite was
presented. The approach was based upon the deposition of a
macroporous copper deposit which showed marked specificity
for nitrite ion under mildly acidic conditions (pH 3) with a
linear range extending from 10 to 200 pwmol/L nitrate (Davis
et al., 2000). Xu et al. used a glassy carbon electrode modified
by combining bovine hemoglobin with nanometer gold-reduced
graphene oxide to detect nitrite, they found that the modified
electrode had good specificity and sensitivity, and had wide linear
range of detection: 0.5-100 pmol/L, the minimum detection limit

of 0.1 pmol/L (Xu et al., 2015). A paper test-strip technology,
used in conjunction with a modern hand-held reflectometer was
tested to permit fine spatial and temporal resolution analysis
of nitrite breakthrough in a large undisturbed soil block. The
techniques proved cost effective and had the added benefit of
stopping locally generated toxic waste (Holden and Scholefield,
2008; Jiang et al., 2018). However, some of these methods have
low accuracy and sensitivity, some of them are time-consuming
and require expensive apparatuses which are also operated by
highly expert experimenter.

In order to develop a highly sensitive, simple, and rapid
method, we used nanogold film interdigital electrode sensors
to detect nitrite in this study. The advantages of the nanogold
film interdigital electrode sensors are convenient, economical,
and high throughput capacity. Purified water was used as the
background solution in experiments. We detected the frequency
sweep curve and the alternating voltage sweep curve of the
nanogold film interdigital electrode sensors to find the changes
of their impedance. But the nanogold film interdigital electrode
sensors didn’t own good specificity and stability. Therefore,
Chrome-black T was modified to the surface of the interdigitated
electrode by electrochemical polymerization, and the film of
chrome-black T have affinity for nitrite ions. The change law
of the impedance, capacitance, and resistance signals of the
modified nanogold film nitrite sensors were further concluded.
Finally, we have also demonstrated the specificity of the modified
interdigital electrode sensors in the work.
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FIGURE 1 | Mechanism of capacitive sensing.
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MATERIALS AND METHODS

Materials

The sodium nitrite was purchased from Tansoole (China). The
sodium nitrite was firstly dissolved in purified water to make
a 1 mol/L stock solution and stored at room temperature.
Then the stock solution was further diluted in purified water
to make the working solution at 10~! mol/L, 10~2 mol/L, 1073
mol/L, 107* mol/L, and 107> mol/L for testing. At the same
time, the purified water was used as the background solution.
Chrome-black T and Sodium hydroxide were also purchased
from Tansoole (China). Chrome-black T and Sodium hydroxide
were dissolved in purified water to make the solution which
included 1 mmol/L Chrome-black T and 10 mmol/L Sodium
hydroxide for modifying. All other reagents were of analytical
grade (Lin et al., 2019a,b). At the same time, the sodium nitrite
mixture solution was also prepared with the concentration of
107! mol/L, in which the concentration of carbonate ion was
0.1 mol/L, the concentration of chloride ion was 0.1 mol/L, the
concentration of nitrate ion was 0.1 mol/L, the concentration
of magnesium ion was 0.05 mol/L, and the concentration of
potassium ion was 0.3 mol/L. Then the sodium nitrite mixture
solution was further diluted in purified water to make the sodium
nitrite mixture solution at 10~! mol/L, 10~2 mol/L, 10~ mol/L,
10~* mol/L, and 10~> mol/L for specificity testing. And the
mixture solution without the sodium nitrite was also prepared
for testing.

Detection Mechanisms

In this study, we utilized nanogold film interdigital electrodes as
the sensors. The interdigital microelectrodes are finger-shaped
in its surface. At the same time, the tiny size of the interdigital
microelectrodes is able to achieve microminiaturization. When
nanogold film interdigital microelectrodes are immersed in
solution, the electrodes impedance can be approximated as a
network of resistors and capacitors, as conceptually shown in
Figure 1. Electrical double layer (EDL) is a structure that appears
on the surface of nanogold film when it is exposed to a fluid.
And EDL can be modeled as a capacitor. When sodium nitrite
molecules are adsorbed onto the nanogold film surface, the
interfacial capacitance Cj,; will change due to the change in
the thickness and surface area of Cj,;, which can then be used
to indicate the deposition of sodium nitrite molecules on the
nanogold film (Li et al., 2015; Lin et al., 2017).

Before the affinity assay, the electrode surface is immobilized
with the film of chrome-black T to achieve selectivity for
the targeted particles. The interfacial capacitance can be
approximated by following equation.

A

Cint = ———F——
1 1
FsDedl + EDtarget

1

Where &5 and e, are permittivity of the sample and target
molecules, A is the surface area and Dy, Drarger are electric
double layer, target thickness respectively.
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FIGURE 2 | Surface modification techniques on the interdigital electrodes surface for the detection of sodium nitrite.
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What’s more, when AC signals are applied to the interdigital
electrodes, an AC electric field is able to generate microflows
through AC electroosmosis (Wu et al., 2005; Mirzajani et al.,
2016) or AC electrothermal (Hart et al., 2010) effect. And these
mechanisms can accelerate detection. This method has been
used to detect small molecules, proteins, virus particles, and
nuclei acids (Cui et al., 2015; Liu et al., 2016; Cheng et al,
2017a,b). In this work, the sample solutions were added to the
interdigital electrodes, which could alter electrodes’ impedance,
so the law of changes of the impedance was used to demonstrate
the concentration of sample solution.

Preparation of Nanogold Film Interdigital

Microelectrodes

In this work, the nanogold film interdigital microelectrodes
were fabricated on silicon wafers. And there were four
kinds of microelectrodes. We test all of them in order to
select the optimal one. At last, we used the nanogold film
interdigital microelectrodes which had interdigitated arrays with
widths of 10 um separated by 10 um gaps to accomplish the
test work.

Before the detection, the nanogold film interdigital
microelectrodes should be cleaned with the following steps:
immersed in acetone for 4min with ultrasonic cleaning;
rinsed in absolute ethyl alcohol for 3min with ultrasonic
cleaning; rinsed in deionized water for 3 min with ultrasonic
cleaning; dried with drying oven. After pretreatment, Chrome-
black T was modified to the surface of the electrode by
electrochemical polymerization. In order to form the film of
chrome-black T, 10 pL of solution which included 1 mmol/L
Chrome-black T and 10 mmol/L Sodium hydroxide was
added to the nanogold film interdigital microelectrodes. At
the same time, alternating voltage that differed from 0.01
to 0.9V were applied to the microelectrodes with a settled
frequency (10kHz). And the number of times of alternating
voltage sweep were 25. Figure 2 shows the process of surface
modification on the nanogold film interdigital microelectrodes
and the affinity for nitrite ions. Here, we get the nanogold film
nitrite sensors.

Apparatus and Methods

Firstly, an impedance analyzer of model IM3536 (HIOKI, Japan)
was used to obtain the impedance datum of the bare nanogold
film interdigital electrodes with different concentrations of
sodium nitrite solutions. In the first stage, the frequency
that differed from 100Hz to 100kHz were applied to the
microelectrodes when they were under a settled alternating
voltage. In the fact, we conducted frequency scanning on
the bare interdigital microelectrodes. At the same time, we
set the alternating voltage as nine equal voltage gradients
which differed from 10 to 90mv. Ten microliter of different
concentrations of sodium nitrite solutions were added to
the bare nanogold film interdigital microelectrodes. Then
the impedance of the bare interdigital microelectrodes was
detected. In the second stage, continuous alternating voltage
which differed from 10 to 90mv were applied to the bare
interdigital microelectrodes when they were under a fixed

frequency. In the same way, the impedance of the bare
interdigital microelectrodes was detected when 10 pL of
different concentrations of sodium nitrite solutions were added
to them.

The impedance of nanogold film interdigital microelectrodes
was reflected in the frequency sweep curve when different
concentrations of sodium nitrite solution were added to them.
Furthermore, the impedance of bare interdigital microelectrodes
was also reflected in the alternating voltage sweep curve when
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FIGURE 3 | Bode diagram of different concentrations of nitrite with AC signal
of 10 mV.
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different concentrations of sodium nitrite solution were added
to them.

Secondly, in order to demonstrate the specificity of the
modified nanogold film interdigital electrode sensors, the
impedance analyzer of model IM3536 (HIOKI, Japan) was
used to obtain the impedance, capacitance, resistance signals
of the modified nanogold film nitrite sensors. A 10kHz AC

signal of 10mV was used for pumping signal. And the voltage
used in the experiments is rms. Ten microliter of different
concentrations of working solutions were added to the sensors.
Then the impedance, capacitance and resistance signals of the
modified nanogold film interdigital electrodes were continuously
measured at the AC signal for 30s. We tested three times
for each experimental datum. And we used the average of the
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experimental datum to analyze (Tang et al., 2019). The change
rate of normalized capacitance was then calculated to indicate the
binding level of sodium nitrite, which is shown as the slope of
normalized capacitance vs. time (%/min), found by a least square
linear fitting method. The normalized capacitance was calculated
as Cy/Cy, where C; and Cj are the capacitance values at time f and
time zero, respectively. The capacitance of each biosensor may
be quite different. But the normalized capacitance can reduce the
errors caused by the difference of each biosensor. So it can reduce
the influence on the results.

RESULTS AND DISCUSSION

Detection in Fixed Alternating Voltage

In the first stage, in order to evaluate the performance of the
bare nanogold film interdigital electrodes, the optimal interdigital
electrode (10 pm widths, 10 wm gaps) was tested with different
concentrations of the sodium nitrite solutions in fixed alternating
voltages (Zhou et al., 2019). And the frequency that differed
from 100Hz to 100kHz and a fixed alternating voltage were
set well. The detections were repeated three times. At last,
10mV was selected from various fixed alternating voltages. At
the fixed alternating voltage, the Bode diagram demonstrated
the relationship between concentrations of the sodium nitrite
solutions and the impedance of interdigital microelectrodes
which were added to these working solutions. As is shown in
Figure 3, the larger concentration of sodium nitrite solution is
added to the bare nanogold film interdigital electrodes, the faster
reduction rate of the bare nanogold film interdigital electrodes’
impedance presents. At the same time, the change rate of the
sodium nitrite solution at 10~> mol/L is approximately consistent
with that of purified water.

Detection in Fixed Frequency

On the base of the previous work, we tested the optimal
interdigital electrode again with different concentrations of
the sodium nitrite solutions in fixed frequencies. In the
second stage, the alternating voltage that differed from 10 to
90mv and a fixed frequency were set well. The detections
were repeated three times. At last, 10kHz was selected from
various fixed frequencies. At the fixed frequency, the alternating
voltage sweep curve demonstrated the relationship between
concentrations of the sodium nitrite solutions and the impedance
of interdigital microelectrodes which were added to these
working solutions. The Figure4 evidently shows that the
larger concentration of sodium nitrite solution is added to
the bare nanogold film interdigital electrodes, the smaller
impedance of the bare nanogold film interdigital electrodes
presents.

Specificity Studies of the Modified

Interdigital Electrode Sensors

Different concentrations of working solutions were tested
to evaluate the performance of the modified nanogold film
interdigital electrode sensors. Based on the 10kHz and 10 mV
AC excitation signal, we measured the impedance of the
modified nanogold film interdigital electrode sensors for 30s.

Three experiments were designed to verify the specificity of the
sensor. The impedance of different concentrations of mixture
solutions without sodium nitrite were measured in experiment
(A). The impedance of different concentrations of sodium nitrite
solutions were measured in experiment (B). The impedance of
different concentrations of sodium nitrite mixture solutions were
measured in experiment (C). The sodium nitrite mixture solution
includes nitrite ion, carbonate ion, chloride ion, nitrate ion,
magnesium jon and potassium ion. As is shown in Figure 5A,
the larger concentration of sodium nitrite solution is added
on the sensors, the smaller impedance of the sensors present.
From Figure 5B, we can see a correlation between concentrations
of sodium nitrite solutions and the change rate of normalized
capacitance. And Figure 5C shows that the law of changes
of the modified nanogold film interdigital electrode sensor’s
resistance is similar to the impedance after being added different
concentrations of sodium nitrite solutions. The impedance,
capacitance, and resistance are common electrical parameters of
biosensor for detecting. At the same time, Figure 5 shows an
excellent specificity of the modified nanogold film interdigital
electrode sensors. When different concentrations of sodium
nitrite mixture solutions were tested, there was nearly no effect
on the detection of the nitrite ions. While when different
concentrations of mixture solutions without sodium nitrite were
tested, the result was similar to that of purified water. Because
of the AC electrokinetic effect, some other ions in the mixture
solutions may be accelerated to deposit on the surface of the
electrode. So the value of impedance, normalized capacitance
and resistance decrease slightly when different concentrations
of mixture solutions without sodium nitrite were added to the
modified interdigital electrode sensors. However, the decreases
don’t have influences on the results. What's more, the results
between mixture solutions without sodium nitrite and sodium
nitrite solutions had obvious difference in Figure 5.

CONCLUSIONS

In this research, we developed an effective, rapid, and high
specificity method for detection of nitrite in water. The larger
concentration of sodium nitrite solution is dropped on the
modified nanogold film interdigital electrode sensors, the smaller
impedance of the modified nanogold film interdigital electrode
sensors has. In this work, we selected the optimal dimension
of the interdigital electrode sensors and the best experiment
conditions for detection. The developed modified nanogold film
interdigital electrode sensors have the high specificity to the
nitrite jons when different concentrations of sodium nitrite
mixture solutions were tested. And the nitrite biosensor can
detect the concentration of nitrite solution quickly with only
30s. At the same time, the limit of detection (LOD) of the
developed sensors is nearly 107> mol/L, which is more sensitive
than those reported by current detection methods such as
Phenol spectrophotometry (Lin and Ye, 2010) (LOD is nearly
8.84 mol/L) or gas chromatography (Walsh, 2001) (LOD is
nearly 3.45 x 1073 mol/L). However, there are also some
problems and limitations in our studies. The method needs the
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corresponding apparatus to accomplish the detection which is
same as the other methods. Further development of the method
may provide a more convenient and effective detection for nitrite
in complex samples.
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In recent years, non-toxic quantum dot has caught the attention of biomedical fields.
However, the inherent cytotoxicity of QDs makes its biomedical application painful,
and is a major drawback of this method. In this paper, a non-toxic and water-soluble
quantum dot AgInZnS-GO using graphene oxide was synthesized. A simple model
of state complex was also established, which is produced through a combination of
guantum dots and protein. The interaction between AIZS-GO QDs and human serum
albumin (HSA) has significant meaning in vivo biological application. Herein, the binding
of AlZS-GO QDs and HSA were researched using fluorescence spectra, Uv-visible
absorption spectra, FT-IR spectra, and circular dichroism (CD) spectra. The results of
fluorescence spectra demonstrate that AIZS-GO QDs have an obvious fluorescence
quenching effect on HSA. The quenching mechanism is static quenching, which implies
that some type of complex was produced by the binding of QDs and HSA. These results
were further proved by Uv-visible absorption spectroscopy. The Stern-Volmer quenching
constant Kgy at various temperatures (298 K, 303 K, 308 K) were acquired from analyzing
Stern-Volmer plots of the fluorescence quenching information. The Van’t Hoff equation
could describe the thermodynamic parameters, which demonstrated that the van der
Waals and hydrogen bonds had an essential effect on the interaction. FT-IR spectra
and CD spectra further indicate that AlZS-GO QDs can alter the structure of HSA.
These spectral methods show that the quantum dot can combine well with HSA. The
experimental results showed that AginZn-GO water-soluble quantum dots have good
biocompatibility, which can be combined with proteins to form new compounds which
have no cytotoxicity and biological practicability. It provides an important basis for the
combination of quantum dots and specific proteins as well as fluorescent labeling.

Keywords: quantum dots, AgIinZnS-graphene oxide, non-toxic, interaction mechanism, human serum albumin,
spectroscopy

INTRODUCTION

In recent years, researchers have devoted themselves to the development of various nanomaterials
and their manufacturing methods, which have opened up new research directions for
nano-biotechnology in the field of biomedicine. Due to its special optical and physical
properties, quantum dots (QDs) have caught the attention of various research fields
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(Alivisatos, 1996; Dabbousi et al., 1997; Niemeyer, 2001; Fu
and Lakowicz, 2006; Jiang et al., 2018; Tang et al., 2019; Wang
et al,, 2019). Quantum dots can be used as fluorescent markers
to detect proteins, DNA, and specific proteases qualitatively or
quantitatively. In general, reactions will occur between QDs and
proteins because of the diverse modified coating agents and
elemental composition on the surface of QDs (Bruchez et al.,
1998; Chan and Nie, 1998). However, the inherent cytotoxicity
of QDs makes the biomedical application painful, a major
drawbacks of the method. For instance, many studies reported
the influence CdTe and CdSe quantum dots have on protein.
The toxicity of Cd, Te, and Se elements remains a problem for
practical application and makes its use non-negligible (Nirmal
etal., 1994; Shiang et al., 1995; Ragab et al.,, 2014). In response to
the above issues, some researches refer to the I-III-VI, type QDs
(Allen and Bawendi, 2008) like AgInS, (Hamanaka et al., 2011),
CulnS, (Cassette et al., 2010; Li et al.,, 2015) and ZnS-AgInS,
(Torimoto et al., 2007).

In this paper, we focus on novelty AgInZnS (AIZS) non-toxic
quantum dots. AIZS QDs are prevalent in diverse fields because
of their optical and electrical characteristics, which include
tunable-emission wavelength, high absorbance coefficient, and
high quantum yield (Sheng et al, 2012). The as-prepared
hydrophobic AIZS QDs should be converted into a hydrophilic
polymer before reacting with the protein. Compared with other
phase transfer agents, strong absorption ability was shown in
graphene oxide (GO) (Gao et al, 2013; Shin et al., 2014;
Farid et al, 2016). Due to its biocompatibility, non-toxicity,
and excellent water solubility, GO is suitable to transfer the
hydrophobic AIZS QDs in hydrophilic polymers and for further
biological application (Zu et al., 2016).

HSA is broadly distributed in blood plasma. It has a significant
effect on equilibrium osmotic pressure and transports various
molecules in blood (Carter et al., 1989; Dong et al, 1990;
Leckband, 2000; Lin et al, 2019a). Nanoparticles and drugs
can bind with HSA for their exogenous ligand and is then
transported into the body’s circulatory system. Because there are
some interactions between nanoparticles and the protein, it is
necessary to analyze the influence of nanoparticles on HSA at
the molecular level after it enters the human body. In many
biophysical and biochemical studies, HSA has been diffusely
utilized as a model protein because of its medicinal value and its
unique ligand binding properties (Figge et al., 1991).

As far as we know, AIZS-GO QDs has enormous potential in
biological research. At first, we wanted to establish a molecular
model of interaction in vitro between quantum dots and
proteins. In this paper, the specific biomedical research contents
mainly include the following three aspects. First, the preparation
of the water-soluble quantum dot AgInZnS-GO with high
biocompatibility. The particle size and distribution of quantum
dots were observed by transmission electron microscopy, and
the carboxyl group was distributed according to the Fourier
transform infrared spectroscopy. Second, the effects of the
AgInZnS-GO quantum dot with HSA was studied using a
multispectral technique. In this paper, the quenching mechanism
of the quantum dot and protein interaction was analyzed by
fluorescence spectrometry. The ultraviolet and visible absorption

spectra is used to determine whether a new ground state complex
was generated. The structural changes of protein and the major
chemical bond changes during the reaction were analyzed by the
Fourie transform infrared spectra and the circular dichromatic
spectrum. Third, the cytotoxicity of quantum dots was analyzed.
The safe concentration and time range of quantum dots were
analyzed from two perspectives: cell appreciation rate and cell
morphology. Next, we will perform a binding study in vivo in
animal models.

MATERIALS AND METHODS

Materials

HSA was purchased from Sigma-Aldrich (Sigma, St, Louis,
MO, USA), and its purity was greater than 99.9%, containing
very few fatty acids. HSA was dissolved in 0.058 M Tris-HCL
buffer solution (pH 7.4) and kept at 4°C. Tris-HCL buffer
was widely used as the solvent of the protein, which could
prevent the dramatic fluctuation of PH, thus preventing the
denaturation of the protein which could create an approximate
physiological condition. The concentration was measured by Uv-
visible absorption spectrum, to which the extinction coefficient
at 280nm of 36,600 L.mol~'.cm™! was applied. AgInZn$S
nanoparticles were synthesized base on previous research. The
oily AIZS QDs were transferred by graphene oxide into red-
emission water soluble quantum dots. All the experiments used
ultrapure water.

Synthesis of AIZS QDs

The synthesis of high quality water-soluble AIZS QDs is an
important factor in the research, which enabled it to be further
applied in biological detection. The main synthesis process was
as follows. First, 0.1 mM indium acetate, 0.1 mM silver nitrate,
0.1 mM oleic acid, 2 mM double chlorobenzene trichloroethane,
40ml trioctylphosphine, and 4mM octadecene, respectively,
were added to three neck flasks heated to 85°C for 30 min. Next,
0.1 mM sulfur was added into the ODE and oleic acid, after
which they were gradually added into a three-neck flask. After
2min, 0.1 mM zinc was dissolved in the ODE and oleic acid and
gradually added into the reaction solution. At the same time,
the solution was quickly heated to 130°C, and 10 drops of zinc
stearate was then added, and the ODE mixture was annealed
for 10 min. Lastly, the mixture left to cool to room temperature.
Oil-soluble AIZS QDs are obtained by centrifugation after
dropping ethanol. Based on the synthesis of oil-soluble AIZS
QDs, the AIZS-GO QDs composite nanomaterials can be further
synthesized by micro-emulsification. First, GO is modified with
oleylamine as the emulsifier, and then GO-OAM is precipitated
after cleaning. Finally, GO-OAM and oil-soluble AIZS QDs are
mixed in chloroform, then the pure AIZS-GO QDs are obtained
through a series of processes.

Fluorescence Spectroscopy

All fluorescence spectra were obtained by Cary Eclipse
spectrofluorometer (Varian, USA), which was equipped with a
150 W xenon lamp and a thermostatic water bath. Quartz cells
(1 cm path-length) were applied to all measurements. At various
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temperatures (298K, 303K, 308 K), the fluorescence emission
spectra were obtained with a wavelength range of 300-480 nm
and excitation at 285 nm as titration of QDs was used in HSA.
Excitation and emission slit widths were then set to 5.0 nm and
10.0nm. The averages of the three scans were reflected in the
spectra. To begin with, 2.8 ml of 1 x 10~ mol/L HSA solution
was added to a 10 mm quartz cell and 5 ul AIZS-GO QDs of
different concentrations was subsequently added to the HSA each
time, which meant that a series of HSA concentrations were
obtained to determine the quenching capacity.

Uv-Visible Absorption Spectroscopy
Uv-visible absorption spectrum was recorded by Cary 60 Uv-
visible spectrophotometer (Varian, USA), which was equipped
with 10 mm quartz cells. The recorded wavelength ranged from
220 to 440nm at 298 K. The dissimilitude between AIZS-GO
QDs-HSA and AIZS-GO QDs was acquired by the Uv-visible
absorption spectrum of AIZS-GO QDs-HSA, which put AIZS-
GO QDs as the reference.

CD Spectroscopy

CD spectrum was recorded by MOS-450 CD spectropolarimeter
(Bio-Logic, France), which was equipped with 10 mm quartz
cells. The CD spectrum ranged from 190 to 250 nm and the
acquisition duration was set at 2's. Each spectrum was corrected
by 0.05M Tris-HCI buffer solution. The results were the average
of the three scans. As reported in the literature, the tris buffer
system was widely used as the solvent of protein, which could
prevent the dramatic fluctuation of PH, thus preventing the
denaturation of protein, which could create an approximate
physiological condition (Chuang and Otagiri, 2002; Hu et al,,
2005; Zhang et al., 2008; Feroz et al., 2012; Lin et al., 2017, 2019b).
So, we used the tris buffer system as the environment for the
protein binding assay in vitro.

FT-IR Spectroscopy

Fourier transform infrared (FT-IR) spectrum was measured by
Nicolet iS5 spectrometer (Thermo, USA). All FT-IR spectra were
obtained in the range of 1,300-1,800 cm~! with the resolution
ratio of 4 cm~!. Tris-HCI solution as the reference solution was
used to ensure the spectra of HSA and AIZS-GO QDs-has were
not influenced.

RESULTS AND DISCUSSION

Characterization of AgIinZnS-GO QDs

The typical Uv-visible absorption of AIZS QDs and AIZS-GO
QDs can be seen in Figure 1A. Both had strong absorptivity
but had no obvious absorption peak. AIZS-GO QDs had high
water solubility while AIZS QDs had high oil solubility. From
Figure 1B, we can see the fluorescence spectra of AgInZnS QDs
and AgInZnS-GO QDs, which demonstrates that AIZS QDs
and AIZS-GO QDs exhibit obvious and almost symmetrical
emission spectrums with excitation wavelengths of 370 nm. The
emission wavelength of AIZS QDs was about 570-750 nm, while

the emission wavelength of AIZS-GO QDs was about 500-
780 nm. The spectrums were symmetric, indicating that they
were homogenous.

Effects of Reaction Time

By observing the reaction time influence on the florescence
intensity of the AIZS-GO QDs and HSA system, the extent of
interaction in the system could be researched better. As shown
in Figure 1C, in the first 20 min during the reaction process, the
fluorescence intensity of the system reduced along with the time.
That was because AIZS-GO QDs had an obvious fluorescence
quenching effect on HSA and it was a static quenching. In
the early stage of the static quenching, AIZS-GO QDs could
combine with the fluorescent molecules which were in the
ground state, so as to generate the new compound which had
no fluorescence characteristics. That is to say, the photons
were not emitted in the new compound, which resulted in
the dramatic decline of the fluorescence intensity in the first
20 min. After 25 min, the number of new compounds formed by
the combination between AIZS-GO QDs and HSA was stable,
and the fluorescence intensity of the system was approximately
unchanged. All experiment data should therefore be tested after
25 min, when the AIZS-GO solution titrated.

Fluorescence Quenching of HSA by QDs
AIZS-GO QDs are able to effectively quench the fluorescence
intensity of HSA. Figure 2 shows the influence of AIZS-GO
QDs on HSA fluorescence intensity. It obviously illustrated
that the fluorescence intensity decreased bit by bit when
the concentration of AIZS-GO QDs increased at diverse
temperatures (298 K, 303 K, 308 K). At the same time, Figure 2
shows that AIZS-GO QDs had a weak fluorescence peak when
the excitation wavelength was 285nm, but the fluorescence
peak did not appear at 340 nm where the fluorescence peak
of AIZS-GO QDs and the HSA system appeared. Furthermore,
the fluorescence peak value of AIZS-GO QDs was very low.
Therefore, the fluorescence of AIZS-GO QDs will not affect the
fluorescence spectrum of HSA. We did not therefore correct the
fluorescence data for inner filter effect.

The fluorescence quenching mechanism could be distributed
into dynamic quenching and static quenching. Quencher and
fluorescence materials generated no fluorescing complex in
static quenching, which could result in the decrease of the
fluorescence intensity. Dynamic quenching was caused by
quencher and fluoresce material molecules colliding at the
excited state. Quenching mechanisms could be distinguished
by quenching constants at various temperatures (Ghali, 2010;
Lacerda et al., 2010). Higher temperatures lead to larger diffusion
coefficients and larger masses of collisional quenching. As a
result, higher temperatures could also increase the dynamic
quenching constants. On the contrary, higher temperatures could
not only bring about stability of decreased complexes, but also
decreased the static quenching constants (Brown and Royer,
1997; Dzagli et al., 2010). The fluorescence quenching is able to
be ordinarily determined by Stern-Volmer equation.

F,
?Oz 14+K470 [Q] = 1+Ksv[Q] (1)
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where Fy and F are steady-state of fluorescence intensities
before and after adding quencher (AIZS-GO QDs solution),
respectively. K is the quenching rate constant of bimolecular,
Ksy is the Stern-Volmer quenching constant, [Q] is the
concentration of quenching agent.

Therefore, the above equation could determine Ksy by linear
regression of a plot of Fy/F against [Q]. Figure 3A shows the
graphs of Stern-Volmer equation at diverse temperatures. And
the Stern-Volmer quenching constant Kgy values are listed in
Table 1.

In order to determine whether it was dynamic
quenching or static quenching, we explored the quenching
mechanism of AIZS-GO QDs and HSA systems by studying
fluorescence  quenching under different temperatures.
It was obvious that the Stern-Volmer quenching
constant Kgy reduced when the temperature increased,
which implied that the quenching mechanism was
static quenching.

Moreover, the quenching information was further verified by
the amendatory Stern-Volmer equation (Liang et al., 2008; Asha

Jhonsi et al., 2009; Sun et al., 2015).

Fb F, 1 1 1

AFZFO—Fzm@ﬂZ

2

where AF is a variation of fluorescence intensity, f, is
a proportion of accessible fluorescence. K, is an effective
quenching constant. The dependence of Fy/ AF on the reciprocal
value of the quenching agent concentration [Q]™! was linear
with the slope, equaling the value of (f,K,) ' and the ordinate
equaling the value of f,~'. Figure 3B shows the graphs of the
amendatory Stern-Volmer equation at diverse temperatures.

We found that the effective quenching constant K, reduced
when temperature increased in Table 1. And it was same as
the change of Ksy, which further implied the static quenching
mechanism of AIZS-GO QDs and the HSA system.

Moreover, the K, values varied slightly, indicating that the
combination between AIZS-GO QDs and HSA is stronger, which
is a result of the synergistic forces among ions. Meanwhile, these
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TABLE 1 | Stern-Volmer quenching constant Ksy, amendatory Stern-Volmer
effective quenching constant K, and the correlation coefficient R for the
interaction between AlZS-GO QDs and HSA at diverse temperatures.

T(K) K, (105Lmol™") R Ka(105Lmol™") R

208 2.230 0.9999 2.147 0.9993
303 1.922 0.9996 1.970 0.9995
308 1.829 0.9994 0.999 0.9998

demonstrate that QDs will stay in the blood plasma longer and
will be more difficult clear away.

When quantum dots bind with HSA, molecules were in a state
of partial equilibrium. This relationship can be calculated using
the following equation (Huang et al., 2012; Tabassum et al., 2012).

Fy—F
O = IgKa + ng[Q] (3)

Ig

where K} is the binding constant and # is the number of binding
points in the interaction between AIZS-GO QDs and HSA at
diverse temperatures. Figure 4 shows graphs of the double log
equation at diverse temperatures. The binding constant K4 values
and the number of binding points # are listed in Table 2. From
the results, n was close to 1, which indicates that there was at
least one binding point in the interaction between AIZS-GO QDs
and HSA. The binding constant is importance to understand
the distribution of AIZS-GO solution. The binding constant
increased with rising temperatures, meaning that the complex
produced in the reaction became more stable. From the above
analysis, we could form a site binding model to judge the reaction
degree of protein and quenching agent. That was why we studied
the other temperatures condition in this study.

Combination Between QDs and HSA

The combination power between extraneous parts and HSA
mainly involve hydrophobic, van der Waals, and hydrogen bonds
(Sudlow et al,, 1976). Based on plenty of experimental data
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FIGURE 4 | The double log plot of AIZS-GO QDs with HSA at diverse
temperatures.

and by analyzing results, Ross and Surbamanian concluded
that the interaction forces were associated with a magnitude
of thermodynamic parameters, containing enthalpy (AH) and
entropy (AS). The thermodynamic parameters can be described
by van’t Hoff’s equation (Koegler et al., 2012).

Ky = — 245 (4)
M= TR TR
G= —RTInK, = H— TS (5)

where Ky is the binding constant at settled temperature T, R is the
gas constant, and AG is free energy. We could draw the linear
fitting plot of In K4 against ﬁ. The values of AH and AS were
acquired from the slope and intercept of the plot. The values
are shown in Table 3. The values of AH and AS were both less
than zero demonstrating that hydrogen bonds and van der Waals’
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forces made great contributions to the interaction of AIZS-GO
QDs and HSA. The values of AG were negative demonstrating
that the interaction is a spontaneous process.

UV-Vis Absorption Spectra

Furthermore, the distinction of Uv-visible absorption spectrum
could identify the fluorescence quenching mechanism. Dynamic
quenching only affects exited states of molecules, and there was
no distinction in the absorption spectrum. But the complex
generation in the process of static quenching disturbed the
absorption spectrum (Gelamo et al., 2002; Hu et al., 2010).

We could see that the Uv-visible absorption spectrum of HSA
was significantly altered by adding different concentrations of
AIZS-QDs in Figure 5A. Figure 5B shows that AIZS-GO QDs
have strong absorptivity, and the absorption spectrum between
the AIZS-GO QDs-HSA system and AIZS-GO illustrated that
changes in the absorption spectrum of has, after instilling

TABLE 2 | The binding constant K, numbers of binding site n and the correlation
coefficient R for the interaction between AlZS-GO QDs and HSA at diverse
temperatures.

T(K) Ksy(105Lmol ") n R

208 5.695 1.076 0.9992
303 6.490 1.101 0.9988
308 10.942 1.150 0.9973

TABLE 3 | The thermodynamic parameters of AIZS-GO QDs and HSA system at
diverse temperatures.

AIZS-GO, was not influenced by the absorbency of quantum
dots. This further confirmed the static quenching mechanism.

Conformation Alteration of HSA by QDs
FT-IR spectroscopy can effectively analyze the alteration of the
structure of HSA (Ding et al., 2011; Hemmateenejad et al., 2015).
Figure 6A shows that HSA had two primary amide bands of
about 1652 cm~! (C=O0 stretch) and 1,544 cm™!(C-N stretch,
N-H bending mode). QDs had two primary absorption bands of
about 1,634 cm~! (C=O0 stretch) and 1,466 cm ™! (C-H stretch),
too. Furthermore, the absorption spectrum of AIZS-GO QDs-
HSA had a distinct wavelength movement (from 1,652-1,650 to
1,544-1,537 cm™!) when it was compared with HSA's. These
results demonstrate that QDs interact with groups on the surface
of HSA that alter HSAs structure.

CD spectroscopy can research the conformation of HSA
quantitatively (Nordén and Tjerneld, 1982; Venyaminov and
Woody, 1999). Figure 6B shows that HSA had two negative
absorption points of about 208, 220 nm. It implies that the «-
helical structure existed in HSA. This phenomenon was owed
to the n— 7* and 1 — 7™ electron transfer to the peptides
bonds of the a-helica. Meanwhile, the diversity between the HSA
and AIZS-GO QDs-HSA system demonstrates the cause of the
conformational alteration of HSA. CD spectra can be described
using following equation.

ObservedCD (mdeg)
MREogpm = (6)
cnl x 10
—MRE —4000
a — helix (%) = 208nm %100 ?)
33000 — 4000

Where MREjpgnm is the mean residue ellipticity at 208 nm, c is

T(K) AH (KJmol~") AG (KJmol~") AS Umol-'K-")  the concentration of HSA, n is the number of amino acid residues
in HSA (n = 585) and | is the path length. It was calculated
298 —30.723 that approximately 54.52% of the a-helix existed in HSA, which
803 —66.417 —30124 —119.78 implied that HSA remained a-helix structure. In addition, when
308 —29.525 AIZS-GO QDs exist, the a-helix would decrease to 50.35%, which
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FIGURE 5 | (A) Uv-visible absorption spectra of HSA (T = 298 K) in different concentration of AIZS-GO QDs. ¢(HSA) = 1.0 x 10~®molL~", c(AIZS-GO QDs): (a-f): 0, 1,
2,3,4,5 x10"®molL~", pH = 7.4. (B) is the Uv-visible absorption spectra of QDs, HSA and the distinction of HSA-QD and QDs.
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demonstrates more alterations in the structure and that surface
coverage of HSA is reduced after interacting with AIZS-GO QDs.
The a-helix content of HSA has an effect on the bioactivity
of HSA.

All FT-IR spectra and CD spectra results demonstrate that
AIZS-GO QDs bind stronger with HSA, which leads to major
conformation alterations of HSA.

Cytotoxicity of QDs

The quantum dots in this work were nearly non-toxic. When
AIZS-GO QDs are gradually applied to live experiments, their
toxicity always needs to be further researched systematically.
In order to use AIZS-GO QDs to label liver cancer cells,
the cck-8(Cell Counting Kit-8) analytical method was used to
test the survival rate of hepatocellular carcinoma Hep-G2 cells
and to determine the cytotoxicity of AIZS-GO QDs in the
experiment. The results were the average of five tests. The
cytotoxicity of AIZS-GO QDs was analyzed by using quantum
dots with different concentrations (1,10,50,100 wmol/L) and
different action times (6, 12, 24 h). The cell survival rate is shown
in Figure 7.

Figure 7 shows that the damage to cells was the greatest when
the concentration of AIZS-GO QDs was 10™¢ mol/L. After 24h
of culture, cell survival rate was only 53.87%. With the increased
action time, the cell survival rate gradually decreased at different
concentrations. When the concentration of AIZS-GO QDs was
10~8mol/L and the action time was 24 h, the cell survival rate
was still 78.15%, indicating that the effect of AIZS-GO QDs on
cell activity was not significant at the appropriate concentration.
The results also implied that AIZS-GO QDs could affect the cells’
survival rate by cultivating with them for too long. Moreover,
when the concentration of AIZS-GO QDs exceeded a certain
range, the apoptosis rate of cells could increase.
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FIGURE 7 | The influence of different concentrations of AIZS-GO QDs and
different incubation time on the survival rate of hepatocellular carcinoma
Hep-G2 cells.

Table 4 shows the comparison in cytotoxicity of different
quantum dots of the other reported work. It was shown that the
synthesized AIZS-GO QDs had greatly lowered cytotoxicity than
cadmium quantum dots which contained heavy metal ions. It is
beneficial for us to study the cytotoxicity of AIZS-GO QDs in
normal cells in the future.

CONCLUSIONS

In summary, the interaction between AIZS-GO QDs and HSA
was researched by fluorescence spectra, Uv-visible absorption
spectra, FT-IR spectra, and CD spectra. AIZS-GO QDs then
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TABLE 4 | Cytotoxicity comparison of different quantum dots after 6 h.

Quantum  Concentration Cells Cells survival Reference

dots of QDs rate

NAC-CdTe 20nM Hepatocytes 75.38% Wang et al., 2019
QDs

CdSe QD- 10nM HaCaT cells 71.84% Ando et al., 2016
polymerNPs

AlZS-GO 10nM Hep-G2 cells 99.15% This work

QDs

AlIZS- 100 nM Hep-G2 cells 95.23% This work

GO QDs

closely bind to HSA and form a complex, and hydrogen bonds
and van der Waals’ forces have made major contributions to
this binding process. The Stern-Volmer quenching constants and
thermodynamic parameters were determined by fluorescence
information. The results demonstrate that the fluorescence
intensity of HSA can be quenched by AIZS-GO QDs. The FT-
IR spectra and CD spectra further accounted for the structure
alterations of HSA when AIZS-GO QDs existed. It means that
AIZS-GO QDs can influence the bioactivity of HSA. All the
results are conducive to understanding the interaction between
AIZS-GO QDs and HSA. Besides HSA, we also found that
AIZS - GO QDs could combine with the lysozyme which is a
kind of protein in the blood. After AIZS - GO QDs combined
with the lysozyme, however, the fluorescence characteristic,
Uv-visible absorption spectroscopy, and the conformation of
the lysozyme were obviously distinct from the corresponding
performance of HSA. It also implied that after AIZS - GO
QDs combined with HSA, the performance of HSA had
specificity. In the future, specific antibodies and antigens can
be connected on the surface of quantum dots through this
binding mechanism to make bioluminescence probes to detect
and label corresponding proteins or tumor cells. It can also
further promote the development of medical diagnostics and
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SnO», based sensors has received extensive attention in the field of toxic gas detection
due to their excellent performances with high sensitivity, fast response, long-term stability.
Volatile organic compounds (VOCs), originate from industrial production, fuel burning,
detergent, adhesives, and painting, are poisonous gases with significant effects on
air quality and human health. This mini-review focuses on significant improvement of
SnO»2 based sensors in VOCs detection in recent years. In this review, the sensing
mechanism of SnOy-based sensors detecting VOCs are discussed. Furthermore, the
improvement strategies of the SnO» sensor from the perspective of nanomaterials are
presented. Finally, this paper summarizes the sensing performances of these SnO»
nanomaterial sensors in VOCs detection, and the future development prospect and
challenges is proposed.

Keywords: SnO, based sensor, gas detection, VOCs, nanomaterials, improvement strategies

INTRODUCTION

Volatile Organic Compounds (VOCs) are the most crucial cause of indoor air pollution and harm
to human health, including a variety of toxic compounds and carcinogens (Shrubsole et al., 2019).
For example, organic waste gases such as formaldehyde and polycyclic aromatic hydrocarbons have
strong carcinogenicity, when the human body is in this environment for a long time, the possibility
of carcinogenesis will greatly increase. There are also some organic waste gas shows a strong toxic
effect, the human body in the excessive inhalation, will lead to coma or even death (Li G. et al,,
2019). In addition, VOCs exhaust gas may also cause environmental problems such as acid rain,
ozone layer damage, and atmospheric warming (Meng et al., 2018). Therefore, it is very essential
to analyze the composition and concentration of VOCs in the air. Current methods for detecting
VOC:s include Gas Chromatography (GC), Gas Chromatography-mass spectrometry (GC-ms) and
gas sensor detection (Vesely et al., 2003; Teixeira et al., 2004). GC determination of a single sample
requires reference to known standards, and GC-ms requires a high time cost and complicated
process. More importantly, both methods are offline and cannot detect the content and change of
VOCs in real-time. In recent years, gas sensors has been widely noticed because of its fast detection
speed, small volume, simple measurement and on-line monitoring.

Carbon materials and metal oxide semiconductor materials like SnO,, ZnO, WO3, and In,03
have received scientific and technological importance and are widely used to detect VOCs gases
(Luo et al,, 2016; Lin et al, 2019; Zhao et al., 2019b). SnO, gas sensor has been extensively
studied for its applications in air quality detection, flammable and explosive gas detection, and
environmental monitoring (Zhang Q. Y. et al, 2018; Zhou et al., 2018c). Nanomaterials have
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become the focus of the best sensing materials in recent
years. Nanomaterials have many natural advantages such as
large specific surface area, small size, and lightweight (Lu
et al., 2018a; Zhou et al., 2018a). At present, there are many
kinds of structures such as nanowires, nanofilaments, nanowires
hollow spheres, nanofilaments flowers, and nanotubes (Mirzaei
et al,, 2016; Zhang Q. Y. et al,, 2017). Different nanostructures
and morphologies have different effects on the properties of
materials. In order to change the nanostructure of a single
material, there are other ways to improve the gas sensitivity
of the sensor. This mini-review summaries the gas-sensing
performances of SnO, based sensor, which were influenced
by the microstructure, doping, oxide composite and noble
metal modification, toward toluene (C¢Hs5CH3), formaldehyde
(HCHO), and acetone (C3HgO).

SENSING MECHANISM OF SNO, GAS
SENSOR

SnO; sensor is a surface-controlled gas sensor. The gas-
sensing reaction can only cause changes in parameters such as
surface conductivity of the semiconductor (Ducere et al., 2012;
Korotcenkov and Cho, 2017). When exposed to air, oxygen
molecules would be adsorbed on the surface of the SnO,
nanostructures and capture electrons from the conduction band
of SnO; to generate chemisorbed oxygen species [O;, O™, and
0?7, depending on temperatures; (Shahabuddin et al., 2017;
Zhou et al.,, 2019)]. The chemical adsorption process can be
explained by the following reactions:

O,(gas) <> Oy (ads) (1)

Os(ads) + e~ < Oy (ads)(T < 150°C) (2)

0, (ads) + e~ <> 20 (ads)(150°C < T < 400°C) (3)
O™ (ads) + e~ <> O* (ads)(T > 400°C)  (4)

When SnO, sensor contacts with the measured gas, its
resistance will change according to the oxidation or reduction
characteristics of the gas. Toluene, formaldehyde and acetone
tested in this paper are reductive gases. When SnO; material
surface comes into contact with a reducing gas, the reducing gas
will react with oxygen anions to produce carbon dioxide and
water, and the resulting electrons will return to the conduction
band of the semiconductor. Therefore, this process will increase
the carrier concentration on the surface of SnO, material,
resulting in a decrease in the resistance value. When finally
restored to the air environment, the sensor returns to its original
state (Lu et al., 2018b; Al-Hashem et al.,, 2019; Mahajan and
Jagtap, 2019). The sensing mechanism of the SnO, sensor
reacting with these gases can be represented by the following
path, where O~ is taken as an example (Lian et al., 2017; Zhu
etal., 2019):

CsHs;CH3 + 180~ — 7CO, 4+ 4H,0 + 18¢~ (5)
HCHO + 20~ — CO; + H,O + 2¢e™~ (6)
C3HgO + 80~ — 3CO;, + 3H,0 + 8¢~ (7)

OPTIMIZATION OF SNO, GAS-SENSING
MATERIALS

With the development of semiconductor gas-sensing materials,
it has been the focus of research to enhance their gas-sensing
properties for gas detection. The most common preparation
methods of SnO, sensing materials include electrostatic spinning
and hydrothermal methods, as shown in Figures 1A,B. Different
preparation methods will change the structure and morphology
of SnO; sensing materials and further enhance the gas sensitivity
(Long et al., 2018; Zhang Y. J. et al., 2018; Zhou et al.,, 2018b).
This section mainly reflects the changes in the gas-sensing
properties of SnO, nanomaterials from the aspects of structure
and morphology design, ion doping, oxide composite and noble
metal modification (Chen et al., 2013; Das and Jayaraman, 2014).

Different nanostructures and morphologies cause various
effects on the properties of materials. In this respect, various
morphologies from 0-D to 3-D with unique physical and
chemical properties have been successfully synthesized. High
dispersivity, ultra-small diameter 0-D SnO, nanoparticles
(Figure 1C) have highly effective surface areas and sufficient
oxygen vacancies, which can improve the performance of
nanoparticle based sensors (Matussin et al, 2020). 1-D
SnO; structure, such as nanofibers (Figure 1D), has excellent
sensitivity and stability due to its large specific surface area, high
porosity and good permeability (Li H. et al., 2019). Compared
with low dimensional structure, 2-D structure possesses larger
special surface area. In comparison to the 3-D structure,
freestanding 2-D structures such as SnO; nanosheets (Figure 1E)
can provide better optimization including the modulation of
the materials activity, surface polarization, and rich oxygen
vacancies (Zhu et al., 2015). 3-D structures, such as microspheres,
microflowers, and mesoporous structures, are assembled by
diverse lower dimension fundamental blocks. Microstructured
analyses suggest that the favorable gas sensitivity of SnO; tapered
layered nanostructures (Figure 1F) are mainly ascribed to the
formation of more active surface defects and mismatches (Li
etal., 2017).

Ion doping can change the cell parameters of the material,
the number of suspensions on the surface of the material and
the richness of defects, thereby enhance the gas sensitivity of the
sensor (Korotcenkov and Cho, 2014). The Y-doped SnO, three-
dimensional flower-like nanostructure prepared by one-step
hydrothermal method has a large number of rough nanoflakes,
which increases the specific surface area and is more conducive
to the adsorption and desorption of oxygen and formaldehyde
gas. It is a highly sensitive formaldehyde detection material (Zhu
et al,, 2019). The doping of Ce ions into the SnO lattice results
in the smaller size of nanoparticles and the formation of a porous
structure. Therefore, Ce ions can provide more active sites for the
adsorption and reaction of acetone (Lian et al., 2017).

The combination of two metal oxides can improve the
gas sensitivity of semiconductor materials. The dispersion of
functional components is the key factor to realize good gas
sensitivities (Wei et al., 2020). Moreover, the heterostructure
formed by SnO, and another metal oxide can promote
the transfer of carriers between materials and change the
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FIGURE 1 | (A) A schematic of electrospinning method. (B) A schematic of hydrothermal method. (C) SnO, nanoparticles. Reprinted with permission from Matussin
et al. (2020). (D)Sn0O2/Zn0O nanofibers. Reprinted with permission from Li H. et al. (2019). (E) SnO» nanosheets. Reprinted with permission from Zhu et al. (2015).
(F) SnO. tapered layered nanostructures. Reprinted with permission from Li et al. (2017).

conductivity and energy band structure of composite materials
(Gusain et al., 2019; Wei et al., 2019). In a recent research, a facile
solvent EIOC has been demonstrated for the synthesis of novel
hierarchical branched mesoporous TiO;-SnO; semiconducting
heterojunctions. The uniform distribution of SnO; NCs in the
pore walls of TiO, forms numerous n-n heterojunctions which
are extremely useful for surface catalytic reaction. Owing to the
rational combination of a hierarchical mesoporous structure,
a high crystallinity, and well-defined n-n heterojunctions, the
SHMT-based gas sensor shows an excellent sensing performance
with a fast response and recovery dynamics, ultralow limit of
detection and a superior selectivity (Zhao et al, 2019a). The
cactus-like WO3-SnO; nanocomposite was prepared by one-step
hydrothermal method by attaching many tiny SnO, nanospheres
to large WO3 nanospheres, which provided many active sites
for the acetone molecule and provided heterojunctions between
WOs3 and SnO;. The synergistic effect between them improves
the sensing performance of the composite nanomaterial to
acetone gas (Zhu et al.,, 2018).

Precious metal modification usually uses Au, Ag, Pt, and Pd
or their oxides to improve the sensitivity and response speed of
gas sensing materials and reduce the working temperature. Ag
modified SnO, nanoparticles prepared by hydrothermal in situ
reduction improved the sensor’s ability to detect formaldehyde.
This is due to the charge transfer between Ag and SnO;, which
increases the absorption band on the composite by 20 nm, thus
improving the gas sensitivity (Liu et al., 2019). When the acetone
is detected by Ag/SnO, porous tubular nanostructures prepared
by electrospinning, the sensor resistance changed rapidly and
significantly. On the one hand, the p-n hybrid interface of p-
type Ag>,O and n-type SnO, causes the energy band of the

depletion layer to bend, increasing the initial resistance. On the
other hand, the hollow nanostructure promotes the adsorption
and electron transfer of acetone, which makes the resistance
change rapidly (Xu et al., 2017). The bimetal PdAu modified
SnO; nanosheet showed excellent selectivity and responsiveness
to low concentrations of acetone, which is due to the chemical
sensitization of Au, electronic sensitization of Pd and synergism
of PdAu bimetal nanosheet (Li G. et al., 2019).

SENSING PERFORMANCE OF VOCs
BASED ON SNO,; NANOMATERIALS

For VOC:s, this review mainly introduces toluene, formaldehyde
and acetone. This section summarizes the gas-sensitive
characteristics of SnO,-based nanomaterials for the above gases,
as shown in Table 1. In the detection of common VOCs, the
lower detection limit, response value and detection temperature
of SnO; based nanomaterials are different.

Toluene, a colorless volatile liquid, is one of the most widely
used aromatic hydrocarbons and is considered as a biomarker of
cancer. Occupational Safety and Health Administration (OSHA)
stipulates that the permissible exposure limit for toluene is 100
ppm for 8 h (Sui et al., 2017). The Pd-doped SnO; hollow spheres
prepared by hydrothermal method measured a response value of
52.9 for toluene at 20 ppm and a lower temperature of 230°C
(Zhang K. et al.,, 2017). The Pd-loaded SnO; cubic nanocages
are also an ideal choice for toluene detection, with a minimum
detection concentration of 100 ppb, a response to 20 ppm of
toluene of 41.4, and an optimal reaction temperature of 250°C
(Qiao et al,, 2017). Formaldehyde is a colorless and pungent gas.
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TABLE 1 | Comparison of SnO, based nanomaterials for VOCs detection.

VOCs Material Synthesis method Detection limit Response Temperature References
(C)
Toluene Pd-doped SnO, hollow spheres One-pot hydrothermal method 100 ppb 52.9 (20 ppm) 230 Zhang K. et al., 2017
Micro-/mesoporous SnO, spheres Solvothermal method 10m 20.2 (50 ppm) 400 Hermawan et al., 2019
Pd-loaded SnO, cubic nanocages Multi-step route 100 ppb 41.4 (20 ppm) 250 Qiao et al., 2017
Pd/SnO, nanofibers electrospinning and 0.5 ppm 24.6 (100 ppm) 250 Xie et al., 2018
carbonization
Formaldehyde Ag-SnO, composites Hydrothermal and in situ 10 ppm 14.4 (10 ppm) 125 Liuetal., 2019
reduction method
Ag doped Zn,Sn04/SnO; hollow Hydrothermal method 5 ppm 62.2 (50 ppm) 140 Zhang et al., 2019
nanospheres
Ni doping of SnO, nanoparticles Hydrothermal method 1 ppm 130 (100 ppm) 200 Hu et al., 2018
Y-doped SnO, flower-shaped Hydrothermal method 1 ppm 18 (50 ppm) 180 Zhu et al., 2019
nanostructures
NiO-SnO, heterojunction Hydrothermal method 1 ppm 39.2 (100 ppm) 100 Meng et al., 2018
microflowers
Cedar-like SnO» hierarchical Low-temperature hydrothermal 5 ppm 13.3 (100 ppm) 200 Yuetal, 2017
micro-nanostructures method
GO/SnO, nanocomposites Electrospinning and calcination 500 ppb 32 (100 ppm) 120 Wang et al., 2017
procedure
SnO/SnO2 nano-flowers Hydrothermal method 8.15 ppb 80.9 (50 ppm) 120 LiN. etal., 2019
Cd-doped SnO, nanofibers Hydrothermal method 1 ppm 51.11 (100 ppm) 160 Zhao et al., 2020
Acetone Ca?*/Au co-doped SnO, nanofibers  Electrospinning and calcination 10 ppm 62 (100 ppm) 180 Jiang et al., 2017
procedure
LayO3-doped SnO, nanoparticulate  Flame-spray-made 100 ppb 3,626 (400 ppm) 350 Tammanoon et al., 2018
thick films
Ce-doped SnO» nanoparticles Hydrothermal method 10 ppm 50.5 (50 ppm) 270 Lian et al., 2017
Ag-decorated SnO» hollow Electrospinning method 5 ppm 117 (200 ppm) 160 Xu et al., 2017
nanofibers
Au@WO3-SnO, corrugated Hydrothermal treatment process 200 ppb 79.6 (0.5 ppm) 150 Shao et al., 2019
nanofibers
PdAu decorated SnO, nanosheets  In situ reduction method 45 ppb 109 (50 ppm) 250 LiG. etal., 2019
Cactus-like WO3-SnO, Hydrothermal method 26 (600 ppm) 360 Zhu et al., 2018

nanocomposite

Due to the toxicity of formaldehyde, OSHA has established the
Threshold Limit Value (TLV) as a concentration of 0.75 ppm
for 8 h. The SnO/SnO, nano-flowers prepared by hydrothermal
method have a minimum detection concentration of 8.15 for
formaldehyde, an optimal response temperature of 120°C, and
a response value of 80.9 at 50 ppm. It is an ideal material for
formaldehyde detection (Li N. et al,, 2019). The hydrothermal
Ni doping of SnO; nanoparticles also had a good response value
of 130-100 ppm of formaldehyde at 200°C (Hu et al., 2018).
In addition, the Ag-doped Zn;SnO4/SnO; hollow nanospheres
responded to 50 ppm of formaldehyde with a value of 62.2 and
a lower detection temperature of 140°C (Zhang et al., 2019).
Acetone is a colorless and irritant liquid. Long term exposure
to acetone can stimulate human sensory organs and lead to
inflammation. Therefore, the quantitative detection of acetone
is of great significance (Cheng et al., 2015; Lian et al., 2017).
PdAu decorated SnO, nanosheets sensor was able to detect
acetone at 45 ppb and to respond to acetone at 50 ppm to 109
(Li G. et al,, 2019). The detection limit of Au @ WO3-SnO,
corrugated nanofibers prepared by hydrothermal treatment was

200 ppb acetone, and the best response to 0.5 ppm acetone at
150°C was 79.6. The Au@WO3-SnO; corrugated nanofibers is
an ideal low concentration acetone gas sensor with low detection
limit and high response (Shao et al., 2019). La;O3-doped SnO,
nanoparticle thick films has an amazing response value of 3,626
—400 ppm at 350°C, which is suitable for the detection of high
concentration acetone (Tammanoon et al., 2018).

CONCLUSION AND PERSPECTIVE

This review discusses the performance improvements of SnO,-
based nanomaterials and the comparison of gas sensitivity in
VOCs in recent years. SnO,-based nanostructures provide a
larger specific surface area and more active sites, which is
conducive to VOCs adsorption. Ion doping can reduce the
size of nanomaterials and make the surface of the material
rougher, thereby increasing the specific surface area. Metal
oxide composite can not only achieve functional dispersion, but
also form heterojunctions to promote the movement of charge
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carriers. Precious metals have excellent catalytic activity for SnO,
nanomaterials. These optimization methods make SnO;-based
gas sensors operate at lower temperatures, higher sensitivity,
and better stability. Despite great progress has been made in
the application of SnO, nanomaterials, there is still much room
for further development. First of all, cross sensitivity is a huge
challenge for the preparation of high-performance sensors. In
the future, SnO; gas sensor will be able to detect a single gas in
the mixture. Secondly, most of the SnO; sensors currently used
work at high temperature, which limits their wide application
in detecting VOCs at room temperature. In addition, long-term
stability is also one of the research hotspots of SnO; sensors in
the future. Due to the influence of external environment and
other factors, the stability of the sensor can not be guaranteed.
Therefore, it is of great significance to develop more stable
gas sensors. It has become a research hotspot to optimize the
existing gas sensing materials by chemical modification and
develop new gas sensing materials such as composite and hybrid
semiconductor materials and polymer gas sensing materials. In
addition, new sensors, such as optical waveguide gas sensor,
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Porphyrins, with or without metal ions (MPs), have been explored and applied in optical
and electrochemical sensor fields owing to their special physicochemical properties. The
presence of four nitrogen atoms at the centers of porphyrins means that porphyrins
chelate most metal ions, which changes the binding ability of MPs with gas molecules
via non-specific binding. In this article, we report hybrid chemiresistor sensor arrays
based on single-walled carbon nanotubes (SWNTs) non-covalently functionalized with
six different MPs using the solvent casting technique. The characteristics of MP-SWNTs
were investigated through various optical and electrochemical methods, including UV
spectroscopy, Raman, atomic force microscopy, current-voltage (I-V), and field-effect
transistor (FET) measurement. The proposed sensor arrays were employed to monitor the
four VOCs (tetradecene, linalool, phenylacetaldehyde, and ethylhexanol) emitted by citrus
trees infected with Huanglongbing (HLB), of which the contents changed dramatically at
the asymptomatic stage. The sensitivity to VOCs could change significantly, exceeding
the lower limits of the SWNT-based sensors. For qualitative and quantitative analysis
of the four VOCs, the data collected by the sensor arrays were processed using
different regression models including partial least squares (PLS) and an artificial neural
network (ANN), which further offered a diagnostic basis for Huanglongbing disease at
the asymptomatic stage.

Keywords: citrus greening disease, carbon nanotube, metalloporphyrin, chemiresistor, volatile organic
compounds, artificial neural networks (ANN), gas sensor
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INTRODUCTION

Porphyrins (Auwarter et al., 2015; Gutiérrez-Cerdn et al., 2016),
known as one of the critical types of biological ligands, are
macromolecular heterocyclic compounds consisting of four
modified pyrrole rings, which are connected together through a
methine bridge so that the molecule takes the form of a large ring
(Zahou et al., 2016). Each pyrrole ring is made from four carbons
and one nitrogen. All of the nitrogen atoms located at the interior
of the large ring form a central cavity that can coordinate with
most metal ions to form metalloporphyrin complexes (MPs). Due
to the coordinated metal ions of MPs being in an unsaturated
state, MPs can bind with one or two additional ligands at the
axial position. MPs can combine with gas molecules through
Van der Waal forces, hydrogen bonding, or interaction with
the central metal ion (Penza et al., 2010; Shirsat et al., 2012).
The optical and electrical properties will change sharply when
MPs interact with gas molecules. Therefore, sensors decorated
with different MPs or MP hybrid materials are considered to
be excellent gas-sensing devices at room temperature (Liu et al.,
2010), of which the sensing performance has been investigated
by several groups. Song and coworkers (Song et al., 2016) used 5,
10, 15, 20-tetrakis(4-aminophenyl)porphyrin zinc (ZnTAP) and
nanoporous anodized aluminum oxide membrane to assemble
highly ordered nanotubes of ZnTAP, which was applied to detect
NO, at ambient temperature with high sensitivity and fast
response-recovery time. Xie et al. developed a nitric oxide (NO)
sensor based on a reduced graphene oxide field-effect transistor

functionalized with iron-porphyrin. This gas sensor for real-time
monitoring of NO released from cultured human cells measured
NO in living cells with high sensitivity and specificity (Xie et al,,
2016).

Single-walled carbon nanotubes (SWNTs) (Peng et al., 2016),
one-dimensional structures with a nanometer-range diameter,
are seamless cylinders comprised of a layer of graphene.
They have gained widespread use in electrochemical sensors
due to their interesting properties, such as excellent electrical
conductivity, high surface-to-volume ratio, and thermostability
(Salvetat et al.,, 1999; Kang et al., 2007). Studies indicate that
gas molecules as either charge donor or a charge acceptor can
be weakly adsorbed by SWNTs, which can cause a significant
change in the electronic transport properties of SWNTs in view
of charge transfer and charge fluctuation (Britz and Khlobystov,
2006; Giraldo et al., 2014). However, the low sensitivity and poor
selectivity of bare SWNT-based sensors limit the ability of an
individual sensor to analyze a multi-component gas mixture.
Surface modifications that occur when SWNTs are functionalized
with gas-sensitive materials can enhance sensing performance
(Martin et al., 2013; Hijazi et al., 2014). MPs have flat and planar
structures that efficiently bind with the SWNTs through n-7
interactions (Bassiouk et al., 2013).

Huanglongbing (HLB), also called citrus greening or yellow
shoot disease, is a bacterial disease of citrus caused by a vector-
transmitted pathogen (Sagaram et al., 2009) that threatens the
multi-billion dollar citrus industry all over the world (Bassanezi
et al, 2011). There are two general means of propagation:
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(i) transmission from infected citrus trees to the surrounding
trees by citrus psyllid insects (Grafton-Cardwell et al., 2013);
(ii) grafting of an infected scion on a healthy citrus tree. In
reality, if a citrus tree is infected by HLB, the disease will
incubate for several years without any symptoms (Lee et al,
2015) and then exhibit visible symptoms, including yellowing
of the veins, splotchy mottling of the entire leaf, dieback of
twigs, and decay of feeder rootlets and lateral roots (Johnson
et al., 2014). There are few effective and cheap treatments to
cure this disease. The most frequently used method is to remove
infected trees selectively, halting the spread of HLB, wherefore
early detection of this disease is vital. In 2020, an approach
to eradicate the bacteria responsible for Huanglongbing disease
using silver nanoparticles (AgNPs) achieved remarkable results,
providing a new method to cure this disease (Stephano-Hornedo
et al., 2020). However, it is especially challenging to diagnose
HLB at an early stage due to the infected trees lacking symptoms
while still acting as reservoirs to transmit the disease. Current
detection methods for HLB are based on qualitative assessment
of disease symptoms and molecular analysis methods such as
visible-near infrared spectroscopy (Sankaran et al., 2011), mid-
infrared (MIR) spectroscopy (Sankaran et al., 2010), enzyme-
linked immunosorbent assay (ELISA) (Rapala et al., 2002), and
polymerase chain reaction (PCR) (Ananthakrishnan et al., 2010).
These techniques are susceptible to error and require expensive,
time-consuming processes, which makes them unsuitable for
rapid, on-site detection at the asymptomatic stage. Previous
research has demonstrated that the VOCs released by the trees
are closely associated with plant metabolism, which offers a
new means for detecting the status of plant health at any
stage. Aksenov et al. (2014) used gas chromatography/differential
mobility spectrometry (GC/DMS) to analyze the VOCs released
by the Huanglongbing infected citrus tree. Hundreds of
independent VOC measurements were collected and analyzed
through GC/DMS. Based on changes in the concentrations of
characteristic VOCs, the infection process was divided into four
stages: healthy, asymptomatic, mild, and severe. They found
that the contents of VOCs (tetradecene, linalool, nonadecane,
phenylacetaldehyde, and ethylhexanol) changed dramatically
at the asymptomatic stage. The levels of tetradecene and
ethylhexanol deceased, and the rest increased. They established
VOC-based disease detection with high accuracy. But GC/DMS
is an expensive device that requires professional operation. To
overcome this limitation, this paper proposes an electronic
gas sensor to replace GC/DMS so as to determine the VOC
concentrations at high sensitivity and low cost.

Here, hybrid chemiresistive sensor arrays based on SWNTs
non-covalently functionalized with MPs was fabricated that
is easy to use and low-cost and which is suitable for the
detection of VOCs released from Huanglongbing infected citrus
trees at the asymptomatic stage. The characteristics of MP-
SWNTs were measured by optical and electrical methods,
including UV-vis absorption spectroscopy, Raman, atomic force
microscopy, current-voltage (I-V), and field-effect transistor
(FET) measurement. The sensor arrays were applied to
monitor the concentrations of the VOCs tetradecene, linalool,
phenylacetaldehyde, and ethylhexanol. To discriminate the four
VOCs qualitatively and quantitatively, partial least squares (PLS)

and an artificial neural network (ANN) were further selected to
process the data recorded by the sensor arrays.

MATERIALS AND METHODS

Chemicals and Materials

Dispersed single-walled carbon nanotube solution (0.01 mg/ml,
95% semiconducting) was obtained from Nano-Integris Inc.
(USA). Chemical reagents (dimethylformamide, acetone,
propanol, and ammonium hydroxide) were purchased
from Fisher Scientific Company (USA). Three volatile
organic ~ compounds  (2-Ethyl-1-hexanol, 1-tetradecene,
and phenylacetaldehyde) and 3-aminopropyltriethoxysilane
(APTES) were purchased from Sigma Aldrich (USA). The MPs,
namely tetraphenyl porphyrin (TPP), iron porphyrin (FeTPP),
copper porphyrin (CuTPP), zinc porphyrin (ZnTPP), copper
octamethyl porphyrin (CuOEP), and manganese OEP (MnOEP),
were provided by two chemical companies, Sigma-Aldrich
(USA) and Frontier Scientific (USA). Deionized water was used
throughout the experiments.

The dispersed solutions of MPs (TPP, FeTPP, ZnTPP, and
MnOEP) were prepared by dissolving a certain weight into
10ml N, N-dimethylformamide (DMF) under ultrasonication.
Saturated solutions of CuTPP and CuOEP were prepared for
further use.

Apparatus

The spectral, morphological, and electrical characteristics of
SWNTs before and after being functionalized by MPs were
investigated by atomic force microscopy (AFM), Raman, UV-Vis
spectrometry, current-voltage (I-V), and field-effect transistor
(FET) measurement. AFM images were obtained using an
atomic force microscope (Veeco Innova, Santa Barbara, CA,
USA). Raman spectra were measured with a Nicolet Almega
XR Dispersive microscope with 532-nm laser excitation. The
UV spectrum was acquired by a Beckman DU640 UV/Vis
spectrophotometer (Beckman Coulter, Inc. USA). Electrical
measurements were made using a semiconductor parameter
analyzer (Keithley 2636, USA).

For FET measurements, the Si substrate was covered with gold
film, which served as the base, and charged with a linear voltage
ranging from —60 V to 420 V. The two gold electrodes etched
on the SiO, surface acted as the drain and source, to which a
constant voltage (0.1 V) was applied. A dielectric layer of 100-nm
thick SiO, was used to separate the base from the source-drain.

Fabrication of MPs-SWNTs

The sensor was designed with a single-gap structure because this
offers a large area over which to react with gas molecules, and
electrical conductivity can be controlled easily in comparison
with an interdigital electrode. Highly p-doped silicon with
a 100-nm SiO; layer was employed to fabricate the single
gap microelectrode (10 um in width and 10 um in length)
by photolithography using the positive photoresist AZ-5214.
A 20-nm Cr layer and a 180-nm Au layer were uniformly
deposited and etched on the surface of the Si/SiO; via e-beam
evaporation. Finally, the photoresist residual was cleaned away
with acetone solution.
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The modification was shown in Figure 1. The single-gap
electrode was flushed successively with acetone and isopropanol
and then blow-dried in streaming air to remove surface
impurities before use. The electrode was immersed into
ammonium hydroxide for 30 min, and the residue was rinsed
off with sufficient deionized water. The cleaned electrode was
incubated in 0.5 mL APTES for 60 min, washed with deionized
water, and blow-dried using a nitrogen stream as quickly as
possible. After that, a 5-uL SWNT solution was added to
cover the microelectrode, and it was incubated with a high-
humidity and dark condition for 60 min. The residual SWNTs
were then carefully cleaned away with deionized water, and the
electrode was annealed in ambient air at 250°C for 60 min.
For MP immobilization, the single-gap electrode decorated
with SWNTs (SWNTs-FET) was immersed in different MPs
and placed in the dark for 4h. Finally, the MP-SWNTs was
annealed at 90°C under inert gasses in a protected condition
for 60 min.

Gas Sensing Setup

The gas sensing setup shown in Figure S1 was designed and
integrated to perform VOC determination. This device can
generate different concentrations of VOCs by mixing different
proportions of air and saturated vapors of VOCs, which
flowed through a 1.2 cm® sealed glass dome covering the
sensor array. A Keithley 2636 was used as a data-collecting
device, connecting to the sensor arrays via three meters (bias,
drain, and source) and recording output voltage and input
current. All devices were controlled by the software installed
in the computer that was programmed with the Laboratory
Virtual Instrument Engineering Workbench (Lab VIEW). For
experimental measurement, a voltage of +0.1V was applied
between the drain and the source without the base voltage. Before
detecting a desired concentration of VOC, the sensor array was
exposed to dry air until it reached a stable baseline.

RESULTS AND DISCUSSION

Characteristics of MP-SWNTs
Electrical characteristics (Ips-Vps and Ips-Vg), AFM, UV
spectrometry, and Raman were used to investigate the

characteristics of SWNTs before and after functionalization
with MPs.

Electrical characterization is an effective method for
distinguishing the changes in conductivity or resistance of
SWNTs before and after each modification. As shown in
Figure 2A, the Ips-Vps curves of bare SWNTs and CuTPP-
SWNTs presented good linear relationships, but the current
decreased dramatically with CuTPP-SWNTs. As shown in
Figure S2, the resistance values of bare SWNTs and CuTPP-
SWNTs were 28 and 318 k2, respectively; thus, with the addition
of CuTPP, the resistance increased 11 times in comparison
with bare SWNTs. The poor conductivity of CuTPP-SWNTs
illustrated that the molecules of CuTPP had interacted with the
carbon nanotube sidewalls, forming specific w-m-interactions
through non-covalent interactions (Li et al., 2004; Shirakawa
et al., 2005). The change in conductivity may be attributed to
a couple of different causes (Zhao and Stoddart, 2009): (i) the
carrier concentration (n) may be changed by an electron/charge-
transfer between CuTPP and SWNTs; (ii) CuTPP may act as
a randomly distributed scattering potential, transforming the
mobility () of the charge carrier. The FET curves of bare
SWNTs before and after functionalization with CuTPP are
shown in Figure 2B, for which the two electrodes were exposed
to the air. We found that the threshold gate voltage (Vrm)
of bare SWNTs was about —13.5V, while when the SWNTs
were functionalized with CuTPP, the FET curves shifted in the
negative direction and the Vry value was —20 V. According to
the mobility equation, the mobility values of bare SWNT and
CuTPP-SWNTs are 176 and 136 cm?/Vs, respectively, which is
in agreement with the Ips-Vpg results. The results remarkably
demonstrate that the positive hole of the p-type semiconductor
SWNTs was occupied by the electron, resulting in a lower barrier
concentration and carrier mobility.

The morphology of bare SWNTs and CuTPP-SWNTs was
studied by AFM observation in Figure3. It was clear that
the height of bare SWNTs was about 1.7nm, approximately
equal to the theoretical value (Bandow et al, 1998), which
also matched the diameter value for the SWNTs offered by the
producer. The height of the CuTPP-functionalized SWNTs was
noticeably increased to 4 nm as a consequence of the attachment
of porphyrin to the SWNTS’ surface.
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FIGURE 2 | Electrical and FET transfer characteristics of a CuTPP-functionalized bare SWNT device: (A) Ips-Vps at Vgs = 0V and (B) Vg-Ips at Vps =0.1V.
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FIGURE 3 | AFM images of (A) bare SWNTs and (B) CuTPP-SWNTs; (C) the
height profile of bare SWNTs (Black) and CuTPP-SWNTs (Red).

The formation of CuTPP-SWNTs is further confirmed by UV
absorbance because most MPs have a strong near-UV band [a
sharp, intense Soret band (B band)] in the near UV region and
two weak Q bands responsible for the red to purple color in
the visible region. Here, we chose a quartz plate to replace the
silicon substrate due to its good optical transparency. Compared
to blank Quartz in Figure 4, SWNTs-Quartz had an absorption
peak at 273 nm and an increasing absorbance intensity in the
whole spectral range, suggesting that the opaque material of
SWNTs had attached to the Quartz (Ryabenko et al., 2004). The
network structure formed by this attachment hampers parts of
light from moving through it. After SWNTs were functionalized
with CuTPP, a transmitting B band at 418 nm and one Q band
at 541 nm were observed, which demonstrate that CuTPP was
covalently attached to the surface of the SWNTs (Mammana et al.,
2008; Wang et al., 2011).

The interactions between the SWNTs and CuTPP were
characterized using Raman spectroscopy, and the results are
shown in Figure 5. The Raman spectrum of SWNTs shows four

0.020
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FIGURE 4 | UV-vis spectra of blank Quartz (Black), SWNTs-Quartz (Red), and
CuTPP-SWNTs-Quartz (Green).

peaks at 1,351 cm™! (a small D band), 1,579 ecm ™! (a G~ band),
1,600 cm~! (a sharp G band), and 2,680 cm~! (2D band).
After CuTPP was non-covalently linked to SWNTs, the G band
peak becomes narrower, and the G* band shifts to 1,598 cm™!,
suggesting that it can be ascribed to electron doping between
SWNTs and CuTPP. Meanwhile, the D/G intensity ratio of
CuTPP-SWNTs increase in comparison with SWNTs, indicating
the conversion of sp2 carbons to sp3 carbons on the SWNTs
surfaces due to the functionalization (Geng and Jung, 2010).

Gas Sensing Performance

As discussed earlier, the VOCs can serve as biomarkers to
diagnose whether a citrus tree is infected by HLB. To evaluate
the sensing performance of MP-functionalized SWNTs devices,
we measured the real-time electrical response of the hybrid
chemiresistor sensor arrays to phenylacetaldehyde, tetradecene,
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linalool, and ethylhexanol vapors with concentrations varying
from 5 to 100% of saturated vapors at room temperature. A
normalization method was adopted to process the electrical
signal, reducing the differences caused by the modification. The
normalized response is defined as a relative change in resistance:

AR/Rp % = (R —Rg)/Rp x 100% (1)
where Rg is the value of initial baseline resistance before MP-
SWNTs are exposed to VOCs and R is the value of resistance after
MP-SWNTs are exposed to VOCs.

Figure 6A shows the normalized resistance of CuTPP-
SWNTs toward the four VOCs (tetradecene, linalool,
phenylacetaldehyde, and ethylhexanol) released by infected
citrus trees at the asymptomatic stage. The normalized resistance
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FIGURE 5 | Raman spectra for bare SWNTs (Red) and SWNTs
functionalization with CuTPP (Black).

of CuTPP-SWNTs displayed a correlation with the VOC
concentrations in the Figure 6B. The conductivity of CuTPP-
SWNTs was increased after CuTPP-SWNTs had been exposed
to tetradecene, ethylhexanol, and phenylacetaldehyde, while, in
CuTPP-SWNTs exposed to linalool, the conductivity decreased.
The reason for this is discussed in Mechanism section. Compared
with the sensing responses of bare SWNTs shown in Figure S3,
the sensitivity of CuTTP-SWNTs to the VOCs (except for
phenylacetaldehyde) was improved to different degrees. For
100% saturated tetradecene vapor, the normalized response of
bare SWNT is only 0.83%, with the response reaching 50% of
the maximum in 4 min, as shown in Figure S4. However, the
normalized response of CuTPP-SWNTs was 45 times higher
than that of bare SWNTSs at the same concentration, and 50%
of the maximum response was reached in <5 min. Similar fast
responses were observed using the rest of the MP functionalized
SWNT devices to test the four VOCs; the related data are shown
in Tables S1-S4. This indicates that the modification of SWN'Ts
with MPs can enhance sensitivity, selectivity, and response
time in detecting gas concentration. As shown in Table S5, the
lowest detection limits were 4.86, 10.15, 0.18, and 0.61 ppm
for phenylacetaldehyde, ethylhexanol, tetradecane, and linalool,
respectively. After each experiment, we found that the sensor
arrays needed a long time to recover to the baseline, but it was
possible to shorten the recovery time by exposing the sensor
arrays to UV light or a high-temperature environment in an
oven, which can enhance the rate of desorption.

Mechanism

The sensing mechanism for the field-effect transistor includes
four aspects: electrostatic gating, changes in gate coupling,
Schottky barrier effects, and carrier mobility changes (Heller
et al, 2008). CuTPP-SWNTs were selected to investigate the
sensing mechanism upon interaction with organic gas molecules.
Prior to FET detection, CuTPP-SWNTs were exposed to
steaming air or saturated VOC vapors for 60 min to ensure
that the gas molecules could interact adequately with the gas-
sensitive material of CuTPP-SWNTs. Figure 7 shows the transfer
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characteristics (Ips-Vg) curves. Compared to the FET curve in
dry air, the Ips-Vg curves of phenylacetaldehyde shifted in the
negative direction, and the threshold gate voltage (V) was

5000
Air
—— Phenylacetaldehyde
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Tetradecene
—— Linalool
< 3000
(=
g
172
_a
2000
1000
0 T T
-60 -40 -20 0 20
\AAY
FIGURE 7 | Transfer characteristics (Ips-Va curves at Vpg = —0.1V) of
CuTPP-SWNTs in the presence of air and different saturated VOCs.

decreased, which was mainly ascribed to the electrostatic gating
effect. According to the mobility equation, the values of carrier
mobility of ethyl hexanol, tetradecane, and linalool reduced
compared to the mobility for dry air. Thus, a threshold voltage
shift and change in carrier mobility in the case of exposure of the
CuTPP-SWNT hybrid to ethyl hexanol, tetradecane, and linalool
indicate that the sensing mechanism is mainly governed by
electrostatic gating and carrier mobility changes in combination.

Mathematical Model for VOC Analysis
Pattern recognition tools can provide powerful multivariate
analysis methods to extract specific non-related information
from complex correlations and have been widely applied in
the multisensory field. Herein, we chose linear and non-linear
models to process the data collected by the hybrid chemiresistor
sensor arrays for the qualitative and quantitative analysis of the
four VOCs. Principal component analysis (PCA) was performed,
and the results are shown in Figure S5 and Table S6.

Partial Least Square Regression (PLSR)

PLSR (Mehmood et al., 2012), a multivariate calibration model,
was used to deal with the two multivariable matrices (X0 and Y0)
with significantly redundant variations. It is realized by extracting
predictor variables (X and Y) from the block X0-matrix and
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TABLE 1 | The correlation coefficient (Ro) and root mean square error (Rsvr) between real concentrations and predicted concentrations.

Phenylacetaldehyde Ethylhexanol Tetradecene Linalool
Ro Rsmr Ro Rsmt Ro Rsmt Ro Rsmt
PLSR 0.92816 9.58762 0.98718 411176 0.98303 4.72537 0.9762 5.58669
SPLS 0.98321 4.82493 0.98924 4.12993 0.9734 6.75741 0.98067 5.14909
ANN 0.99883 1.33108 0.99784 1.69709 0.99861 1.53506 0.99794 1.80906
Hidden Layer Output Layer
FIGURE 9 | Type of architecture of the neural network.
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the block YO-matrix and then analyzing and establishing the
relationship between the block X-matrix and the block Y-matrix.
PLSR combines the merits of principal component analysis and
multiple linear regression. This analysis also suits small samples
with a simplified data structure.

For this experiment, the X0-matrix consists of 28 columns
and 7 rows, with different concentrations (corresponding to 5,
10, 20, 40, 60, 80, and 100% saturated vapors) of four VOCs
as the columns and normalized responses of MP-functionalized
SWNTs (bare SWNTs, TPP-SWNTs, CuTPP-SWNTs, FeTPP-
SWNTs, ZnTPP-SWNTs, CuOEP-SWNTs, MnOEP-SWNTs) as
rows, and the Y0-matrix consists of 28 columns and 4 rows by
using the real concentration as the columns and the four VOCs
as the rows. As the normalized responses (Xo-matrix) are non-
linear with the concentrations of VOCs (Yy-matrix), these data
matrices need to be pre-processed prior to use: X = Xy, Y = Sqrt
(Yo). After the pre-treatment, the relationship between X and Y
approximates linearity. The X-matrix and Y-matrix are inputted
into the PLSR model, and the result is shown in Figure S6
and Figure 8. We found that the correlation coefficient between
the real concentration and fit concentration was much higher
and the standard deviation was lower than the matrix without
pretreatment; the data are presented.

Artificial Neural Network

An artificial neural network (ANN) (Asilturk and Cunkas, 2011)
is a flexible mathematical structure that is capable of identifying
complex non-linear relationships between input and output data
sets. ANN models have been found to be useful and efficient,
particularly in problems for which the characteristics of the
processes are difficult to describe using physical equations. The
overall structure is shown in Figure 9. The procedures of ANN
are divided into three main parts: an input layer, hidden layers,
and an output layer. In this model, the X matrix is the input
layer, which consists of 28 columns and 7 rows filled by using
different concentrations (corresponding to 5, 10, 20, 40, 60,
80, and 100% saturated vapors) of four VOCs as the columns
and normalized responses of MP-functionalized SWNTs (bare
SWNTs, TPP-SWNTs, CaTPP-SWNTs, FeTPP-SWNTs, ZnTPP-
SWNTs, CuOEP-SWNTs, and MnOEP-SWNTs) as rows. The
Y matrix is selected as an output layer, which consists of 4
columns and 28 rows, with the four concentrations in each row
corresponding to each column of X. The data of the X matrix are
divided randomly into three sets: 60% as training samples, 10% as
validation samples, and 30% as testing samples. During learning,
output values from the ANN are compared to true values, and the
coupling weights are adjusted to give a minimum sum of square
errors. After testing and comparing, we found that four nodes of
the hidden layer can cause the average relative error to reach a
minimum, shown in Figure S7 and Figure 10.

Among the three mathematical models, PCA is used only for
qualitative analysis of VOCs emitted by infected citrus trees, and
it is hard to acquire accurate results when the gas concentration
of any VOC is below 20%. Both PLSR and ANN are simple
methods that can offer qualitative and quantitative information,
which is widely employed in stoichiometry. The correlation
coefficient (Rg) and root mean square error (Rgyt) between

real concentrations and predicted concentrations are shown in
Table 1. We found that the best result is achieved with the
utilization of the ANN model because the values of R for these
VOCs are higher and the Rgyr is lower than with PLS and
SPLS. This demonstrates that a non-linear regression model is
well-suited for non-linear data processing.

CONCLUSIONS

Volatile organic compounds (VOCs; phenylacetaldehyde,
tetradecene, linalool, and ethylhexanol) released by infected
citrus trees are associated with plant metabolism and can serve as
biomarkers for the detection of Huanglongbing disease (HLB).
In conclusion, we have fabricated hybrid chemiresistor sensor
arrays based on SWNTs functionalized with different MPs to
determine changes in the concentrations of four VOCs emitted
by infected citrus trees, which are used to diagnose HLB at an
asymptomatic stage. Optical and electrochemical approaches
have been applied to examine the electrical characterization
of SWNTs before and after functionalization with MPs and
have shown that MPs can attach to SWNTs to form a stable
membrane. MP-SWNTs improved the sensitivity to the various
VOCs tested, and are shown to have differences in sensing
performance. To obtain accurate concentrations, the test data
collected by the hybrid chemiresistor sensor arrays were analyzed
using the PCA, PLSR, and ANN techniques. By comparing these
three results, it was found that ANN was much better suited to
the non-linear data processing required.
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Gas sensors with excellent stability and a high response at room temperature has drawn a
great deal of attention and demand for them is huge. Surface designs provide inspiration
toward making more useful sensor devices. The facile electrospinning process and Ar
plasma treatment are used to fabricate rich and stable oxygen vacancies that contain a
core-shell structured SnO» polyaniline (PANI) nanotube. It shows that the induced surface
oxygen vacancies would accelerate the PANI shell to generate more protons, which
can enhance its sensor responsibility through reacting with the target Ammonia (NH3)
gas. It was also found that the obtained oxygen vacancies can be well-protected by the
coated PANI shell, which enhance and stabilize the gas response. It shows that the room
temperature for the gas response of NH3z can reach up to 35.3 at 100 ppm. Finally, its
good stability is demonstrated by the response-recovery performances carried out over
3 months and multiple cycles. This work indicates that this well-designed PANI-coated
plasma-treated SnO» is a potential way to design ammonia gas sensors.

Keywords: ammonia sensor, room temperature, oxygen vacancies, PANI-T-SnO,, interface design

INTRODUCTION

Ammonia (NH3), a colorless, strong, volatile gas, which can have a huge impact on the respiratory
tract and eyes at a concentration below 50 ppm, has drawn much attention (Timmer et al., 2005; Li
etal., 2016). It is generally known that human body’s long-term allowable limit of NH3 in an indoor
environment is lower than 25 ppm (Li et al., 2018). Thus, it is critical for environmental protection
and human health to detect NH; gas at room temperature. Oxide semiconductors have been
extensively studied to detect dangerous and various toxic gases, especially in harsh environments
(Cheng et al.,, 2017; Lupan et al,, 2018). Dioxide (SnO;), which has a superior thermal stability
(the melt point is 1,127°C), non-toxicity, and a low cost, has been proved to be an outstanding
candidate for gas sensing (Wang et al., 2010; Das et al., 2014; Lee et al., 2015; Singkammo et al.,
2015). Different morphologies of SnO, have been synthesized for various gas detection, especially
for the 1D nanostructured (Das et al., 2014; Lee et al,, 2015; Singkammo et al., 2015). However,
the optimized response is usually performed at a relatively high temperature of more than 200°C,
which means that is not suitable for gas sensing at a room temperature (Das et al., 2014; Lee et al,,
2015; Singkammo et al., 2015). Thus, it is still a challenge to reduce the working temperature.
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Many attempts aimed at improving the properties of the gas
sensor, like element doping (Wang et al., 2010), composites with
RGO (Su and Yang, 2016; Chen et al, 2017) and MWCNT
(Tyagi et al., 2017), and using a heterostructure design (Chen
et al.,, 2015; Lee et al., 2015; Liu et al., 2016; Yuan et al., 2020),
have been conducted. More importantly, inorganic and organic
composites have drawn much attention for they can overcome
the shortcomings of each other in gas sensor performance.
Specifically, the conductive polymers can work effectively at
room temperature, and among these, PANI has been considered
a better NH3 sensor at room temperature (Shin et al., 2008;
Wen et al, 2013; Li et al., 2016; Syrovy et al, 2016; Kumar
et al,, 2017; Bai et al,, 2018; Liu B. T. et al.,, 2018; Nie et al,,
2018; Tang et al., 2018, 2019; Santos et al., 2019). Several PANI
and oxide semiconductors composites, like V,05 @PANT (Santos
et al., 2019), CeO,@PANI (Liu C. H. et al.,, 2018), SiO,@PANI
(Nie et al., 2018), SnO,@PANI (Bai et al., 2018), etc., have been
reported as effective room temperature gas sensors. However,
the recovery time for these PANI-based composites is usually
long due to their hydrophilic surface. Additionally, PANI is a p
type material that needs a fast electron speed to provide protons
for the target gas effectively and provide a higher gas-sensitivity
(Kumar et al., 2017). Thus, composites of PANI to an n-type
oxide semiconductor material with an efficient electron speed
could provide an opportunity to improve their gas-sensitive
response through separating the accepted electrons (Wang et al.,
2017; Chen et al., 2020a,b). Oxygen vacancies, an ideal electron
acceptor, usually exist in many n-type oxide semiconductor
materials, which can enhance the sensor properties and decrease
the working temperature (Pacchioni, 2003; Trani et al., 2009).
It has been reported that oxygen vacancies with rich oxide
semiconductors, such as WO3 (Qin and Ye, 2016; Wang et al.,
2017), W1gOy49 (Chen et al., 2020a), CeO, (Soni et al., 2018) etc.,
would strengthen the interaction between vacancy-terminated
surface and gas molecules remarkably, subsequently reducing the
optimized work temperature and enhancing the sensitivity. Thus,
developing oxygen vacancies with rich SnO; through combining
them with PANI should be an efficient way to obtain high
sensitivity room temperature gas sensors.

As far as we know, there has been little research into the
oxygen vacancies that contain SnO,-PANI for gas sensing at
room temperature. Herein, in this work, we fabricated a nanotube
core-shell structured SnO,-PANI nanotube with rich and stable
oxygen vacancies to operate an NHjz sensor under room
temperature. The oxygen vacancies were ingeniously introduced
on the interface between the SnO, nanotube and the PANI shell
by Ar plasma treatment (Jia et al., 2019; Liu et al., 2019), which
would promote the shell coated with PNAI to produce more
protons for the target NHzgas and enhance its sensitivity.

EXPERIMENT

The chemicals used in this experiment were of analytical
purity; no further purification was required. The electrode was
composed of glass substrate and gold. The schematic diagram of
the samples synthesis process was shown in Figure 1.

Synthesis of SnO> Nanotube

Electrospinning was used to obtain the SnO; nanotube according
to ref (Wang et al., 2017). 0.4g PVP and 2g SnCly-5H,0 were
dissolved in a mixture solution of 4.4g DMF and ethanol, and
this was then stirred for 6 h. A syringe with an inner diameter of
1.01 mm was used, the voltage was 18 kV, and the distance was
15 cm. The fibers were collected and dried for 12 h at 100°C, and
then annealed at 600°C for 2 h.

Plasma Treatment of SnO, Nanotube and
Electrode (T-Sn0O»)

The obtained SnO; nanotube was treated with Ar plasma at a flow
rate of 30 ccm, powered at 100 V for 30 min. The glass substrate
was treated with O plasma for 10 min to make the substrate
more hydrophilic.

Synthesis of SnO>,@PANI on Electrode
(PANI -T-SnO,)

28.6 ul aniline monomer was injected into 18 ml hydrochloric
acid (1M), and then stirred for 30 min. After that, 0.0873 g of
T-SnO2 was added and stirred for 30 minutes. Subsequently,
18 ml hydrochloric acid (1M) containing 0.3g ammonium
persulfate (APS) was added in to the solution, and stirred for
another 30 minutes. Finally, these two solutions were mixed and
kept at a temperature of 0-40C for 6h in an ice bath. An Au-
electrode was immersed for 2, 4, 8, and 10 minutes (denoted as
1-PANI-T-SnO2, 2-PANI-T-SnO2, 3-PANI-T-SnO2, 4-PANI-T-
Sn02) in the solution until it turned dark blue, and then froze
and dried it in a vacuum for 8 h.

MATERIAL CHARACTERIZATION

The X-ray diffraction patterns (XRD) of serious samples were
measured on the Dandong TD-3500 (Cu Ko radiation, 30
kV, 20mA). The morphology was tested by the scanning
electron microscope (SEM, Hitachi, SU-8010). The surface
structure information was recorded with X-ray photoelectron
spectroscopy (XPS) equipment (ESCA Lab MKII). The surface
oxygen vacancy was characterized by Electron spin resonance
(ESR) on Japanese electronics (JEOLFA200).

Sensor Fabrication and Test

The gas sensing performances were tested as the same as our
former work (Chen et al.,, 2020a), which were measured in an
intelligent gas sensor analysis system (CGS-8, Beijing Elite Tech
Co., Ltd.). To make sure the gas flow was smooth and steady,
a self-made chamber (50 ml) and gas supply system were used.
The test platform was shown in Figure 1B. All the tests were
conducted at a room temperature of 25°C. The sensor response
was defined as response = Rg/Ra, where Ra is the resistance in air
and Rg is the measured resistance in the presence of the test gas.

RESULTS AND DISCUSSION

The XRD pattern for different samples was shown in Figure 2.
All the diffraction peaks could be ascribed to the rutile structure
of SnO, (JCPDS: 41-1445). As can be seen in Figure 2A, several
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FIGURE 3 | Morphology and surficial characteristics revealed by SEM images with different magnifications (a) Original SnO», (b) T-SnOx, () 1-PANI-T-SnOx, (d)

characteristic peaks at 27.1°, 34.3°, 40.6°, and 52.1° should be
ascribed to the crystal planes of (110), (101), (202), and (211) (Li
etal., 2016; Su and Yang, 2016). No peak shift or new peaks could
be found in the sample treated by Ar plasma, which implied that
the Ar plasma treatment would not destroy the phase structure.
The reason for this should be that the treatment only occurred
on the surface and on a few destroyed atom layers, which would
result in many surface defects like oxygen vacancies (Liu B. T.
et al.,, 2018; Wu et al.,, 2018; Chen et al., 2020a). It was also
found that there was little change on the diffraction peaks for
the PANI coated samples, which should be due to the thinner

PANT shell coating on the serious SnO; samples. As the thickness
of the PANI shell increased, the PANI peaks at 22.5° and 26.5°
became much more obvious, as shown in Figure 2B. Obviously,
these PANI shells encapsulate on the surface of SnO; and could
efficiently protect the surface defects. SEM was carried out as
shown in Figure 3 for further research.

The SEM images of different SnO,_based samples were shown
in Figure 3. Nanotube morphology, which was composited with
many little grains, could be seen in the original SnO; as shown
in Figure 3a. The diameter of the nanotube was about 60-
80 nm. Figure 3b showed the sample with Ar plasma treatment;
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FIGURE 5 | ESR curves of different processed samples (A); absorption curve of different processed samples (B).

no change could be found in it. This was consistent with the
XRD results in Figure 2, which showed that the plasma could
not affect the SnO, crystalline structure. However, if the T-
SnO, sample was coated with the PANI shell, as shown in
Figures 3c-f, the surface would become rough and irregular as
the diameter increased. Additionally, if too many PANI were
shown in Figure 3f, the morphology of the nanotube could not be
found. XPS tests were performed in Figure 4 for detailed surface
structure information.

The full XPS spectra of SnO,, T-SnO,, and PANI-T-SnO, were
list in Figure 4A. All the samples were composed of Sn, O, and
C. However, the C peak in PANI-T-SnO; was much higher than
that in the other two uncoated samples, and there was also an
N species peak, which implied that PANI is coated successfully.
In addition, it was also found that the full XPS spectral of
T-SnO; seems to be unrelated with the original SnO,. For a deep

investigation, the oxygen vacancies were further investigated by
the O 1s spectra in Figure 4B. It could be clearly seen that the
binding energy at 530.63 and 531.25eV in the original SnO,
could represent the lattice oxygen in chemical groups Sn-O-
Sn and adsorbed oxygen in Sn-OH and -OH, respectively (Li
et al., 2016; Su and Yang, 2016). Compared with the original
SnO;, the absorbed oxygen in O 1s curve for T-SnO, and
PANI-T-SnO; exhibited a significant drift from 531.25 to 532 ¢V,
which indicated the existence of oxygen vacancies (Chen et al.,
2020a). Meanwhile, this peak in T-SnO; was relatively lower than
that in PANI-T-SnO;, which meant that some surface oxygen
vacancies obtained by Ar plasma treatment in T-SnO, would
re-oxidate without any protective effect from the PANI shell.
Obviously, it can be concluded that the PANI-T-SnO, has a
higher ratio and stable oxygen vacancies, which is beneficial for
sensor properties.
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FIGURE 6 | Resistance variation in gas sensing tests of different samples (A), 3-monthes cycle stability test for PANI-T-SnO, (B), 100 ppm 6-time cycle test for
PANI-T-SnO> (C), gas selectivity testing (D) (the inset is the gas sensing coated with different PANI layer).

An ESR test was used for a further study of the surface
oxygen vacancies. It is generally known that the peak intensity at
around g=2 in ESR curves usually represents the concentration
of the surface oxygen vacancies (Xu et al., 2016; Chen et al,
2020a). That is to say, the Ar plasma treatment can result in
many oxygen vacancies in T-SnO,, while the original SnO; only
contains limited defects (Xu et al., 2016; Chen et al., 2020a).
Surprisingly, when T-SnO, was coated with the PANI shell, the
ESR signal of the surface oxygen vacancies was much higher
than the uncoated samples. After considering that pure PANI
only showed a weak signal, it could be concluded that this
enhancement cannot be ascribed to the intrinsic properties of
the coated PANI shell. The reason for this would be that the
coated PANI shell can use air oxygen to protect the oxygen
vacancies re-oxidization effectively. Of course, the relatively weak
ESR signal in T-SnO; should be ascribed to the fact that the test
was not conducted in time, causing the re-oxidizing process to
suffer (Chen et al., 2020a). The oxygen vacancies structure was
also performed by absorption spectral as shown in Figure 5B.
As shown, the absorption edge of the original SnO; was 390 nm
(3.18 V), while it extended to 460 nm (2.69 eV) for T-SnO,. It

is generally known that if the oxygen vacancies can broaden the
absorption spectral, subsequently, the oxygen vacancies would
affect its gas sensor properties (Wang et al., 2010; Xu et al., 2016;
Cheng et al., 2017; Chen et al., 2020a), and for the sample coated
PANT shell, the band gap would decrease further. This should
be ascribed to the conductive properties of PANI, and implied
that an effective hetero structure was constructed. It also showed
that it can accelerate electron transfer during the sensing process
(Chen et al., 2020a).

The whole gas sensing test was carried out at 25°C with
a relative constant humidity of 50%. In order to evaluate the
response properties of different samples more intuitively, the gas
response curves were shown in Figure 6A. As it shows clearly,
the original SnO, and T-SnO, have nearly no sensitivity toward
NH3 at room temperature and the pure PANI shows a relative
lower sensitivity of about 4.5 at 100 ppm of NHj3. However,
the synergistic effect of surface oxygen vacancies and PANI
coating could be observed, which could significantly enhance the
sensitive response as we expected in PANI-T-SnO,. The result
showed that the PANI-T-SnO; has a higher response at 35.3 of
100 ppm, which was 7.8 times higher than pure PANI, and also
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TABLE 1 | Comparison of the performances of the sensor developed here and the other reported.

Material Gas Temperature The formula of Response Concentration(ppm) Reference
(°C) response
Sb-doped NH3 150 Rg/Ra 30 40 ppb 10.3
SnO2
WO3@Sn02 NHz 200 Rg/Ra 25 50 13
RGO@Sn0O2 NH3 RT Rg/Ra 22 100 10
RGO@Sn0O2 NH3 RT Rg/Ra 1.3 100 11
MWCNT@SnO2 NH;3 RT Rg/Ra 5 100 12
PANI NHg RT (2-Z0)/Z 0.7 10 20
PANI NHg RT Rg/Ra 2.2 10 21
PANI NH3 RT (Rg-Ra)/Ra (%) 7.90% 10 22
SnO,@PI NHg RT Rg/Ra 33 100 18
SnO,@PANI NH3z RT Rg/Ra 25 80 27
CeO,@PANI NH3 RT (Rg-Ra)/Ra (%) 250% 50 29
A B =

b
C

N\ /

the PANI, (C) heterojunction band structure and electron transfer diagram.
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FIGURE 7 | Schematic illustration of sensing mechanisms (A) schematic diagram of gas response of core-shell structure, (B) the interaction of NHz molecules with

better than most reported PANI-based materials as shown in
Table 1. Obviously, the surface oxygen vacancies play the key role
in the sensitive response that can rapidly separate and remove
the surface electrons induced by the target gas (Chen et al.,
2020a). An untreated sample coated with PANI was also listed
for comparison; the response was about 15 at 100 ppm, which
demonstrated our design concept that PANI can bring a room
temperature response and the oxygen vacancies make it more
sensitive, that is to say, that simply introducing surface defects
or a coating of PANI it is not an efficient way to increase the gas
sensor properties (Chen et al.,, 2020a). A 3-months multi-time
stability gas response test and long cycle response performance

were respectively listed in Figures 6B,C to investigate the stability
of surface oxygen vacancies protected by the outer PANT layer.
It showed that there were only a few tiny fluctuations for the
sensor response after 3 months or after being retested six times,
and remains at more than 90% sensitive at 100 ppm. This
result further confirmed the PANI shell can protect the inner
oxygen vacancies well and bring a stable gas response. There
was nearly no change in the long cycle response performance
under a concentration of 100 ppm. The response remained in a
stable level, which illustrated a better stability, as we expected.
In addition, this PANI shell had a thin layer which can exhibit
a better sensor process as shown in the inset. And as shown in
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Figure 6D, there is substantially no response to the redox gas
other than NH3, which shows an excellent selectivity for the
target gas.

The schematic diagram of the detailed gas sensor mechanism
was shown in Figure 7. It can be seen that the PANI shell acted
as a better recognition center for electrons sensitive to NH3 since
the SnO;nanotubes encapsulate with PANI, a heterojunction will
was formed at their interface (Hu et al., 2002; Gumpu et al., 2014;
Kumar etal., 2017; Chen et al., 2020a). If the PANI was active with
HCI, it could efficiently generate more protons to gain conductive
properties on the basis of a protonation reaction, as shown in
Figure 7B. Thus, when it suffered a protonation reaction, it
would form many more NT-H bonds, which would result in
many positive centers, and then facilitate the free electrons in the
valence band to move to these positive centers (Ikeda et al., 2012).
The reaction process between the PANI shell and NH3; molecules
was shown in Figure 7B, this chemisorption process is reversible,
as equation (1) shows:

PANI — H' + NH; = PANI + NH, +e~ (1)

The PANI shell would lose an H proton, and then recombine
an electron from an H atom. With the reaction preceded, the
electron generated by the PANI shell would gradually increase.
Therefore, it would form a relatively high potential barrier, which
would make the electron transfer more difficult, and then result
in a lower response property. Thus, if the oxygen vacancies
were introduced in the interface, it would recombine with the
redundant electron, which could separate the generated electrons
in PANI efficiently, and then accelerate the gas-sensitive reaction
(Wang et al,, 2017; Chen et al., 2020a). More importantly, the
electron transfer ratio in Path 2 would be more efficient than
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Crystalline materials generally show small positive thermal expansion along all three
crystallographic axes because of increasing anharmonic vibrational amplitudes between
bonded atoms or ions pairs on heating. In very rare cases, structural peculiarities may give
rise to negative, anomalously large or zero thermal expansion behaviors, which remain
poorly understood. Host—guest composites may exhibit such anomalous behavior if
guest motions controllable. Here we report an anionic framework of helical nanotubes
comprising three parallel helical chains. The anisotropic interaction between the guest
and the framework, results in anisotropic thermal expansion in this framework. A series
of detailed structural determination at 50 K intervals enable process visualization at the
molecular level and the observed guest-dependent phases of the framework strongly
support our proposed mechanism.

Keywords: thermoresponsive, anisotropic, anionic framework, host-guest interaction, phase

INTRODUCTION

Actuators based on materials that reversibly change shape and/or size in response to external stimuli
are highly desirable (Otsuka and Wayman, 1998; Yu et al.,, 2003). Photo-responsive materials,
which enable remote operation without direct contact with the actuators, have attracted particular
interest, some exceptional cases have also been shown (Kobatake et al., 2007; Kumpfer and
Rowan, 2011). Most of these materials exploit the photo-isomerization of constituent molecules,
which induces molecular motion and thereby deforms the bulk material (Kobatake et al., 2007;
Nabetani et al., 2011; Yamaguchi et al., 2012). Thermal expansion also exemplifies the impact of
external stimuli on material properties. Indeed, solid-state materials typically expand along all three
crystallographic axes with increasing temperature (positive thermal expansion (PTE), 0 < o < 20
x 107% K~!, where « is the axial thermal expansion coefficient), however a few materials show
little response (zero thermal expansion (ZTE), & ~ 0 K~!) or shrink (negative thermal expansion
(NTE), « < 0 K!) along a specific crystallographic direction upon heating (Salvador et al., 2003;
Goodwin et al.,, 2008; Long et al., 2009; Greve et al., 2010; Phillips et al., 2010; Azuma et al,,
2011; Fortes et al., 2011; Yamada et al., 2011; Huang et al., 2013). Materials exhibiting ZTE or
NTE are technologically useful in areas such as heat-engine components, structural engineering
applications, and thermomechanical actuators or sensors, etc (Peter et al., 2011). Characteristic
NTE-type materials include a small number of inorganic oxides and zeolites (Evans, 1999;
Lightfoot et al., 2001), a family of cyanide coordination frameworks (Goodwin and Kepert, 2005;
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Results and Discussion

Goodwin et al., 2005, 2008; Korcok et al., 2009) and some organic
compounds (White and Choy, 1984; Birkedal et al., 2002; Das
et al., 2010). Goodwin et al. have shown that Ag3[Co(CN)¢]
exhibits “colossal” positive and negative thermal expansion by
flexing like lattice fence (Goodwin et al., 2008). Barbour et al. have
reported that (S,S)-octa-3,5-diyn-2,7-diol displays exceptionally
large positive and negative anisotropic thermal expansions
because the molecules pack down on heating (Das et al., 2010).
de Pedro et al. have observed colossal and highly anisotropic
thermal expansion on several imidazolium salts (de Pedro et al.,
2015). Very recently, some metal-organic frameworks (MOFs)
have shown such anomalous thermal expansion behavior, which
usually stems from a hinged movement around the metal
center (Wu et al., 2008; Zhou et al., 2008; Miller et al.,
2009; Yang et al, 2009; de Vries et al., 2011; Grobler et al.,
2013; Shang et al,, 2014; Pang et al, 2016). Elucidating the
mechanisms governing this behavior becomes a fascinating
subject because it offers information on new design principles for
thermoresponsive materials. Host-guest composites may provide
good examples of NTE-type materials and the mechanisms can
easily be rationalized at the molecular level if guest motion
can be visualized and controlled. The state of guest molecules
confined in a host is expected to be readily modified under
extra stimuli, which may drive the host to respond. For instance,
Chen et al. have directly visualized the crystal deformation of
a MOF triggered by guest rotation (Zhou et al, 2013). The
challenge is rationally translating guest motion into crystal lattice
deformation because the thermodynamic energy changes of these
flexibilities usually differ significantly in magnitude. To address
this issue, a flexible porous anionic framework with counter
cations strongly confined by hydrogen bonds was designed.
Sites interacting with the guest may perceive guest motions
and properly transfer these local molecule motions into bulk
mechanical response because of the flexibility of the confinement.

EXPERIMENTAL SECTION

Materials
All reagents, except H4BPTC, were purchased from commercial
sources and used without purification.

Synthesis

H4BPTC: H4BPTC was synthesized by a modified literature
procedure (Lin et al., 2009). 3,3'5,5'-tetramethylbiphenyl (1.0 g,
0.0047 mol) was oxidized using KMnOy (6.5g, 0.112mol)
in tert-butanol/water (v/v. = 1:1; 50mL) containing NaOH
(0.4g, 0.01 mol). Yield: 1.12g 72.2%. Anal. Calcd (Found) for
C1608Hj: C, 58.19 (58.10); H, 3.05 (3.09) %.

[Me;NH;]- [Mgy(BPTC)(NO3)(H,0)] (1) A mixture of
Mg(NO3),-6H,0 (0.052g, 0.2 mmol), H4BPTC (0.033¢g, 0.1
mmol), 4,4'-azopyridine (0.018g, 0.1 mmol) and HCl (1 mL
1mol/L) in DMF (5mL) was heated at 120°C in a sealed 20 mL
glass via for 1 day, and cooled to room temperature. Colorless
needle crystals of compound 1 were filtrated, washed using
methanol and air-dried (0.041 g, Yield: 80% based on Mg). Anal.
Calcd (Found) for MgNCoOgHg: C, 43.12 (43.03); H, 3.19 (3.11);
N 5.59 (5.63)%.

[EtNH3]-[Mg2(BPTC)(NO3)(H,0)] (2) A mixture of
Mg(NO3),-6H,0 (0.052 g, 0.2 mmol), and H4gBPTC (0.033 g, 0.1
mmol) in NEF (5mL) was heated at 120°C in a sealed 20 mL
glass via for one day, and cooled to room temperature. Colorless
needle crystals of compound 2 were filtrated, washed using
methanol, and air-dried (0.035 g, Yield: 70% based on Mg). Anal.
Calcd (Found) for MgNCoOgHg: C, 43.12 (43.06); H, 3.19 (3.09);
N 5.59 (5.51)%.

Measurements

Elemental analyses were performed using a Vario EL elemental
analyzer. IR (KBr pellet) spectra were recorded in the range
of 400-4,000 cm~! on a JASCO FT/IR-600 Plus spectrometer.
Thermogravimetric analyses (TGA) were performed using a
TG/DTA6300 system at a rate of 5°C/min under N, atmosphere.
Powder X-ray diffraction (PXRD) patterns were acquired using
a Rigaku 2100 diffractometer with Cu K, radiation in flat plate
geometry. The temperature increased at a rate of 10°C/min
and was held constant for 5min at each targeted temperature
before measurement.

Single-Crystal X-Ray Diffraction

Diffraction data were collected on a Rigaku-CCD diffractometer
with Mo K, radiation. The temperature was changed at a rate
of 10°C/min and was maintained at each targeted temperature
for 5min before measurement. Structures were solved by direct
method and refined by full-matrix least-squares analysis on F?
using the SHELX program. Hydrogen atoms were generated
geometrically and refined in a riding model. For compound 1,
anisotropic thermal parameters were applied to all non-hydrogen
atoms. Guest cations in compound 2 were isotropically refined.
NO3~ and guest cations in compound 1 as well as guest cations
in compound 2 were restrained by several DFIX instructions. The
occupancies of -NO3 ™, u-H, O and guests in all structures were
refined to be consistent with the results of elemental analyses.

RESULTS AND DISCUSSION

The solvothermal reaction of Mg(NO3), 6H,0,
biphenyl-3,3'5,5 -tetracarboxylic acid (H4BPTC) and 4,4’-
azopyridine (AZPY) in dimethylformamide (DMF) afforded
[Me;NH; |- [Mgy(BPTC)(NO3)(H20)] (1) as colorless needle-
shaped crystals. Single-crystal X-ray crystallography revealed
that compound 1 consists of a three dimensional (3D) chiral
anionic framework assembled from nanotubes comprising
parallel triple helices. Charge neutrality is achieved by
protonated dimethylamine cations [Me;NH,]*. NO3 ™ anions
and H,O molecules present a statistical distribution in the
anionic framework (Figure S1). Therefore, the formula of
compound 1 was determined by combining single-crystal X-ray
crystallography, thermogravimetry (TG) and elemental analysis,
results. Compound 1 crystallizes in the chiral orthorhombic
space group 121212; and the asymmetric unit contains a Mg?*
ion, half a BPTC*~ ligand, half a £-NO3™ anion and p-H,O in
statistical distribution and half a [Me,NH,]" cation. Each Mg?*
ion is coordinated with six O atoms in an octahedral geometry,
four of which from four different BPTC*~ ligands and the other
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FIGURE 1 | (A) Side view of the helical nanotube of triple helices in compound 1.
Helices are differentiated by their colors (blue, red, and green).

(B) Top view of the helical nanotube. (C) Perspective view of the helical nanotube.

two from two different £-NO3 ™~ or u-H,O (Figure S2). All four
carboxylate groups of BPTC*™ ligand adopt a 143-171-1 bridging
mode to ligate to two Mg?™ ions (Figure $3). Two Mg?* ions are
bridged by ©-NO3™~ or u-H,O to form {Mg}, dinuclear units
which are further linked together by BPTC*~ ligands giving
rise to a helical chain running along the crystallographic a axis
(Figure S4). Three homochiral helices associate in parallel to
generate the wall of a helical nanotube with an opening of about
11 x 11 A? (Figure 1). As mentioned above, the Mg?* ions
favor a hexacoordinated environment, while five of these sites
are dedicated to the nanotube, the remaining one provides an
additional binding site for nanotube assembly into a 3D array.
Specifically, each nanotube serves as a tertiary building unit and
is further linked to its four adjacent neighbors to generate a 3D
chiral anionic framework. The [Me;NH,]*t cations stacking
in helical template are confined in the nanotube strongly by
hydrogen bond formation with a BPTC*~ ligand O atom in the
framework (Figure S5). As a result, the channel is predominantly
obstructed leaving an effective void volume of only ~12.3% as
[Me;NH,] ™ cations could not be removed by simple activation.
Thermogravimetry and variable temperature powder X-
ray diffraction (PXRD) showed that compound 1 can retain
framework integrity up to 363K before irreversibly changing
to another unknown phase (Figures S1,S6,S7). The helical
nanotube of compound 1 is orthorhombic, but slightly deviates
from a tetragonal geometry. Its crystallographic b axis is ~9%
shorter than its ¢ axis at 123 K, which may be attributed to the
anisotropic interaction between the guest and the framework.
Figure 2 shows a structural representation of the helical chain
that can be used to analyze the flexibility of compound 1. Angles
0, ¢, a, B, and y (Figure 2) are key parameters in the nanotube
flexibility. Because of the orthorhombic symmetry of the space
group 12,22y, band c cell parameters can be expressed by simple
trigonometric formulas involving the angle 6 and the distance
between MgB and MgC (d;), or the angle ¢ and the distance

between MgD and MgE (d,), respectively (Figure 2A). Therefore,
b = 2d;sinf/2 and ¢ = 2d,sing/2. The guest [Me;NH; ] cation
is attached to the ligand part which is directly related to the b
cell parameter by hydrogen bonding. In contrast, no apparent
interaction can be observed for the ligand part related to the c cell
parameter. Consequently, this host-guest interaction is highly
anisotropic, straining the ligands on the framework leading to
the angle 6 being smaller than the angle ¢, and b smaller than c.
The anisotropic host-guest interaction may be easily modified by
heating, causing the angle 6 to change. Two flexible sites exist in
the helical nanotube of compound 1: (i) the torsion angle between
the two phenyl groups in BPTC*~ ligand has been shown to
be variable (Suh et al., 2006), (ii) on the turning of the helical
nanotube, the Mg-Mg axis of the {Mg}, dinuclear unit acts as a
“knee cap;” around which the BPTC*~ ligands can change their
angular orientations, allowing the moieties to rotate, like that
observed in MIL-88 (Serre et al., 2007). These flexible features
enable the angle ¢ to change oppositely with the angle 6. As a
result, anisotropic thermal expansion may be anticipated in the
nanotube of compound 1.

To verify this hypothesis, temperature-dependent single-
crystal X-ray diffraction experiments were performed on
compound 1 from 123K to 373K at 50K intervals. All lattice
parameters change almost linearly with increasing temperature.
Interestingly, b- and c-axes change by +1.52% and —0.52% over
a 250K temperature range, while the a-axis remains relatively
unchanged (Figure 3A). Over the measured temperature range,
the thermal expansion coeflicients o, and o, for compound
1 amount to ca. +76 x 107® K~! and —26 x 107¢ K7,
respectively. The large PTE along the b-axis is near an order
of magnitude larger than conventional PTE (Krishnan et al,
1979) and comparable to the highest values reported for solid
frameworks (Goodwin et al., 2008; de Vries et al., 2011; Grobler
et al., 2013). Therefore, the thermal response of compound 1 is
highly anisotropic, characterized by near zero expansion along
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FIGURE 2 | Structure of the helical chain in compound 1 (A) viewed along the a axis (C) viewed along the ¢ axis showing the hinge angle 6, ¢, «, and g. (B) Structure
of the ligand BPTC*~ showing the angle y. (MgA, MgB, MgC, MgD, MgE, and MgF are simplified nodes located on the centers of {Mg}, dinuclear units.

and 93 K for compounds 1 and 2, respectively.
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FIGURE 3 | Temperature dependent unit cell parameters for (A) compound 1 and (B) compound 2. Due to the absolute value offset, all values are normalized to 123

the a-axis and large positive expansion along the b-axis coupled
with negative expansion along the c-axis, leading to an overall
volumetric expansion B, of +58 X 107% K1 (Figure S8). In
addition to this anisotropy, the thermal expansion behavior of
compound 1 is highly desirable because its PTE/NET coefficients
remain constant over wide temperature range which is beneficial
for sensors and similar applications (Barrera et al., 2005; Zhou
et al., 2013).

As anticipated, when the temperature rises from 123 to 373K,
the angle 6 linearly increases from 100.47° to 102.18° whereas the
angle ¢ linearly decreases from 113.95° to 112.64° (Figure 4A),

which may be attributed to the hydrogen bonding interaction
being significantly weakened. From 123 to 323 K, the hydrogen
bond length increases from 1.91 A to 1.98 A (Table S1). On
the other hand, as mentioned above, the helical nanotube in
compound 1 consists of three parallel helices. The significant
structural transformation can be illustrated in Figure 2C either.
On the turning of the helix, the hinge angles «, S change
according to the same trend with 0 and ¢, respectively. When
the temperature increases from 123 to 373 K, the angle « linearly
increases from 115.65° to 116.48° whereas the angle 8 linearly
decreases from 123.54° to 122.61° (Figure 4B), consequently, the
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FIGURE 4 | Hinge angles (A) ¢, 6, (B) «, 8, of compound 1 (C) ¢, , of compound 2, and (D) y of compound 1 and 2 as a function of temperature.

helical nanotube in compound 1 becomes more round on heating
(Figure 5). Unexpectedly, the a-axis shows near zero thermal
expansion rather than a conventional small positive expansion.
Close examination of the helical nanotube revealed that the
helical pitch corresponds to 34, i.e., the projection of distance
between MgB and MgE along the g-axis is 0.75a (Figure 2B).
The ZTE along the a-axis may results from the slight rotation
of phenyl rings of BPTC*~ ligand. The angle y displays a slight
linear decrease from 167.69° to 167.55°, when the temperature
rises from 123 to 373 K (Figure 4D), counteracting the increasing
of anharmonic vibrational amplitudes. To test the reversibility
of the hinged movement of compound 1, the unit cell was
determined from 123 K to 373 K and then back to 123 K, where it
showed an almost complete return to the original cell (Table S2).

Because the anisotropic interaction between the guest and the
framework play a key role in the orthorhombic phase formation
and its anisotropic thermal expansion behavior, to the extreme,
a tetragonal phase of the anionic framework exhibiting normal
isotropic thermal expansion behavior can be expected in case
of the interactions being isotropic or completely avoided. To
confirm this hypothesis, we performed the similar reaction in
N-Formylethylamine (NEF) and obtained the tetragonal phase
of the anionic framework [EtNH;3]-[Mg,(BPTC)(NO3)(H,0)]
(2) with [EtNH3]% cations confined in the tetragonal nanotube.
Schroder et al. Hong et al., and Feng et al. have recently reported
neutral frameworks with similar structure (Ibarra et al., 2011;
Lin et al,, 2011; Qian et al,, 2012; Yang et al., 2012). In addition
to u-H,O, u-NO3~ was also incorporated giving rise to the
anionic framework. The IR spectra of compounds 1 and 2 are
shown in Figure S9, the strong absorption at 1,573 and around

1,650 cm~! for both compounds can be assigned to vc—o of
BPTC*™. Temperature variable powder X-ray diffraction (PXRD)
showed that compound 2 can retain framework integrity up to
443K (Figure S10). In compound 2, the [EtNH;3]" cations are
confined in the center of the nanotube without notable hydrogen
bond interaction with the entire framework, specifically, the
nearest N---O distance between the guest and the framework is
about 3.573 A too far for the formation of hydrogen bond. As
a result the nanotubes in compound 2 are considerably more
round than in compound 1 (Figure 6). On the turning of the
nanotube, the hinge angle 6 becomes the same as ¢ with a unique
value of 107.18°, and the hinge angle « also becomes identical
to B with a value of 119.46° at 93K (Figure 4C). As expected,
compound 2 shows no notable structural transformation and
exhibits isotropic small positive thermal expansion behavior like
common materials as revealed by temperature-dependent single-
crystal X-ray diffraction experiments (Figure 3B). The thermal
expansion coefficients o, and «, equal ca. +18 x 1076 K~}
and +0.8 x 107° K~!, respectively, in the 93-363 K temperature
range. Similarly to compound 1, the near ZTE along the ¢ axis
is attributed to the slight rotation of the BPTC*~ phenyl rings
with the angle y slightly decreasing from 167.75° to 167.61°
when the temperature rises from 93 to 363K (Figure 4D).
Compared to the significant heat induced change in hinge angles
observed in compound 1, the hinge angles 6 and « remain
almost constant in compound 2, implying that its framework
remains almost unchanged (Figure 4C). These results strongly
support that the anisotropic thermal expansion in compound 1
is because of the highly anisotropic interaction between the guest
and the framework.

Frontiers in Chemistry | www.frontiersin.org

184 June 2020 | Volume 8 | Article 506


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhuo et al.

Results and Discussion

FIGURE 5 | lllustration showing heat induced hinged movements of the helical nanotbe.

FIGURE 6 | Top view of the helical nanotube in compounds 1 (A) and 2 (B). Color code: Mg, green; C, gray; N, blue; O, red; H, white.

CONCLUSION

In conclusion, an anionic framework exhibiting guest dependent
phases was designed. The anisotropic thermal expansion
observed in the orthorhombic phase stems from the anisotropic
hydrogen bonding between the guest and the framework. This
is strongly supported by the observation of normal thermal
expansion of the tetragonal phase in the absence of notable
hydrogen bond interaction between guest and framework. This
mechanism offers a new way to transfer guest motions to
host in host-guest composites. A detailed understanding of the
mechanisms governing this unusual thermal expansion behavior
at the molecular level may provide key information on new
design principles for sensitive thermo-mechanical actuators.
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Antibiotics, a kind of secondary metabolite with antipathogen effects as well as
other properties, are produced by microorganisms (including bacterium, fungi, and
actinomyces) or higher animals and plants during their lives. Furthermore, as a chemical,
an antibiotic can disturb the developmental functions of other living cells. Moreover, it
is impossible to avoid its pervasion into all kinds of environmental media via all kinds
of methods, and it thus correspondingly becomes a trigger for environmental risks. As
described above, antibiotics are presently deemed as a new type of pollution, with their
content in media (for example, water, or food) as the focus. Due to their special qualities,
nanomaterials, the most promising sensing material, can be adopted to produce sensors
with extraordinary detection performance and good stability that can be applied to
detection in complicated materials. For low-dimensional (LD) nhanomaterials, the quantum
size effect, and dielectric confinement effect are particularly strong. Therefore, they
are most commonly applied in the detection of antibiotics. This article focuses on the
influence of LD nanomaterials on antibiotics detection, summarizes the application of
LD nanomaterials in antibiotics detection and the theorem of sensors in all kinds of
antibiotics detection, illustrates the approaches to optimizing the sensitivity of sensors,
such as mixture and modification, and also discusses the trend of the application of LD
nanomaterials in antibiotics detection.

Keywords: nanomaterials, antibiotics detection, low-dimension, fluorescent, electrochemical

INTRODUCTION

Since their discovery in 1929, antibiotics have been extensively adopted for many decades. At
present, there is abundant research on the content of antibiotics in water bodies and food as well
as the transportation, transformation, and degeneration patterns of antibiotics in nature. Although
most antibiotics do not have long half-lives, they can be regarded as chronic organic pollutants due
to their long-term and lasting use. Antibiotics are harmful to the human body as they can alter the
microbial community inside it, disturb the human metabolism, and produce antibiotic-resistant
genes and antibiotic-resistant bacteria in the environment (Kuemmerer, 2009; Ben et al., 2019).
The concentration of antibiotics in wastewater ranges from a few ng to tens of thousands of pg.
Nonetheless, antibiotics are rarely detected in other environmental media such as air, and the
residue in soil mainly comes from irrigation (Mohammad-Razdari et al., 2019a).

At present, detection of the amount of antibiotics has already achieved a relatively low limit
of quantitation. For example, by combining solid-phase extraction with liquid chromatography,
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the quantitation limit can be taken to an order of magnitude
lower than 10712 M. However, the instrument mentioned above
is bulky and difficult to operate (Netea et al., 2019). In terms
of innovation, nanomaterials have four distinctive properties,
namely their surface effect, quantum size effect, quantum tunnel
effect, and dielectric confinement effect. LD materials have a high
specific surface area, with quick electron conduction. Moreover,
the high abundance of surface defects helps them to emit high-
intensity fluorescence, which is an excellent characteristic for
both the detector of the sensor and the signal sensing module
(Coleman et al., 2006). Sensors produced with this kind of
material are easy to operate, quick in detection, and highly
sensitive, making them the primary direction of development
in this field at present. This article summarizes work on
the application of 0-, 1-, and 2-dimensional nanomaterials
in antibiotics detection, respectively, explores the application
mechanism of nanomaterials, and puts forward the development
trend in this field.

THE ROLE OF NANOMATERIALS IN
ANTIBIOTICS DETECTION

The concept of nanomaterials began with nanocrystaline
research by Gleiter and Marquardt (1984), Gleiter (1989),
Gleiter (2000), and since then, nanomaterials have gradually
become a hot topic of research. Nanomaterials can be
divided into 0-dimensional (0D), 1-dimensional (1D),
2-dimensional (2D), and 3-dimensional (3D) in terms
of dimensional characteristics. Dimensions refer to the
number of dimensions where the material is not within
the size boundary of 0.1-100 nm. Because their dimensions
and structures are different, the sensitivity of sensors
made of different nanomaterials is different according
to the surface effect and the properties of the dielectric
region (Figure 1).

The types of nanomaterials adopted for the determination of
antibiotics are as follows. Among them, 0D materials include
nanoclusters (Zang et al., 2013), nanoparticles (Wu et al., 2018),
and quantum dots (QDs) (Malik et al., 2019); the 1D materials
include nanowires (Shad et al., 2019), nanotubes (Xiao et al.,
2007), and nanorods (Roushani and Ghanbari, 2018); the 2D
materials include nanoflakes (Zeng et al., 2018) and nanofilms
(Velusamy et al., 2018).

There are two common types of antibiotic detection sensors
at present. One is an electrochemical (EC) sensor (Liu
et al,, 2019), and the other is a fluorescence (FL) sensor
(Peng et al, 2018). The common characteristics of these
two types of sensors are fast response, convenient operation,
portability, and a low limit of detection (LOD). An EC
sensor reflects the concentration of the measured object with
electrical signals, so nanomaterials are commonly used to
promote conductivity. Nanomaterials are often adopted in
an FL as fluorescent materials or as fluorescence quenching
materials, such as carbon quantum dots (CQDs) (Chen
et al, 2018). The details of the types, detection limits, and

measurement properties of nanomaterial sensors are given in
Table 1.

In the next section, we will introduce the application of 0D,
1D, and 2D nanomaterials in the two types of sensors, FL and
EC. We will then summarize and forecast the status and trends of
research in related fields in the third section.

LD NANOMATERIAL-BASED SENSORS
FOR ANTIBIOTICS DETECTION

LD Nanomaterial-Based FL Sensors

FL sensors have high selectivity because the occurrence and
quenching of fluorescence have specificity. Therefore, the use of
FL sensors for the detection of antibiotics in complex media (such
as milk, honey, etc.) has high research value, and it is one of the
hot spots in the research field in recent years.

The most common 0D nanomaterials adopted in FL sensors
are QDs (Liu et al,, 2009). This is because of the long-term
photostability, high-quantum yield, narrow emission, and broad
excitation spectra of CdX QDs (Leptihn et al., 2010; Hou et al.,
2011). QDs are generally composed of elements from groups III
to V or I to IV in the periodic table of the elements (Zhang and
Wei, 2016). QDs were applied as early as 2006. At that time, CdX
(X =S5, Se, etc.) QDs were mainly adopted (Qie Gen et al., 2007;
Wang et al., 2009, 2010).

For example, Ding et al. adopted CdSe QDs and competitive
fluorescence-linked immunosorbent assay (cFLISA) for the
detection of sulfamethazine (Ding et al., 2006). QDs were applied
as a fluorescence label in the cFLISA method. The combination
of the cFLISA method and QDs has great specificity, so it
can be used for the determination of antibiotic residues in
chicken muscle. The LOD is as low as 3.6x10™° M. In addition
to QDs, other nanoparticles are also widely adopted in the
design of antibiotic sensors. Berlina et al. integrated lateral flow
assay with fluorescent labels, which provides the opportunity to
achieve simple and sensitive control of milk contamination by
chloramphenicol. This method also illustrates the high specificity
of the combination of QDs and immunization methods. The
LOD of chloramphenicol is 9.3 x 10~ M (Berlina et al., 2013).
NPs are also widely adopted in the design of antibiotic sensors.
Mesoporous silica nanoparticles are an example of non-metal
oxide nanoparticles that can be used (Wang C. et al., 2018).
Wang et al. adopted aggregation-induced emission luminogens
to functionalize silica nanoparticles. Because of the restricted
intramolecular vibration and rotation in rigid silica networks, the
material emitted strong blue fluorescence, which showed highly
sensitive fluorescence-quenching responses toward nitrofuran
antibiotics. The LOD of nitrofurazone reached 7.2 x 107° M.

1D nanomaterials have relatively few applications in the
fluorescence detection of antibiotics. 1D nanomaterials like
nanotubes or nanorods are more applied in EC sensors, which
will be described in detail in the next section. Liu et al. developed
a semiconductor of ZnO nanomaterials as a fluorescence sensor
without leakage toxicity. ZnO nanomaterials have desirable
optical and electronic properties, a large excitation binding
energy of 60m eV, and a wide bandgap. Liu adopted molecular
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FIGURE 1 | Schematic diagram of LD nanomaterials for EC and FL. (A). 0D nanomaterials commonly used in the construction of sensors for antibiotic detection.

(B) 1D nanomaterials commonly used in the construction of sensors for antibiotic detection. (C) 2D nanomaterials commonly used in the construction of sensors for
antibiotic detection. (D) A common strategy for applying nanomaterials in EC sensors: modify the electrode with CNTs to improve electron conductivity. (E) A common
strategy for applying nanomaterials in EC sensors: use GO in conjunction with OD nanomaterials, which improves electrical conductivity, and modify the

electrode. (F) A common strategy for applying nanomaterials in EC sensors: use NPs to modify carbon nanotubes and further improve their biocompatibility and

fluoresce. (H) A common strategy for applying nanomaterials in FL sensors: as a detection platform, the 2D nanosheet has a fluorescence quenching effect. (I) A
common strategy for applying nanomaterials in FL sensors: functionalized nanorods fluoresce in response to specific antibiotics.

combined with aptamers and functionalized that recognize specific antibiotics and

imprinting polymer technology and ZnO nanomaterials to
realize specific selectivity, high stability, and easy operation,
which exhibited promising application in sensors (Liu et al,
2020).

Due to the superiority of 2D nanomaterials on the macro
scale, they are easily adopted in sensing platforms. For example,
Qin et al. made a fluorescent sensing platform for bleomycins
by using WS, nanosheets. In the presence of Fe(II), bleomycin
forms a BLM-Fe(II) complex that reacts with oxygen to
generate a BLM:-Fe(II)OOH species. BLM-Fe(III)OOH can
catalyze the incision of DNA. WS, nanosheets exhibit different
affinity toward single-stranded DNA (ssDNA) with different
length and excellent fluorescence quenching ability. BLM
catalyzes the incision of long ssDNA and restores fluorescence,
Different fluorescence intensities correspond to different BLM
concentrations. Using the above-described detection principle,
the LOD of BLM is 3.0 x 107! M. Using rolling circle
amplification to amplify the signal is an important factor in this

method, and using ssDNA as a signal has good biological activity
(Qin et al., 2015).

According to the literature summarized above, the
nanomaterials used in FL are mainly 0D and 2D. 0D
materials like QDs are rich in surface defects and are easy
to modify and synthesize. They will emit high-intensity
fluorescence when they encounter specific substances, which
has good application value for antibiotics detection in complex
environments. Compared with CdX QDs, CQDs are less
biotoxic and have better biocompatibility. 2D materials are more
suitable for building platforms, as they have good fluorescence
quenching performance.

LD Nanomaterial-Based EC Sensors

The characteristics of EC sensors are that they are fast, low-cost,
high-sensitivity, and relatively portable, and they have hence been
one of the development directions in environmental pollutant
detection in recent years. In this part, we will mainly introduce
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TABLE 1 | Characteristics of the different nanomaterials applied.

Type Nanomaterials Role of nanomaterial Analyte References

FL 0D CdSe-ZnS QDs Sensitivity enhancement Sulfamethazine Ding et al., 2006

EC 1D MWCNTs Sensitivity, selectivity enhancement Oxytetracycline Vega et al., 2007

EC 0D/1D AuNPs/SWCNTs Sensitivity and stability enhancement Chloramphenicol Xiao et al., 2007

FL 0D CdSe-ZnS QDs Sensitivity enhancement Enrofloxacin Chen et al., 2009

FL OD CdTe QDs Sensitivity enhancement Etimicin Wang et al., 2010

EC 2D GOs Sensitivity and stability enhancement Alpha fetoprotein Wei et al., 2010

EC 0D/1D AuNCs/AuNRs Selectivity enhancement Ofloxacin Zang et al., 2013

EC 1D/2D MWCNTs/GOs Simplicity, stability enhancement Azithromycin Zhang et al., 2013

EC 2D CuO nanosheets Sensitivity enhancement Vancomycin Khataee et al., 2014

EC 2D rGO nanosheet Sensitivity enhancement Rifampicin Rastgar and Shahrokhian, 2014
EC 0D gold@silver nanoparticles Sensitivity enhancement Kanamycin Zengin et al., 2014

FL 2D WS, nanosheet Selectivity and sensitivity enhancement Bleomycin Qinetal., 2015

EC 1D/2D MWCNTs/MoS; nanosheets Reproducibility and stability enhancement Chloramphenicol Govindasamy et al., 2017

EC OD AuNPs Sensitivities and specificity Chloramphenicol Huang et al., 2018

FL 0D CdTe QDs Sensitivity enhancement Sulfadiazine Chen et al., 2018

EC 0D/2D g-CsN4 QDs/rGOs Sensitivity enhancement Sulfadimethoxine Dang et al., 2018

EC 2D graphene Stability and repeatability enhancement Erythromycin Huang et al., 2018

EC 0D Silver NPs Speed and sensitivity enhancement Ampicillin Rosati et al., 2019

EC 0D CdS QDs Selectivity and sensitivity enhancement Chloramphenicol Wang V. et al., 2018

FL 0D g-CsN4 QDs Sensitivity enhancement Amikacin Hassanzadeh et al., 2019

EC 0D/1D AuNPs/MWCNTs Sensitivity enhancement Oxytetracycline He et al., 2019

EC 0D/2D AuNPs/GOs Speed and sensitivity enhancement Penicillin Mohammad-Razdari et al., 2019b
EC 0D/2D AuNPs/rGOs Reproducibility and selectivity enhancement Sulfadimethoxine Mohammad-Razdari et al., 2019a

FL, fluorescence sensor; EC, electrochemical sensor; QDs, quantum dots; CNTs, carbon nanotubes; MWCNTs, multi-walled carbon nanotubes;, SWCNTSs, single-walled nanotubes;

GOs, graphene oxides; AuNCs, gold nanoclusters; AuNPs, gold nanoparticles; AuNRs, gold nanorods; rGOs, redox graphene oxides.

the ways in which 0D, 1D, and 2D nanomaterials are used to
improve the performance of EC sensors.

For 0D materials, QDs can be taken as an example. QDs can
be used as stabilizers (Xu et al., 2018). Besides being adopted as
stabilizers, Dang et al. adopted g-C3N4 QDs modified with redox
graphene oxides (rGOs) in photoelectric sensors to measure
sulfadimethoxine (SDM). g-C3N4 QDs possess good optical and
electrical properties as compared to other carbon-based QDs
(Dang et al.,, 2018). Due to their lower intrinsic conductivity,
they need to be modified with materials with high conductivity
and hydrophilic ability for better performance in the detection
of antibiotics. By modifying g-C3N4 QDs with rGOs, a linear
calibration range for SDM of 5.0 x 1071 M—1.4 x 107> M was
obtained, with a LOD of 1.0 x 10710 M.

1D materials perform well in EC sensors. The general
method of applying 1D nanomaterials in antibiotics sensing
is through electrode surface modifications (Vega et al., 2007).
Zhang et al. combined the hydrophilic properties of rGOs
and the excellent electronic and antifouling properties of
multi-walled carbon nanotubes (MWCNTSs) for azithromycin
detection. Compared with a bare glassy carbon electrode
(GCE), the GCE modified with MWCNTs has a larger active
surface area. The LOD of tetracyclines in a water sample
was 1.1 x 107°-6 x 1072 M under pre-concentration (Zhang
et al, 2013). P-type semiconductor-based transition metal
oxide nanoparticles have received much attention due to their

excellent physicochemical properties, which make them suitable
for catalysis, energy storage, and electrochemical conversion
applications. The integration of metal oxides and their synergistic
effects enhance selectivity and activity. Chen et al. synthesized
a CuO NPs@MWCNTs nanocomposite (Chen et al., 2019).
AuNPs have also been introduced to anchor on MWCNTs, not
only providing a large number of biological binding sites but
also effectively improving the electron transfer rate (He et al.,
2019).

In terms of cost or difficulty of preparation, carbon nanotubes
are excellent choices, but nanorods and nanowires also have
unique properties due to their morphologies. Nanowires can be
easily synthesized to achieve a multisegment structure, which will
enable the nanowire to be used for multifunctional applications,
especially as high sensitivity, multitasking electrochemical
biosensors (Li et al, 2019). Nanorods have a relatively
small specific surface area but also have excellent electronic
conductivity and are more stable.

0D, 1D, and 2D nanomaterials are used to improve the
performance of electrochemical sensors. Herein, by viewing the
reported studies, it can be seen that combinations of 0D (such
as NPs) and 2D (rGOs) nanoparticles have attracted a lot of
attention in this research field. Mohammad et al. fabricated an
electrochemical aptamer-based biosensor on a pencil graphite
electrode (PGE). The bare PGE was modified with rGOs and
AuNPs for SDM determination. This optimizes the linear
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range of the electrode as well as stability and reproducibility
(Mohammad-Razdari et al., 2019b).

CONCLUSION AND OUTLOOK

Supplementary Notes on Methods of
Applying LD Nanomaterials in Antibiotic

Detection

For 0D materials, QDs are often used as fluorophores with
excellent performance, and metal or metal oxide nanoparticles
are often used to modify other materials to further improve
electronic conductivity. For 1D materials, nanotubes, nanowires,
and nanorods are often used to enhance sensor performance,
or to form microelectrode arrays; 2D materials, meanwhile, are
more convenient for constructing platforms (Wang et al., 2017;
He and Yan, 2018). Sensitivity is usually enhanced by means
of signal amplification and enhancement (Wei et al,, 2010). In
order to improve the performance of the sensor, combination of
nanomaterials in various dimensions is a very common method,
such as using AuNPs to modify rGOs to improve the electronic
conductivity of the sensor, which promotes the stability and
sensitivity of the sensor. Good electron transfer capabilities and
conductivity can also promote selectivity (Munawar et al., 2018).

When designing sensors, fluorescence immunoassay (FIA)
is one of the promising technologies for antibiotics detection
based on LD nanomaterials. In order to cope with complex
environments, the sensors need to have good selectivity
(Govindasamy et al, 2017). For example, FIA, a type of
immunoassay, has two models: competitive type and sandwich
type. The competitive type refers to a competitive mechanism
that enables unlabeled antigens to compete with labeled antigens
by binding to a limited antibody. For the competitive type,
unlabeled antigens, and labeled antigens compete with antibodies
that are bound to QDs. The fluorescence intensity varies with
different antigen concentrations (Chen et al., 2009; Zhu et al.,
2011).

For the sandwich type, the reaction principle is illustrated as
follows. An excess of antibody is fixed on the immune reaction
carrier, and subsequently, a certain amount of antigen is added.
After the immune reaction, an excess of labeled antibody is added
to form a “sandwich” immune complex. The more antigens in
the sample and the more labeled antibodies bound, the stronger
the labeled fluorescent signal of the sandwich immune complex
is. Zengin et al. adopted this method and made a sensor on the
basis of gold and silver nanoparticles. Accordingly, the LOD of
kanamycin can reach 3.4 x 10712 M (Zengin et al., 2014).

This method can be adopted in high-precision detection
of antibiotics in complex media; such applications have been
introduced above in the 0D section.

Summary and Outlook
Due to their different morphologies and dimensions, different
nanomaterials have different beneficial properties.

The development of antibiotics sensors in the next few years
can be roughly divided into the following directions: the pursuit

of high-sensitivity detection, the pursuit of low-cost and fast on-
site detection, and the pursuit of multi-functional integration.
Among them, the gradual realization of low-cost and rapid
monitoring should be the most noteworthy, and this fits with
the advantages of EC. According to the 57 articles cited in this
article, we concluded that, in FL, 0D is currently used most,
followed by 2D, and 1D is used least. 0D is represented by various
types of QDs that can be used as fluorophores. In EC, 1D is the
most used type, and 2D and 0D are used relatively little. In the
future, researchers who want to improve FL performance can pay
more attention to new quantum dots and NPs, and researchers
who want to improve EC performance can pay more attention
to materials with good electron conduction properties such as
CNTs. At the same time, the performance improvement brought
about by NP modification of other nanomaterials should also be
considered. Finally, when the wish is to build a platform, 2D
materials have advantages in terms of morphology. At present,
there are few related studies, and in the coming decades, these
may be hot research topics (Rastgar and Shahrokhian, 2014;
Kokulnathan and Chen, 2020; Liu et al., 2020; Roushani et al.,
2020).

In order to further optimize the performance of antibiotics
sensors based on LD nanomaterials, the following suggestions are
proposed according to the application status:

1. Fluorescence immunoassay method can be better applied
to the detection of low levels of antibiotics in complex
media, such as chicken muscle, milk, and honey. This is
because quantum dots can be well combined with antibody
immunoassay. This method has great specificity, lower LOD,
and good biocompatibility. In order to achieve specific
functions for various antibiotics, different immunoassays
combined with QDs need to be designed.

2. Pay attention to the portability, fastness of measurement, and
cooperation with smart devices (Tian et al., 2015). Taking
the research by Yu et al. As an example, the electrodes
were printed by screen printing technology to achieve rapid
response measurement within 30s (Yu et al., 2019). The
research of Wang et al. in 2020 realized online monitoring
through the color selection application of the mobile phone
and the fluorescence reaction. These studies have good
application value.

3. Build a platform that can detect multiple antibiotics at the
same time. The platformization of the sensor depends on 2D
nanomaterials or MOF. MOF is often used in combination
with metal nanoparticles to obtain better performance.
To achieve the simultaneous measurement of multiple
antibiotics, microarray electrode technology can achieve this
complex function.

4. In addition to the combination with MOF, the combination of
NPs and other materials can also achieve better performance,
which is a breakthrough direction for high-precision research.
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