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Lead telluride (PbTe) nanofibers were fabricated by galvanic displacement of electrospun

cobalt nanofibers where their composition and morphology were altered by adjusting

the electrolyte composition and diameter of sacrificial cobalt nanofibers. By employing

Co instead of Ni as the sacrificial material, residue-free PbTe nanofibers were synthesized.

The Pb content of the PbTe nanofibers was slightly affected by the Pb2+ concentration

in the electrolyte, while the average outer diameter increased with Pb2+ concentration.

The surface morphology of PbTe nanofibers was strongly dependent on the diameter

of sacrificial nanofibers where it altered from smooth to rough surface as the Pb2+

concentration increased. Some of thermoelectric properties [i.e., thermopower (S) and

electrical conductivity(σ)] were systematically measured as a function of temperature.

Energy barrier height (Eb) was found to be one of the key factors affecting the

thermoelectric properties–that is, higher energy barrier heights increased the Seebeck

coefficient, but lowered the electrical conductivity.

Keywords: lead telluride, electrospinning, galvanic displacement reaction, thermoelectrics, hollow nanofiber,

energy barrier height

INTRODUCTION

The restriction of non-renewable resources along with the threat of environmental and ecological
degradation is a key driver for improving energy generation and efficiency. Various renewable
energy technologies including solar cells (Oregan and Gratzel, 1991; Miles et al., 2007), biomasses
(Huber et al., 2006), fuel cells (Aricò et al., 2005), and thermoelectrics (Snyder and Toberer,
2008) are considered to achieve the goal. Solid-state thermoelectric generators convert waste
thermal energy into useful electric energy to improve the efficient of system. They have many
advantages such as long operating time without maintenance, easy scalability, and zero-emission
(Pichanusakorn and Bandaru, 2010). The conversion efficiency of the thermoelectric device can be
described by the thermoelectric figure-of-merit (ZT = S2σT/κ), which consists of thermopower
(Seebeck Coefficient, S), electrical conductivity (σ), and thermal conductivity (κ), and absolute
temperature (T). In order to maximize the ZT, there parameters must be independently optimized.
However, the interdependence of S, σ, and κ make difficult to further enhance ZT (Szczech et al.,
2011). One-dimensional (1-D) nanostructures can offer several advantages in enhancing ZT over
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bulk materials, such as increasing the power factor, (S2σ ), by
means of quantum confinement and/or the energy filtering
effect or reducing lattice thermal conductivity (κL) by enhanced
phonon scattering (Hochbaum et al., 2008; Chen et al., 2010).
Furthermore, both quantum confinement and surface scattering
effects are expected to display an added degree of control and
enhancement within tubular/hollow nanostructures (vs. solid
nanowires and nanobelts) (Chen et al., 2010; Zhou et al.,
2010, 2014), as wall thickness and fiber diameter can be
controlled independently. Thus, tubular nanostructures offer the
possibility of decoupling S2σ and κ, which allows for independent
control over the S2σ/ κ ratio, thereby increasing the overall
thermoelectric performance (Chen et al., 2010; Zhou et al., 2010,
2014).

Lead telluride (PbTe) is a V-VI semiconductor with a narrow
band-gap energy of 0.31 eV at room temperature with a rock-
salt crystal structure. By adjusting the composition, PbTe can
be either an n- or p-type semiconductor. For example, Te-
rich PbTe results in p-type semiconductor whereas Pb-rich
PbTe results in n-type semiconductor (Dughaish, 2002). The
commercially available PbTe-based thermoelectric devices show
ZT of ∼0.8 around 600K, which makes them suitable for the
middle-high temperature range. Additionally, the enhancement
of the thermoelectric properties of PbTe has already been realized
by band-gap engineering. Enhancement in the thermoelectric
efficiency of PbTe was also achieved by doping the material
with potassium (K) or sodium (Na) (Androulakis et al.,
2010). Furthermore, improvement of ZT was achieved via
nanoengineering of the Se alloyed PbTe quantum dot superlattice
(Harman et al., 2002). The enhancement of ZT (∼1.6 at 300K
and ∼3.5 at 570K) in this system is caused by reduction in
κL meanwhile an increase in (S2σ ) (Venkatasubramanian, 2000;
Harman et al., 2002, 2005).

Various methods including chemical deposition (Lokhande,
1991; Tai et al., 2008), stress-induced method (Dedi et al.,
2013), electrodeposition (Xiao et al., 2006, 2007a; Jung et al.,
2011; Yang et al., 2011), galvanic displacement reaction (Chang
et al., 2014), CVD (Fardy et al., 2007) have been used to
fabricate PbTe nanostructures. The thermoelectric properties of
these nanostructures are normally characterized in the form of
nanowire arrays or highly-packed nanowire films (pellets). This
is due to the difficulties in maintaining the single nanowire’s
structural and chemical composition during the lithographic
contacting (Tai et al., 2008; Yang et al., 2011; Dedi et al.,
2013). For example, p-type PbTe nanowires were fabricated
using hydrothermal method. The sample were then hot pressed
into a pellet for measuring thermoelectric properties, yielding
the highest Seebeck coefficient of 628 µV/K (Tai et al.,
2008). N-type PbTe nanoribbon arrays with a diameter of
60 nm were synthesized by lithographically patterned nanowire
electrodeposition (LPNE), which showed S of −445 µV/K and σ

of 0.63 S/cm, respectively (Yang et al., 2011).
Electrospinning is a technique that can produce ultra-long

nanofibers by continuously stretching and whipping viscoelastic
jets in a high electric field. Various nanofibers of polymer (Xiao
et al., 2007a), metal (Xiao et al., 2006), and metal oxide (Yang
et al., 2011) materials have been fabricated by electrospinning

with controllable morphology, diameter, composition, and
orientation. However, limited works are reported on the synthesis
of metal chalcongenide nanofibers because of difficulty to prepare
solutions. Therefore, synthesis of a few millimeter chalcogenide
nanofibers has been realized by combining electrospinning with
an additional process called the galvanic displacement reaction
(Xiao et al., 2007b; Chang et al., 2010a,b, 2014; Hangarter et al.,
2010; Jung et al., 2010, 2012; Park et al., 2010, 2013; Rheem
et al., 2010; Suh et al., 2012, 2013; Elazem et al., 2013; Jeong
et al., 2013; Liu et al., 2013; Wu et al., 2014, 2015; Zhang et al.,
2014), by which the electrospun nanofibers can be converted
to desired hollow metal chalcogenides spontaneously. Several
hollow nanofibers of chalcogens and metal chalcogenides [e.g.,
Te (Lee et al., 2011; Jeong et al., 2013), Ag2Te (Park et al., 2015;
Zhang et al., 2015), and PbxSeyNiz (Zhang et al., 2014)] have been
successfully synthesized by this method in our group.

In this paper, hollow PbTe nanofibers with controlled
dimension and morphology were synthesized for the first
time. Electrospinning was exploited to fabricate sacrificial
cobalt nanofibers. Various dimensions and morphologies of
the PbTe hollow nanofibers were synthesized by tuning the
electrolyte concentrations in the galvanic displacement reactions.
Additionally, thermoelectric properties were characterized and
correlated to their materials properties.

MATERIALS AND METHODS

Electrospinning of Co Nanofibers
The procedure of electrospinning of cobalt nanofibers is based on
previous reported nickel nanofibers (Park et al., 2013). Citric acid
(C6H8O7, anhydrous, enzyme grade, Fisher Chemical) and cobalt
acetate [Co(C4H6O4). 4H2O, 98%, Sigma-Aldrich] at a molar
ratio of 1 were dissolved in 6.3 g of water followed by mixing
with 3.34 g of anhydrous ethanol solution (Fisher Scientific, PA)
containing 5.2 wt. % of polyvinylpyrrolidone (PVP). MW of
PVP was 1,300,000 g/mol. The concentration of the precursor
solution was varied to electrospin the Co sacrificial nanofibers
with two different diameters. The concentration of cobalt acetate
was chosen to be 1.0M (solution 1) and 1.6M (solution 2)
based on the spinnability of the solution and the solubility of
the salt. A 0.25mm inner diameter metallic needle was used
as the spinneret. The applied voltage and the distance between
spinneret and collector (i.e., 3× 3 cm Si/SiO2 wafer) were fixed at
10 kV and 10 cm, respectively. The flow rate was fixed at 0.5 mL/
h using a peristaltic pump. The electrospinning time was fixed at
approximately 15min to keep the thickness of collected nanofiber
mats consistent. The temperature and relative humidity were 40
± 2◦C and 8 ± 1%, respectively. The collected nanofibers were
first aged at 60◦C in air overnight and then calcined at 500◦C in
pure H2 for 5 h to obtain Co nanofibers.

Synthesis of PbTe Nanofiber Mats by
Galvanic Displacement
The galvanic displacement of cobalt to PbTe nanofiber mat
was conducted at room temperature for 30min by dipping
a freestanding Co nanofiber mat of the desired amount into
10ml solution. The solution consisted of X mM lead nitrate
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(Pb(NO3)2, Fisher Chemical), 0.1mM tellurium oxide (TeO2,
99+%, Acros Organic) and 0.1M nitric acid (HNO3, Certified
ACS Plus, Fisher Chemical) The pH of solution was controlled
to be 2 by adding nitric acid (HNO3, Certified ACS Plus, Fisher
Chemical). The effects of Pb+2 concentration on the morphology
and dimension of the nanofiber were conducted by altering
the Pb2+concentrations from 10 to 100mM. After galvanic
displacement, the mats were rinsed with de-ionized water five
times follow by air dried.

Solution and Material Characterization
Various solution properties including electrical conductivity,
solution viscosity, and surface tension were measured with
Accumet AB-200 benchtop electrical conductivity meter,
Brookfield DV-I Prime viscometer, and Interfacial tensiometer
(CSC-Denouy 70545), respectively.

Transmission electron microscopy (TEM), selected area
electron diffraction (SAED), field emission-scanning electron
microscopy (FE-SEM, FEG-Philips XL30), energy-dispersive X-
ray spectroscopy (EDS), and X-ray diffraction (XRD, D8Advance
Diffractometer, Bruker) were used to characterize morphologies,
compositions, crystal structures and crystallinity of the nanofiber
mats.

Electrical and Thermopower
Characterizations
Single fiber-based devices were fabricated by a standard
photolithography process with a gap size of 3µmbetween twoAu
pads. Nanofiber mats based devices were formed by sputtering Pt
to form electrodes using shadow mask technique with the fixed
electrode gap distance of 1mm.

Temperature-dependent electrical properties including
current-voltage (I-V) and field-effect transient (FET)
measurements were characterized based on the single fiber-
based devices at a temperature ranging from 293 to 353K, while
thermopower (S) was measured based on mats by a home-built
instrument. The temperature range was varied from 300 to 360K.

RESULTS AND DISCUSSIONS

Electrospinning of Co Nanofibers as
Sacrificial Materials
Table 1 shows the solution properties of two electrospinning
solutions which were investigated. As listed in the table,
higher loadings of citric acid and cobalt acetate significantly
increased electrical conductivity and viscosity. However, the
surface tension of both solutions were almost the same, as
expected, since this parameter would mainly depend on the
properties of the solvent. Smooth, cylindrical CoAc2/citric
acid/PVP nanofibers were electrospun from both solutions, as
shown in Figures 1A,C. Their average diameters were 519 ±

168 nm and 161 ± 47 nm, respectively. The large standard
deviations were likely due to the inhomogeneous electrical
bending instability of the fibers as well as the formation of
branched fibers, which originated from the nonuniform charge
density distribution on the surface of the jet (Reneker and Yarin,
2008). Compared to Figure 1A, the nanofibers in Figure 1C are

TABLE 1 | Solution properties of electrospinning precursors.

Solution property Viscosity

(cP)

Electrical

conductivity

(mS/cm)

Surface tension

(dyne/cm)

Solution 1 (Resulted in

smaller Co nanofiber)

82.5 1.0 37

Solution 2 (Resulted in

larger Co nanofiber)

130.3 1.1 37

more curled due to their smaller average diameter. Annealing
of the as-spun fibers at 500◦C for 5 h in H2 environment led
to a complete decomposition of the polymer and acid as well
as the formation of continuous Co nanofibers (Figures 1B,D).
The average diameter of the Co nanofibers was 124 ± 30 nm
and 52 ± 12 nm. The smaller Co nanofibers (Figure 1D) seemed
to have a rougher surface than the larger ones (Figure 1B).
Both nanofibers exhibited a similar volume shrink ratio of
approximately 60%.

Fabrication of PbTe Hollow Nanofibers and
Their Material Characteristics
Co was chosen as the sacrificial material for galvanic
displacement reaction for the synthesis of PbTe due to its
ability to provide an appropriate electrochemical driving
force (difference in materials’ redox potential) for the metal
chalcogenide displacement. Since the redox potential of Co2+/Co
pair (-0.28V vs. SHE) is more cathodic than that of the Pb2+/Pb

(−0.13V vs. SHE) and HTeO+
2 /Te (0.551V vs. SHE) pairs, the

formation of PbTe from Co was thermodynamically favorable.
A suitable dissolution rate of the sacrificial materials was also a
key parameter for a successful displacement. Sacrificial materials
with a dissolution rate comparable to the deposition rate of the
target materials are required to achieve high deposition efficiency
and a low sacrificial material residual. Dipping the Co nanofiber

mats into the acidic electrolytes containing Pb2+ and HTeO+
2

would lead to the dissolution of Co to Co2+ (Equation 1) as well
as the formation of PbTe. Here, Co nanofibers served as both
the electron source and the template for the PbTe deposition.
The deposition would initiate with overpotential deposition of
Te nuclei on the surface of the Co nanofibers (Equation 2), due
to a more negative standard reduction potential of Co than Te.
Pb spontaneously deposited on Te by underpotential deposition
(UPD) mechanism, which resulted in the formation of PbTe.
PbTe compound is formed instead of Pb and Te due to the
negative 1G of PbTe formation (Equation 3) (Xiao et al., 2006).
Galvanic displacement of PbTe from Co can be described in the
Equations 1–4:

Co(s) → Co2+(aq)+ 2e− E0 = −0.28V vs.SHE (1)

HTeO+
2

(

aq
)

+ 4e− + 3H+
(

aq
)

→ Te(s)

+2H2O E0 = 0.551V vs.SHE (2)

Pb2+
(

aq
)

+ Te(s)+ 2e− → PbTe (s) ∆G0
f = −69.5 kJ/mol (3)

Pb2+
(

aq
)

+HTeO+
2

(

aq
)

+ 3Co(s)

+3H+
(

aq
)

→ PbTe (s) + 3Co2+
(

aq
)

+ 2H2O (4)
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FIGURE 1 | SEM images of electrospun PVP/acetic acid/Co acetate nanofibers with average diameters of (A) 394 nm and (C) 161 nm; SEM images of Co nanofibers

with average diameters of (B) 124 nm and (D) 52 nm.

Control over the dimension and morphology of the PbTe
nanofibers was achieved by varying the diameter of Co nanofibers
(i.e., 52 and 124 nm) and the concentrations of Pb2+ (i.e., 10,
50, and 100mM) in the electrolytes and, while maintaining the
concentrations of HNO3 and HTeO+

2 at 0.1M and 0.1mM,
respectively. Compared to the GDR of PbSeNi, the concentration
of HNO3 in the PbTe’s electrolytes was ten times lower (i.e.,
0.1M) to reduce the dissolution rate of Co, which is much faster
than that of Ni (Jung et al., 2012).

Figure 2 shows the SEM images of PbTe produced from Co
nanofibers with average diameters of 124 nm (top row) and
52 nm (bottom row). The concentration of Pb2+ was varied from
10mM (left column), to 50mM (middle column), and to 100mM
(right column). All three conditions produced nanofibers, some
of them with clear hollow structures (Figures 2A,C). Most of the
nanofibers in the top row were consistently larger than that in the
bottom row, as the diameter of the sacrificial nanofiber was larger.
For the larger PbTe nanofibers (top row of Figure 2), hollow
and smooth nanofibers were synthesized in the electrolytes
containing low concentrations of Pb2+, while nanofibers with
rough surfaces were observed from the concentrated electrolytes.
For smaller PbTe nanofibers (bottom row of Figure 2), no
clear morphology difference was observed with varied Pb2+

concentration. A closer look at the low magnification images
(Figure S1) showed that these larger fibers were smoother than
the smaller fibers. This might be attributed to the smoother
surface of the larger sacrificial nanofibers, providing less local
nucleation sites for the chalcogenide deposition. The formation
of hetero-structures in the smaller PbTe nanofibers might be

due to the greater mass transfer limitation resulting from
the higher fiber pack density. Opened nanotubes or porous
tubes were observed in Figures 2B,C, which might be caused
by the incomplete coverage of the deposits on the sacrificial
material or the dissolution of the as-deposited materials along the
reaction. Fibers merged together with adjacent ones as shown in
Figures 2D–F, which might be due to the linking of sacrificial
nanofibers as well as the dissolution of the as-deposited PbTe.

The synthesized PbTe nanofiber mats were then sonicated
and dispersed in IPA to obtain single nanofiber-based suspension
solutions. These solutions were drop-casted on Si/SiO2 chips
for the EDS characterization. The composition of over six
individual fibers were measured and averaged for each condition.
The composition of PbTe as a function of Pb2+ concentration
(Table 2). For the smaller PbTe nanofibers, the Pb content stayed
at 42 at.% as the concentration of Pb2+ increased from 10mM
to 50mM, then decreased to 37 at. % at a higher level of
Pb2+ concentration. However, for the larger PbTe nanofibers, a
slight decrease in the Pb content at the low Pb2+ concentration
region [i.e., (Pb2+) = 10mM and 50mM] was first observed,
followed by a slight increase in the Pb content when the
concentration of Pb2+ was increased to 100mM.Variations in the
ion concentration had minor effects on the fibers’ composition
because the Pb content maintained at around 42 at.% and only
a 7 at. % (from 37 at.% to 44 at.%) change was observed
corresponding to a one order of magnitude change in the
electrolyte concentration. The insignificant effect of a high Pb2+

concentration ([Pb2+] ≥ 50mM) on the composition of PbTe
has been suggested in our previous work (Xiao et al., 2006).
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FIGURE 2 | SEM images of synthesized PbTe hollow nanofibers using 124-nm (top row, A–C) and 52-nm (bottom row, D–F) Co nanofibers as sacrificial materials.

The electrolytes contained a fixed concentration of 0.1mM HTeO+
2 and 0.1M HNO3 with various concentration of Pb2+ of 10mM (left column, A,D), 50mM (middle

column, B,E), and 100mM (right column, C,F). All reactions were conducted at room temperature for 30min.

Large error bars were observed for all the conditions, which
might be attributed to the inhomogeneity in the reactions due
to the mass transfer limitation. The highest Pb content in the
lead chalcogenide nanofibers (i.e., PbSe and PbTe) galvanically
displaced from the sacrificial materials that have a similar redox
potential (i.e., Ni and Co) (Zhang et al., 2014) was around
45 at.%. GDR of PbTe from Co has been studied by Chang
et al. (2014). In their system, electrodeposited Co thin film
was used as sacrificial anode. The electrolytes consisted of
50mM to 500mM Pb+2 while fixing HTeO+

2 concentration at
10mM. These electrolytes allowed them to study the deposition
in the [Pb2+]/[HTeO+

2 ] system ranging from 5 to 50. In
our case, however, the deposition occurred in a much higher
[Pb2+]/[HTeO+

2 ] range of 100 to 1000 due to the 100-fold lower
HTeO+

2 concentration (i.e., 0.1mM). In Chang’s thin film system,
Te-rich PbTe filmswere obtained at [Pb2+]/[HTeO+

2 ]≤ 20, while
Pb-rich PbTe films were synthesized at [Pb2+]/[HTeO+

2 ] ≥ 50
(Chang et al., 2014). However, only Te-rich PbTe were obtained
in the nanofiber system, even with a higher [Pb2+]/[HTeO+

2 ] of
1,000. The difference in the composition might be due to the
different geometry of the sacrificial material leading to growth
of heterostructures in the thin film system, or the difference in
the crystal orientation of Co film (hcp) and nanofibers (fcc) that
provided different activation energies for the Pb overpotential
deposition (OPD) (Oviedo et al., 2006).

A quantitative assessment of the effect of the Pb2+

concentrations on the average outer diameter of the PbxTey
nanofibers is shown in Figure 3. Pb2+ concentration was
kept significantly higher than HTeO+

4 concentration since the
PbTe deposition mechanism follows overpotential deposition
(OPD) of Te, followed by underpotential deposition (UPD)
of Pb. Nanofibers displaced in the electrolytes with a higher
Pb2+ concentration exhibited larger outer diameter. As the

TABLE 2 | Effect of [Pb2+] on the Pb content in the PbTe nanofibers using two

different Co nanofibers (i.e., 52 nm and 124 nm).

[Pb+2] Pb content (at. %)

52nm Co nanofiber 124nm Co nanofiber

10 42 ± 4.1 42 ± 6.3

50 42 ± 5.9 38 ± 6.2

100 37 ± 6.8 44 ± 3.3

concentration of Pb2+ was increased from 10mM to 100mM,
the outer diameters increased from 141 to 193 nm for smaller
PbTe nanofibers and 193 to 297 nm for larger PbTe nanofibers.
Owing to the faster deposition rate, greater outer diameters were
expected in the electrolytes containing higher concentrations of
Pb2+. In addition, the large disparity in the size of the larger fiber
diameter may cause the larger error bars in the fiber diameters.
The same phenomenon has been observed in previous work
(Zhang et al., 2014). The wall thickness of the PbTe nanofibers
were estimated assuming the inner diameters of hollow PbTe
nanofibers were the same as the outer diameter of Co nanofibers.
As the Pb2+ concentration was increased from 10 to 50 to
100mM, the wall thickness increased from 45 to 56 to 70 nm for
the smaller nanofibers, and from 35 to 59 to 86 nm for the larger
nanofibers. Given that the Bohr radius of PbTe is 46 nm, the
quantum confinement effect may occur in the thin nanofibers.

Figure 4 shows XRD patterns of the Co nanofibers and the
Pb43Te57 nanofibers. Co nanofibers (Figure 4A) had a diffraction
pattern of a fcc structure with<1 1 1> and<2 0 0> orientations.
All the peaks in the PbTe (Figure 4B) matched with PbTe
(JCPDS 38-1435) except for the peak that belonged to the Pt
electrodes that were sputtered on top of the nanofiber mats,
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FIGURE 3 | Effect of [Pb2+] on the outer diameter of PbTe nanofibers. The

outer diameters of Co nanofibers are shown in Figure at [Pb2+] = 0. Yellow

squares and blue circles indicate PbTe nanofibers from Co nanofibers with the

average diameter of 52 and 124 nm, respectively.

which was marked with an asterisk. The asymmetric peaks at
39.5◦C were contributed from both the <2 2 0> orientation of
PbTe as well as the <1 1 1> plane of the sputtered Pt electrodes.
The PbTe nanofibers showed no preferred orientation. The
average grain size was calculated to be 60 nm, based on the
intensity of the X-ray peak. No peak from elemental Te was
observed. Figure S2 shows XRD patterns of PbxTey nanofibers
synthesized from various concentrations of Pb2+ and dimensions
of Co nanofibers. Similar to the Pb43Te57 sample shown in
Figure 4B, all of the samples showed random crystal orientation.
The average grain size of the larger PbTe nanofibers were
approximately the same (i.e., around 60 nm), while that of the
smaller fibers was about 44 nm. This might be due to the smaller
diameter of Co nanofibers, which provided limited sacrificial
material source for the deposition of PbTe. Compared to larger
PbTe nanofibers (Figure S2A), smaller nanofibers (Figure S2B)
possessed a much lower peak intensity, which indicated a lower
degree of crystallinity. No Te peak was observed in either of the
nanofiber mats.

High-resolution transmission electron microscopy (HR-
TEM) with EDS and SAED were utilized to characterize the
morphology, composition, and crystal structure of nanofibers
(Figure 5). As shown in the figure, the as-prepared nanofiber
showed a nodular and hollow structure (Figure 5A) with Pb
content of 43 at. %. The line-scan EDS (Figure 5D) analysis
showed that the composition of nanofibers was uniform
throughout the fiber. The fast Fourier transform (FFT)-converted
SAED patterns indicated that the diffraction pattern came from
(222), (220), and (200) orientation of PbTe.

Temperature-dependent I-V characterizations were carried
out based on single nanofibers where the temperature was varied
from 295 to 360K (Figure 6A). In this temperature range, all the
samples show linear I-V characteristics which indicate that the
contact between nanofiber and electrodes were ohmic. Figure 6B
shows σ as a function of temperature with the insert plot of ln

FIGURE 4 | XRD pattern of (A) 124-nm Co nanofibers and (B) Pb43Te57
hollow nanofibers from Figure 2A. The peaks with * belong to Pt electrodes.

(σT0.5) as a function of 1/kT. Here, k is the Boltzmann’s constant.
The electrical conductivity of single nanofiber was estimated
from conductance of nanofiber, the estimated cross sectional area
and length of hollow nanofiber. The sample showed an increase
in σ with increased temperature, suggesting that the sample is
semiconductor which has an energy barrier (Eb). By fitting the
inserted figure in Figure 6B, Eb was calculated (Scheele et al.,
2011). Figures 6C,D show σ and Eb as a function of their Pb
content. The electrical conductivity increased by almost an order
of magnitude when the Pb content increased by 66% in both
sizes of nanofibers, whereas the energy barrier height decreased
with the Pb content. The lower electrical conductivity in the
lower Pb-content nanofibers might be due to the higher amount
of Te, which may have created a larger energy barrier along
the sample due to its amorphous phase. A more sensitive effect
of Pb content on Eb was found in the larger PbTe nanofibers,
shown by its steeper slope than the smaller PbTe fibers. This
might be due to the larger grain size in the larger nanofibers, to
which the electrical conductivity is also proportional (Seto, 1975).
As shown in Figure 6E, the electrical conductivity was plotted
as a function of Eb, which showed a monotonically decreasing
trend. σ increased one order of magnitude by decreasing in Eb
of 0.1 eV. A similar trend has been predicted by Faleev in a Pb
nanoinclusion embedded PbTe bulk material due to the energy
filtering effect (Faleev and Leonard, 2008). However, a much
more significant dependence of electrical conductivity on Eb was
observed in our case, since only a maximum of a 2-fold reduction
was suggested in Faleev’s model. This may be due to the improved
charge carrier movement via non-planar radial transport as
compared to 3-D planar transport in bulk materials. The effect
of outer diameter of nanofibers on the electrical conductivity and
Eb is shown in Figure S3. As no clear trend was observed, it could
be concluded that the electrical conductivity and energy barrier
height of PbTe nanofibers mainly depended on the composition
rather than the dimension.
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FIGURE 5 | (A) HRTEM image (inset: TEM image of low magnification); (B) SAED pattern; (C) FTT images; (D) Line-scan EDS; and (E) EDS analysis of Pb43Te56
hollow nanofibers. The electrolyte consisted of 50mM Pb2+, 0.1mM HTeO+

2 , and 0.1M HNO3 at room temperature.

Figure 7A shows the temperature dependent 1V-1T of the
Pb43Te57 nanofiber mat where the temperature was varied
from 300K to 360K. Thermopower (Seebeck Coefficient, S)
were determined from the slope of 1V-1T. The temperature-
dependent Seebeck coefficients were plotted in Figure 7B.
Positive thermopower (S) indicated that the samples are p-
type semiconductors. Additionally, lower S with increasing
temperature indicating that the sample are closed to intrinsic

semiconductor (i.e., low carrier concentration). The highest S
of 366 µV/K was observed at 308K, which was higher than
bulk counterpart (Abrams and Tauber, 1969). For a bulk, the
maximum Seebeck coefficient (Smax) is a function of effective
band gap energy (i.e., Smax = Eg/2eTmax) (Goldsmid and Sharp,
1999). Therefore, Smax of PbTe was predicted as shown in
the dashed line in Figure 7B, knowing that the band gap of
PbTe bulk material would follow the equation Eg = 0.0004T
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FIGURE 6 | Temperature-dependent (A) I-V characterization and (B) electrical conductivity of a single Pb43Te57 nanofiber (inset: Ln(σT0.5) as a function of 1/kT).

(C) Electrical conductivity and (D) energy barrier height Eb as a function of Pb content. (E) Electrical conductivity of PbTe single nanofibers as functions of energy

barrier height, Eb. In Figure c, d and e, yellow squares and blue circles indicate PbTe nanofibers from Co nanofibers with the average diameter of 52 nm and 124 nm,

respectively.

FIGURE 7 | Temperature-dependent (A) 1V-1T characterization and (B) Seebeck coefficient of Pb43Te57 nanofiber mat. The maximum Seebeck coefficient Smax =

Eg/2eTmax was predicted and plotted as the purple dotted line. Seebeck coefficient of PbTe as functions of (C) Pb content and (D) energy barrier height, Eb.

Frontiers in Chemistry | www.frontiersin.org September 2018 | Volume 6 | Article 43611

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


Zhang et al. Synthesis of PbTe Hollow Nanofibers

+ 0.19. Because no optimum Seebeck coefficient was achieved
in our temperature-dependent study, no comparison was
made between the theoretical prediction and our experimental
data.

Temperature-dependent Seebeck coefficient of PbxTey
nanofiber mats with various x are shown in Figure S4. Smaller
PbTe (i.e., Pb43Te57, Pb42Te58, and Pb37Te63) nanofibers
that were reacted from 52-nm Co nanofiber mats are shown
in Figure S4a, while larger PbTe (i.e., Pb43Te57, Pb39Te61,
and Pb44Te56) nanofibers that were reacted from 124-nm
Co nanofiber mats (Figure S4B). The thermopowers, S,
were positive in all samples, indicating that they are p-type
semiconductors. It is known that the thermopowere consists of
partial thermopowers that are contributed by holes and electrons
(Goldsmid and Sharp, 1999). Thus, thermopower of instinsic
or near-instinsic semiconductor increases with increasing
temperature due to greater carrier mobility at high temperature
whereas thermopower of highly doped/degraded semiconductor
initially increases with temperature upto onset temperature
followed by decreasing thereafter (Abrams and Tauber, 1969).
The enhancement of the thermopower with temperature is
caused by change of Fermi level from the band edge. After onset
temperature, the decrease in the thermopower is due to biopolar
effects (Dow et al., 2009).

In our experiments, higher Pb content (i.e., Pb43Te57 and
Pb42Te58) smaller nanofibers show the thermopower increased
with temperature (Figure S4A). This was a typical behavior of
near-intrinsic semiconductors. However, for fibers with relatively
lower Pb content (i.e., Pb37Te63), the thermopower has an
onset temperature at 320K. Unfortunately, the almost plateauing
tendancy of the thermopower cannot be explained at this stage.
For the larger PbTe nanofibers (Figure S4B), the thermopower
decreased with temperature for all samples. The difference
behaviors require further investigation.

Figure 7C shows the thermopower as a function of the Pb
content. As expected, higher thermopower were observed when
the composition in near stoichiometric due to lower carrier
concentration. The Seebeck coefficient describes the ability of
the carrier transport from the Fermi level to the conduction
band corresponding to a temperature difference. Therefore, a
lower Seebeck coefficient is expected in a Te-rich PbTe nanofibers
since its Fermi level has been pushed into the conduction
band.

Figure 7D shows the thermopower as a function of Eb.
Boundaries and interfaces can acted as an energy filter for the
charge carriers, which would enable the transport only from the
high charge carriers: a phenomenon known as the energy filtering
effect. By doing so, the average energy of the charge carriers
increases, which resulted in enhancement of the thermopower.
As shown in Figure 7D, the thermopowers increased with the
Eb of the nanofibers, which was consistent with the prediction
(Faleev and Leonard, 2008). The thermopower was also plotted
against the average grain size of the nanofiber mats (Figure S5).
The smaller PbTe nanofibers had an average grain size of around
45 nm, while the larger PbTe fibers’ grain size was approximately
60 nm.

CONCLUSIONS

PbTe nanofiber mats were fabricating using electrospun cobalt
nanofibers as the sacrificial materials. Control over the dimension
and morphology of the nanofibers were achieved by applying
sacrificial material with various diameters and tuning the
concentration of Pb2+ in the electrolytes during galvanic
displacement reaction. Hollow PbTe nanofibers were synthesized
in all the conditions. The fibers with larger outer diameter
were obtained from thicker Co nanofibers. For the larger
PbTe nanofibers, hollow and smooth surfaces were achieved
using electrolytes containing low concentrations of Pb2+,
whereas rough surfaces were observed from using concentrated
electrolytes. The formation of rough surface in the latter case
may be due to the faster reaction rate. On the other hand, for
the smaller PbTe nanofibers, no clear differences in morphology
were observed with various [Pb2+]. The smaller PbTe nanofibers
were rougher than the larger PbTe nanofibers, which might be
due to the rougher surface of small Co nanofibers. The Pb2+

concentration had negligible effects on the fibers’ composition
in the studied range. No residue of Co was observed in the
fibers after the galvanic displacement reactions, which indicated
a complete reaction. The outer diameter of PbTe nanofibers
increased with the Pb2+ concentration. XRD analysis showed
that all synthesized PbTe samples were polycrystalline in nature.

The temperature-dependent I-V characterization was
conducted based on single PbTe nanofibers. The electrical
conductivity decreased as the Pb content in the nanofibers
decreased. It could be suggested that the excess Te created
barriers in the nanofibers, increasing the barrier height while
decreasing the electrical conductivity.
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Ultra-thin and large-area silicon wafers with a thickness in the range of 20–70µm, were

produced by spalling using a nickel stressor layer. A new equation for predicting the

thickness of the spalled silicon was derived from the Suo–Hutchinson mechanical model

and the kinkingmechanism. To confirm the reliability of the new equation, the proportional

factor of stress induced by the nickel on the silicon wafer, was calculated. The calculated

proportional factor of λ = 0.99 indicates that the thickness of the spalled silicon wafer

is proportional to that of the nickel layer. A similar relationship was observed in the

experimental data obtained in this study. In addition, the thickness of the stressor layer

was converted to a value of stress as a guide when using other deposition conditions

and materials. A silicon wafer with a predicted thickness of 50µm was exfoliated for

further analysis. In order to spall a large-area (150 × 150 mm2 or 6 × 6 in2) silicon wafer

without kerf loss, initial cracks were formed by a laser pretreatment at a proper depth

(50µm) inside the exfoliated silicon wafer, which reduced the area of edge slope (kerf

loss) from 33 to 3 mm2. The variations in thickness of the spalled wafer remained under

4%. Moreover, we checked the probability of degradation of the spalled wafers by using

them to fabricate solar cells; the efficiency and ideality factor of the spalled silicon wafers

were found to be 14.23%and 1.35, respectively.

Keywords: ultra-thin silicon wafer, spalling, stressor layer, kerf loss, edge slope, electrodeposition

INTRODUCTION

Silicon solar cells are the focus of considerable research efforts because of their high
energy-conversion efficiency (∼25%) (Green et al., 2015), stability, and so on (Bruel, 1995;
Dross, 2008; Shahrjerdi et al., 2012; Radhakrishnan et al., 2014; Kobayashi et al., 2015;
Lee et al., 2016; Green et al., 2017; Wang et al., 2017). Ultra-thin silicon wafers with
thickness in the range of 40–60µm are particularly suitable for high-efficiency solar cells
because of their high light absorption and flexibility (Dross, 2008). However, the >100%
kerf loss during the fabrication of ultra-thin silicon wafers (thickness: <100µm) using
conventional sawing technology is a critical problem (Green et al., 2017) that increases
material cost and requires additional post-sawing processes. Therefore, it is important
to minimize the waste associated with wafer losses during sawing. Several methods
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are available for fabricating kerf-less thin silicon wafers, such
as the stress-inducing process (Shahrjerdi et al., 2012; Wang
et al., 2017), ion implantation (Bruel, 1995; Lee et al., 2016), and
epitaxial growth (Radhakrishnan et al., 2014; Kobayashi et al.,
2015). Since it is difficult to form a stable trajectory during
the ion-implantation process, the resulting wafers tend to have
high surface roughness (Suo, 1989). The process of inducing
stress through by mismatching the thermal coefficients of silicon
and a deposited polymer requires a high temperature, which
causes degradation of the carrier lifetime (Suo and Hutchinson,
1989). Slim-cut and epitaxial-growth processes require complex
equipment and procedures (Radhakrishnan et al., 2014). On the
other hand, the electrochemical process is quite suitable because
of the low production cost, easy scale-up, stress control, and
high material yield (Drory et al., 1988). However, it is difficult
to predict the propagation and initial depth inside a silicon
wafer, creating problems in the thickness control of spalled
silicon wafers, which represent a major disadvantage of the
electrochemical process when compared with other methods. In
addition, the general electrochemical process causes edge sloping
up through the threshold of steady-state crack depth during
spalling (Suo, 1989), which causes problems such as kerf loss
at the edge of the wafer and high roughness which can cause
fractures in the spalled silicon wafer. The fractures induced by
kerf loss can be a critical problem for the large-scale production
of spalled silicon wafers with areas over 150 × 150 mm2 (6 × 6
in2). It is therefore necessary to reduce the edge slope and predict
the thickness of the spalled silicon wafer.

In the study reported here, we combined the process of laser
pretreatment at the edge of a silicon wafer and electrodeposition
of nickel, with high internal stress, on top of the substrate. This
structure was designed to reduce the edge slope and enhance
the uniformity of the silicon wafer after spalling. In addition,
a relationship was proposed for predicting the thickness of the
spalled silicon wafer. The long-wavelength laser process formed
cracks without damaging the surface of the sample, which served
as the initial cracks that extended along the interface, deviated
into the substrate, and subsequently propagated in a direction
parallel to the interface at a steady-state crack depth beneath the
interface (Suo and Hutchinson, 1990). We confirmed the effect
of the initial crack formed by the laser process on the kerf-less
silicon wafer. A new equation for predicting the spalling silicon
thickness was proposed, based on the prediction of the initial
crack depth and the calculation of the steady-state crack depth
from the Suo–Hutchinson (S&H) model (Suo and Hutchinson,
1990). The validity of the proposed equation was evaluated by
comparing the calculated results with the experimental data.

EXPERIMENTAL

The spalling process can be divided into three successive steps: (1)
pretreatment with a laser to form cracks at the edge of the wafer;

Abbreviations: ALD, atomic layer deposition; DI, deionized; IPA, isopropyl

alcohol; ITO, indium–tin oxide; PL, photoluminescence; S&H, Suo and

Hutchinson; SEM, scanning electron microscopy; SIMS, secondary ion mass

spectroscopy; XRD, X-ray diffraction.

(2) electrodeposition of the metal stressor layer; and (3) spalling
of the silicon wafer. A schematic diagram of the process is shown
in Figure 1.

In our study, p-type monocrystalline 150 × 150 mm2 (6
× 6 in2) silicon wafers with <100> orientation and 1–10Ω

resistance were utilized because their low roughness was suitable
for crack propagation. In order to reduce the edge slope after
spalling, pretreatment was carried out using a laser (Lumera
Hyper Rapid 50, Coherent, USA). The laser wavelength was set at
1,064, 532 or 355 nm, the generation capacity was selectable with
a power of 50, 20, or 16W, and the frequency was 400KHz. The
laser was focused at a point in an area that had the same steady-
state crack depth, to form initial cracks all around the edge of
the silicon wafer at a periodic distance of 100µm. After the laser
treatment, an electron-beam (e-beam) evaporator (Super High
Speed Evaporator System, Daedong Hightec, Korea) was used to
deposit Ti as an adhesion layer (thickness: 20 nm) and nickel as
a seed layer (thickness: 100 nm) on the silicon wafer. The nickel
seed layer had much higher conductivity than the silicon wafer.
Prior to electrodeposition, the wafer was degreased in an alkaline
bath (5% NaOH) to increase the hydrophilicity of its surface,
followed by pickling in a 10% HCl bath to remove any metal
oxide.

After the wafer was cleaned and treated, nickel(II) chloride
(NiCl2; concentration: 1 mol/L, purity: 98.5%, SAMCHUN,
Korea) and sodium citrate (concentration: 0.1 mol/L, purity:

FIGURE 1 | Schematic of the laser-based spalling process: (A) laser

process at the edge of silicon wafer; (B) formation of a fracture at the wafer

edge; (C) e-beam evaporation for adhesion layer and seed layer; (D)

electrodeposition to grow stressor layer; (E) spontaneous crack and

propagation of the tip; (F) spalled kerf-less silicon wafer.
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99%, Sigma Aldrich, USA) were mixed together to form the
electrodeposition bath; a sufficient amount of HCl was added
to adjust the pH of the mixture to 3.5. NiCl2 was the main
supplier of nickel ions, and sodium citrate served as a buffer
to maintain the pH and carry the electrons in the bath. The
nickel stressor layer was deposited on the silicon wafer by
immersing it in the all-chloride bath. This was done because
a higher internal stress could be obtained than in an all-
chloride bath, than in a non-chloride bath (Bedell et al., 2017).
A low voltage (1.2–2.8V) was applied by a power supply with
a direct current, and a nickel stressor layer with a thickness
of 50µm was obtained after 250min. The current density
used for the nickel electrodeposition was 5 mA/cm2, and the
bath temperature was maintained at 50. The thickness and
variations in thickness of the deposited nickel stressor layer, were
measured by analyzing scanning electron microscope (SEM; SU-
6000, Hitachi, Japan) cross-sectional images and using an X-ray
fluorescence thickness analyzer (D/MAX-2500, Rigaku, Japan).
In addition, the elemental detection and crystal structure of
the spalled silicon wafer were measured by secondary ion mass
spectroscopy (SIMS; IMS 7f, CAMECA, France) and a X-ray
diffraction (XRD; D/Max-2500VL, Rigaku, Japan), respectively.
Steady-state photoluminescence (PL) spectra were measured
using a monochromator (Acton Series SP-2150i, Princeton
Instruments, USA) equipped with a photomultiplier tube (PMT;
ID-441 for Acton Series, Princeton Instruments, USA) and a
Ti:sapphire excitation laser with a wavelength of 860 nm (Mira
900, Coherent, USA).

A wafer sample, which did not have spontaneous cracks
formed during nickel electrodeposition, was removed from the
electrodeposition bath. If there was sufficient breaking stress
within the silicon wafer, the fracture formed by laser treatment
would have propagated through the sample itself. After spalling,
the nickel layer was etched by amixed solution consisting of nitric
acid (mixing ratio of 1:1), deionized water, and 25 mL/L HF. The
etching of the Ni layer and Ti adhesion layer and the diffusion
of the impurities into the silicon wafer were measured by
SIMS.

The stress induced in the nickel layer was measured by a stress
strip test (B975, Specialty Testing, USA). The stress depended on
the grain size of the nickel particles, deposition rate, and potential
difference. Moreover, the most critical factor of stress control was
the thickness of the nickel layer. The edge slope of the spalled
silicon wafer was measured with an optical microscope (RH-
2000, Hirox, Japan) and by thickness profiling (RH-2000, Hirox,
Japan).

Prior to the fabrication of the solar cell, the spalled silicon
wafer was sequentially cleaned as follows: (1) a short dip in
5M hydrofluoric (HF) acid; (2) immersion in 50 wt% potassium
hydroxide (KOH) at a temperature of 80◦C for 1min; (3)
immersion in a piranha solution (H2SO4/H2O2 volume ratio
= 3:1) for 15min; and (4) a short dip in HF to remove
unwanted contaminants from the spalling process. To increase
light absorption, pyramid textures were formed on the front side
of the wafer by treating it with 700mL of a 2 wt% KOH solution
mixed with 45mL of isopropyl alcohol (IPA) at a temperature of
80◦C for 1 h.

A silicon solar cell with a dopant-free heterojunction was
fabricated using the cleaned and textured spalled silicon wafer.
First, an ultra-thin Al2O3 layer (thickness: 0.5 nm) was deposited
using an atomic layer deposition (ALD) system (D100, NCD
Tech, Korea) at a temperature of 150◦C to lightly passivate
the surface. Next, a layer of lithium fluoride (LiFx; purity:
99.98%, LTS chemical, USA) (thickness: 1 nm) was deposited
by evaporation as an electron-transporting layer and an Al
layer (thickness: 100 nm) was deposited without a vacuum
break on the rear side of the wafer. A vanadium oxide (V2Ox;
purity: 99.99%, LTS Chemical, USA) layer (thickness: 15 nm) was
deposited in the same manner as a hole-transporting layer on
the front side of the wafer. Subsequently, a layer of indium–tin
oxide (ITO; 10% SnO2, 90% In2O3, purity: 99.99%) (thickness:
80 nm) was sputtered onto the V2Ox surface in an Ar flow at
room temperature under a pressure of 8.0 × 10−7 Torr for
1070 s. Finally, an Ag layer (thickness: 1µm) was deposited by
evaporation as the electrode on the front side.

The current density vs. voltage (J–V) data of the solar-
cell performance was obtained with a solar simulator (XES-
502S, San-El Electric, Japan) under one sun irradiation (100
mW/cm2, AM 1.5 spectrum, 25◦C). The ideality factor (η)
and series resistance (RS) were extracted from the dark J–
V curve. The spectral response measurements were obtained
as the incident-photon-to-current conversion efficiency (IPCE;
k3100, PV Measurements, USA) using a 150W arc lamp with a
wavelength range of 350–1,100 nm.

RESULTS AND DISCUSSIONS

Stress Induced Stress by Nickel Stressor
Layer
For delivery of uniform stress on a large silicon wafer, the nickel
stressor layer must be uniformly deposited. Since the trajectory
of spalling propagation was parallel to the nickel surface, the
control of uniform deposition of the nickel stressor layer was a
critical factor of large-area spalling (Suo and Hutchinson, 1990).
Figure 2 shows a shield, with dimensions of 12.48 × 12.48 cm2,
used for the nickel deposition. It was placed 2 cm from the
substrate to reduce the thickness variation (Drory et al., 1988).
Figure 2B shows the thickness of the nickel layer at different
points in the diagonal direction. Without a shield, the thickness
of the deposited nickel film at the edge and center, and the mean
thickness were approximately 9.5, 5, and 6µm, respectively. On
the other hand, the nickel film deposited with a shield had a
uniform thickness of about 7µm, which demonstrates that the
shield assisted uniform growth of the nickel stressor layer, when
it was deposited by controlling the electric field in the bath.

Figure 3 shows the stress of different nickel layers formed
under various deposition conditions. Tensile stress was induced
on the silicon wafer because the nickel layer had a smaller lattice
constant (3.520 Å) than the silicon wafer (5.430 Å for Si<100>)
(Bilby and Eschelby, 1968). Figure 3A shows the intrinsic stress
of the deposited nickel stressor layers, with a thickness of 45
and 55µm, as a function of the current density (3, 5, and 10
mA/cm2). The intrinsic stress decreased with increasing current
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density, indicating that higher intrinsic stress was induced in the
thinner silicon substrate. Although all the stressor layers had the
same thickness, the amount of induced stress changed with the
current density, which meant that an optimized current density
was necessary (Durney, 1984). To optimize the current density,
the stress induced by the intrinsic stress in the nickel stressor
layer, was measured by a stress strip test; the results are shown
in Figure 3B. The stress induced by the nickel layer decreased
with increasing nickel-layer thickness, because the stress was
transferred from the nickel layer to the silicon wafer. When a
high level of intrinsic stress (1,260 mA/cm2) was induced, a
spontaneous crack emerged at the edge of the sample and caused
high roughness on the spalled silicon wafer. On the other hand,
when a lower level of induced stress (1,600 mA/cm2) was not
enough to cause spalling, the initial crack at the edge of the silicon
wafer did not cause any breakage (Supplementary Figure 1). If
the external force for spalling was applied to the silicon wafer’s
edge, the nickel layer would be torn because of low induced
stress. The optimized current density for spalling a 50µm silicon
wafer was 5 mA/cm2. The stress induced in the silicon wafer, was
calculated from the shift in the XRD peak. The main peak of the
silicon wafer was shifted from 2θ of 68.88◦ to 69.28◦ by the stress
of the silicon wafer, indicating that the silicon wafer was under
compressive stress. However, the scale of the peak shift was too
small to allow an accurate calculation of the stress in the silicon
wafer (Figure 3C).

FIGURE 2 | (A) Image of shield for uniform deposition of the nickel stressor

layer. (B) Variations in thickness of nickel stressor layers, deposited without the

shield (black line), and with the shield (red line).

Initial Crack Formed in Silicon Wafer by
Laser Process
Based on our findings, we suggest fabricating kerf-less silicon
wafers via a laser process to decrease the kerf-loss area. Figure 4
shows the edge slope image of spalled silicon wafers prepared
with and without laser pretreatment. The edge of the spalled
silicon wafer without the laser pretreatment had non-uniform
roughness and an edge-slope width of 5,500µm. The edge-
slope width of all samples prepared without the laser treatment
had the same area, regardless of the sample size. On the other
hand, the laser-treated spalled silicon wafer had an edge-slope
width of 500µm, as shown in Figure 4B. The area of the edge
slope was <10% than that of the sample without the laser
pretreatment because of the trajectory formed at the edge slope of
the spalled silicon wafer. A spalled silicon wafer generally exhibits
an unstable trajectory toward the fracture threshold before the
steady-state crack depth. To reach the steady-state crack depth
for a stable-state trajectory, crack propagation must be initiated
at the interface between the silicon wafer and the nickel stressor
layer. The depth of the initial cracks could be controlled by
focusing on the edge, as shown in Figure 4C. By adjusting the
laser focus, the initial cracks were produced at points that had
the same depth and the steady-state crack depth. These initial
cracks led to a stable-state trajectory, and crack propagation was
initiated at the steady-state crack depth. The trajectory initiated
from the silicon wafer edge by the laser process, was parallel to
the interface between the silicon wafer and the nickel stressor
film with biaxial tensile stress (Rice, 1988). Consequently, we
confirmed that the initial crack formed by the laser process led
to a decrease in the kerf-loss area of the silicon wafer.

Spalled Kerf-Less Silicon Wafer
Figure 5A shows the thickness of spalled thin silicon wafers
and the induced stress as functions of the nickel thickness. The
induced stress in the silicon wafer decreased with increasing
nickel thickness, resulting in increased thickness of the spalled
silicon wafer. Because the induced stress in the silicon wafer
caused crack propagation inside the silicon wafer at a steady-state
crack depth, the thickness of the spalled silicon wafer was higher
when the internal stress of the nickel stressor layer was lower.
As shown in Figures 5A,C, the thickness of the spalled silicon
wafers was in the range of 20 to 70µm. Once a crack was initiated

FIGURE 3 | Stress induced by the nickel stressor layer as a function of the (A) current density and (B) thickness of nickel layer. (C) Shift in XRD peak caused by the

stressor layer.
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FIGURE 4 | Surface profiling (top) and 3D optical microscope image (bottom) of the edge slope of spalled silicon wafers: (A) without laser pretreatment; (B) with laser

pretreatment. (C) Image of initial cracks (50µm).

FIGURE 5 | Thickness of spalled silicon wafers corresponding to nickel

stressor layers of various thickness: (A) variations in thickness of spalled silicon

wafer with changes in stress and nickel layer thickness; (B) SEM

cross-sectional image of spalled silicon wafer (156 × 157 mm2); (C) spalled

silicon wafers of various thickness.

in a silicon wafer, it could propagate in a direction parallel to
the surface at a depth proportional to the thickness of the nickel
layer at the center of the wafer. Figure 5B shows an SEM cross-
sectional image of a spalled silicon wafer with a 50µm nickel
stressor layer. It should be noted that this nickel stressor layer
was removed by wet etching, leaving a spalled silicon wafer with
a flat surface and a thickness of 50µm.

To verify the thickness distribution of the spalled silicon wafer
with a large area, the spalling process was carried out on a 150
× 150 mm2 (6 × 6 in2) silicon wafer. Figure 6 shows that a
thin silicon wafer with a large area was obtained. The thickness
was measured at five points on the silicon wafer, and each
point on the same line was plotted at intervals of 220mm. The

FIGURE 6 | Thickness distribution on a 150 × 150 mm2 (6 × 6 in2) large-area

spalled silicon wafer; image of a kerf-less ultra-thin silicon wafer.

spalled silicon wafer in Figure 6 exhibited a uniform thickness
of approximately 50µm, and the deviation of the silicon wafer
thickness remained under 2µm (4%). This uniform thickness
resulted from the induced homogenous stress, and we believe
that the approach can be used to provide significant performance
improvements in large-scale silicon production.

For the successful application of spalled wafers in silicon-
based solar cells, impurities that diffused into the silicon wafer
during evaporation or electrodeposition, must be monitored
as they could affect the mechanical and optical properties of
the silicon, thus compromising the efficiency of the solar cell.
Figure 7 shows the physical and optical properties of a spalled
silicon wafer after each etching process. There were no impurities
on the bare silicon wafer, as shown in Figure 7A. In general,
the detection limit of most instruments is in the range of 1013-
1015 atom/cm31. As shown in Figure 7A, 1017 atoms of Ti
were detected in 1 cm3 of the pure silicon wafer. Therefore,

1Evans Analytical Group. Available online at: http://www.nanoscience.co.jp/

industry_analysis/pdf/AN339.pdf
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FIGURE 7 | Physical properties of spalled Si wafer. (A–C) Atomic concentration of Si, Ti, and Ni at various vertical positions in different samples: (A) pure Si mother

substrate; (B) spalled Si wafer after etching without HF; (C) spalled Si wafer after etching with 25 mL/L HF. (D) Comparison of PL of spalled Si wafer (red line) with that

of pure Si mother substrate (black line).

in this study, the detection limit of Ti and Ni atoms was
assumed to be 1017 atom/cm3. After the nickel etching process
without the HF solution, a Ti layer and a small Ni peak was
detected on the spalled silicon wafer (Figure 7B). The Ni ions
were expected to penetrate the Ti layer during the evaporation
or electrodeposition. To eliminate Ni-based impurities, the Ti
layer must be etched. Figure 7C shows no impurities on the
spalled silicon wafer after it was etched with a HF solution.
Figure 7D shows the PL spectra of both the pure silicon wafer
and the spalled silicon wafer. The spalled silicon wafer showed
no obvious PL spectrum shift, when compared to the spectrum
of the pure silicon wafer, indicating that the band structure
related to PL of the spalled silicon wafer remained unchanged by
spalling.

Analysis of Steady-State Crack Depth
According to the S&H model, the thickness of a spalled silicon
wafer can be predicted when the initial crack can be calculated
from the stress induced by the electrodeposited layer. There,
internal stress of electrodeposited materials during the spalling
process, can be traced to two origins. The first source is the misfit
stress resulting from the lattice mismatch between the substrate
and the metal film (Sun and Jih, 1987; Saitou, 2008). The induced
misfit stress in the substrate tends to reduce the potential energy
and causes its own curvature and fracture (Richardson, 2014).
This phenomenon manifests as changes in the energy release
rate (Kim et al., 1996), which is the energy dissipated per unit
of a newly created fracture surface area (i.e., the tip) during a

fracture2. A fracture causes free-state stress on the upper side,
which is the opposite side of the mother substrate.

This energy release rate, G, is defined as

G =
∂ (U − V)

∂A
, (1)

where U is the potential energy available for crack propagation,
V is the work associated with any external forces acting on
the system, and A is the crack area (linear for two-dimensional
cracks). The crack direction is along the direction of the tip.
When the fracture energy, Gc, is higher than G (Gc > G), the
crack begins to propagate. Gc is considered to be a material
property that is independent of the applied load and the geometry
of the body. In order to apply the stress needed for spalling, the
external force must be zero, i.e., V = 0, which means that the
crack propagation occurs on its own. If the external force is not
zero, the spalled wafer will have high roughness.

Internal stress can also be induced when coalescence occurs
in a single material. The intrinsic stress of the coalescence
of metal grains (He and Hutchinson, 1989) is caused by the
nucleation of isolated states that grow and approach other grains.
When a grain encounters other grains, recrystallization occurs
at the grain boundary (Sun and Jih, 1987) This recrystallization
area has a different crystal direction when compared with the
original grains (Rachwal, 2010), resulting in stress in the metal
film. To induce stress inside a silicon substrate in our study,

2DEAS Harvard University. Available online at: http://www.mrsec.harvard.Edu/

education/ap298r2004/Vlassak%20AP298presentation.pdf
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FIGURE 8 | Schematic of residual stress induced by (A) isolated metal

particles and (B) coalescence of metal particles on the substrate.

an electrodeposited nickel layer was used as the stressor layer.
At the initial stage, isolated nickel grains were formed on the
silicon substrate and each grain grew at the same rate to form
the nickel stressor layer. Because the nickel layer had a smaller
lattice constant than that of the silicon substrate, tensile stress was
induced in the silicon substrate (Indenbom and Kaganer, 1990).
Because the deposited nickel particles on the silicon substrate had
different crystal growth directions, there was a lattice mismatch
between the silicon wafer and every grain with a single-crystalline
structure (Figure 8). Consequently, spalling stress was formed in
the silicon wafer (Moridi et al., 2013). Because the stress of the
nickel layer can be controlled as a function of the layer thickness,
we expected to be able to predict the steady-state crack depth of
the silicon wafer from the stress induced by the nickel layer.

To estimate the growth of the initial crack depth to the steady-
state value, the steady-state crack depth must be calculated before
the formation of the nickel stressor layer. Since the initial crack
depth was determined by material properties such as Dundurs’
elastic parameter and the stress intensity factor, it could be
calculated using theNi/Si thin-film system and any othermaterial
in the system. The calculation proposed here is based on the S&H
model (Evans and Hutchinson, 1984; Suo and Hutchinson, 1990;
DEAS Harvard University) and the kinking mechanism (Rice,
1988; Martini et al., 2012; Kwon et al., 2013). The starting point
for calculating the steady-state depth is the energy-release rate,G,
which is determined by the strain value of the beam (P, M, d) and
the trajectory of propagation with stress intensity factors, KI and
KII:

G =

[

P2 + 12

(

M

d

)2
]

/2Êd =

(

K2
I + K2

II

)

Ê
, (2)

where d and h are the spalled silicon wafer thickness and
electrodeposited nickel thickness, respectively; P is the edge
load; M is the momentum of the beam; and Ê is the strain or
stress (Figure 9). The factor KI is the minimum condition for
the propagation of a crack caused by the nickel stressor layer.
Otherwise, KII expresses the direction of propagation. Since the
spalling method is based on an existing crack, the KI value is
positive and will change with KII values. Otherwise, if there
are no external forces, the direction of crack propagation is
parallel to the interface between the silicon wafer and the nickel
stressor layer. For multilayered thin-film systems, individual
stress intensity factors can be assigned to each film layer and
solved separately.

KI = c1
P
√
d
+ c2

M
√
d3

, (3)

KII = c3
P
√
d
+ c4

M
√
d3

, (4)

where c1, c2, c3, and c4 are dimensionless constants. These
constants can be calculated using the loading conditions as
follows:

c21 + c23 =
1

2
, (5)

c1c2 + c3c4 = 0, (6)

c22 + c24 = 6. (7)

To satisfy these loading conditions, c1 = 0.434, c2 = 1.934, c3 =
0.558, and c4 =−1.503 were used (Evans and Hutchinson, 1984),
with c4 being a negative value. Because KII is a complex number,
d can be obtained from

KI = 0.434
P
√
d
+ 1.934

M
√
d3

, (8)

KII = 0.558
P
√
d
− 1.503

M
√
d3

. (9)

Because the trajectory of the tip in a spalling process is parallel to
the interface between the nickel layer and the silicon wafer, KII

must be zero. Therefore, the P/M ratio has the same shape as the
function for d.

The h formation can be represented as

KI =
P

√
2h

cosw+
2
√
3M

√
2h3

sinw, (10)

KII =
P

√
2h

sinw−
2
√
3M

√
2h3

cosw, (11)

where w is the mode mixity for a complex number of the
stress intensity factor (Suo and Hutchinson, 1990). To obtain the
value of w, Dundurs’ elastic parameter (α) is needed. It can be
calculated as follows (Suo and Hutchinson, 1990):

α =
Ŵ (κ2 + 1) − (κ1 + 1)

Ŵ (κ2 + 1) + (κ1 + 1)
, (12)
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where Γ is the shear modulus ratio, κ1 = 3 – 4v1, κ2 = 3 –
4v2, v1 is Poisson’s ratio of nickel, and v2 is Poisson’s ratio of
silicon. Dundurs’ elastic parameter has various values ranging
from 0 to 1, and it only depends on the intrinsic properties of
the material. This theoretical approach can be applied to various
materials. For a silicon wafer with a nickel stressor layer, w is
52 when α is 0.4 (obtained from the mode mixity table of the
S&H model) (Suo, 1989). The term h can also be represented as
P/M = g(h) when KII = 0. As a result, we have the equation d
= λh, where λ is a proportional factor. For the Ni/Si thin-film
system, λ = 0.99, which means that the thickness of the spalled
silicon layer was proportional to that of the nickel layer. This
proportional relationship originates from the standard properties
(from modulus ratio to elastic parameter) of nickel. Moreover, h
can be expressed in terms of stress. Therefore, the thickness of a
spalled silicon wafer can be calculated regardless of the unstable
factors. d is expressed in terms of stress as

d =
µλ

S
U(h), (13)

where µ is a constant originating from the ratio between the
modulus of the substrate and that of the film,U(h) is the curvature
of the beam, and S is the intrinsic stress. Furthermore, U(h) can
be calculated using the equation

U(h)=Curvature rate×

(

h− he

Deposition rate

)Degradation of curvature

,

(14)
where he is the initial thickness of the nickel layer (adhesion
layer). In this equation, the curvature rate shows the amount
of the upper beam that has been curved, while the degradation
of curvature shows changes in the curvature rate as a function
of the thickness of the nickel stressor layer. As a result, a new
equation can be obtained for predicting the thickness of a spalled
silicon wafer. To confirm the reliability of the new equation, the
calculated value was carefully compared with the experimental
result.

Figure 10 shows a comparison of the theoretical and
experimental values of thickness of the spalled silicon wafer as
functions of the nickel layer thickness and stress. The red line
shows the fitted line based on the calculated value, while the black
dots represent the experimental results. As shown in Figure 10A,
the thickness of the silicon layer increased proportionately with
the thickness of the deposited nickel layer. A calculated value of
λ = 0.99 was obtained from the red line, which nearly coincides
with the experimental value. Figure 10B shows the calculated and
experimental values of the silicon wafer thickness as functions
of the stress induced by the intrinsic stress in the nickel layer.
The results show that the thickness of the spalled silicon wafer
was inversely proportional to the stress, which means that the
induced stress in the silicon wafer increased with decreasing
internal stress in the nickel layer. The discrepancy between the
calculated and experimental results is under 1.1%; this low error
may have originated from the roughness of the nickel layer and
KII not being a perfect zero during the spalling process because
of external forces. Kerf-less silicon wafers of the desired thickness

FIGURE 9 | (A) Edge load and momentum of the Ni/Si thin-film system. (B)

Trajectory of crack propagation in terms of KII value.

FIGURE 10 | Comparison of theoretical (red line) and experimental (black

dots) values of silicon thickness as functions of (A) Ni layer thickness and (B)

stress induced by Ni layer.

FIGURE 11 | J–V characteristics of spalled-silicon solar cell: (A) standard J–V

curve; (B) r(J) with fitted results used to determine R and A at room

temperature.

were successfully fabricated from the calculated value of the
steady-state crack depth and initial crack depth predicted by
the new equation, providing a noticeable enhancement in the
performance of the kerf-less silicon device.

Fabrication of Solar Cells Using the
Spalled Si Wafer
Several parameters such as the ideality factor (η), quantum
efficiency (EQE), and conversion efficiency (Eff) were evaluated
to determine the applicability of the spalled silicon wafer. The
results are shown in Figures 11, 12.

As shown in Figure 11A, the efficiency of the resulting solar
cell was 14.23%. The short-circuit current density, Jsc, which was
determined by the light absorption and quantum efficiency, was
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FIGURE 12 | External quantum efficiency (EQE) of both spalled silicon wafer

and bulk silicon wafer.

33 mA/cm2. It is well known that the performance of a silicon-
based solar cell is affected by defects originating from impurities
in the materials. These impurities can lead to shallower- and
deeper-energy defect levels in the band structure, which can
create recombination paths that are different from band-to-
band recombination. This means that if there were defects on
the spalled silicon wafer, degradation of performance could be
measured from the defects in the band structure. In order to
check the degradation of performance, the ideality factor of the
spalled silicon wafer was compared with that of a bulk silicon
wafer (obtained from the Shockley diode equation Hegedus
and Shafarman, 2004 and the general single-exponential diode
equation), as shown in Figure 11B. The plot of the derivative
dV/dJ vs. J−1 was obtained from the dark J–V curve to identify
differences in the device characteristics, ideality factor η, and the
series resistance RS between the solar cells, fabricated utilizing a
bulk Si wafer and a spalled Si wafer according to the following
equation (Hegedus and Shafarman, 2004):

J = J0exp

[

q

ηkT
(V − RsJ)

]

+ G′V , (15)

where J0 is the dark saturation current, q is the electrical charge,
η is the ideality factor, k is the Boltzmann constant, T is the
temperature in Kelvin, RS is the series resistance, and G’ is the
shunt conductance. Since G’ is supposed to be negligible, the
derivative plot could be extracted through a simplified equation
without G’ as follows (Hegedus and Shafarman, 2004):

r (J) ≡
dV

dJ
= Rs +

ηkT

q
J−1. (16)

Equation 16 was plotted as a linear line with a slope of ηkT/q and
a y-intercept of RS. η was calculated using the slope and a thermal
voltage (kT/q) of 25.69mV at room temperature. As shown in
the comparison of device characteristics Figure 11B of the solar
cells using a bulk silicon wafer and a spalled silicon wafer, the
measured values of RS were 0.6 and 0.9 Ω·cm2, respectively, and

the measured values of η were 1.45 and 1.35, respectively. Even
though the same fabrication processes were used, the calculated
results of RS and η for the solar cell using a spalled wafer, were
higher than those for the solar cell using a bulk wafer. This
increase was attributed to the wafer thickness because the thinner
the wafer, the larger the effect of rear-side recombination. The
ideality factor η of the solar cell using a spalled silicon wafer was
1.35, which is closer to 1 when compared with η of the solar cell
using a bulk siliconwafer. Thismeans that the spalling process for
preparing thin silicon solar cells did not form cracks and defects
in the band structure. It also appears that the lower ideality factor
was due to the shunt resistance during the fabrication of the solar
cell. Moreover, the EQE of the cells using a spalled silicon wafer
and a bulk silicon wafer (mother substrate) was measured; the
results are shown in Figure 12. The absorption of light in the
wavelength range of 400–550 nm was the same for both cells.
In the wavelength range above 550 nm, the difference in light
absorption by both cells was more distinct, because the light-
absorption efficiency was related to the silicon thickness (Green
and Keevers, 1995). The lower EQE was also affected by the
rear-side recombination in the spalled silicon film, which had a
thickness of 50µm.

CONCLUSIONS

A kerf-less thin silicon wafer with a large area was successfully
fabricated by spalling, and its thickness was calculated from
the steady-state crack depth, using the proposed equation based
on the Suo–Hutchinson model and the kinking mechanism. A
nickel stressor layer was uniformly deposited on the silicon wafer
with the assistance of a shield. It displayed a uniform thickness
of about 7µm and exhibited excellent electric properties. In
order to create the initial crack for decreasing kerf-loss in a
large-area thin silicon, the silicon wafer was pretreated with a
laser before the spalling process. We confirmed that the kerf-
loss area of a laser-treated silicon wafer, was <10% of the
kerf-loss area of a spalled silicon wafer without pretreatment.
The thickness of the spalled silicon wafer varied from 20 to
70µm. The silicon layer thickness increased proportionately with
the nickel layer thickness, while it was inversely proportional
to the stress. The predicted thickness calculated using the
proposed equation is in agreement with the experimental
value. Finally, the solar cell fabricated with a spalled silicon
wafer had an efficiency of 14.23% and an ideality factor of
1.35.
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In situ fabrication of nanostructures within a solid-polymer electrolyte confined

to subwavelength-diameter nanoapertures is a promising approach for producing

nanomaterials for nanophotonic and chemical sensing applications. The solid-polymer

electrolyte can be patterned by lithographic photopolymerization of poly(ethylene

glycol) diacrylate (PEGDA)-based silver cation (Ag+)-containing polyelectrolyte. Here,

we present a new method for fabricating nanopore-templated Ag nanoparticle (AgNP)

arrays by in situ photopolymerization using a zero-mode waveguide (ZMW) array

to simultaneously template embedded AgNPs and control the spatial distribution of

the optical field used for photopolymerization. The approach starts with an array of

nanopores fabricated by sequential layer-by-layer deposition and focused ion beam

milling. These structures have an optically transparent bottom, allowing access of the

optical radiation to the attoliter-volume ZMW region to photopolymerize a PEGDA

monomer solution containing AgNPs and Ag+. The electric field intensity distribution

is calculated for various ZMW optical cladding layer thicknesses using finite-element

simulations, closely following the light-blocking efficiency of the optical cladding layer.

The fidelity of the polyelectrolyte nanopillar pattern was optimized with respect to

experimental conditions, including the presence or absence of Ag+ and AgNPs and the

concentrations of PEGDA and Ag+. The self-templated approach for photopatterning

high-resolution photolabile polyelectrolyte nanostructures directly within a ZMW array

could lead to a new class of metamaterials formed by embedding metal nanoparticles

within a dielectric in a well-defined spatial array.

Keywords: zero-mode waveguide, photopolymerization, solid-polymer electrolyte, recessed Ag ring electrode,

nanopore array
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INTRODUCTION

The increasing utilization of micro- and nanostructured devices
in chemical sensing and nanophotonic applications has created
a need for precise spatial, temporal, and geometric control
over the formation of nanoscale systems. For example, solid-
polymer electrolytes, a particularly interesting class of materials
due to potential applications in batteries and actively configurable
systems, have been utilized in memory devices based on
resistive switching (Lin et al., 2014). Further, active control
of conductive filament formation and dissolution in solid
electrolytes may provide the foundation for a new class of
metamaterials with reconfigurable optical properties, especially
when combined with arrays of metal nanoparticles embedded
in the dielectric host. Previously, we demonstrated actively
reconfigurable constructs based on solid-polymer electrolyte-
based nanoelectrochemical systems for the formation and
dissolution of metal conductive filaments in polyethylene oxide
(PEO)-based (Wu et al., 2011; Crouch et al., 2017) and
poly(ethylene glycol) diacrylate (PEGDA)-based (Chao et al.,
2018) electrolytes. In addition, polymer electrolytes formed
by photopolymerization of polyethylene glycol (PEG)-based
electrolyte have been utilized for various biomaterials and
biomedical applications (Mellott et al., 2001; Burdick and Anseth,
2002; Aimetti et al., 2009; Huebsch et al., 2014; DeForest
and Tirrell, 2015). Several methods have been introduced to
fabricate miniaturized polymer electrolyte features, including
molding (Terray et al., 2002; Fairbanks et al., 2009), printing
(DeForest and Anseth, 2012), and lithography (Jang et al., 2007).
Combined with patterning of polymer electrolyte composites,
in situ polymer electrolyte photolithography can be used to
determine the spatial composition pattern, e.g., molecular weight,
degree of cross-linking, in a polymer electrolyte, in addition
to physical shape (Bong et al., 2010; Wu et al., 2015). All
of these techniques provide degrees of micro- and nanoscale
control over polymer electrolyte’s physical/chemical properties,
and geometric resolution of micro- and nanostructures on
multiple length scales.

Photopolymerization is an attractive technique as it provides
unparalleled spatial and temporal control over polymer
electrolyte spatial composition patterns and fabrication
characteristics. Diacrylate-based polymers are particularly
appealing in this context, since they exhibit exceptional
transparency, color variation, robust mechanical properties, and
elasticity (Mark, 2013). Acrylates can be chemically cross-linked
to form polymer electrolytes for a variety of applications and
are widely used in industrial chemical processes as adhesives,
sealant composites, and protective coatings (Mark, 2013).
In contrast to other monomers, acrylates are attractive due
to their biocompatibility, semi-permeability, and chemical
versatility, allowing modification with a range of mono- or
multifunctional moieties (Burkoth and Anseth, 2000; Metters
et al., 2000). Of specific importance to the current studies,
acrylate-based polymers can controllably produce cross-
linked networks via photopolymerization (Yu et al., 2001).
To exploit these useful characteristics, polyethylene glycol
(PEG)-based photo-crosslinkable polymers, based upon acrylate

polymerization chemistries, have been developed (Sawhney et al.,
1993; Nguyen and West, 2002).

Photoinitiated polymerization of acrylates is typically
performed in the presence of a photo-initiator (PI)
which generates free radicals upon exposure to UV light.
Photopolymerizable acrylates are typified by poly(ethylene
glycol) diacrylate (PEGDA), an ion-conducting polymer (Yang
et al., 2006) frequently used in biological applications (Shu et al.,
2004). It provides design flexibility, because the material can start
at low-viscosity and be converted to a high-viscosity solid simply
by exposing it to light. In the current work, this property could
support the precise positioning of metal nanoparticles, by first
placing them in a liquid-like environment, after which the metal
nanoparticles are locked into place by simple UV exposure.

Placement of well-defined metallic nanostructures within a
dielectric material allows the optical properties of the composite
material to be tailored, potentially achieving responses not
possible in a single-component material (Oldenburg et al.,
1998; Prasad, 2004; Rill et al., 2008; Shukla et al., 2010a,b).
This capability is most notably exploited in the rapidly
advancing field of metamaterials—composite materials that
exhibit unusual optical and electromagnetic properties such
as a negative refractive index (Smith et al., 2004; Kuwata-
Gonokami et al., 2005; Furlani and Baev, 2009b). The
unique properties of metamaterials arise from the engineered
electromagnetic/optical response of subwavelength structures,
for example well-defined nanoporous metallic arrays, rather
than the intrinsic properties of the constituent materials. These
metamaterials hold promise for various applications such as
far-field subwavelength imaging, nanoscale optical trapping,
ultracompact waveguides, and optical power limiting (Baev
et al., 2007; Furlani and Baev, 2009a). Most experimentally-
realized metamaterials have been fabricated by “top-down”
lithography techniques, usually either e-beam lithography (EBL)
or focused-ion-beam lithography (FIBL) (Kuwata-Gonokami
et al., 2005; Lee et al., 2008; Rill et al., 2008; Henzie et al.,
2009). Although powerful, these serial, direct-write approaches
are not amenable to large-area patterning. Another approach
to metamaterials involves laser direct-writing in a polymeric
structure followed by metal deposition onto the fabricated
surface (Shukla et al., 2010b). Although this method is promising,
full metal coverage is challenging. Thus, new fabricationmethods
are needed.

Here we present a new approach for the fabrication of
PEGDA-based solid-polymer electrolyte nanopillars constructed
from silver nanoparticles (AgNPs) templated within recessed
Ag ring electrode arrays. Importantly, the Ag ring electrodes
are bifunctional, serving as the optical cladding layer in zero-
mode waveguides (ZMWs) during fabrication while retaining
the capability to serve as working electrodes for electrochemical
tuning of the array in future applications. As ZMWs, the
metal layers control the spatial distribution of optical radiation
used in photopolymerization and, consequently, the distribution
of cross-linked PEGDA photopolymer. This approach can
significantly simplify the fabrication of PEGDA solid-polymer
electrolyte arrays and provide a viable route to the fabrication
of three-dimensional metamaterials by photopolymerization.
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Metamaterials can be realized by embedding AgNPs in a well-
defined dielectric-embedded nanopore array, where the optical
properties can be tuned by adjusting the number of AgNPs,
the inter-pore spacing, or both. Here, we explore the controlled
fabrication of ZMW nanopore-templated photopolymerization
of AgNP-containing PEGDA polymeric structures. This study
indicates that: (1) metal ZMW arrays may be used to template
the nanopillars for the polymerization process; (2) the ZMW can
be tuned to control the spatial distribution of the confined optical
field and, thus, of the photopolymerization process; and (3) these
properties can be realized in the presence of nanopore-embedded
AgNPs and Ag+ ions in the electrolyte.

MATERIALS AND METHODS

Chemicals
Anhydrous acetonitrile (ACN), silver nitrate (AgNO3), sulfuric
acid (95%), hydrogen peroxide (30%), fluorescein 5(6)-

isothiocyanate (FITC), and 2-hydroxy-4
′

-(2-hydroxyethoxy)-
2-methylpropiophenone photoinitiator (PI) were obtained
from Sigma-Aldrich. Silver nanoparticles (AgNPs, 50 nm size,
5 kDa PEG capped) were purchased from nanoComposix.
Poly(ethylene glycol) diacrylate (PEGDA) with number average
molecular weightMN = 700 was purchased from Sigma-Aldrich.
Cleanroom-cleaned glass coverslips (Glass D, 75 x 25 mm,
1.0mm thick) were obtained from Schott Nexterion. All reagents
were used as received.

Fabrication of ZMW Arrays
The nanopore arrays were fabricated via a combination
of standard photolithography, layer-by-layer deposition, and
focused ion beam (FIB) milling. The primary processing steps
are shown in Figure 1A. Glass slides were cleaned in piranha
solution (3:1 sulfuric acid (95%):hydrogen peroxide (30%)—
Caution—Strong oxidizer, use with extreme care), rinsed with
deionized (DI) water, and dried at 120◦C. A 5 nm thick Au layer
was deposited by electron-beam evaporation (UNIVEX 450B,
Oerlikon) after deposition of a 5 nm Ti adhesion layer. Then, a
20 nm Ag film was e-beam evaporated onto the same glass slide,
after which a 150 nm thick SiNx layer was deposited by plasma-
enhanced chemical vapor deposition (PECVD 790, Plasma-
Therm). Finally, an additional 50 nm thick Cr layer was deposited
on the substrate. A dual-source FIB instrument (Helios Nanolab
600, FEI Corp.) was used for milling and characterization.
Nanopore arrays were patterned in a 20 × 20µm square array
with a lattice spacing of 500 nm, shown in Figures 1B,C. FIB
milling was performed at 30 kV acceleration, 0.28 nA ion
aperture, and 0.1ms dwell time to produce the recessed dual-
ring electrode (RDRE) array. These FIB-milled pores exhibit
a conical frustum shape with typical top diameter, dtop∼140–
160 nm, and bottom diameter, dbottom∼60–80 nm. Although
milled under nominally identical conditions, small sample-to-
sample variations in pore geometry were observed.

Photopolymerization of PEGDA Solution
In an argon-filled glovebox with oxygen and water
concentrations controlled to <0.1 ppm, 10 and 20mM solutions
of AgNO3 in anhydrous ACN were prepared. Similarly, PEGDA

was dissolved in ACN to make 0.5, 1, 2, and 3 wt% PEGDA
solutions, each adjusted to 1mM of PI. To purify the AgNPs,
1,000 µL of 50 nm AgNPs was centrifuged at 10,000 rpm for
30min (microcentrifuge RS-200, REVSCI); then the solvent was
decanted, and the AgNPs were resuspended in 100 µL ACN.
The AgNPs and AgNO3 solution were added to the PEGDA
+ PI solutions in a 1:1:8 volume ratio, yielding final solutions
of AgNO3 in ACN with concentrations of 1 and 2mM for
PEGDA concentrations of 0.5, 1, 2, and 3 wt%, respectively. Fifty
microliter of each solution was then dropcast onto the nanopore
array inside the glovebox. The PEGDA-coated nanopore
array was exposed to UV light (405 nm) with an intensity of
14 mW cm−2 for 30min in the cleanroom. Next, the nanopore
array was washed with ACN and dried in filtered air.

Fluorescence Measurements
Fluorescence measurements were performed on an Olympus
IX71 wide-field epi-illumination microscope. Radiation from a
488 nm laser was passed through an excitation filter (Chroma
Z488/10X), and defocused to illuminate an area ca. 100× 100µm
on the Cr side of the sample to directly excite fluorescence of
FITCmolecules in the nanopores. The fluorescence was collected
by a 100× NA 1.4 oil-immersion objective, and projected onto
a 512 × 512 pixel CCD camera (Andor Technology Ltd).
A dichroic mirror (Chroma Z488RDC) and emission filter
(Chroma HQ525/50m) were used to separate excitation from
emission radiation.

Modeling and Calculations
Finite element simulations were performed using COMSOL
Multiphysics version 5.3. The simulations were performed
over a two-dimensional domain representing the geometry and
dimensions of the zero-mode waveguides employed in our
experiments (Han et al., 2017). We used the “Electromagnetic
Waves” physics of COMSOL in a frequency domain mode to
obtain the excitation field inside a ZMW. A free triangular mesh
was used with “Extremely fine” resolution and refinement applied
to the ZMW layer. The ZMW was represented by a single pore,
consisting of an adhesion layer (Ti, h= 5 nm), a second adhesion
layer (Au, h = 5 nm), an optical cladding layer (Ag, h = 20, 50,
and 100 nm), a dielectric layer (SiNx, h= 150 nm), and a top layer
(Cr, h = 50 nm). A perfectly matched layer was incorporated in
the glass substrate component to cancel any reflection artifacts
from the simulation boundaries. The complex refractive indices
of Ti (Werner et al., 2009), Au (Olmon et al., 2012), Ag (Werner
et al., 2009), and Cr (Johnson and Christy, 1974) were taken as
n = −5.74 + i4.4, −1.14 + i6.1, −4.70 + i2.5, and −4.13 +

i11.8, respectively. The refractive indices of water, glass, and SiNx

were taken to be 1.33, 1.45, and 2.016, respectively. Excitation
radiation at 405 nm wavelength, consistent with the UV aligner,
was simulated to irradiate the bottom of the glass module,
arriving perpendicular to the plane of the structure.

RESULTS AND DISCUSSION

Characterization of ZMW Devices
ZMW arrays with 500 nm inter-pore spacing were fabricated to
form square arrays consisting of annular apertures of sacrificial
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FIGURE 1 | (A) Schematics of the fabrication process for the photopolymerized ZMW array. (B–D) Scanning electron micrographs of a nanopore array at different

magnifications and perspectives. (B) Top-down view of the entire 20 × 20µm nanopore array. (C) Top-down view of a 5 × 5 subset of the same array. (D) Cross

sectional SEM image of the nanopores taken at 52◦ tilt.

FIGURE 2 | Cross-sectional heat maps of evanescent field amplitudes in conical nanopores obtained by finite element simulations for Ag layer thicknesses of (A)

20 nm, (B) 50 nm, and (C) 100 nm, respectively. For all cases, bottom aperture of the nanopore structure had a diameter of dbottom = 70 nm and the top aperture was

determined by the ratio dtop/dbottom = 2. (D) Simulated attenuation of energy density along the central axis of the ZMW for different thicknesses of Ag as indicated in

the legend. Area shading corresponds to the material surrounding the opening: gray (Ag), blue (SiNx), orange (Cr).

layer(Cr)-insulator(SiNx)-metal layer(Ag). In these recessed Ag
ring electrode nanopore stacks, the Ag layer can be electrically
connected and used as an electrode for electrochemical

experiments. Figure 1A illustrates the fabrication process using
standard photolithography, layer-by-layer deposition, and FIB
milling to produce nanopore recessed Ag ring electrode arrays.
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This simple direct-write approach enables direct fabrication
of precise nanopore structures exhibiting conical frustum
shapes in contrast to the cylindrical nanopores obtained using
electron beam (Dawson et al., 2012; Kleijn et al., 2012) or
nanosphere lithography (Fu et al., 2018). Cylindrical pore shapes
would likely result in minor alterations to the concentration
parameters required for optimal pore filling due to changing
in polymer wetting behavior, and the extent to which the
photocrosslinking radiation can penetrate the pore. Figures 1B,C
show SEM images of the entire array with an interpore
distance 500 nm, and Figure 1D shows a corresponding cross-
section SEM image of typical pores produced by FIB milling.
The overetched region below the Ag/glass interface typically
decreases with pore diameter, and well-controlled milling
processes yield pores overetched by ≤50 nm. From bottom
to top, the cross-section image in Figure 1D shows the
bottom Ag layer (bright), silicon nitride (black), and the
sacrificial Cr layer (bright). The nanopore ZMWs exhibit a
conical shape with a larger aperture at the top than at the
bottom electrode. The typical diameter of the top of the pore
(dtop) is ∼140–160 nm, while the bottom diameter (dbottom)
is∼60–80 nm.

Effect of the Thickness of Ag Layer on
UV Irradiation
The spatial distribution of the optical field, both within
and external to the ZMWs, is important in determining
the extent of photopolymerization that will occur within the

nanopores. For wavelengths above the cutoff wavelength of
the nanoaperture, λc, where λc ∼ 1.7 d and d is the pore
diameter, the evanescent field decays exponentially with distance
at a rate that depends on the radius and diameter (Crouch
et al., 2018). In addition, the light-blocking efficiency of the
Ag optical cladding layer also depends on the thickness of
Ag. Experimentally, photopolymerization of PEGDA within
nanopores was accomplished with collimated UV radiation from
a UV aligner irradiating the bottom (Ag ring) surface of the
ZMW array, as shown schematically in Figure 1A. To assess
the effectiveness of this strategy in the ZMW nanopores studied
here, finite element simulations were performed for various
Ag thicknesses.

Figures 2A–C show the electric field amplitudes in a
series of conical frustum pores each having different Ag
layer thicknesses (20, 50, and 100 nm, respectively), but
with constant ratio dtop/dbottom = 2. As Figures 2A–C

illustrate, the field decays exponentially within the
nanopore, and the nanostructures provide attenuation
primarily determined by the thickness of the Ag optical
cladding layer, with thinner Ag thicknesses leading to
less attenuation. Figure 2D shows the attenuation of
electromagnetic energy density inside apertures with different
Ag layer thicknesses, where for the 20 nm Ag thickness
(black line), the smallest energy attenuation is predicted,
confirming the thickness-dependent attenuation. These
results indicate that thinner Ag thicknesses provide less
optical field confinement and, thus, should lead to more

FIGURE 3 | (A) Cross-sectional SEM image of photopolymerized PEGDA-FITC in nanopores. Positions and identities of functional layers are indicated on the left,

while positions of e-beam and ion-beam deposited Pt structural layers, used to obtain cross-sectional images, are indicated on the right. (B) Schematic diagram of

the fluorescence epi-illumination geometry. In this geometry the ZMW region is distal from the illumination plane. (C) Cross-sectional heat map of optical field

amplitude in a conical nanopore obtained from a finite element simulation. (D) Fluorescence micrograph of a nanopore array containing photopolymerized

FITC-PEGDA in the nanopores. (E) Fluorescence intensity profiles obtained along the dotted lines shown in (D) with (red) and without (black) FITC.
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spatially-extended PEGDA photopolymerization within the
ZMW nanopores.

Characterization of Photopolymerized
PEGDA in ZMW Devices
To further characterize the photopolymerization of PEGDA
in ZMW nanopores, a fluorescent probe was added to
the PEGDA monomer, and fluorescence was measured after
photopolymerization. A 2.0 wt% solution of PEGDA monomer
in ACN was prepared with 1mM PI and 10µM fluorescein
isothiocyanate (FITC). The average number of fluorescent
molecules occupying a single nanopore is given by 〈n〉pore =

CVNA, where C is the FITC concentration, NA is Avogadro’s
number, and V is the volume of the conical frustum of
a single nanopore. For the 2.2 aL volume of the conical
frustum nanopores used in these experiments, single molecule
occupancy, 〈n〉pore = 1 is expected at 0.75µM, meaning that
under the conditions of this experiment, 〈n〉pore ∼ 13. Before
photopolymerization, the ZMW nanopores were filled with the
PEDGA solution and allowed to equilibrate at room temperature
for 10min, after which the PEGDA-filled nanopore array was
exposed to UV radiation from the aligner for 30min. Figure 3A
shows a cross-section SEM image of adjacent nanopores
containing FITC.

Importantly, in this experiment the array was irradiated
from the large diameter side of the conical nanopores, in the
fluorescence epi-illumination geometry illustrated in Figure 3B.
To confirm that the FITC can be effectively excited once inside
the nanopore, finite element simulations were conducted for
this inverted configuration. Figure 3C shows a cross-sectional
heat map of energy intensity obtained from a simulation
of a single conical nanopore, confirming its ZMW behavior.
Importantly, there is little attenuation of energy intensity
inside the nanopore and nearly the entire volume of the
nanopore can be excited. The simulation provided confidence
that fluorescent radiation can be collected from the upper
(Cr) surface of the ZMW array in order to characterize the
fluorescence response of the FITC within the photopolymerized
PEGDA-filled nanopores.

Figure 3D shows a low magnification, wide-area fluorescence
micrograph of the ZMW array. Although there is some
variation in intensity among the individual nanopores, the
overall image indicates significant incorporation of FITC-
impregnated photopolymerized PEGDA in the individual
nanopores. Figure 3E shows a fluorescence intensity line profile
obtained along the dotted line in Figure 3D, both with
and without FITC. This result clearly shows isolation and
photoactivation of the polyelectrolyte with fluorescent probes in
each pore.

Formation and Optimization of AgNPs
Embedded in Polyelectrolyte
Nanopore Array
Encouraged by the subwavelength control of the radial and
axial field distributions provided by the ZMWs, we extended
the fabrication of recessed Ag ring electrode array to include
AgNPs and Ag+ embedded in the photopolymerized PEGDA.
In principle, AgNPs arrayed in the dielectric PEGDA could
form the basis of a metamaterial, and the presence of Ag+

would enable the electrochemical formation of nanofilaments
connecting the AgNPs (Crouch et al., 2017; Chao et al.,
2018). To understand the fabrication of nanopore-templated
AgNPs embedded in PEGDA nanopillars, photopolymerization
experiments were undertaken to investigate the influence of
PEDGA concentration, Ag+ concentration, and the presence or
absence of AgNPs on the formation of solid-polymer electrolytes
within the nanopore templates.

First, we tested the effect of PEGDA concentration in
the presence of 1mM AgNO3 but without AgNPs under
optimized conditions. Figures 4A,B show cross-sectional SEM
images of a recessed Ag ring electrode array obtained after
photoirradiation of 1.0 wt% and 3.0 wt% PEGDA with 1mM
AgNO3, respectively. These concentrations were chosen to
bracket the optimal conditions for PEGDA filling determined
in initial tests, in which concentrations over 2.0 wt% PEGDA
with 1mM Ag+ were found to yield the best filling behavior
in the absence of AgNPs. Photopolymerized PEGDA was
observed to fill the nanopore only to the Ag ring for the

FIGURE 4 | Cross-sectional SEM images of (A) 1.0 wt% and (B) 3.0 wt% photopolymerized PEGDA with 1mM AgNO3 in a recessed Ag ring electrode array without

AgNPs. The extent of the PEGDA photopolymer, after photopolymerization, is shown by the yellow dashed lines.
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FIGURE 5 | Cross-section SEM images of 1.0 wt% photopolymerized PEGDA in a recessed Ag ring electrode array with embedded AgNPs containing (A) 2mM and

(B) 1mM AgNO3 salt.

FIGURE 6 | Cross-sectional SEM images of photopolymerized polyelectrolyte in a recessed Ag ring electrode array with embedded AgNPs for different PEGDA

concentrations: (A) 0.5 wt%, (B) 1.0 wt%, and (C) 2.0 wt%.

1.0 wt% monomer solution, but 3.0% PEGDA filled the
nanopore up through the middle of the SiNx layer, as shown
in Figure 4B.

Silver ions in the PEGDA are required for subsequent direct-
write nanofilament formation and dissolution between AgNPs
(Crouch et al., 2017; Chao et al., 2018), so we also investigated
how Ag+ concentration affects the photopolymerization of
PEGDA in the presence of AgNPs. Figures 5A,B show cross-
sections of photopolymerized 1.0 wt% PEGDA with 2mM
AgNO3 and 1mM AgNO3, respectively. Here, we included
AgNPs in the PEGDA solution as opposed to the results
in Figure 4 with no AgNPs. At 2.0mM, Figure 5A, some
AgNPs can be observed in the nanopore, but there is little
to no polymerized PEGDA. However, at 1mM Ag+ shown in
Figure 5B, not only are individual stacked AgNPs observed,
but they are in polymerized PEGDA. Surprisingly, comparison
of Figures 5A,B shows that increasing the concentration of
AgNO3 inhibits polymer filling of the nanopores. Given the
nanoscale dimensions of the pores, an electrostatic screening
effect is plausible, however understanding the mechanism
giving rise to this effect will require further detailed studies
in which polymer electrolyte characteristics and nanopore
surface charge are carefully controlled. Nevertheless, this serves
as experimental verification that in the presence of AgNPs,

Ag-containing PEGDA monomer can be UV cross-linked to
form AgNPs nanopillars embedded in the polyelectrolyte inside
the nanopores.

Given the above result, in which lower Ag+ concentrations
yield better fabrication of polymerized nanopillars, the
photopolymerization behavior of PEGDA with AgNPs in a
ZMW was also tested as a function of PEGDA concentration
in the absence of Ag+ (i.e., no AgNO3). Figure 6 shows
cross-section SEM images of PEGDA photopolymerized
from solutions with various concentrations of monomer
in the presence of AgNPs, but without Ag+. At the lowest
concentration, 0.5 wt% PEGDA, Figure 6A, AgNPs fill the
nanopore to the middle of the SiNx insulator layer. Further
increasing PEGDA concentration suppresses the number
of AgNPs captured in the nanopore, cf. Figures 6B,C. One
possible explanation is less physical crosslinking, which
will decrease the likelihood of AgNP retention in the pore,
although further experiments are needed to fully explore
this interpretation. Interestingly, the PEGDA concentration
dependence on pore filling is switched in the absence/presence
of AgNPs. Higher PEGDA concentrations promote more
extensive polymerization and therefore more pore filling in the
absence of AgNPs, while lower PEGDA concentrations are more
effective at pore filling when AgNPs are present. We tentatively
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FIGURE 7 | Cross-section SEM image of 2.0 wt% photopolymerized PEGDA

and 1mM Ag+ in a recessed Ag ring electrode array (A) without and (B) with

embedded AgNPs.

assign this behavior to a volume-filling effect in the presence
of AgNPs.

Based on the above parametric experiments, we asked
whether it might be possible to determine a single set of
conditions that would yield satisfactory PEGDA polymerization
behavior both in the absence and presence of AgNPs. Thus,
we experimentally tested a preparation of 2.0 wt% PEGDA
monomer with 1mM AgNO3 salt in the presence and absence
of AgNPs. The results shown in Figure 7 illustrate that this
formulation yields photopolymerized polyelectrolyte nanopillars
inside ZMW nanopores either without, Figure 7A, or with,

Figure 7B, AgNPs. The resulting structures were effectively
cross-linked by UV light, thus immobilizing the polyelectrolyte

in the ZMW arrays. In the presence of AgNPs, this procedure
clearly yields a nanopore-templated array of AgNP-containing
solid-polymer electrolyte structures that could form the basis of
a reconfigurable metamaterial.

CONCLUSION

Templated pillars of AgNPs with nanometer-scale
registration precision are of interest in nanophotonic and
nanomanufacturing applications. Here, we describe a new
fabrication strategy for producing ordered subwavelength
arrays of AgNP nanopillars in PEGDA/Ag+ polyelectrolyte,
using a ZMW to control and shape the spatial distribution of
the confined electromagnetic field and, therefore, the volume
occupied by photopolymerized PEGDA. Both chemical
and ZMW geometric effects on the fabrication process
were characterized. The influence of the optical cladding
layer thickness on the ZMW-directed photopolymerization
predicted through finite-element simulations was found
to agree with experiment. We determined that careful
control of the structure was necessary and sufficient to
achieve well-controlled PEGDA photopolymer volumes.
In addition, we characterized the solution conditions
needed to produce well-templated PEGDA either with
or without AgNPs and therefore identified optimal
conditions for the preparation of nanopore-templated AgNP
nanopillar assemblies in PEGDA/Ag+ polyelectrolyte. We
believe that this approach employing in situ nanopore-
templated fabrication of plasmonic and conductive
nanostructures constitutes an exciting new platform
for sequential formation/dissolution of nanofilaments
through polyelectrolyte-confined nanopillar arrays of
nanoparticles, thereby opening possible applications in actively
reconfigurable metamaterials.
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Nanocrystalline Electrodeposited
Fe-W/Al2O3 Composites: Effect of
Alumina Sub-microparticles on the
Mechanical, Tribological, and
Corrosion Properties
Aliona Nicolenco 1,2*, Antonio Mulone 3, Naroa Imaz 4, Natalia Tsyntsaru 1,2*, Jordi Sort 5,6,

Eva Pellicer 6, Uta Klement 3, Henrikas Cesiulis 1 and Eva García-Lecina 4

1Department of Physical Chemistry, Vilnius University, Vilnius, Lithuania, 2 Institute of Applied Physics, Chisinau, Moldova,
3Department of Industrial and Materials Science, Chalmers University of Technology, Gothenburg, Sweden, 4CIDETEC, San

Sebastián, Spain, 5Departament de Física, Universitat Autònoma de Barcelona, Bellaterra, Spain, 6 Institució Catalana de

Recerca i Estudis Avançats, Barcelona, Spain

In this study, nanocrystalline Fe-W alloy and Fe-W/Al2O3 composite coatings with various

contents of sub-microsized alumina particles have been obtained by electrodeposition

from an environmentally friendly Fe(III)-based electrolyte with the aim to produce a

novel corrosion and wear resistant material. The increase in volume fraction of Al2O3

in deposits from 2 to 12% leads to the grain refinement effect, so that the structure

of the coatings change from nanocrystalline to amorphous-like with grain sizes below

20 nm. Nevertheless, the addition of particles to the Fe-W matrix does not prevent the

development of a columnar structure revealed for all the types of studied coatings.

The observed reduction in both hardness and elastic modulus of the Fe-W/Al2O3

composites is attributed to the apparent grain size refinement/amorphization and the

nanoporosity surrounding the embedded Al2O3 particles. In the presence of 12 vol%

of Al2O3 in deposits, the wear rate decreases by a factor of 10 as compared to Fe-

W alloy tested under dry friction conditions due to the lowering of tribo-oxidation. The

addition of alumina particles slightly increases the corrosion resistance of the coatings;

however, the corrosion in neutral chloride solution occurs through the preferential

dissolution of Fe from the matrix. The obtained results provide a possibility to integrate

the nanocrystalline Fe-W/Al2O3 composite coatings into various systems working under

dry friction conditions, for example, in high-temperature vacuum systems.

Keywords: iron alloys, alumina, composite coatings, columnar growth, wear resistance

INTRODUCTION

Nanocrystalline Fe-W coatings with tunable functional properties can be electrodeposited from
environmentally friendly Fe(III)-based solution with a high current efficiency (up to 60–70%)
(Nicolenco et al., 2017, 2018a). The W content in the alloys can be varied from a few at.% up
to 25 at.% by fine control of experimental parameters. Previous studies (Nicolenco et al., 2018a)
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have shown that alloys with low W content have a soft magnetic
character and relatively high saturation magnetization, making
such alloys suitable for the design and fabrication of MEMS,
for example, read-write heads or actuators. On the other hand,
Fe-W alloy coatings with high W content (>20 at.%) are
characterized by outstanding thermal stability (up to 600◦C),
good mechanical properties in a wide range of temperatures (10
÷ 16 GPa) (Mulone et al., 2018a), andmirror-like smooth surface
(Ra < 100 nm) (Bobanova et al., 2009; Mulone et al., 2018b;
Nicolenco et al., 2018a). Nevertheless, one of the drawbacks
of Fe-W coatings is their rather low wear and corrosion
resistance that remains an important issue for the applications
of these nanoengineered materials as protective coatings and
smart interfaces.

Fabrication of composite materials is one of the common
approaches, which enables to combine the useful properties of
the second-phase particles with those of the metallic matrix, thus
rendering a novel material with the tailored characteristics. For
example, the co-deposition of transition metal sulfides (MoS2
and WS2) in Ni-W and Ni-P coatings significantly reduced the
friction coefficient of the composites due to the specific layered
structure and high elasticity of the particles, which provide a
self-lubricating effect (Cardinal et al., 2009; García-Lecina et al.,
2013; He Y. et al., 2016). Many studies have been conducted on
the electrodeposition of metallic matrix composites with oxide
and carbide particles. Here, an improvement of the strength
and corrosion resistance of the resulting composite coatings was
obtained thanks to the high hardness, the oxidation and thermal
resistance of the co-deposited particles (Hosseini et al., 2014;
Anwar and Mulyadi, 2015; Bhogal et al., 2015; Bajwa et al.,
2016). However, the presence of second phase particles in the
coating is not a guarantee that the desired performance will be
attained. Often the incorporation of particles causes porosity,
bad adhesion and weak interface bonding with the matrix.
All these effects can eventually reduce the overall performance
of the surface, particularly, corrosion resistance (Starosta and
Zielinski, 2004; Hu et al., 2009; Bajwa et al., 2016). Therefore, the
appropriate design of the composite system is essential.

Composite coatings with alumina particles have been the
most extensively studied among particles-reinforced composites.
In addition of its cost effectiveness, alumina has high chemical
stability and sufficiently high affinity to adsorb iron group
metal ions on its surface, thus facilitating the co-deposition
of composites with Co, Ni and their alloys (Wu et al.,
2004; Man et al., 2014). Well-dispersed composites with
Al2O3 particles typically show good corrosion resistance in
the sulfate and chloride medium due to the partial blocking
of corrosion pits by inert alumina nano- or microsized
particles (Bajwa et al., 2016). The addition of alumina particles
can also contribute to the increased hardness and strength
of the coatings, as the particles restrain the grain growth
and provide a dispersion strengthening effect described by
Orowan mechanism (Beltowska-Lehman et al., 2012; Man et al.,
2014;Bajwa et al., 2016; Wasekar et al., 2016).

Several works exist in the literature correlating the mechanical
characteristics of composite coatings with their tribological
properties, giving relationships between the plasticity index (or

hardness) and wear (Rupert and Schuh, 2010; García-Lecina
et al., 2013; Bajwa et al., 2016). The studies performed mainly
on Ni-based coatings showed that nanocrystalline materials
with a higher ratio between hardness and elastic modulus, so-
called elastic strain to failure, should better resist the plastic
deformation, hence, resulting in lower wear (Leyland and
Matthews, 2000; Rupert and Schuh, 2010). Nevertheless, the
wear mechanism of Fe-containing coatings was ascribed to the
combination of abrasive and adhesive wear considering tribo-
oxidation as the driving factor. The high wear rates of Fe-
W coatings could only be overcome by applying lubrication
conditions (Bobanova et al., 2009; Nicolenco et al., 2018b). The
tribological study performed on Ni-Fe/Al2O3 composites under
dry friction conditions has also shown the negative and prevalent
effect of Fe content in matrix on the wear resistance of the
coatings, while the content of alumina particles had aminor effect
(Starosta and Zielinski, 2004).

The aim of our work is to electrodeposit nanocrystalline
Fe-W/Al2O3 composite coatings with various contents of
incorporated sub-microsized alumina particles to improve the
wear and corrosion characteristics of the coatings andmake them
suitable for various applications where aggressive conditions
can exist. The effect of alumina particles’ co-deposition on the
composition and structure of the coatings, and their mechanical,
tribological, and corrosion behavior is investigated.

EXPERIMENTAL PART

Fe-W/Al2O3 composite coatings were electrodeposited from
a glycolate-citrate Fe(III)-based electrolyte which contained
alumina particles in suspension. The base electrolyte was
composed of 1M glycolic acid, 0.3M citric acid, 0.1M Fe2(SO4)3,
and 0.3M Na2WO4. Bath pH was adjusted to 7.0 with NaOH
at room temperature. Sub-microsized alumina particles (Alfa
Aesar 42572) with the concentration of 25, 50, and 100 g L−1

were added to the base electrolyte and the suspensions were
stirred at 300 rpm for 24 h prior to first electrodeposition in
order to hydrate the particles. Before starting the electroplating,
the electrolytes were placed in an ultrasonic bath for 10min to
prevent agglomeration.

Electrodeposition was performed in a typical three-electrode
cell, where a brass plate with an area of 4 cm2 was used as a
working electrode, Ag/AgCl/KClsat as a reference electrode and
a platinized titanium mesh as a counter electrode. The substrates
were degreased in a hot commercial alkaline cleaner and activated
in H2SO4 solution, followed by Ni-seed layer electrodeposition
at 30mA cm−2 for 1min from sulfate-chloride bath operated
at 65◦C. The anode was placed parallel to the cathode at a
distance of 4.8 cm. The electrolyte volume was kept at 200mL.
The bath temperature was maintained at 65◦C. Electrodeposition
was carried out at a constant cathodic current density of 40mA
cm−2 during 1 h, at a constant stirring rare of 200 rpm.

The morphology of the coatings was investigated by a Carl
Zeiss Ultra Plus field emission scanning electron microscope
(Zeiss, Jena). The chemical composition was analyzed on cross-
sectional area with the energy dispersive X-ray spectroscopy
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FIGURE 1 | Effect of Al2O3 particles’ concentration in the electrolyte on Al content in deposit (A) and on the composition of Fe-W matrix (B). The coatings were

obtained at 200 rpm, 40mA cm−2, 65◦C.

(EDS) analysis tool AMETEK EDAX attached to the microscope
operated at 15 kV. The particles size distribution and the
volume fraction of co-deposited Al2O3 particles in the deposits
was determined by the image analysis software ImageJ. It was
determined that the majority of the alumina particles have
the mean diameter between 50 and 150 nm, although some
of the particles were forming agglomerates with 200–250 nm
(Figure S1), probably due to the high surface energy of the
powder. The contact profilometer Surftest SJ-210 was used to
determinate the roughness (Ra) of the coatings. A contact needle
tip was scanning the surfaces horizontally along the 1.5mm
length. The crystallographic structure and phase composition
of the obtained coatings were studied by means of X-ray
diffraction (XRD), using a Rigaku MiniFlex II diffractometer
with Cu Kα radiation (λ = 1.54183 Å) operated at 30 kV
and 30 mA.

The crystallographic orientation of the grains in the deposited
coatings was examined by the Electron Back Scattered Diffraction
technique (EBSD) in a Leo 1550 Gemini Scanning Electron
Microscope (SEM). The EBSD data were acquired with a Nordlys
II detector (Oxford Instruments) using a step size of 25 nm. Post-
processing of the acquired EBSD data was done with the HKL
Channel 5 software (Oxford Instruments): noise reduction was
performed by removal of wild spikes and extrapolation of non-
indexed points (5 nearest neighbors required). Metallographic
preparation of the samples was performed by mechanical
polishing with a 50 nm finishing using OP-S silica suspension as
the last step.

The mechanical properties were evaluated by means of
nanoindentation using Nanoindenter XP from MTS equipped
with a Berkovich pyramidal-shaped diamond tip under load-
control mode on the cross-section of the coatings, previously
embedded in epoxy resin and polished to mirror-like appearance.
The maximum applied load was 50 mN to ensure that the
lateral size of the imprint remained small compared to the
total film thickness but still embraced both the matrix and the
particles in the case of composite coatings. Fifty indentations
were placed in the middle of the cross-section area of the

coatings in order to avoid the influence from the resin. The
metallographic preparation of the samples was performed by
mechanical polishing with a 1µm finishing using a diamond
suspension as the last step. Both hardness (H) and reduced
elastic modulus (Er) were derived from the initial part of the
unloading indentation segments using the method of Oliver and
Phar (Oliver and Pharr, 2004). In order to characterize the elastic-
plastic response of the coatings under external deformation, the
plasticity index (Up/Utot) was calculated as a ratio between plastic
and total (plastic + elastic) energy during nanoindentation. The
plastic energy was derived as the area between loading and
unloading curves, while the total energy was calculated as the
area between the loading curve and the displacement axis. All the
extracted parameters were statistically treated, and the average
values are reported.

The investigation of tribological behavior of electrodeposited
coatings was carried out under dry friction conditions using
ball-on-disk configuration sliding tests (CSM, model THT).
A corundum ball of 6mm diameter was the counter-body
that moved against rigidly fixed coated samples for 500m
with a rotation speed of 4 cm s−1 (rotation diameter 6mm).
The applied load was 2N. All the tests were performed in
ambient air at 20 ± 2◦C and 55% relative humidity. After the
sliding tests, the debris were removed from the surface with
dry cold air jet, and the samples were ultrasonically cleaned
in ethanol in order to remove the remaining adhered debris
prior to measuring the wear track profiles. The specific wear
rate was defined as wear volume per unit distance and unit
load (Bajwa et al., 2016).

Corrosion resistance of the Fe-W and Fe-W/Al2O3

coatings was investigated by potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) techniques
under open circuit conditions. A 250mL three-electrode Flat
Cell Kit (Princeton Applied Research, Oak Ridge, TN, USA) with
a platinized titanium mesh and Ag/AgCl/NaCl(3M) electrodes
as counter and reference electrodes, respectively, was used to
conduct the experiments. The potential of the working electrode
was measured against the reference electrode with a Luggin
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FIGURE 2 | SEM images of the top surface (A–D) and the cross-section polished with 1µm finishing (E–H) of the composite coatings obtained with different

concentration of alumina in electrolyte: 0 g L−1 (A,E), 25 g L−1 (B,F), 50 g L−1 (C,G), and 100 g L−1 (D,H). The average roughness of the surface is indicated in the

corresponding images A–D. In inserts F–H is the volume percentage of embedded alumina particles determined by corresponding image analysis. Electrodeposition

was carried out at 40mA cm−2, 65◦C, 200 rpm.

Haber capillary tip. The exposed area of the sample was 1
cm2. The tests were performed in 0.1M NaCl solution at room
temperature. The open circuit potential was recorded for 15min
followed by a linear potentiodynamic sweep from−1 to 0V with

a scan rate of 1mV s−1. EIS measurements were conducted by
applying sinusoidal voltage with 5mV (vs. OCP) amplitude in
the frequency range 10 kHz−0.01Hz, and the fitting of data has
been performed using Z-View software.
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FIGURE 3 | XRD patterns of sub-microsized alumina powder (A); Fe-W

coating (B), and Fe-W/Al2O3 composite coatings obtained with different

concentration of alumina in electrolyte: 25 g L−1 (C), 50 g L−1 (D), and 100g

L−1 (E).

RESULTS AND DISCUSSION

Effect of Alumina Particles on the
Composition, Morphology, and Structure
of the Fe-W Composite Coatings
Considerable attention in composite coatings electrodeposition
was directed primarily toward determination of optimum
conditions for their production, i.e., temperature, pH, current
density, rotation speed, etc. (Low et al., 2006). However, it is
often difficult to generalize the findings due to the large difference
in experimental conditions. Therefore, in order to investigate
the effect of sub-micron alumina particles on the composition,
morphology and structure of Fe-W composite coatings, the same
parameters as for electrodeposition of compact Fe-W alloys with
high W content and high current efficiency were used, i.e., the
deposition conditions applied were 65◦C, pH 7, 40mA cm−2,
and 200 rpm. The different content of alumina particles in
the deposits was achieved by variation of the concentration of
alumina particles in the bath.

The compositional analysis of the electrodeposited coatings
was performed on the cross-section area where two different
regions were selected for examination: a wider area embracing
Al2O3 particles, and a particle-free region (Fe-W matrix).
Both regions were inspected at four different locations of
each sample. The average atomic fraction of incorporated Al,
and the Fe and W % contents in the matrix are shown
in Figures 1A,B, respectively. It is seen that the content
of aluminum (alumina particles) increases sharply with the
increase of the particles concentration in electrolyte up to 100 g
L−1. The maximum percentage of incorporated alumina is
obtained at the maximum studied concentration of particles in
solution, as predicted by Guglielmi’s two-step adsorption model
(Low et al., 2006; Wasekar et al., 2016).

In its simplest form, the mechanism of alumina particles co-
deposition with Fe-W alloy can be described as follows: in a
first step, suspended alumina particles are transported from the
bulk of the solution to the cathode through the Nernst diffusion
layer, where they become loosely adsorbed at the cathode’s
surface. It is supposed that the transportation of particles is not
only due to convection force, but also due to the formation
of ionic clouds (i.e., adsorption of charged metal complexes
in the bulk electrolyte) on the particles surface, which move
toward the cathode under electric field and thus drag the particles
(Low et al., 2006; Wasekar et al., 2016). In a second step, the
charge transfer reaction breaks the ionic shell surrounding the
particles and thus they become irreversibly encapsulated into
the growing metallic layer. Although the particles co-deposition
mechanism has been studied bymany authors and using different
approaches, the Guglielmi’s model still remains one of the most
commonly adopted to describe the behavior of the particles
during electrodeposition. It was actually validated for some
binary alloys composites with inert particles, such asNi-Fe/Al2O3

(Starosta and Zielinski, 2004; Torabinejad et al., 2016), Ni-W/SiC
(Wasekar et al., 2016) and others (Low et al., 2006).

Taking into account the electrochemically inert nature of
alumina particles one can expect that the composition of
the metallic matrix should not be affected by the particles
concentration in the solution unless their incorporation does
not cause an apparent decrease of the active cathode surface
area (Beltowska-Lehman et al., 2012). Indeed, as it is seen
from Figure 1B, the incorporation of alumina particles does not
influence on the W content in Fe-W matrix. However, slightly
lower W content was achieved within the matrix when the
concentration of particles in solution reached 100 g L−1. This
is probably due to the partial blocking of the cathode area by
non-conductive alumina, which resulted in an increased cathodic
current density of the alloy deposition and a shift of cathodic
polarization curve toward more negative potentials (Figure S2).
As a result, deposition of coatings from the bath containing
100 g L−1 of Al2O3 occurs at slightly higher overpotential, that
is −1.32V compared to −1.25V recorded in the case of Fe-W
alloy deposition at the same cathodic current density applied
(Figure S3). Thus, the W content in Fe-W matrix attains 21 at.%
when the concentration of particles does not exceed 50 g L−1, and
17 at.% at higher alumina particles concentrations, respectively.
Therefore, despite the non-conductive nature of Al2O3 particles,
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FIGURE 4 | SEM micrograph of a fracture surface of the Fe-W coating

showing a fibrous structure.

the current efficiency and the deposition rate remained rather
unchanged as compared to Fe-W alloy deposition. These findings
are consistent with other studies emphasizing the effect of
alumina particles on the composition of binary alloy metallic
matrix (Yari and Dehghanian, 2013; Wasekar et al., 2016).

The morphology of Fe-W alloy and Fe-W/Al2O3 composite
coatings electrodeposited at the same conditions was analyzed by
SEM and the representative images of the coatings surface are
shown in Figures 2A–D (left). SEM images of Fe-W alloy surface
depict a smooth, cracks-free globular structure with the average
roughness of ∼80 nm (Figure 2A). The addition of particles
does not change the morphology of the coatings. However,
the surface roughness increases gradually up to 300 nm due to
protrusion of Al2O3 particles (Figures 2B–D). The panels e-g
of Figure 2 (right) illustrate the corresponding cross-sectional
images of the studied samples. Remarkably, the distribution of
Al2O3 across the whole thickness of the coatings is uniform;
although, the particles tend to incorporate in form of the
small agglomerates with ∼200 nm size. The volume percentage
of embedded alumina particles was determined by the image
analysis of the corresponding cross-sectional surface of the
coatings. According to that, the volume fraction of the Al2O3 in
deposit increases linearly from ∼3 vol% to a maximum 12 vol%
with the increase in particles concentration in the bath up to 100 g
L−1. All the coatings have approximately the same thickness,
about 14–15µm, which confirms the minor effect of alumina
particles on the deposition rate of the composites.

The microstructural changes caused by addition of Al2O3

particles to the Fe-W matrix were investigated by XRD
and EBSD techniques. Figure 3A shows the XRD pattern
of the sub-microsized alumina particles where the main
peaks corresponding to rhombohedral Al2O3 were indexed.

Remarkably, in the XRD patterns of Fe-W/ Al2O3 composites
(Figures 3C,D) the peaks corresponding to the Al2O3 particles
are not observed. It can be suggested that the amount of co-
deposited alumina particles is insufficient to provide strong
reflections. In fact, their amount ranges between 2 and 12 vol%
(Figure 2) which roughly corresponds to <4 wt.%. This is,
however, in the limit of X-Ray diffraction in a multi-component
materials, where at least 2–3 wt.% is needed to have clear
diffraction peaks (Newman et al., 2015).

The corresponding XRD pattern of the Fe-W alloy
(Figure 3B) illustrates that the matrix of the composite
coatings is composed of a crystalline body-centered cubic (bcc)
single phase Fe(W) solid solution. In fact, the identified peaks
are shifted to lower angles as compared to the characteristic
peaks of bcc Fe due to the expansion of Fe lattice parameter with
incorporation of bigger W atoms. However, the appearance of
a broad shoulder at ∼43◦ indicates that the coating contains an
amorphous-like fraction. It is worth noticing that appearance
of crystalline peaks in Fe-W alloy having ∼ 20 at.% of W is
rather unusual because at the W contents above ∼16 at.%
the transformation to amorphous structure typically occurs
(Nicolenco et al., 2018a). In fact, the deposition of Fe-W
alloys previously reported by different authors (Bobanova
et al., 2009; Wang et al., 2016) was performed under stagnant
conditions, while the effect of the hydrodynamic conditions
on the structure development during electrodeposition of this
type of alloy has not been investigated yet. It was, however,
observed that under stirring conditions the adsorption
state of an intermediate electroactive complex and the pH
of the near-electrode layer are modified as compared to
stagnant conditions, thus leading to the growth of coatings
with coarser grains (i.e., having stronger X-ray reflection)
(Belevskii et al., 2010).

By increasing the content of alumina particles, a gradual
variation in the microstructure is observed. The intensity of the
Fe(W) crystalline peaks is reduced with the incorporation of
a small amount of Al2O3 particles and only one broad peak
is observed with further increase in concentration of alumina
in solution and in the coating (Figures 3C,D). Typically, the
broadening of XRD peaks indicates the decrease in grain size
that is commonly observed with the incorporation of second
phase particles. The particles can restrain grain growth in
two ways: (i) disordering the regular structure providing more
active sites for crystal nucleation and hence, by themselves,
limiting the crystallites growth (Yilmaz et al., 2014; Bhogal
et al., 2015); (ii) causing a shift of overpotential, thus leading
to compositional variations in metallic matrix, which in
turn causes a decrease (or increase) in the average grain
size (Beltowska-Lehman et al., 2012; Yari and Dehghanian,
2013), that is the typical case of W alloys with iron group
metals (Tsyntsaru et al., 2012). As has been discussed above,
the incorporation of alumina particles does not change
significantly the W content in Fe-W matrix. Therefore, it is
possible to separate the direct contribution of reinforcement
particles to the grain refinement of the composite from the
amorphization of the electrodeposited matrix due to the W
content variation.
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FIGURE 5 | SEM micrograph of the polished cross-section of the Fe-W coating for EBSD analysis (A). The red dashed box is highlighting the area from where the

EBSD maps were acquired: phase map (B), orientation map in inverse pole figure coloring along growth direction with the corresponding code (C), and band contrast

map (D). In the phase map the blue grains belong to the Fe(W) phase. SEM micrograph of the polished cross-section of the sample deposited with 100 g L−1 of

Al2O3 particles for EBSD analysis (E) with a band contrast map (F) and phase map (G). In the phase map the green grains belong to the Al2O3 phase. The zero

solutions are indicated as white pixel in both the orientation and phase maps, as dark pixel in the band contrast map.

To get further insight into the structure of the coatings,
EBSD analyses were performed on selected areas of the
coatings cross-sections. During metallographic preparation of
the samples the formation of columns growing perpendicular
to the substrate plane was noted in the fracture surface
of the Fe-W alloys (Figure 4). A previous study suggested
the formation of nanofibers in Ni-W and Co-W alloys
rich in W electrodeposited onto copper substrate (Donten
et al., 2003), while another study on Co-W alloys revealed
a columnar structure only for the coatings with low W
content, i.e., around 3 at.% (Tsyntsaru et al., 2013). This
implies that the columnar structure is strictly determined
by the electrochemical and hydrodynamic conditions, whose
modification may greatly change the nucleation and growth
processes. As amatter of fact, no columnar structure was revealed
in Fe-W alloys electrodeposited under stagnant conditions
(Nicolenco et al., 2018a).

Figure 5A shows a secondary electron image of the polished
cross-sections of the sample deposited with 0 g L−1 of Al2O3

particles (Fe-W alloy) and the red dashed box defines the
area where the EBSD phase map (Figure 5B), orientation map
(Figure 5C), and band contrast map (Figure 5D) were acquired.
A Fe(W) solid solution phase (i.e., bcc cubic cell with 2.9231 Å
lattice constant), generated from the XRD results (Figure 3B)
was used as the reference phase for the EBSD indexing. As

shown in the SEM image in Figure 5A, the 50 nm polishing
of the cross-section reveals the presence of pillars of various
thicknesses. EBSD analysis performed at these areas shows that
such pillars consist of several sub-micron/nano Fe(W) grains,
presented in blue in the phase map of Figure 5B. The majority
of Fe(W) grains have a diameter between 50 and 250 nm. The
Fe(W) grains are characterized by random texture, as there is no
predominant color in the orientationmap shown in Figure 5C. A
large fraction of zero solutions, that is 71%, is found in between
the pillars. Zero solutions are shown in the phase and orientation
maps as white pixels, while in the band contrast map as dark
pixels. The band contrast map shown in Figure 5D is providing
information about the quality of the EBSD patterns acquired
from the analyzed area: crystalline regions appear bright, while
areas providing poor quality patterns (e.g., grain boundaries,
amorphous phase, or deformed grains) appear dark. Hence, the
absence of EBSD pattern in between the Fe(W) pillars could be
related to an amorphous phase, or to a nanocrystalline phase
with sizes below the EBSD detection limits, that is 20 nm. Such
high fraction of zero solutions would be expected considering
the broad shoulder in XRD pattern of the sample, as can be seen
in Figure 3B.

Figure 5E shows a secondary electron image of the polished
cross-sections of the sample deposited with 100 g L−1 of Al2O3

particles and the red dashed box defines the area where the EBSD
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FIGURE 6 | Load-displacement curves (A) and extracted dependence of hardness (B), elastic modulus (C), and plasticity index (D) as a function of the particles

concentration in the bath. In insert (B) is the representative SEM image of the indentation imprint on the cross-section area of Fe-W/Al2O3 composite with lowest

particles concentration.

band contrast map (Figure 5E) and phase map (Figure 5G) were
acquired. As revealed from the SEM image of the polished
cross-section, a columnar structure is found also in the Fe-
W/Al2O3 composite sample. The size of the columns, both
in thickness and length, appears smaller as compared to the
columns found for the sample deposited with 0 g L−1 of Al2O3

(see Figures 5A,D). Their extension along the cross-section
appears to be limited by the presence of the alumina particles.
However, as shown in the band contrast map (Figure 5F), it
was not possible to acquire any EBSD pattern from the areas in
the cross-section that were including the columnar structures.
Only areas containing Al2O3 particles were correctly indexed
(the grains of the Al2O3 particles are shown with a green
color in the phase map in Figure 5G). These results are in
agreement with the XRD findings (Figure 3E) regarding the
presence of an amorphous phase, or of a nanocrystalline phase
with smaller grain sizes compared to the Fe-W alloy. Hence,
as observed from XRD and EBSD results, the incorporation
of Al2O3 particles in the coatings leads to a reduction of the
grain size but it does not prevent the development of columnar
growth. Based on these observations one can infer the inherent
porosity between the columnar Fe-W matrix and incorporated
spherical shape Al2O3 particles, which is however challenging to
confirm experimentally.

Effect of Alumina Particles on Mechanical
Properties of Fe-W Composite Coatings
The mechanical properties (hardness, reduced elastic modulus,
plasticity index, and elastic strain to failure) of the Fe-W and Fe-
W/Al2O3 coatings were obtained by nanoindentation on cross-
section and the representative load–displacement curves are
shown in Figure 6A. It can be seen that compared to the Fe-W
matrix, the composite coatings show rather complex behavior.

The hardness values extracted from the load-displacement
curves show that with the incorporation of small amounts of
particles into the Fe-W matrix the hardness increases sharply
from ∼10 GPa to ∼15 GPa (Figure 6B). It is commonly
observed that the addition of particles improves the hardness
of the coatings due to the two synergistic effects: (i) dispersion-
strengthening, related to the presence of mechanically hard
fine particles retarding the plastic deformation of the matrix,
and (ii) grain refinement, resulting in an increased number
of grain boundaries able to stop the dislocation motions. The
former mechanism is described by the Orowan’s equation,
which assumes that the dislocations bend out when passing the
obstacles (particles), thus creating some resisting force which
leads to improved hardness of the material. However, as the
concentration of incorporated particles further increases, then
a continuous decrease in hardness is observed (Figure 6B),
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so the hardness of the composite coating with the highest
particles concentration is even lower than that of pure Fe-
W matrix. This can be attributed to the apparent grain
size refinement/amorphization confirmed by XRD and EBSD
analyses (Figures 3, 5). The mechanical behavior of a composite
is then governed by the inverse Hall-Petch relation, which
describes the decrease of hardness as being due to grain boundary
sliding and triple junctions (i.e., plastic deformation mechanisms
different than dislocation motion), similar as it was observed
elsewhere (Giallonardo et al., 2011; Wasekar et al., 2016).

Contrary to what is observed for the hardness, the trend
in elastic modulus is more unexpected. Figure 6C reveals
that Er reduces with the incorporation of a small amount of
particles (25 g L−1 Al2O3 particles in the bath). This is in
contradiction with a large number of studies showing the increase
in elastic modulus with the addition of particles (Beltowska-
Lehman et al., 2012; García-Lecina et al., 2013; Mahidashti
et al., 2018). Often, the so-called rule of mixtures is used
to infer the strengthening of composite materials containing
reinforcing fibers (i.e., with columnar microstructure), which
can roughly predict the elasticity of the material if the load
is applied parallel to the fibers direction (isostrain conditions).
Taking into account the columnar structure of Fe-W revealed
in Figures 4, 5 and the rather spherical (non-columnar) shape
of the reinforcing particles, it can be expected that applying the
load on cross-section, i.e., perpendicular to the Fe-W fibrous, the
reinforcing effect of the particles would be less pronounced than
in isostrain conditions. Nonetheless, even if the microstructure
of Fe-W/Al2O3 composite does not correspond to the ideal
“isostrain” conditions, an increase of the Young’s modulus of
the composite with respect to that of the matrix should be
expected, since the Al2O3 particles possess a Young’s modulus
larger than the Fe-W matrix. However, other factors like loose
Al2O3 particles-matrix interfaces (Zhou et al., 2016) and, more
in particular, nanoporosity surrounding the embedded particles
could explain the reduction of Er. Actually, a strong dependence
of the Young’s modulus on porosity in nanoporous materials is
well-known and it has been confirmed by nanoindentation and
finite element simulations in a variety of works (Ramakrishnan
and Arunachalam, 1993; Gibson and Ashby, 1999; Pellicer et al.,
2012). Higher porosity causes a decrease of the reduced Young’s
modulus during nanoindentation (Esqué-de los Ojos et al., 2016).
When the amount of incorporated particles increases, since
alumina has a very high Young’s modulus (300–400 GPa) the net
effect is that Er increases but remains always lower than for the
pure Fe-W alloy.

The plasticity index was also derived from the
nanoindentation data in order to provide further insight
into mechanical properties of electrodeposited composite
coatings. Thus, the Up/Utot reduces with the incorporation
of small amount of particles (Figure 6D), indicating rather
elastic nature of the composites and their improved resistance
to permanent deformation in contrast to rather plastic nature
of Fe-W matrix. An increase in plasticity observed in the
composites with higher particles concentration is most likely due
to the grain refinement which promotes branching of the shear
bands in nanocrystalline/amorphous matrix (Figure 6D).

FIGURE 7 | Evolution of the coefficient of friction of Fe-W (A) and Fe-W/Al2O3

composite coatings obtained with different concentration of alumina in

electrolyte: 25 g L−1 (B), 50 g L−1 (C), and 100g L−1 (D) tested under dry

friction conditions at 2N load, 4 cm s−1, 500m.

Effect of Alumina Particles on Tribological
Properties of Fe-W Composite Coatings
The investigation of tribological behavior of electrodeposited Fe-
W and Fe-W/Al2O3 composite coatings was carried out using
ball-on-disk configuration sliding tests where conditions were the
same for all the tested tribo-pairs. The variation of the coefficient
of friction (COF) recorded during the tests as a function of
sliding distance is shown in Figure 7. The COF of the Fe-W
alloys and composite coatings with low particles concentration
is high, ∼0.8–0.9, while it decreases to ∼0.6 for the composite
coating with the highest particles concentration. Typically, the
high values of COF are ascribed to the presence of microscopic
irregularities of materials surfaces. Taking into account that the
initial surface roughness of both Fe-W coatings and alumina
counter body was in order of hundred nanometers, such high
values of the COF can be attributed to the presence of adhered
debris which increase the asperity contact between two bodies
in contact.

The nature of debris particles was investigated by SEM/EDS
techniques on the resulted wear tracks (Figure 8). Indeed, the
debris particles were found to be distributed within the whole
length of the wear track accumulating mainly in piles. The
oxygen content in these regions is increased up to 50 at.% which
corresponds to the oxygen content in mixed iron oxide Fe3O4.
This is consistent with the previous studies on the tribological
behavior of electrodeposited Fe-W alloys which showed that
these coatings undergo severe oxidation during fretting (tribo-
oxidation) (Bobanova et al., 2009; Nicolenco et al., 2018b). The
tribo-oxidation phenomenon can be explained as follows: when
two surfaces slide together, the friction work is turned into
thermal energy, which tends to maximize the potential energy
at the interface. Since the maximized thermal energy is naturally
an unstable state, the oxidation itself is a form of intrinsic
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FIGURE 8 | SEM images of the worn surface of the Fe-W (A) and Fe-W/Al2O3 coatings obtained with different concentration of alumina in electrolyte: 25 g L−1 (B),

50 g L−1 (C), and 100 g L−1 (D) presented along with the corresponding wear track depth profiles.

response of the material to recover the system equilibrium under
friction conditions (Abdel-Aal, 2003). Thus, the formation of
iron oxides during dry friction can be considered a driving
factor determining the resultant tribological behavior of the Fe-
W coatings (COF, wear depth/volume, cracks initiation, plastic
deformations, etc.). As it can be seen from Figure 8C, the
presence of micro-sized Al2O3 particles significantly reduce the
area of the exposed Fe-W matrix, thus reducing the asperity
contact between two sliding surfaces what results in a lower COF
and wear depths (Figure 8).

The wear rate of Fe-W alloy and Fe-W/Al2O3 composite
coatings was calculated by integration the cross-section area
of the wear tracks shown in inserts Figure 8 and the obtained
results are shown in Figure 9. The interpretation of the depth
profiles was sometimes not straightforward due to the presence
of debris which remained adhered in the wear track even after
ultrasound cleaning that increased the error in calculation of the
wear depth and wear rate. Nevertheless, it is clearly seen that
the addition of Al2O3 particles reduces the specific wear rate,
i.e., increases the wear resistance of the coatings under the tested
conditions. The lowest wear rate (1.8·10−6 mm3 N−1 m−1) was
obtained for the sample with the highest particles concentration,
which is an order of magnitude lower than that of pure Fe-W

alloy matrix. It is also comparable to the wear rate of annealed
Fe-W alloy and even electrodeposited hard chromium coatings
tested by using a similar set-up and dry friction conditions
applied (Mulone et al., 2019). Thus, in annealed Fe-W alloys
the reduction in the tribooxidation was achieved mainly due
to the phase transformation, that is, the formation of Fe2W
and FeWO4 hard phases which are not prone to oxidation.
Hence, electrodeposited Fe-W/Al2O3 composite coatings
are getting advantageous in terms of fabrication (one-step
electrodeposition, no post-treatment required, environmentally-
friendly bath composition) and sustainability (suitable for
chromium replacement). Taking into account the outstanding
thermal resistance of the amorphous-like Fe-Wdeposits (Mulone
et al., 2018a) (up to 600◦C) and remarkable hardness of these
coatings (10–16 GPa), the novel Fe-W/Al2O3 composites can be
considered as alternative appealing materials for a wide range
of technically-demanding applications, such as components and
mechanisms where lubrication is recognized as ineffective or
inapplicable, e.g., in high-temperature vacuum systems.

Many researchers address the importance of the mechanical
characteristics for the good wear resistance and show a linear
relationship between the hardness (or H/E ratio) and wear for
different polycrystalline materials like Ni-W (Sriraman et al.,
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FIGURE 9 | The wear rate of Fe-W alloy and Fe-W/Al2O3 composite coatings

at dry friction conditions at 2N load, 4 cm s−1, 500m.

2006), Ni-P (Jeong et al., 2003), and different type of composites
(Leyland and Matthews, 2000; Shi et al., 2006; García-Lecina
et al., 2013; Man et al., 2014; Bajwa et al., 2016). It is assumed
in these cases that the abrasive wear originates from plastic
deformation. Therefore, materials with higher H (or H/E ratio)
should better resist the plastic deformations and thus have lower
wear. However, in the Fe-W system the tribological behavior
is primarily governed by the tribo-oxidation (Mulone et al.,
2019), i.e., the chemical reactivity of the material and the nature
of the oxidation products formed are the determining factors.
Nevertheless, the high hardness of Fe-W/Al2O3 composites
may result in an excessive coating brittleness contributing to
the cracks propagation inside the wear tracks as depicted
in Figures 8B,C.

Effect of Alumina Particles on Corrosion
Properties of Fe-W Composite Coatings
Corrosion of Fe-W alloys and composites was induced by using
0.1MNaCl solution, which is commonly used to simulate marine
environment. The obtained potentiodynamic polarization curves
and Nyquist plots are presented in Figures 10A,B, respectively,
and the extracted parameters are given in the Table 1. It can
be seen from Figure 10A that the Fe-W based coatings exhibit
a very similar behavior with an active anodic metal dissolution
that do not transfer into passive state. With the increase in
particles concentration the corrosion potential (Ecorr) slightly
shifts toward more negative potentials. Usually, the lowering of
corrosion potential indicates a higher tendency of the electrode
to be dissolved in an electrolyte. Nevertheless, different hydrogen
overvoltage on Fe-W surface with different alumina contents
may vary without a direct correlation with the corrosion rate.
Moreover, accumulation of corrosion products on the surface
could also cause the lower values of Ecorr. The corrosion current

density (jcorr) was calculated from the presented polarization
curves. Usually, the corrosion current is determined by the
extrapolation of the rectilinear dependences of log j vs. E to
Ecorr in the Tafel region. However, due to the peculiarities of
cathodic hydrogen evolution and active anodic metal dissolution
the cathodic and anodic branches of recorded voltammograms
are asymmetric (Figure 10A), what makes the standard jcorr
determination not reliably applicable. Therefore, the values of
jcorr were obtained by using Allen-Hickling equation which
enables to accurately estimate the corrosion current from the
data obtained in a relatively narrow potential range close to
Ecorr (Kublanovsky et al., 2008; Vernickaite et al., 2016). The
obtained results show that the corrosion current density for all
the studied samples is the same order, independently of the
content of co-deposited alumina particles (Table 1).

In the Figure 10B, each point in the plot corresponds to the
measured impedance at a certain frequency, while the continuous
line presents the best-fit data obtained by using an equivalent
circuit shown in insert Figure 10B. The used equivalent circuit
for fitting of EIS data supposes the complicated mechanism of
alloy corrosion, which perhaps involves intermediate stages with
the adsorption of corrosion products (Vernickaite et al., 2016).
The equivalent circuit used to simulate the EIS consisted of
Rs–solution resistance (uncompensated resistance); Rct–charge
transfer resistance; Cdl–a constant phase element havingmeaning
of double layer capacitance of the electrolyte at alloy surface;
and Cd which is adsorption-related capacitance of intermediates.
Accordingly, circuit RctCdl describes the Faraday process, i.e.,
the resistance and capacities of the layer against electrochemical
reaction, and Cad represents the process of blocking the
coating’s surface by adsorbed species. Generally, the higher the
charge transfer resistance Rct, the greater corrosion resistance
of the system. Thus, according to Table 1, the lowest corrosion
resistance was obtained for the Fe-W coating without particles.
The highest values Rct are obtained for the composite coatings
produced from the bath with 50 and 100 g L−1 of particles (6 and
12 vol% Al2O3, respectively).

Noticeably, the Rct obtained for Fe-W coatings
electrodeposited from glycolate-citrate electrolyte and tested
in chloride medium can be roughly comparable to other
Fe-containing deposits described in literature: Fe-W alloy
electrodeposited from citrate bath and tested in sulfate-chloride
medium (380.7� cm2) (Vernickaite et al., 2015), Ni-Fe-W alloy
tested in similar corrosion medium (207.0� cm2) (Sriraman
et al., 2007) and with Ni-Fe/Al2O3 composite in sodium
sulfate (∼250� cm2) (Starosta and Zielinski, 2004); whereas
the corrosion resistance of Co-W and Ni-W alloys in neutral
mediums is much higher, i.e., 1,200 and 6,770� cm2, respectively
(Sriraman et al., 2007; Vernickaite et al., 2016). Taking this into
account, and the small variations in corrosion currents obtained
for investigated Fe-W composite coatings, one could suspect
the detrimental and prevalent effect of Fe dissolution from
the coating.

The surface of investigated Fe-W coatings after corrosion
test is cracked and the cracks propagation is along the
grain boundaries as it can be observed in Figure 11A. The
corrosionmedium can penetrate faster through these cracks, thus
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FIGURE 10 | Linear sweep voltammograms (A) and EIS Nyquist plots (B) for Fe-W and Fe-W/Al2O3 coatings electrodeposited under similar conditions and examined

in 0.1M NaCl solution at OCP. In insert (B) is the electrochemical circuit used for data fitting. Rs, solution resistance; Rct, charge transfer resistance; Cdl is a constant

phase element having meaning of the double layer capacitance of alloy surface and Cad is adsorption-related capacitance of intermediates.

TABLE 1 | Extracted corrosion parameters from E vs. j plots shown in Figure 10A and corresponding equivalent circuit parameters determined by fitting the impedance

spectra of electrodeposited Fe-W and Fe-W/Al2O3 coatings (Figure 10B) in 0.1M NaCl medium at room temperature.

Coating –Ecorr, V –jcorr, A/cm
2 Rct, � cm2 Cdl, F/ cm

2 n(Cdl) Cad, F/ cm
2 n(Cd) Rs, � cm2

Fe-W 0.795 5 × 10−4 355.2 1.54 × 10−3 0.80 6.36 × 10−2 0.89 8.8

Fe-W+25 g/L Al2O3 0.804 3 × 10−4 569.1 8.61 × 10−4 0.85 5.66 × 10−2 0.95 6.9

Fe-W+50 g/L Al2O3 0.823 3 × 10−4 843.8 1.55 × 10−3 0.71 6.92 × 10−2 0.98 31.2

Fe-W+100 g/L Al2O3 0.837 3 × 10−4 795.1 8.18 × 10−4 0.81 3.32 × 10−2 0.85 45.6

“n”—is the exponent in the equation for the constant phase element that measures how far the interface is from an ideal capacitor (0 < n < 1).

accelerating the dissolution of Fe-W matrix. The EDS analysis
of corroded surface of the studied coatings showed a significant
increase in both oxygen content (up to 50 at.%) and the W
content (up to 28 at.%), which is in accordance with other studies
performed on W alloys with Fe group metals (Wang et al., 2014;
He Y. et al., 2016; Vernickaite et al., 2016). This indicates that the
corrosion process occurs through the preferential dissolution of
Fe from the matrix, which leads to the formation of iron oxides
and hydroxides at the electrode surface and to release of free Fe2+

ions into solution (Sriraman et al., 2007; He Y. et al., 2016). It
is supposed that during corrosion process W preferentially form
oxides, or can be also released into solution in form of WO2−

4
ion. Thus, FeWO4 and Fe2(WO4)3 compounds could be found
in corrosion products, as shown in He et al. (2016). Slightly
increased corrosion resistance shown by EIS can be attributed to
the presence of alumina particles which partially block the surface
and hinder the propagation of corrosion cracks, thus no cracks
are evidenced on the surface and cross-section of the composite
coatings after corrosion test (Figure 11B).

CONCLUSIONS

The electrodeposition of novel Fe-W/Al2O3 composite coatings
with various alumina concentrations has been carried out from
an Fe(III)-based electrolyte. The addition of alumina particles

with concentrations ranging from 25 to 100 g L−1 to the Fe-W
plating bath did not influence the W content in Fe-W matrix
and the deposition rate remains also virtually unchanged. The
content of co-deposited Al2O3 increased linearly from 2 to 12
vol% with the increase in particles concentration in the bath.
The obtained Fe-W and Fe-W/Al2O3 composite coatings were
characterized by a columnar growth structure. In the Fe-W
coating such columns consisted of several sub-microns and nano
Fe(W) grains. As observed from XRD and EBSD results, the
incorporation of alumina particles in the Fe-W/Al2O3 composite
coatings led to a reduction of the grain size and amorphization,
but it did not prevent the development of columnar growth.
These structural changes partially contributed to an increase in
measured hardness up to 15 GPa obtained with the addition
of small amount of particles (25 g L−1 in the bath, 2 vol% in
deposit), followed by a decrease below 10 GPa for the coating
with maximum volume fraction of alumina. The dependence
of the elastic modulus on the Al2O3 particles concentration
is not the typical one expected for composite coatings with
reinforcing particles. For low particles concentration the Young’s
modulus decreases by around 40% and it increases with further
increase of the particles concentration, but still remains lower
than for the pure Fe-W alloy. The observed reduction in Young’s
modulus could be explained by the presence of nanopores
surrounding the particles, among other possible reasons. A
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FIGURE 11 | SEM images of Fe-W (A) and Fe-W+100 g/L Al2O3 coatings (B)

after corrosion test in 0.1M NaCl at room temperature. In inserts are the

corresponding cross-sectional images of the samples.

superior tribological behavior, the lowest wear rate of 1.8·10−6

mm3 N−1 m−1, was obtained for the Fe-W/Al2O3 composite
coating with the highest particles concentration (100 g L−1 in
the bath, 12 vol% in deposit). The wear rate was reduced
by an order of magnitude as compared to the pure Fe-W
alloy matrix mainly due to the reduction of the exposed
area of the Fe-W matrix and lowering the tribo-oxidation.

Electrodeposited Fe-W and Fe-W/Al2O3 composite coating show
similar corrosion behavior in 0.1 NaCl medium. The corrosion
occurs via the formation of Fe and W oxygen compounds and
preferential Fe dissolution from the matrix independently from
alumina particles concentration. Nevertheless, the presence of
Al2O3 in the deposits results in a slightly increase corrosion
resistance (up to ∼800� cm2) obtained by EIS due to the
partial blocking of the surface and hindering the propagation of
corrosion cracks.

The results presented in this work provide a possibility
to integrate the nanocrystalline Fe-W/Al2O3 composite
coatings into various mechanical systems working
under dry friction, and in particular those working at
elevated temperatures.
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Bipolar electrochemistry involves spatial separation of charge balanced reduction and

oxidation reactions on an electrically floating electrode, a result of intricate coupling of the

work piece with the ohmic drop in the electrochemical cell and to the thermodynamics

and kinetics of the respective bipolar reactions. When paired with a rastering microjet

electrode, in a scanning bipolar cell (SBC), local electrodeposition and patterning

of metals beneath the microjet can be realized without direct electrical connections

to the workpiece. Here, we expand on prior research detailing electrolyte design

guidelines for electrodeposition and patterning with the SBC, focusing on the relationship

between kinetics and thermodynamics of the respective bipolar reactions. The kinetic

reversibility or irreversibility of the desired deposition reaction influences the range

of possible effective bipolar counter reactions. For kinetically irreversible deposition

systems (i.e., nickel), a wider thermodynamic window is available for selection of the

counter reaction. For kinetically reversible systems (i.e., copper or silver) that can be

easily etched, tight thermodynamic windows with a small downhill driving force for

spontaneous reduction are required to prevent metal patterns from electrochemical

dissolution. Furthermore, additives used for the bipolar counter reaction can influence

not only the kinetics of deposition, but also the morphology and microstructure of the

deposit. Cyclic voltammetry measurements help elucidate secondary parasitic reduction

reactions occurring during bipolar nickel deposition and describe the thermodynamic

relationship of both irreversible and reversible bipolar couples. Finally, finite element

method simulations explore the influence of bipolar electrode area on current efficiency

and connect experimental observations of pattern etching to thermodynamic and

kinetic relationships.
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design
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INTRODUCTION

Bipolar electrochemistry—a phenomenon involving spatially
segregated, equal and opposite reduction and oxidation charge
transfer reactions on an electrically floating electrode—has
recently proven valuable for a range of applications where
traditional electrochemical methods are inadequate. Bipolar
electrochemical reduction and oxidation reactions are driven by
the potential gradient in solution that polarizes an electrically
floating electrode (aka bipolar electrode or BPE) positioned
within the electric field. When the solution ohmic resistance
responsible for generating potential gradients is substantial
relative to the charge transfer resistance of these reactions,
a portion of the total applied current can pass through
the BPE, manifesting in spatially bifurcated reduction and
oxidation reactions on a single conductor. Because charge
must be conserved on the BPE, the reduction current equals
that of oxidation. Complete understanding of the intricate
coupling between the kinetics of the bipolar redox reactions,
their thermodynamic relationship, and ionic/electronic transport
through the cell is critical to designing effective bipolar
electrochemical systems.

Precise control of both reduction and oxidation reactions
on an electrode free of direct electrical contact has generated
several new bipolar electrochemical applications, ranging from
electroanalytical chemistry to material fabrication. A powerful
development involves addressing large microfabricated electrode
arrays with a single set of feeder electrodes, demonstrating
high throughput screening of material properties (Munktell
et al., 2015), measuring electrocatalytic activity coupled to
electrochemiluminescence signatures (Chow et al., 2009; Lin
et al., 2012; Xiao et al., 2017), and developing sensors
based on metal dissolution (Chow et al., 2010; Fosdick
et al., 2013). The potential gradient driving electrochemistry
in bipolar systems has further been utilized to develop
compositionally graded material systems (Ulrich et al., 2008;
Ishiguro et al., 2011; Tisserant et al., 2015; Xu et al., 2018).
Bipolar electrochemistry is also useful in device fabrication,
including deposition of non-line-of-sight interconnects between
electrically isolated posts (Bradley et al., 1997, 1999), production
of anisotropic functionalized microparticles (Loget et al., 2012;
Tiewcharoen et al., 2017), and growth of single metal nanowires
(Wood and Zhang, 2015).

Previous work by our group demonstrated that a rastering
microjet nozzle can be employed for localized bipolar
electrodeposition and patterning on an electrically floating
substrate, a system we called a scanning bipolar cell (SBC)
(Braun and Schwartz, 2015, 2016a,b,c). Initial applications
of the SBC on a copper bipolar electrode involved copper
electrodeposition in the region beneath the nozzle (near-field)
and copper dissolution of the substrate material in the region
surrounding the nozzle (far-field) (Braun and Schwartz, 2015).
The equal but opposite nature of bipolar electrochemistry
resulted in a “sculpting” of the originally planar substrate; in
a high faradaic efficiency system like copper, every copper ion
reduced beneath the nozzle resulted in an atom of copper metal
etched in the far-field. Reduction of other metal cations, such

as Ni2+, on a copper BPE resulted in a similar displacement
of copper in the far-field while nickel electrodeposited beneath
the nozzle (Braun and Schwartz, 2016b). In these experiments
the far-field area for oxidation was about 1,000× greater
than the near-field reduction region, resulting in only a
nanometer of material etched for every micron of material
deposited. Controlling the initial quantity of copper charge
on the substrate available for oxidation translated to self-
limited patterning with the SBC, where local nickel deposition
(electron acceptor) terminated upon complete etching of the
copper “fuel” (electron donor). Rather than rely on metal
dissolution as the bipolar counter reaction, an electrolyte-
born redox couple was used to generalize electrodeposition in
the SBC for a diverse range of metals (Braun and Schwartz,
2016c). Computational methods validated analytical scaling
relationships approximating current flow and coupling
between thermodynamics, kinetics, and transport in the SBC
(Braun and Schwartz, 2016a).

Electrochemical advanced manufacturing methods have
experienced a recent growth similar to traditional additive
manufacturing techniques (i.e., stereolithography, fused
deposition modeling, selective laser sintering, etc.) as industry
shifts to more sustainable fabrication options (Braun and
Schwartz, 2016d; Hirt et al., 2017). In particular, advantages
of electrodeposition in additive manufacturing include
improved material flexibility (capabilities include metals,
alloys, semiconductors, and polymers) while achieving superior
voxel resolutions, far below that of state-of-the-art two-
photon stereolithography (Kawata et al., 2001). Standard
scanning ion conductance microscopy (SICM) pipettes have
fabricated features <500 nm in size (Momotenko et al., 2016),
while electrohydrodynamic printing has shown material
deposition rates on the order of 1–10 µm/s (Hirt et al., 2017).
Bipolar electrochemistry with the SBC offers the unique
ability to do electrodeposition-based additive manufacturing
without requiring electrical connections to the workpiece.
This attribute is particularly useful when fabricating on
complex substrates at sub-micron lengthscales, such as in
electronics manufacturing, where electrically connecting
to patterned conducting and non-conducting surfaces can
be challenging.

The work presented here expands upon prior experimental
and computational research with the SBC. Characteristics
of kinetically irreversible and reversible electrodeposition
chemistries are described in more detail, including
electroanalytical measurements of mixed potential systems
comprised of representative bipolar couples. Patterned
arrays of nickel demonstrate the challenges with parasitic
reduction chemistries and the impact of bipolar additives on
deposit appearance. Finite element method simulations are
used to assess the impact of the far-field couple’s kinetics
on current efficiency, a circuit element that becomes
increasingly relevant as substrate geometry and aspect ratio
are constrained. Finally, simulations describe the coupling
between applied current and spatiotemporal deposit stability
for reversible electrolyte systems, correlating theory to
experimental observations.
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METHODS

Scanning Bipolar Cell
Figure 1A shows a perspective view of the key features and
configuration of the electrochemical cell used to perform
localized bipolar electrodeposition on electrically floating
conductive substrates. Electrolyte is pumped through an
electrically insulating microcapillary nozzle with a syringe pump.
A platinum wire “feeder” electrode (the anode when configured
to drive local reduction electrochemistry) is inserted in the
microcapillary upstream of the nozzle outlet, where electrolyte
jets onto the conductive substrate (bipolar electrode, or BPE).
The electrolytes forms a liquid pool on the BPE, contacting a
platinum “feeder” ring electrode (i.e., cathode when performing
local reduction electrochemistry) attached to the acrylic housing
of the microjet nozzle. The microjet nozzle dimensions and
flowrates are such that considerable mass-transport is achieved,
with limiting current densities exceeding 10 A/cm2 in some cases
(Nelson and Schwartz, 2005).

Figure 1B depicts the axisymmetric geometry and key features
of the SBC used in finite element simulations for the case where
H = 2ri. The inner (ri = 100µm) and outer (ro = 335µm)
radii and the fly-height of the nozzle above the substrate (H)
tailor the ohmic drop in the annular gap between the nozzle
and substrate, controlling the breakdown of ionic and electronic
current pathways in the electrochemical cell. Current sourced
from the upstream platinum feeder electrode (Iapp) has two
pathway options upon exiting the nozzle: (1) it can travel entirely
through the electrolyte to the downstream ring feeder electrode
entirely as ionic current (Ii), or, (2) it can undergo charge transfer
at the substrate in the region beneath the nozzle, pass as electronic
current (Ie) through the BPE, undergo a second (equal and
opposite) charge transfer reaction in the far-field area, and then
travel as ionic current to the feeder ring electrode. The fraction
of applied current that passes through the electronic pathway (Ie)
defines the bipolar current efficiency (BCE)

BCE =
Ie

Iapp
(1)

and is coupled to the ohmic drop through solution, charge
transfer kinetics of the bipolar reactions, and thermodynamic
relationship of the bipolar pair.

The current pathways depicted in Figure 1B are approximated
by the equivalent circuit in Figure 1C. The resistance for
current flow through the ionic pathway is dominated by the
ohmic resistance beneath the microjet nozzle (Rionic). The total
resistance to current flow through the conductive substrate is the
sum of the charge transfer resistances related to the kinetics of the
bipolar reactions beneath the nozzle (RCT,near) and in the far-field
(RCT,far), assuming the electrical resistance of the conductor is
negligible. When the bipolar reaction pair is thermodynamically
uphill (i.e., non-spontaneous), current cannot flow through the
conductor until the potential drop through solution exceeds the
thermodynamic potential difference of the bipolar couple (∆EBC)

1EBC = E
eq

red
− E

eq
ox (2)

FIGURE 1 | (A) Schematic of the scanning bipolar cell (SBC) and components.

(B) To-scale axisymmetric geometry used in finite element method simulations

when H = 2ri with key features and current pathways emphasized. (C)

Equivalent circuit approximating current flow pathways through the SBC.

where the subscripts red and ox refer to the bipolar reduction
and oxidation reactions occurring on the substrate. Equation
2 effectively acts as a threshold voltage. The equivalent circuit
models this as an ideal transistor having infinite resistance until
the gate voltage (Egate =-∆EBC) is exceeded, after which the
transistor has zero resistance and current flows at a rate regulated
by other circuit elements. The transition between off and on
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states is considered to be instantaneous. Thus, current flows
entirely through the ionic pathway (off ) until the potential drop
through the annular gap (E = IappRionic) is > –∆EBC. When the
potential drop exceeds Egate (on), current may flow through the
electronic branch of the parallel circuit at a rate regulated by
the relationship between ohmic and kinetic resistances. Previous
studies described Rionic− using primary current simulations and
explored the relationship between ohmic and kinetic resistance
(RCT,near) for a reversible bipolar couple (i.e., ∆EBC = 0) and
for a thermodynamically uphill bipolar couple (∆EBC < 0)
(Braun and Schwartz, 2016a). In those simulations the kinetic
resistances of the far-field reactions were negligible, arising from
the experimental far-field region having a much larger surface
area than the near-field region and thus lower current densities.

Chemicals
Unless noted otherwise, the following chemicals were used
as received: NiSO4 · 5H2O (Sigma Aldrich, 99–102.0%), L-
ascorbic acid (Sigma Aldrich, 99%), CuSO4 · 5H2O (Fisher
Scientific, technical grade), AgNO3 (Sigma Aldrich, 99.0%),
FeSO4 · 7H2O (Sigma Aldrich, 98%), Fe2(SO4)3 · 5H2O (Sigma
Aldrich, 97%), K2SO4 (Alfa Aesar, 98.0%), concentrated HNO3

(Fisher Scientific, certified ACS plus), and concentrated H-2SO4

(Mallinckrodt Chemicals, 95–98%). All aqueous electrolytes were
prepared with high purity deionized (DI) water.

Bipolar Plating Electrolyte
Local bipolar electrodeposition in the SBC is experimentally
demonstrated for two characteristic systems: kinetically
irreversible (Ni) and kinetically reversible (Cu or Ag)
electrodeposition chemistries. Prior work outlined the electrolyte
design guidelines necessary to achieve both spatially and
temporally stable deposits using the SBC for these bipolar
systems (Braun and Schwartz, 2016c). Specifically, kinetically
irreversible electrodeposition chemistries can be paired with
any bipolar oxidation chemistry resulting in ∆EBC < 0, whereas
kinetically reversible electrodeposition chemistries must be
paired with a bipolar oxidation reaction that produces a
marginally downhill thermodynamic relationship (i.e., ∆EBC
> 0). These metastable formulations for reversible bipolar
systems are similar to electroless deposition systems, except
with only a 10–50mV of downhill driving force. This results
in a thermodynamic buffer for the desired oxidation chemistry
to occur at lower overpotentials than metal etching, as the
rastering of the SBC nozzle exposes previously deposited metal
to electrochemically oxidizing conditions. Because irreversible
deposition systems are kinetically passivated against dissolution,
a wider range of bipolar oxidation couples can be utilized.

For kinetically irreversible nickel electrodeposition, ascorbic
acid (AA) oxidation forming dehydroascorbic acid (DHAA) and
protons is the bipolar counter reaction

Near : Ni2+ + 2e− → Ni(s), E
eq
near = −0.29V

Far : AA → DHAA+ 2H+
+ 2e−, E

eq
far

= 0.30 V [Scheme 1]

Net : Ni2+ + AA → Ni(s) + DHAA+ 2H+, ∆EBC = −0.59V

producing a stable electrolyte with a negative ∆EBC in
0.1 mol/L NiSO4 + 0.01 mol/L ascorbic acid (pH = 2.9).
Equilibrium potentials are calculated by the Nernst equation
using the above reactant concentrations. All potentials reported
are referenced to the standard hydrogen electrode (SHE)
unless otherwise noted. Formation of a passivating oxide layer
protects nickel from bulk electrooxidation during SBC operation,
allowing design of thermodynamically uphill electrolytes that
require applied current to drive the bipolar reaction sequence
in Scheme 1.

For kinetically reversible copper electrodeposition,
ascorbic acid (AA) oxidation is also selected as the bipolar
counter reaction:

Near : Cu2+ + 2e− → Cu(s), E
eq
near = 0.30 V

Far : AA → DHAA+ 2H+
+ 2e−, E

eq
far

= 0.29 V [Scheme 2]

Net : Cu2+ + AA → Cu(s) + DHAA+ 2H+, ∆EBC = +0.01V

The above estimated equilibrium reduction potentials for
0.05 mol/L CuSO4 + 0.005 mol/L ascorbic acid (pH = 2.6)
produce a metastable electrolyte with a marginally positive
∆EBC. This downhill thermodynamic driving force provides
protection for previously deposited copper but is not sufficient
to drive heterogeneous deposition, let alone overcome the
nucleation barrier for homogenous reduction of cupric ions
in solution.

For kinetically reversible silver electrodeposition, ferrous
(Fe2+) ion oxidation to ferric (Fe3+) ion acts as the bipolar
counter reaction:

Near : Ag+ + e− → Ag(s), E
eq
near = 0.67V

Far : Fe2+ → Fe3+ + e−, E
eq

far
= 0.63 V [Scheme 3]

Net : Ag+ + Fe2+ → Ag(s) + Fe3+, ∆EBC = +0.04V

The equilibrium potentials above are estimated from open
circuit potential measurements in a solution containing 0.01
mol/L AgNO3 + 0.1 mol/L K2SO4 and a solution containing
0.01 mol/L FeSO4 + 0.005 mol/L Fe2(SO4)3 + 0.1 mol/L
K2SO4. Measured open circuit potentials varied slightly, falling
between 0.67 and 0.68V for Ag(I)/Ag(s) and between 0.63 and
0.66V for Fe(III)/Fe(II). Similar to Scheme 2, this ≈ +40mV
downhill driving force is less than the nucleation overpotential
for homogeneous reduction of silver, providing a thermodynamic
window for Fe2+ oxidation to occur before electrochemical
silver dissolution in bipolar experiments. However, long-term
stability (>1 day) of this electrolyte has not been evaluated. As
noted previously (Braun and Schwartz, 2016c), inclusion of both
ferrous sulfate and ferric sulfate in the electrolyte is required
to tailor the equilibrium potential. As a result, Fe3+ reduction
to Fe2+ competes with the desired silver electrodeposition
beneath the nozzle, reducing the overall faradaic efficiency of the
bipolar system.

Bipolar Electrode Substrate Preparation
All electrodeposition experiments were performed on gold
substrates. Silicon wafers with 50 nm gold on a 5 nm titanium
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adhesion layer were prepared using an E-beam evaporator at
the University of Washington Nanofabrication Facility. Prior
to bipolar experiments, the gold substrates were cleaned via
20 cyclic voltammetry sweeps at 50mV s−1 from −0.25 to
1.5V vs. SCE in a 1 mol/L H2SO4 solution with a Pine Model
AFRDE5 Bipotentiostat. Clean gold substrates were then rinsed
with deionized (DI) water and dried with N2 gas. Substrates
were masked to make a circular exposed area of 0.45 cm2.
For the electrolytes flow rates and small number of printed
features used here, the meniscus was pinned on the SBC
feeder cathode/outer nozzle housing. As the droplet of pooled
electrolyte grew during liquid injection, it drained over the much
larger masked substrate. All electrodeposition steps were carried
out at room temperature.

Electroanalytical Measurements
Cyclic voltammetry (CV) was performed on a Biologic model
VSP potentiostat with a platinum wire counter electrode and
saturatedmercury sulfate (SSE) reference electrode. All potentials
have been referenced to the SHE unless otherwise noted. A gold
Pine rotating disk electrode (RDE) with a 0.5 cm diameter was
used for all RDE experiments. Between experiments involving
nickel, the Au RDE was polished with 4000 grit SiC and rinsed in
deionized water. Between experiments involving silver or copper,
the Au RDE was rinsed in 1 mol/L HNO3 and subsequently
rinsed in deionized water.

Cyclic voltammetry exploring nickel deposition in Scheme 1
used 0.1 mol/L NiSO4 while varying ascorbic acid concentration
from 0 to 0.2 mol/L. Potential sweeps were done at 20 mV/s
beginning at −0.4V vs. SSE, sweeping to −1.6V vs. SSE, and
then to 0.5V vs. SSE for 5 cycles without rotation. The 1st
cycle for each concentration was selected for comparison. Cyclic
voltammetry exploring silver deposition in Scheme 3 compared
three solutions: (1) 0.01 mol/L FeSO4 + 0.005 mol/L Fe2(SO4)3
+ 0.1 mol/L K2SO4, (2) 0.01 mol/L AgNO3 + 0.1 mol/L K2SO4,
and (3) 0.01 mol/L AgNO3 + 0.01 mol/L FeSO4 + 0.005 mol/L
Fe2(SO4)3 + 0.1 mol/L K2SO4. Potential sweeps were done at 20
mV/s beginning at 0.1 V vs. SSE, sweeping to−0.2V vs. SSE, and
then to 0.4V vs. SSE for 10 cycles while rotating at 0 RPM or
100 RPM (1 RPM = 0.105 rad/s). The potential limits for CV of
solution (1) containing only iron components varied slightly, by
beginning at 0V vs. SSE and sweeping negative to−0.3V. Cycles
2–10 were selected for comparison of electrolyte components
from Scheme 3.

Linear sweep voltammetry (LSV) on 25µm diameter Au
microlectrodes (UMEs) was also used to evaluate the nickel
deposition system. Prior to voltammetric measurements, the Au
UMEs were polished on 4000 grit SiC, rinsed in deionized water,
rinsed in 1 mol/L HNO3, and rinsed again in deionized water.
The same nickel electrolyte used in RDE measurements was
also used on UMEs. Voltammetry in electrolytes without nickel
in solution used 0.1 mol/L K2SO4 as supporting salt. Potential
sweeps were done at 20 mV/s beginning at −0.4V vs. SSE and
sweeping to −1.9V vs. SSE. Voltammetry on microelectrodes
exploring the impact of pH in the absence of ascorbic acid
used electrolytes with 0.1 mol/L NiSO4 and dosed in H2SO4 to
vary pH.

Characterization Tools
AnOlympus BX51 optical microscope with anOlympusQColor3
digital camera using 5.0x objectives was used to take optical
micrographs of each sample. Coarse and grainy silver deposits
were visibly metallic, however, appeared dark in coloration
when imaged with bright-field on the optical microscope.
Therefore, silver optical micrographs were acquired using dark-
field imaging. An Oakton model no. 510 pH/conductivity meter
was used to measure pH.

Computational Methods
Finite element method computations were performed in the
axisymmetric 2D computational domain shown in Figure 1B to
assess the current flow pathways in the SBC. All simulations
use a microjet nozzle with dimensions of ri = 100µm and
ro = 335µm, consistent with experiments, unless otherwise
noted. Details on the computational methods, including
relevant equations and boundary conditions, may be found in
the Appendix.

Simulations for near-field copper reduction on a gold
substrate with ascorbic acid as the far-field bipolar counter
reaction in Scheme 2 were used to explore electrochemical
behavior for a kinetically reversible bipolar electrodeposition
reaction. The Cu2+/Cu(s) redox couple is kinetically reversible,
using kinetic parameters taken from literature (Mattsson and
Bockris, 1959): io,Cu = 33.5 A/m2, αa,Cu = 0.73, and n = 2. The
ascorbic acid redox couple is also kinetically reversible, however,
only trace amounts of dehydroascorbic acid are present in
solution. We deal with this uncontrolled, trace dehydroascorbic
acid in a manner that is easy to implement, produces results
that are consistent with experimental measurables (such as open-
circuit potential, threshold voltages/currents, etc.), and whose
magnitude (within reasonable bounds) has negligible influence
on the computational results we report. Specifically, for the
electrode boundary conditions (Appendix), we use the Butler-
Volmer form with fAA = 1 for the oxidation branch and set a
small limiting current for dehydroascorbic acid reduction (iL =

io,AA) with gAA = (1-i/io,AA−). Kinetic parameters for ascorbic
acid are taken from literature (Tanaka and Tamamushi, 1964):
io,AA = 10.2 A/m2, αa,AA = 0.20, and n= 2.

Simulations exploring the impact of substrate area on BCE
assume irreversible deposition beneath the nozzle, employing
Tafel kinetics for reduction and using a ∆EBC = −0.1V. The
generic far-field oxidation chemistry is assumed to have kinetics
similar to that of ascorbic acid. Kinetic parameters for the
irreversible reduction chemistry are: io,near = 10 A/m2, αnear =

0.50, and n = 2. Kinetic parameters for the oxidation bipolar
couple are: io,far = 1 A/m2 or 10 A/m2, αfar = 0.50, and
n = 2. Parameters are varied to explore how factors such
as nozzle dimensions, electrochemical cell configuration, and
oxidation kinetics impact the BCE as substrate area (Asubs) is
constrained. Table 1 presents the parameter combinations used
in simulations. The distance of the feeder cathode from nozzle
center is rcathode.

Mesh refinement in the regions of high potential gradient
was used so that the overall charge balance and the substrate
integral on the bipolar electrode both converged to <0.01%

Frontiers in Chemistry | www.frontiersin.org May 2019 | Volume 7 | Article 34053

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


Braun and Schwartz Thermodynamic-Kinetic Relationships in a Scanning-Bipolar-Cell

TABLE 1 | Parameters varied in simulations exploring the impact of substrate area on current flow in the SBC and bipolar current efficiency (BCE) values at select ratios of

substrate area to nozzle area.

i-0, far

(A m−2)

ri
(µm)

ro

(µm)

rcathode
(mm)

BCE at

maximum

BCE at ASubs/Anoz = 4 BCE at ASubs/Anoz = 1.44

Parameter set 1 10 100 335 2 0.921 0.686 0.200

Parameter set 2 1 100 335 2 0.901 0.641 0.142

Parameter set 3 10 200 670 2 0.957 0.756 0.243

Parameter set 4 10 100 335 8 0.951 0.686 0.200

Parameter set 5 10 100 670 2 0.975 0.686 0.200

Parameter set 6 10 50 335 2 0.946 0.611 0.161

TABLE 2 | Parameters used in computational models exploring bipolar copper

deposition (Scheme 2) and a generic irreversible reduction chemistry used to

assess the impact of substrate area on current flow in the SBC.

PARAMETERS FOR BIPOLAR CU REDUCTION AND AA OXIDATION

SIMULATIONS

io,Cu 33.5 A/m2 Exchange current density for copper redox

couple

io,AA 10.2 A/m2 Exchange current density for ascorbic acid

redox couple

αa,Cu 0.73 Transfer coefficient for copper redox

couple

αa,AA 0.2 Transfer coefficient for ascorbic acid redox

couple

E
eq
Cu

0.30V Equilibrium potential for copper redox

couple

E
eq
Cu

0.29V Equilibrium potential for ascorbic acid

redox couple

H 15µm Fly-height of nozzle

Iapp 20 or 200 µA Applied current to cell

κ 1 S/m Conductivity of electrolyte

PARAMETERS FOR SIMULATIONS ON IMPACT OF SUBSTRATE AREA

io, near 10 A/m2 Exchange current density for local redox

couple

io, far 1 or 10 A/m2 Exchange current density for far-field

redox couple

αa, near 0.5 Transfer coefficient for local redox couple

αa, far 0.5 Transfer coefficient for far-field redox

couple

∆EBC −0.1 V Equilibrium potential difference of bipolar

redox pairs

H 10µm Fly-height of nozzle

Iapp 100 µA Applied current to cell

κ 1 S/m Conductivity of electrolyte

error. This resulted in about 200,000 to 500,000 mesh elements
and computation times ranging from 1 to 10min for a
typical converged solution. All simulations were performed
on a Dell Optiplex 980 desktop computer with an Intel
Core i5 CPU@ 3.20 GHz and 8 GB RAM using Windows 7
Enterprise 64-bit operating system. FEM simulations employed
the secondary current distribution module in COMSOL
version 5.3.

RESULTS AND DISCUSSION

Bipolar electrochemical systems require careful mating of the
thermodynamics and kinetics of the bipolar reaction couple, a
result of the potential-induced bifurcation of the substrate into
separated reduction and oxidation regions. In the case of a
rastering electrode (i.e., SBCmicrojet nozzle), the local reduction
and oxidation regions move with the nozzle, exposing previously
deposited material (in cathodic regions) to anodic environments
capable of etching the material. How the deposited material
responds to the oxidizing environment depends on whether it is
passive or active at the potentials of the oxidizing region.

Figure 2a shows an optical micrograph of an array of nickel
material electrodeposited with the SBC in a 0.1 mol/L NiSO4

+ 0.2 mol/L ascorbic acid electrolyte (∆EBC = −0.59V).
Each deposit in the 7×7 array is grown at Iapp = 900 µA,
Q = 4,500 µC, and H = 18µm. Deposit spacing is 400µm
and electrolyte flowrate is 400 µL/min. The same spacing and
flowrate are used for all experiments unless otherwise noted.
Individual deposits in the array appear optically identical, as
they were deposited at the same conditions. Despite nickel
oxidation being thermodynamically preferential to ascorbic acid
oxidation (E

eq
Ni = −0.29V and E

eq
AA = 0.30V), formation of a

thin passivating oxide layer after deposition kinetically prevents
electrochemical etching of the material as the SBC moves across
the substrate and the deposits experience an oxidizing potential.

Several metal deposition systems do not have the
irreversibility characteristic of nickel passivation, and can
dissolve in anodic environments. For example, Figure 2b shows
an optical micrograph of an array of silver deposits, a kinetically
reversible deposition chemistry, where most of the deposited
material has etched from the substrate. The electrolyte contains
only 0.05 mol/L AgNO3 with the bipolar counter reaction being
water oxidation

Far : 2H2O → O2(g) + 4H+4e−, E
eq

far
≈ 1.02 V (3)

resulting in a bipolar couple with a ∆EBC = −0.30V. Each
deposit in this 7×7 array was grown at Iapp = 50 µA, Q = 250
µC and H = 30µm. Like nickel in Figure 2a, silver oxidation is
thermodynamically preferential to water oxidation (E

eq
Ag = 0.72V

and E
eq
H2O = 1.02V). In contrast to nickel, oxidation of silver is

kinetically active and will electrochemically etch when exposed to
anodic potentials in the far-field during SBC operation. The result
is an array where the material deposited earliest, and exposed to
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FIGURE 2 | Optical micrographs of metal patterns deposited from a SBC with a 200µm ID nozzle at 400 µL/min flowrate. (a) A 7 × 7 array of nickel grown in 0.1

mol/L NiSO4 + 0.2 mol/L ascorbic acid at 900 µA with 4,500 µC per deposit, a nozzle fly-height of 18µm, and 400µm deposit spacing. (b) A 7×7 array of silver

grown in 0.05 mol/L AgNO-3 at 50 µA with 250 µC per deposit, a nozzle fly-height of 30µm, and 400µm deposit spacing. (c) Pattern consisting of 282 individual

silver deposits grown in 0.01 mol/L AgNO3 + 0.01 mol/L FeSO4 + 0.005 mol/L Fe2(SO4)3 at 15 µA with 30 µC per deposit, a nozzle fly-height of 30µm, and 75µm

deposit spacing.

oxidation longest, has been fully removed from the substrate (the
SBC scanned from left to right, top to bottom in the Figure 2

experiments). History of silver etching is evident in the systematic
decrease of deposit size over the final 10 deposits. In stationary
bipolar electrochemical systems separation of the cathodic and
anodic regions remain fixed, providing inherent stability for
electrodeposited metals. With the SBC, moving anodic and
cathodic regions during patterning requires temporal deposit
stability to be linked to the thermodynamics of the bipolar pair.

As described in the experimental methods section, temporal
deposit stability of kinetically reversible materials systems can
be achieved by selecting a bipolar counter reaction producing
a marginally positive ∆EBC. Figure 2c shows an optical
micrograph of a silver pattern containing 282 individual silver
deposits on a gold substrate that is stable over 20min during
fabrication [adapted from (Braun and Schwartz, 2016c)]. The
bipolar counter reaction is oxidation of ferrous ion (Fe2+) to
ferric ion (Fe3+) by Scheme 3 in an electrolyte containing
0.01 mol/L AgNO3 + 0.01 mol/L FeSO4 + 0.005 mol/L
Fe2(SO4)3. Each deposit is grown at Iapp = 15 µA, Q = 30
µC and H = 30µm. Deposit spacing is 75µm. In contrast
to Figure 2b, Fe2+ oxidation is thermodynamically preferential
to Ag+ oxidation (E

eq
Ag = 0.67V and E

eq

Fe(II)
= 0.63V). The

downhill thermodynamics (∆EBC = +40mV) of this bipolar
couple protects silver from electrochemical dissolution, but is
modest enough to prevent spontaneous reduction of silver in
solution. In both types of kinetic systems applied current drives
local deposition on the substrate. For silver, only a small amount
of current (15 µA in Figure 2c) is needed to drive heterogeneous
nucleation on the substrate. Nickel requires amuch larger applied
current (900 µA in Figure 2a) to overcome the thermodynamic
barrier and drive the bipolar reactions. The applied current
for driving nickel deposition could be reduced by selecting a
bipolar counter reaction producing a less negative ∆EBC. In the
following sections, electrolyte design attributes for characteristic
irreversible and reversible bipolar electrodeposition systems will
be discussed in more detail.

Irreversible Materials Systems
A wide range of redox couples for the bipolar counter reaction
are available for local electrodeposition of kinetically irreversible
material systems in the SBC. Essentially, any redox couple with
an equilibrium potential more positive than that of the metal ion
reduction chemistry can be utilized, with the consequence that
bipolar couples with more negative values of ∆EBC require more
applied current to drive both reactions. Selecting an appropriate
bipolar counter reactant also requires consideration of that
constituent’s impact on the characteristics of the electrodeposited
metal and the reaction itself. Solution additives can affect
electrodeposition in several ways, including: significantly altering
deposit morphology; metal ion chelation, which changes the
reversible potential of metal deposition; and controlling the pH,
which can impact the stability of the metal phase in solution
and influence secondary parasitic reactions (Schlesinger, 2010).
Thus, it is important to consider how the ascorbic acid additive
serving as the bipolar counter reactant affects electrodeposition
of nickel beyond bipolar behavior. Figure 3 shows a series of
optical micrographs depicting 10×10 nickel arrays in 0.1 mol/L
NiSO4 at varying ascorbic acid concentrations. In each array,
the applied current (Iapp) is varied from 100 to 800 µA (the
lowest 3 columns not shown have no nickel deposited) and nozzle
fly-height (H) is varied from 9µm to 36µm. Each deposit was
grown using a 5 s dwell time. The ohmic resistance beneath the
nozzle (Rionic) and near-field charge transfer resistance (RCT,near)
depicted in Figure 1C dictate current flow in the SBC. Prior
simulations (Braun and Schwartz, 2016a) of the primary current
distribution in the SBC show that R-ionic is related to the
electrolyte conductivity (κ) and nozzle geometry by

Rionic =
1

4κri









1−
2

π

√

1+ 0.16
(

H
ri

)2









+

Ln
(

ro
ri

)

2πκH
. (4)

As fly-height is increased, the ionic resistance defined by
Equation 4 decreases, and less of the applied current follows
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FIGURE 3 | Optical micrographs of arrays of nickel deposits in 0.1 mol/L NiSO4 at the indicated ascorbic acid concentrations. 10×10 arrays of nickel deposits vary

applied current (Iapp) from 100 to 800 µA (lowest 3 columns not shown) and nozzle fly-height (H) from 9 to 36µm. Each deposit has a 5 s dwell time. A 200µm ID

nozzle at 400 µL/min electrolyte flowrate and deposit spacing of 400µm was used for each experiment. Certain rows in the 0.01, 0.05, and 0.2 mol/L ascorbic acid

arrays are more closely spaced than others due to a misstep in the y-axis motor during movement. The schematic of the microjet nozzle is provided for scale. The

black line in the 0.2 mol/L array indicates the threshold potential (∆EBC) to drive bipolar nickel deposition and ascorbic acid oxidation.

the bipolar pathway resulting in smaller nickel deposits in
the Figure 3 arrays. Secondary current distribution simulations
(Braun and Schwartz, 2016a) for nickel indicated that the kinetic
resistance of the local reaction at high overpotentials beneath the
nozzle scales by

RCT,near =
RT

(

Iapp − Imin

)

αjnjF
(5)

Imin is the minimum current required to polarize the substrate
sufficiently (i.e., exceed -∆EBC) that drives both nickel reduction
beneath the nozzle and ascorbic acid across the far-field. The
portion of the arrays without nickel deposits have yet to exceed
the threshold substrate polarization. Once the minimum current
for –∆EBC has been exceeded, additional applied current beyond
Imin can participate in bipolar nickel deposition. Increasing
applied current reduces the kinetic resistance by Equation 5,
driving more current through the bipolar pathway resulting
in larger nickel deposits. Of course, larger deposits at higher
currents are also partially due to an increase in total charge passed
during the 5 s dwell time of each deposit.

Before the kinetic pathway is activated (i.e., substrate
polarization exceeds –∆EBC) all of the applied current passes
through the ionic pathway and the potential drop through the
gap (E) follows

E = IappRionic. (6)

Once E exceeds –∆EBC, current can flow through the bipolar
electrode via charge transfer reactions and nickel deposits appear
on the substrate. The deposits appearing at the lowest current for
each fly-height (where E ≈ –EBC) can be used to estimate Rionic.
For example, in the 333µA column of the 0.05mol/L AA solution

the faintest trace of nickel material is visible at a fly-height of
15µm. With a ∆EBC of −0.56V, Equation 6 gives an estimation
for Rionic as 1,680�. Similarly, the faintest deposit in the Iapp
column of 411µA appears atH = 27µm, giving a value for Rionic
of 1,360�. However, estimations for Rionic using the analytical
expression in Equation 4 for these fly-heights are 14,000�

and 8,200�, respectively. This large deviation from theoretical
expectation likely reflects the non-idealized geometry in the
experimental microjet nozzles, which have rounded edges and
asymmetries as a result of hand-polishing of the glass capillaries.
However, the expected qualitative trends are reproduced in the
Figure 3 arrays.

A section of the nickel arrays in Figure 3 show crater-
like deposits at the conditions of highest applied current and
lowest fly-height. The quantity of these features decreases with
increasing ascorbic acid concentration, suggesting they are
related to the ascorbic acid reactant. Since the craters appear
at conditions of greatest substrate polarization (high Iapp and
low H), they are most likely caused by a secondary reduction
reaction occurring at potentials more negative than nickel
deposition. Deposition of iron group metals (Ni, Co, Fe) from
aqueous electrolytes is often accompanied by proton and water
reduction reactions

2H+
+ 2e− → H2 (7)

2H2O+ 2e− → H2 + OH−. (8)

Ascorbic acid is a weak acid with two protons (pKa values of
4.2 and 11.6) and concentration changes affect the solution pH.
The measured pH values of the solutions used in Figure 3 are
3.4, 3.3, 2.9, and 2.6 by increasing ascorbic acid concentration.
Thus, onset potentials for both proton reduction and water
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FIGURE 4 | Voltammetric measurements of nickel deposition in ascorbic acid

and sulfuric acid containing electrolytes. (A) Cyclic voltammetry at 20 mV/s on

a 0.5 cm diameter Au electrode in 0.1 mol/L NiSO4 and the indicated ascorbic

acid concentrations. Voltammograms initiated at 0.24 V, swept negative to

−0.96V, positive to 1.14 V, ending at 0.24 V. Linear sweep voltammetry at 20

mV/s from 0.24 to −1.26 V on a 25µm diameter Au microelectrode for (B) the

indicated ascorbic acid concentrations in 0.1 mol/L NiSO4 ( ) or 0.1 mol/L

K2SO4 (....) and for (C) the indicated H2SO4 concentrations in 0.1 mol/L

NiSO4. pH values are indicated for each solution.

reduction will vary between each array. Figure 4A shows cyclic
voltammetry of the electrolytes used in Figure 3 experiments.
As potential is swept negative, current is first observed around
−0.26V. The onset potential for this wave (taken at a current
density of −0.1 mA/cm2) shifts from −0.25 to −0.28V as
ascorbic acid increases from 0.005 to 0.2 mol/L. This potential
range is in agreement with estimations by the Nernst equation for
proton reduction of−0.15 to−0.20V for pH= 3.3–2.6 solutions,
with additional overpotential likely due to sluggish kinetics of
proton reduction on gold (Norskov et al., 2005).

The estimated Nernst potential for Ni2+ reduction of−0.28V
suggests that nickel deposits concurrently with proton reduction
at potentials negative of this value. Near −0.75V, the individual
curves from each concentration merge to the same path, possibly
indicating a shift to current dominated by nickel deposition.
The CV shows hysteresis on the return sweep between −0.8
and −0.4V, likely a result of the 20 mV/s scan rate. As the
potential sweeps positive the characteristic nickel passivation
behavior is observed: increasing anodic current due to nickel
dissolution followed by a sharp decrease in current resulting
from formation of a passive hydroxide layer and subsequent thin
oxide (Smith et al., 1987; Scherer et al., 2003). The onset of
nickel dissolution (taken at a current density of 0.1 mA/cm2)
shifts more positive with increasing ascorbic acid concentration
(and proton reduction), occurring at −0.054V for 0.005 mol/L
AA and −0.006V for 0.2 mol/L AA. This positive 48mV shift
correlates well with the 59 mV/pH unit (47mV from pH =

3.4 to pH = 2.6) expected for electrochemical formation of
NiO (Sato and Okamoto, 1963). Interestingly, the presence of
additional ascorbic acid results in decreased peak current prior
to metal passivation. This effect is counter to the expectation of
a decrease in pH, which should make formation of a passivating
hydroxide layer more difficult. At still higher potentials, ascorbic
acid oxidation to dehydroascorbic acid and protons initiates
around 0.4V with higher current densities achieved for more
concentrated AA solutions. This onset potential is consistent with
literature values of the reversible potential of ascorbic acid in this
pH range (Borsook and Keighley, 1933).

Due to the high convective transport of the jetted electrolyte,
current densities achieved in the SBC can often exceed 100
mA/cm2. For example, at a fly-height of 15µm with an I-

min of 333 µA, the total current available for nickel reduction
at Iapp = 566 µA is 233 µA. In reality, a portion of this
current passes through the ionic pathway (Figure 1C) as shunt
current. Even assuming a BCE of 50%, the current density
at this condition (scaled by the deposit area with a diameter
= 250µm) is 237 mA/cm2. As a result, voltammetry using
microelectrodes was utilized to better connect electroanalytical
measurements to transport conditions and lengthscales relevant
to SBC operation. Linear sweep voltammetry (LSV) on a 25µm
gold microelectrode (UME) seen in Figure 4B was further used
to probe the potential regime where proton and water reduction
compete with nickel deposition. Potential is swept from −0.4
to −1.9V at 20 mV/s. Ascorbic acid variation in 0.1 mol/L
K2SO4 (dashed lines) shows proton reduction followed by water
reduction in the absence of nickel deposition. Similar to CVs in
Figure 4A, current from proton reduction initiates prior to nickel
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deposition. For example, in 0.2 mol/L ascorbic acid + 0.1 mol/L
NiSO4 current in the voltammogram begins to deviate from the
nickel free electrolyte at about −0.75V, indicating the onset of
nickel reduction at a more negative potential. This ≈ 450mV
overpotential (E

eq
Ni = −0.28V) before nickel reduction current

is observed is due to a combination of nucleation overpotential
and nickel reduction having very slow kinetics (Tanaka and
Tamamushi, 1964). A decrease in the faradaic efficiency for
nickel deposition is observed with additional proton in solution;
estimations at−0.86V being 76, 74, 55, and 46% with increasing
ascorbic acid concentration.

A previous hypothesis for the craters depicted in Figure 3 was
coevolution of hydrogen gas bubbles disrupting nickel nucleation
on the gold bipolar electrode (Braun and Schwartz, 2016c). This
now seems unlikely, as the voltammetry shows proton reduction
occurs at potentials more positive than that of nickel deposition.
At potentials more negative than nickel reduction, significant
hydroxide generation from water reduction can cause metal-
hydroxide phases to form in the deposit. To counter this, buffered
electrolytes are often employed to combat local pH changes
near the electrode interface (Ji et al., 1995; Zech and Landolt,
2000). As potential is swept further negative in Figure 4B, a
sharp decrease in current is observed for the nickel-containing
electrolytes. A previous study on deposition of Ni, Co, and Fe
from an aqueous solution demonstrated quenching of metal film
growth concurrently with the onset of OH− generation by water
reduction, producing a hydroxylated surface (i.e., Ni(OH)2−x

x )
that blocks subsequent metal deposition (Wang et al., 2016).
The sharp decrease in current observed in Figure 4B is similarly
attributed to formation of a nickel hydroxide surface phase
at the onset of water reduction, terminating nickel deposition.
This voltammetric feature shifts to more negative potentials as
ascorbic acid (and proton) concentration increases, by ≈ 200
mV/pH unit over the range explored. The Nernst potential
shift by pH is greater than expected for water reduction, 59
mV/pH unit, suggesting ascorbic acid also has buffering qualities
similar to boric acid. Indeed, voltammetry in ascorbic acid free
electrolyte when pH is controlled by additions of sulfuric acid
(Figure 4C) shows a potential shift of the spike by only 122
mV/pH. This value is comparable to a similar study observing
a voltammetric spike attributed to OH− generation by Equation
8, reporting a 110 mV/pH unit shift of the voltammetric feature
(Ritzert and Moffat, 2016). Both potential shifts of the spike
exceed that expected by thermodynamics for the 2 electron
water reduction reaction, possibly indicating a more complicated
mechanism for formation of the nickel hydroxide surface species
than simply

Ni2+ + xOH−
→ Ni(OH)2−x

x (9)

where hydroxide is primarily produced by water reduction.
The electroanalytical measurements in Figure 4 help clarify

the formation of crater-like deposits observed in Figure 3.
At sufficiently negative cathodic overpotentials (i.e., high Iapp
and low H), water reduction occurs subsequently with nickel
deposition, producing OH− and causing nickel deposition to
terminate due to formation of a nickel hydroxide surface phase.

The local solution potential is at a minimum (most reducing)
directly beneath the nozzle, increasing in potential (less reducing)
radially from the nozzle center in a gaussian-like profile. As a
result, the craters are composed of a thin nickel hydroxide surface
phase in the high overpotential region beneath the center of the
nozzle, with subsequent passed charge only manifesting in water
reduction. Further from the nozzle center, reduction of Ni2+ at
more positive potentials forms a ring of thicker nickel metal.
The black material in a few of the crater-like deposits is likely
residue from bulk Ni(OH)2 precipitation after sustained OH−

generation during water reduction. Figure 4B indicated that the
overpotential necessary to drive OH− generation is greater for
higher ascorbic acid concentration due to its buffering qualities as
well as a decrease in pH. Thus, fewer crater-like deposits appear
in Figure 3 for higher ascorbic acid concentrations.

All prior experimental systems using the SBC have been
designed such that the total charge transfer resistance of the
far-field oxidation chemistry is negligible relative to that of the
near-field reduction reaction, a result of the much larger area
of the far-field region. Factors influencing the kinetic resistances
in the equivalent circuit in Figure 1C are the exchange current
densities (io,i) and transfer coefficients (αa,i) for the bipolar
reactions, as well as the total area each reaction is taking place
in. Typical SBC experiments use a 200µm inner diameter nozzle
(the approximate dimension of a metal deposit) on a masked
substrate with 0.45 cm2 circular area, resulting in an oxidation
area roughly 1000× larger than the reduction area. Here, finite
element method computations are used to explore how reducing
the substrate area available for oxidation impacts the BCE of the
SBC. Six different kinetic and geometric parameter combinations
are tested (see Table 1), varying either the exchange current
density of the far-field reaction (io,far), the geometry of the
microjet nozzle through ri or ro, or the distance of the feeder
cathode from the nozzle center (rcathode). Figure 5 shows the BCE
plotted vs. the ratio of the total circular substrate area (Asubs)
to the nozzle area (Anoz) calculated by ri. The applied current
is 100 µA and fly-height is 10µm in all simulations. Generally,
the effect of reducing the substrate area results in a decay of BCE
from a plateau to zero as substrate area becomes increasingly
constrained. When the area of the substrate is large relative to
the SBC nozzle, the BCE is at a high value, varying little as
Asubs/Anoz decreases from 10,000 to 100. A substantial decrease
in BCE occurs below a ratio of 10, quickly decaying to 0 as the
substrate area approaches the same size as the nozzle area. The
parameter sets tested in Table 1 show greater variation at values
of large Asubs/Anoz , where changing nozzle geometry is expected
to impact Rionic more than the RCT,far . Changing the cathode
location has a minimal impact on BCE, with an average of 0.65%
difference between parameter sets 1 and 4.

The simulated BCE for all 6 parameter sets was fit to a decay
equation of the form

BCE = A

(

1− e

(

−B∗(
Asubs
Anoz

−1
))

+ (D− A)∗











e



−
C

(

(
Asubs
Anoz

)















(10)
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FIGURE 5 | Bipolar current efficiencies (BCE) plotted vs. the ratio of total

substrate area (Asubs ) to nozzle area (Anoz ) defined by ri . The varied

parameters are highlighted in Table 1 and the fit is modeled by Equation 10.

where A, B, and C are constants fit by non-linear least squares
regression (equaling 0.744, 0.778, and 15.1, respectively) and D is
the average of the maximum values for BCE in Table 1. The first
term in Equation 10 captures the sharp decay below Asubs/Anoz ≈

10 while the second term captures the more gradual decay in BCE
at higher ratios of Asubs/Anoz . Despite the variation in BCE across
the parameters explored in Table 1, particularly at higher values
of Asubs/Anoz , Equation 10 qualitatively describes how restricting
the substrate area affects current flow in the SBC. Simulations
suggest that the substrate area should be at least 2.45× that of
the microjet nozzle area to achieve 50% BCE by Equation 10 for
a fly-height of 10 µm.

Reversible Materials Systems
As outlined above, kinetically reversible electrodeposition
chemistries such as Cu and Ag require a more
thermodynamically favorable bipolar oxidation redox couple
(i.e.,∆EBC > 0) to prevent metal etching as the SBC rasters across
the substrate. If the bipolar counter reaction is too reducing
(i.e., ∆EBC >> 0) metal cations will homogenously reduce in
solution. Prior studies with the SBC demonstrated temporally
stable patterning of kinetically reversible metals by designing
electrolytes where ∆EBC is only marginally positive by a few 10s
of millivolts (Braun and Schwartz, 2016c). This provides enough
of a thermodynamic cushion that the desired bipolar counter
reaction is driven before metal etching during SBC patterning,
but not enough driving force to overcome the nucleation barrier
to cause spontaneous, homogeneous reduction in solution.

Electroanalytical methods such as cyclic voltammetry help
describe the thermodynamic and kinetic relationship between
reversible electrodeposition systems and their bipolar oxidation
couple. Figure 6 shows cyclic voltammetry relating the Ag+/Ag(s)
redox couple to the Fe3+/Fe2+ bipolar counter reaction described

by Scheme 3. Specifically, CVs in Figure 6 are done for the
following solutions: (1) 0.01 mol/L FeSO4 + 0.005 mol/L
Fe2(SO4)3, (2) 0.01 mol/L AgNO3, and (3) 0.01 mol/L AgNO3

+ 0.01 mol/L FeSO4 + 0.005 mol/L Fe2(SO4)3, with all three
containing 0.1 mol/L K2SO4. At a rotation rate of 0 RPM
(Figure 6A), solution (1) shows reduction of Fe3+ to Fe2+ with
a peak current at 0.56V and half peak potential of 0.635V;
oxidation of the reverse having a peak at 0.74V and half peak
potential of 0.645V. The reversible Nernst potential estimated
by CV of 0.64V is in agreement with the measured open
circuit potential of 0.63V. For the silver only solution (2),
deposition initiates after a small nucleation overpotential near
0.66V reaching peak current at 0.63V. On the return sweep,
current crosses zero at 30mV more positive than the iron
solution, before exhibiting a characteristic metal stripping peak
at 0.7 V.

Cyclic voltammetry in solution (3) with Ag(I), Fe(III), and
Fe(II) ions results in a combination of features from voltammetry
of the individual constituents. As potential is swept negative,
peak current from combined ferric ion and silver ion reduction
is at 0.57V, with an estimated faradaic efficiency for silver
reduction of 65% at this potential. Anodic stripping of silver in
the return sweep appears more efficient than the Ag(I) solution.
In solution (2), the total charge from the stripping wave is
only 15% of the charge from the deposition wave, whereas
solution (3) shows 86% of the total silver deposition charge
in the stripping wave (estimated by assuming silver deposition
efficiency is 65% throughout the combined Ag(I) and Fe(III)
reduction wave). After silver is fully stripped, the i-V profile
merges with that of solution (1) containing only ferric and ferrous
ion components. Solution (3) voltammetry remains stable over 10
cycles despite the thermodynamic driving force for homogeneous
silver reduction in solution.

Figure 6B shows the same solutions under forced
hydrodynamics with a rotation rate of 100 RPM. The
Fe(II)/Fe(III) redox couple exhibits strong stability over 10
cycles. The limiting currents for Fe(III) reduction and Fe(II)
oxidation are −0.85 and 1.27 mA/cm2, respectively. Using the
Levich equation and an assumed solution viscosity of 0.01 cm2/s,
the calculated diffusivities for Fe(III) and Fe(II) are 2.9 × 10−6

cm2/s and 5.3 × 10−6 cm2/s, respectively. These values are
comparable to previously reported diffusivities of 3–5.5 × 10−6

cm2/s for Fe(III) (Gil et al., 1996) and 1.1–5.7 × 10−6 cm2/s
for Fe(II) (Andricacos et al., 1998; Hawthorne et al., 2014).
Silver deposition in solution (2) shows variation in the transport
limited current across 10 cycles, increasing in magnitude from
2.4 to −3.3 mA/cm2. The calculated diffusivity using the Levich
equation for Ag(I) is 1.4–2.2 × 10−5 cm2/s, comparable to the
literature value of 1.27 × 10−5 cm2/s (Okeefe et al., 1987). Peak
anodic current in the stripping wave also decreases from 3.8 to
2.5 mA/cm2 from the first to last cycle, resulting in a stripping
efficiency decrease from 34 to 20%. The combined Ag(I), Fe(II),
and Fe(II) solution shows similar variation in the reduction
and stripping waves as seen in the Ag(I) solution. A possible
explanation for the low silver stripping efficiency in Figure 6

voltammetry is detachment of dendritic silver from the electrode
surface prior to full oxidation of the deposited charge. The inset
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FIGURE 6 | Cyclic voltammetry at 20 mV/s on a 0.5 cm Au electrode for 9

cycles at (A) 0 RPM and (B) 100 RPM in electrolyte containing 0.01 mol/L

FeSO4 + 0.005 mol/L Fe2(SO4)3 ( ), 0.01 mol/L AgNO3 ( ), and 0.01

mol/L AgNO3 + 0.01 mol/L FeSO4 + 0.005 mol/L Fe2(SO4)3 ( ). All

solutions contain 0.1 mol/L K2SO4 as supporting salt. Inset figures highlight

the voltammetric curves near zero current, showing the 2nd cycle for each CV.

highlighting the region near zero current shows the Fe(III)/Fe(II)
voltammetry crossing zero current between 0.62 and 0.64V,
consistent with the measured open circuit potential of 0.63V.
In the Ag(I) solution, the intersection of the return sweep with
the forward sweep, often considered the reversible potential
in deposition systems, occurs at 0.66V. Cyclic voltammetry in
Figure 6 and open-circuit voltage measurements indicate that
the reversible potentials for the Fe(III)/Fe(II) and Ag(I)/Ag redox
couples produce a bipolar electrolyte with ∆EBC ≈ 30–40mV.
This thermodynamic cushion is sufficient for the temporally
stable silver deposition observed in Figure 2c.

Despite these efforts to design the thermodynamics of
the bipolar redox couples for stable metal patterning, metal
dissolution can still be kinetically activated if the substrate is

polarized sufficiently. Figure 7 shows a series of experiments
for bipolar copper electrodeposition (Figure 7A) and bipolar
silver deposition (Figure 7B) performed at the indicated applied
currents. Each pattern was deposited with a 200µm ID nozzle at
400 µL/min flowrate, 30µm fly-height, 75µm deposit spacing,
and 2 second dwell time per deposit. The copper electrolyte was
0.05 mol/L CuSO4 + 0.005 mol/L ascorbic acid and the silver
electrolyte was 0.01 mol/L AgNO3 + 0.01 mol/L FeSO4 + 0.005
mol/L Fe2(SO4)3. Copper images were acquired in bright field
imaging. Silver images, however, were acquired with dark field
imaging because the coarse, large grained silver deposits scatter
light and appeared dark in bright field (as in Figure 2c). For
each metal, the pattern at the lowest current is fully retained
on the gold substrate. However, as applied current increases
more of the metal pattern is electrochemically etched from the
surface; the SBC, beginning in the top left corner, rasters top-to-
bottom and then left-to-right. Additional applied current creates
a larger voltage drop beneath the nozzle, manifesting in increased
substrate polarization and larger surface overpotentials for the
bipolar reaction couple. The increase in surface overpotential
exceeds the thermodynamic cushion designed into themetastable
electrolytes, activating metal oxidation and resulting in pattern
removal from the bipolar electrode.

Finite element method simulations relate qualitative
observations of Figure 7 to theoretical predictions regarding
potential distribution on the bipolar electrode. Figure 8 shows
simulated surface overpotentials for the copper ( ) and ascorbic
acid ( ) redox couples radially on the conductive substrate (zero
is nozzle center) at the indicated applied currents. The surface
overpotential is

ηs.j = Vm − φ (r) − E
eq
j (11)

where the solution potential (φ) evaluated at the substrate surface
is a function of radial position. Equilibrium potentials (E

eq
j )

are listed in Scheme 2, producing a ∆EBC = +10mV, and the
open-circuit mixed potential of the conductive substrate (Vm)
reflects the thermodynamics and kinetics of the reactions when
net current and potential are equal to zero. Simulations use a fly-
height of 15µm and nozzle ID of 200µm. The inset emphasizes
overpotential in the far-field oxidation region, with solid lines
indicating oxidizing overpotentials and dotted lines reducing
overpotentials. At 20 µA, the peak cathodic overpotentials
beneath the nozzle for copper and ascorbic acid are −105 and
−95mV, respectively. The most positive overpotentials appear
in the far-field region of the substrate, equal to −2mV for
copper and 8mV for ascorbic acid. The surface overpotentials
of the bipolar redox couples maintain a separation of 10mV
(equal to the value for ∆EBC) across the substrate. The local
copper overpotential (ηs.Cu) is negative everywhere on the
substrate, therefore, the only thermodynamically possible anodic
chemistry is ascorbic acid oxidation. Despite the large cathodic
overpotential for dehydroascorbic acid reduction, only moderate
amounts of current are produced due to the trace amounts of
DHAA present in solution, with a computed faradaic efficiency
for copper reduction equal to 99.9%.
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FIGURE 7 | Optical micrographs of patterned metal deposited from the SBC with a 200µm ID nozzle at 400 µL/min electrolyte flowrate, fly-height of 30µm, 75µm

deposit spacing, 2 second dwell time per deposit, and the indicated applied currents for (A) copper from a 0.05 mol/L CuSO4 + 0.005 mol/L ascorbic acid electrolyte

and (B) silver from a 0.01 mol/L AgNO3 + 0.01 mol/L FeSO4 + 0.005 mol/L Fe2(SO4)3 electrolyte. Copper patterns were imaged in bright field mode and silver

images imaged in dark field mode.

FIGURE 8 | Simulated surface overpotentials for copper ( ) and ascorbic

acid ( ) on the substrate for a 200µm ID nozzle at a fly-height of 15µm and

the indicated applied currents. Inset emphasizes far-field oxidation region

(denoted by the dashed box), with solid lines indicating oxidizing

overpotentials and dashed lines indicating reducing overpotentials.

Increasing applied current to 200 µA generates greater
substrate polarization, shifting peak cathodic overpotentials to
−245 and −235mV for copper and ascorbic acid, respectively.
The magnitude of overpotential change in the far-field region
is less substantial, a result of its much larger surface area,
producing maximum overpotentials of 1mV for copper and
11mV for ascorbic acid. The substrate now exhibits a region with
a positive value for ηs.Cu capable of driving copper oxidation.
Simulations estimate a modest decrease in faradaic efficiency for

ascorbic acid oxidation, from 100 to 92%. Increased substrate
polarization as a result of higher applied currents kinetically
activates metal oxidation, leading to the removal of material
observed in Figure 7. Due to the uncertainty in measurements of
the reversible potentials for the copper and ascorbic acid redox
couples, the treatment of dilute DHAA in the electrolyte, and
assumption of an ideal SBC nozzle geometry, these simulations
are not intended to be quantitative predictors of experimental
observations, but instead used as theoretical assessments of the
underlying phenomena.

CONCLUSIONS

The SBC provides a unique platform for electrochemical
materials patterning on conducting substrates without direct
electrical connections. Efficient bipolar patterning begins with
effective electrolyte design, where understanding the kinetics
of the desired bipolar reduction chemistry are critical for stable
patterning. Metals with a large kinetic barrier to electrochemical
oxidation are inherently stable on the bipolar electrode,
permitting a wider range of redox couples suitable for the bipolar
counter reaction as well as greater latitude in SBC operating
conditions. Metals that are kinetically capable of dissolving
must instead have stability built into the thermodynamic
relationship between the desired reduction reaction and the
bipolar counter reaction, limiting the redox couples available
as bipolar counter reactions as well as the applied currents
permitting spatiotemporal patterning. In addition to these
bipolar design criteria, traditional electrolyte considerations
such as pH balance and secondary parasitic reactions may
impact deposit morphology and microstructure. Cyclic
voltammetry measurements clarify experimental observations
of secondary reactions during bipolar nickel deposition and
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support hypotheses for design guidelines of kinetically reversible
electrodeposition systems. Finally, finite element method
simulations indicate reduced bipolar electrode surface areas will
dramatically impact BCE.
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APPENDIX: COMPUTATIONAL
MODEL DETAILS

A secondary current distribution is appropriate here because
the concentration is substantially uniform, a result of high
transport rates from the jetted electrolyte (limiting current
densities can exceed 10 A/cm2), and thus concentration
gradients can be neglected (Nelson and Schwartz, 2005).
Potential distribution (φ) in the electrolyte is defined by
Laplace’s equation.

∇
2φ = 0 (A1)

The nozzle, housing walls, and electrolyte meniscus are treated as
insulating boundary conditions,

n · ∇φ = 0 (A2)

where n is the unit normal vector pointing out of the
computational domain. The feeder anode boundary condition at
the microjet inlet is

− κn · ∇φ =
Iapp

Anozzle
(A3)

where κ is the electrolyte conductivity, Anozzle is the area of the
nozzle where current is applied and Iapp is the total applied
current to the system. The feeder cathode boundary condition is

− κn · ∇φ =
−Iapp

Anozzle
(A4)

with the area, Acathode, equal to the area of the platinum outer
ring cathode.

The most general form for the bipolar reaction rates at
the conductive substrate is given by a modified Butler-Volmer
kinetic approximation

ij = io,j



fje

(

αa,jnjF

RT ηs,j

)

− gje

(

−(1−αa,j)njF

RT ηs,j

)



 (A5)

where io,j is the exchange current density for reaction j, nj is
the number of electrons transferred for reaction j and αa,j is
the transfer coefficient for the anodic branch of reaction j. The
parameter T is the temperature of the system (298 K), F is

Faraday’s constant, and R is the ideal gas constant. The surface
overpotential in Equation A.5 is defined by Equation 11. The
functions fj and gj modify the Butler-Volmer equation to account
for the reversibility of the respective branches. For example, the
general Butler-Volmer equation with reversible kinetics, such as
for copper, has functions fj and gj both equal to 1. In the case of
an irreversible chemistry such as nickel, a Tafel approximation for
reduction is produced when fj = 0 and gj = 1. The total current
at the substrate is the sum of the individual partial currents:

i =
∑

ij. (A6)

To remain charge neutral, the conductive substrate requires
equal magnitudes of reduction and oxidation reactions, which is
expressed by the integral constraint over the substrate area

Ie,net = 2π

∫ rsub

o
irdr =

∑

Ie,red +
∑

Ie,ox = 0 (A7)

where i is defined by Equations A.5-A.6 and Ie,net is the net
electronic current passing through the conductive substrate,
equaling zero when integrated over the entire substrate. The
currents Ie,red and Ie,ox are contributions from any bipolar
reactions occurring on the substrate. The location along the radial
axis where the partial current density for each reaction equals
zero is defined as a bipolar cross-over point (BPX), with each
bipolar couple yielding a BPX. Integrating the current density on
the substrate from the nozzle center (r= o) to the BPX yields Ie,red
to calculate BCE in Equation 1.

For simulations of near-field copper reduction in Scheme

2, the treatment of the small amounts of dehydroascorbic acid
reduction by setting gAA = (1-i/io,AA) with fAA, gCu, and fCu = 1

results in a boundary condition for total current density on the

bipolar substrate as

− κn · ∇φ = i = io,AAe

(

αa,AAn

RT ηs,AA

)

−io,AA

[

1−
i

io,AA

]

e

(

−
(1−αa,AA)n

RT ηs,AA

)

−io,Cu

[

e

(

αa,Cun

RT ηs,Cu

)

− e

(

−
(1−αa,Cu)n

RT ηs,Cu

)]

(A8)

where n= 2 since both electrons transfer two reactions and other
model parameters are listed in Table 2.
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Capable Lithium Ion Batteries
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In this work, we show an effective ultrasonication-assisted self-assembly method

under surfactant solution for a high-rate capable rGO-wrapped LiNi0.6Co0.2Mn0.2O2

(Ni-rich cathode material) composite. Ultrasonication indicates the pulverization of the

aggregated bulk material into primary nanoparticles, which is effectively beneficial for

synthesizing a homogeneous wrapped composite with rGO. The cathode composite

demonstrates a high initial capacity of 196.5 mAh/g and a stable capacity retention

of 83% after 100 cycles at a current density of 20 mA/g. The high-rate capability

shows 195 and 140 mAh/g at a current density of 50 and 500 mA/g, respectively. The

high-rate capable performance is attributed to the rapid lithium ion diffusivity, which is

confirmed by calculating the transformation kinetics of the lithium ion by galvanostatic

intermittent titration technique (GITT) measurement. The lithium ion diffusion rate (DLi)

of the rGO-wrapped LiNi0.6Co0.2Mn0.2O2 composite is ca. 20 times higher than that of

lithium metal plating on anode during the charge procedure, and this is demonstrated

by the high interconnection of LiNi0.6Co0.2Mn0.2O2 and conductive rGO sheets in the

composite. The unique transformation kinetics of the cathode composite presented in

this study is an unprecedented verification example of a high-rate capable Ni-rich cathode

material wrapped by highly conductive rGO sheets.

Keywords: lithium ion battery, graphene-based cathode composite, nickel-rich, LiNi0.6Co0.2Mn0.2O2,

galvanostatic intermittent titration technique

INTRODUCTION

With the increasing environmental concerns such as energy depletion and gas emission problems,
interest in novel energy storage systems (ESSs) and renewable energy such as photovoltaic and
wind power is at an all-time high (Li et al., 2015; Zhao et al., 2015). As the world population
continues to grow, we could not fulfill the energy consumption requirement without developing
a clean energy system (Majeau-Bettez et al., 2011; Catenacci et al., 2013). To address this,
many research groups have recently been contributing to the development of electrochemical
energy conversion and storage devices such as hybrid capacitors, metal–air batteries, and high-
power lithium ion batteries (Lim et al., 2015; Ahn et al., 2016a,b, 2018; Seo et al., 2018). Among
them, technology advancement in high-power lithium ion batteries that can be applied to electric
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vehicles (EVs) has been investigated (Lin et al., 2017; Cano et al.,
2018; Fu et al., 2018). LiCoO2 and LiNi1/3Co1/3Mn1/3O2 have
been used as conventional cathode materials for mobile devices
because of their stable cyclability with ease of manufacture
(Venkateswara Rao et al., 2011; Byeon et al., 2018). However,
there are still issues on whether conventional cathode materials
can improve energy and power density for ESSs and EVs.
A strong candidate for a high-energy and high-power-density
material is the Ni-rich LiNi0.6Co0.2Mn0.2O2 layered material,
which has a practical capacity of ca. ∼190 mAh/g (Kim et al.,
2015; Shim et al., 2017; Fu et al., 2018; Liao et al., 2018).
Also, this Ni-rich material has the advantages of being relatively
cheap and environmental friendly. However, this material still
has the critical problem of having low electrical conductivity
with poor cycle life, which is difficult to apply to ESSs and EVs
for high power density with long cycle stability. To overcome
such challenges, numerous research have been focusing on
the development of element-doped materials and carbon-based
(carbon coating, mixing, etc.) composites (Ju et al., 2014, 2018;
Lim et al., 2014a, 2015).

Particularly, a graphene (rGO)-based cathode composite is
prepared by various chemical reaction routes to demonstrate
high-rate capability for lithium ion batteries. Most reported
studies on high-power composites have been limited to
aggregated mixture of cathode either dispersed in the
graphene matrix or wrapped by graphene sheets (Yang
et al., 2012; Kucinskis et al., 2013; Lim et al., 2014b;
Shim et al., 2017). Furthermore, an in-depth study with
emphasis on confirming the transformation kinetics of
lithium ion during charge–discharge to further investigate
the rate capability tendency of cathode material has never
been reported.

Here, we introduce an ultrasonication-assisted self-assembly
route under a surfactant solution environment, where the final
morphology of rGO-wrapped LiNi0.6Co0.2Mn0.2O2 (NCM622)
forms a homogeneous nanoparticle interconnected with
a thin layer of rGO nanosheets. Furthermore, practical
transformation kinetics of LiNi0.6Co0.2Mn0.2O2 during
lithium ion intercalation–deintercalation advances will be
verified by galvanostatic intermittent titration technique
(GITT) measurement.

EXPERIMENTAL

Synthesis of the rGO-Wrapped
LiNi0.6Co0.2Mn0.2O2 Composite
The detailed synthesis procedure for LiNi0.6Co0.2Mn0.2O2

preparation was followed by our previous research paper
using a combustion synthesis method (Ahn et al., 2014a).
The appropriate NH2CONH2 (urea):nitrate ratio (3:2
mol/mol) dissolved in deionized (DI) water is effective for
preparing nanostructured material, and it confirmed that
high crystalline LiNi0.6Co0.2Mn0.2O2 was synthesized at the
sintering temperature of 800◦C on that study. The rGO
was also synthesized based on the previous methodology—
called the modified improved hummers’ method—where

the rGO consists of under 4.2 layers of graphene sheets,
resulting in high electrical conductivity and surface area (Ahn
et al., 2014b, 2016a). For the preparation of rGO-wrapped
LiNi0.6Co0.2Mn0.2O2, 0.1 g of rGO powder was firstly dispersed
into 150ml of DI water and then 2ml of 1% Triton X-100
surfactant was added into the solution with vigorous stirring
for 30min to functionalize the hydrophilic nature of the
rGO surface. In another beaker, 0.9 g of pristine NCM622
(LiNi0.6Co0.2Mn0.2O2) active material was dispersed into
150ml of DI water, and ultrasonication was carried out to
pulverize the aggregated bulk powder for the preparation
of primary nanoparticles at an energy of 100 kJ. Then, the
NCM622 solution was added into the activated rGO dispersed
solution and sonicated for 1 h to prepare a homogenously
self-assembled composite.

CHARACTERIZATIONS

To confirm the structure and crystallinity of each material,
X-ray diffraction (AXS D8 Advance, Bruker) of the phases
was carried out with Cu Kα radiation (λ = 1.5405 Å) in
the 2θ range of 5–80◦ with 0.02◦ intervals, at a 2◦ min−1

scanning rate. The morphologies and microstructures were
analyzed using a scanning electron microscope (SEM; S400,
Hitachi), and high-resolution transmission electron microscopy
(HR-TEM; JEOL 2010F, JEOL Ltd.) was carried out to confirm
the microscopic images of synthesized materials. To ascertain
the binding energy and verify the oxidation states of each
transition metal element, X-ray photoelectron spectroscopy
(XPS) was conducted (K-Alpha XPS spectrometer, Thermal
Scientific). For electrochemical testing, the cathode electrodes
were prepared by mixing 10 wt.% of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-co-HFP, KYNAR R© 2801) binder,
5 wt.% of Super-P (C65 super-P, Timcal co. LTD) conductive
carbon, and 85 wt.% of the rGO-wrapped NCM622 composite
in N-methyl-2-pyrrolidone (NMP); then, this slurry was mixed
and coated on Al foil (20µm) to a 60-µm thickness of mixed
slurry using a doctor blade to coat a uniform cathode electrode.
The electrode was dried in oven at 60◦C for 24 h and then
pressed using a twin roller. The final thickness of the cathode
material on the Al foil was 45µm. CR2032 coin-type cells were
assembled using 1.0M solution of LiPF6 dissolved in a mixture of
ethylene carbonate and diethyl carbonate (EC/DEC, 50:50 vol.%)
as an electrolyte and Celgard 2400 as a separator. A lithium chip
was used as the counter electrode for the half-cell evaluation.
The electrode size is 14Ø (electrode loading mass: 2.20 mg/cm2,
loaded mass based on active material: 1.76 mg/cm2) and 50
µl/mg of the electrolyte was injected into the coin cell. The coin
cell assembly procedure was completely performed in an argon
(Ar)-filled glove box. The electrochemical evaluation was carried
out (CT2001C, LANHE, China) at a current density of 20 to
1,000 mA/g with a voltage range between 3.0 and 4.3V at room
temperature. GITT of the coin cell with NCM/rGO material was
also carried out to investigate the evolution of lithium diffusivity
as a function of induced potential at the state of charge and
discharge with a battery tester at room temperature.
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RESULTS AND DISCUSSION

The schematic illustration of a facile synthesis procedure for
the NCM/rGO composite is presented in Figure 1. The rGO
nanosheet of approximately under 4.2 layers is functionalized
with Triton X-100 surfactant to create hydrophilic surface on the
rGO, after which, agglomerated rGO powder is homogeneously
dispersed into DI water. Triton X-100 is a well-known surfactant
that has hydrophilic and hydrophobic parts at both ends of
the chain, respectively, resulting in an increase in hydrophilicity
of rGO sheets, and this surfactant could help obtain the rGO-
wrapped composite (Patey et al., 2009). For the preparation of
NCM622, we could effectively synthesize the secondary bulk
material which consists of primary nanoparticles from the
combustion synthesis method. In order to materialize a high
mass loading electrode, a relatively bulk micron-sized particle
is better than a nanosized particle; however, the aggregated
powder is unfavorable for preparing surface modification such as
an rGO-wrapped or a carbon-based material coated composite.
Therefore, ultrasonication is used to pulverize the bulk secondary
particle of NCM622. On the other hand, ultrasonication
treatment affects the morphological change of a wrinkled rGO
sheet, resulting in a flattened rGO sheet, which has more
surface exposure to the NCM-rich environment in the solution
(Ahn et al., 2014b). Finally, the ultrasonication-assisted self-
assembly methodology successfully obtains a homogeneously
rGO-wrapped NCM composite.

The XRD patterns obtained with the NCM/rGO composite,
pristine NCM, and pristine rGO are presented in Figure 2A, and
the result of the NCM/rGO composite is consistent with results
from the mixed XRD patterns of pristine NCM and pristine rGO.
All the characteristic peaks of the NCM/rGO composite show a
hexagonal structure with an R-3m space group (Ahn et al., 2014a;
Salitra et al., 2018). From the inset image (Figure 2B) of XRD
patterns in the range of 5–35◦, the characteristic broad diffraction
peak of rGO indicates that rGO is homogeneously mixed with
the NCM material, resulting in strong ultrasonication treatment
that did not generate the phase transformation or decomposition
of the NCM material during the self-assembly procedure. The
lattice constant (a, c) of NCM/rGO was calculated following
Bragg’s law, with values of 2.895 and 14.287 Å, respectively. The
high c/a (4.939) ratio is related to the well-defined hexagonal
layered structure, and c represents the distance of a metal–metal
interslab, which is directly associated with crystallinity, verifying
that the NCM/rGO nanocomposite obtains a high crystalline
structure (Ahn et al., 2014a). In order to estimate the cation
mixing of the sample, the I(003)/I(104) peak ratio was calculated,
and NCM/rGO from this study shows 1.35, which supports the
well-crystalline structure without cation mixing.

Morphological analyses with SEM and TEM images are

presented in Figure 3. Figure 3a shows the bulk secondary

particle by forming the aggregated morphology of the primary
particle for the NCM material with a dense structure, facilitating

a high mass loading electrode. The bulk secondary particle,
however, has a disadvantage in surface modification, and the
rGO nanosheet could not virtually cover the entire bulk particle.
Therefore, ultrasonication is essentially required to pulverize the

bulk secondary particle into a nanosized primary particle to
be modified further. Figure 3b shows pristine rGO nanosheets
with numerous wrinkles; the crumpled structure is derived from
the high surface energy, indicating an agglomerated structure
throughout the rGO sheets. The NCM/rGO composites without
and with ultrasonication assistance are presented in Figures 3c,d

respectively. From the result, aggregated bulk NCM/rGO cannot
be homogeneously dispersed into the solution, and then the
final product exists mostly in a separated phase. It is verified
that the ultrasonication-assisted procedure effectively contributes
to the preparation of the homogeneous rGO-wrapped NCM
composite, and TEM images support this result. TEM analysis
of the NCM/rGO composite under ultrasonication-assisted self-
assembly has been conducted (Figures 3d–h), where the average
particle size of the NCM/rGO composite is observed to be
∼100–150 nm, as shown in Figures 3e,f. The wrapped rGO sheet
observed in a high-resolution TEM image (Figure 3g) shows
a clear indication that the rGO sheet has been successfully
covered throughout the NCM particle with ∼7 nm of rGO
thickness. Further diffraction analysis (Figure 3h) confirms
that the SAED pattern of NCM has no phase transition
after the strong ultrasonication-assisted self-assembly process,
whose SAED pattern of NCM is obviously in accordance with
our previous result (Ahn et al., 2014a). Finally, the resultant
NCM/rGO composite with ultrasonication process effectively
obtains a homogeneous rGO-wrapped NCM cathode material
without damaging NCM primary nanoparticles.

Figure 4 shows typical Raman spectra of the rGO sheet and
the NCM-rGO composite corresponding to D and G for rGO
and Eg and A1g for the TM-O bond in the NCM material,
respectively. The high intensity of the D-band peak is ascribed to
the defects of the graphene layer (ID/IG = 1.7 for the NCM/rGO
composite and 1.5 for the rGO sheet), resulting in the NCM/rGO
composite being stably synthesized with the decrease in rGO
defect. The relative decrease of rGO defect after composite
synthesis probably happened due to the bonding effect between
edge defect of the rGO sheet and the Triton X-100 surfactant.
The two peaks of the NCM/rGO composite near 495 cm−1

(Eg) and 535 cm−1 (A1g) correspond to specific bands of TM-
O arrangements in the layered structure with the R-3m space
group (Shim et al., 2017), and the Raman study provides strong
evidence that the ultrasonication-assisted self-assembly method
could effectively synthesize the NCM/rGO composite without
any side reaction.

The XPS spectra of each transition metal ion presented in
Figure 5 very closely match our previously reported work, which
confirms no phase transformation and decomposition during the
ultrasonication procedure. The XPS survey profile of NCM/rGO
presented in Figure 5A also verifies that the high content of the
NCM material is homogeneously mixed with the rGO sheet.
Figure 5B displays the XPS results of Ni 2p, and the area ratio
of the Ni transition metal is decoupled in characteristic oxidation
peaks (around 854 and 856 eV), resulting in Ni nearly consisting
of 33% Ni2+ and 67% Ni3+ in the layered structure. The binding
energy for each spectrum of Co 2p and Mn 2p (Figures 5C,D)
indicates that the Co ion and Mn ion in the sample correspond
to the 3+ and 4+ oxidation state, respectively, and this result
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FIGURE 1 | The schematic synthesis procedure of the rGO-wrapped NCM622 composite. The unique NCM622/rGO composite is prepared by a facile self-assembly

method using a Triton X-100 surfactant. The hydrophilic part of the rGO sheet easily connects to the NCM622 nanoparticle, effectively decreasing overall contact

resistance.

FIGURE 2 | XRD patterns of (A) NCM/rGO composite, pristine NCM, and

pristine rGO materials; (B) the inset image of the NCM/rGO composite in the

range of 5–35◦ to confirm the specific rGO peak. The XRD patterns of the

NCM/rGO composite show peaks that closely match those of pristine NCM

and pristine rGO without any impurity peaks.

is perfectly consistent with the theoretical electron valence of
the LiNi0.6Co0.2Mn0.2O2 material (Tran et al., 2006; Ahn et al.,
2014a). From the result of the XRD, it is verified that the cation

mixing was not determined, and the low content of Ni2+ from
XPS analysis also supports the low possibility of Ni/Li cation
mixing under raw material preparation by combustion synthesis.

Based on the above physical characterization results, the
ultrasonication-assisted self-assembly mechanism of NCM/rGO
formation is hypothesized as follows. The surface-activated rGO
constructed from rGO with Triton X-100 water suspension
suppresses agglomeration of graphene sheets in rGO, resulting
in a homogeneously distributed solution. It is noted that the
ultrasonication to the rGO sheet is reported to be effective
for creating flattened planes of rGO sheets, and this helps
to maintain the structure. The highly dispersed flattened
rGO sheets then effectively expose a much larger area of
graphene surfaces compared to conventional wrinkled rGO
sheets that agglomerate much readily, significantly losing their
active surface area. This means that the exposure degree of
the rGO surface is much larger as well, allowing a higher
rate of electrostatic interaction with the NCM material. This
prolific interaction between the rGO sheet and the NCM
material leads to the generation of a properly distributed
composite. In contrast, no ultrasonication under the self-
assembly reaction would lead to the formation of separated and
aggregated bulk particles either dispersed in the rGO matrix or
wrapped by rGO sheets due to the lack of interaction with the
exposed surface.

Having created a unique morphology of NCM nanoparticle-

distributed rGO and having elucidated its high impact, the
electrochemical performance of the cathode composite for

lithium ion battery is demonstrated. Figures 6A,B shows the
charge–discharge profile of the NCM/rGO composite obtained
by electrochemical evaluations of the half-cell manufacture at
a current density of 20 mA/g. It is noted that the NCM622
material has irreversible capacity during the first cycle, with
ca. 27.7 mAh/g in our study. The first discharge and second
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FIGURE 3 | SEM images of various morphologies of (a) pristine NCM, (b) rGO, and (c) NCM/rGO without ultrasonication procedure, and (d) NCM/rGO composite

ultrasonication-assisted self-assembly. The microscopic morphologies of the NCM/rGO composite (e–h); the NCM/rGO composite without ultrasonication forms

aggregated bulk particles after the self-assembly procedure.

charge capacity showed a similar gravimetric capacity of 196.5
mAh/g (see the blue dotted line of the figure), which means
only one cycle contributes to the activation and formation of
a passive layer on the surface of the cathode material. The
average potential during cycle advances is ca. 3.75V until
it goes to the 100th cycle, which means that the structure
of NCM/rGO is stably maintained. On the other hand, the
comparable charge–discharge capacity of the pristine NCM
material is shown in Figure 6C. The initial capacity of pristine

NCM is ∼170 mAh/g, which is lower than that of the
NCM/rGO composite. A cycle life and plot of differential capacity
(dQ/dV) vs. potential (V) reproduced from the 1st to the
100th discharge–charge profile is presented in Figures 6D,E.
Two pairs of peaks are observed on the dQ/dV vs. V plot
at 3.67 and 3.77V (vs. Li/Li+) during charge, and 3.63 and
3.71V (vs. Li/Li+) during discharge, respectively. These peaks
correspond to the typical characteristic two-step oxidation
and reduction reaction of the NCM622 material. As expected,
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FIGURE 4 | Raman spectra of the pristine rGO sheet and the NCM/rGO

composite, which correspond to the specific peak of rGO (D and G) and TM-O

(Eg and A1g), respectively.

an outstanding initial discharge capacity of 196.5 mAh/g is
observed at a current density of 20 mA/g, and the capacity
of 163.4 mAh/g with 83.1% capacity retention even after
100 cycles has been achieved. Due to the formation of a
passive layer and activation, the coulombic efficiencies of the
initial capacity is only 87.7%; however, 98.1% of the average
coulombic efficiency obtained during 100 cycles advanced, and
the capacity diminution is 0.33 mAh/g per cycle. Furthermore,
the capacity retention of the NCM/rGO composite is 163
mAh/g even after 100 cycles, and this result verifies that the
superior capacity retention of the NCM/rGO composite is
attributed to the direct connectivity between homogenous rGO
sheets and the NCM material. In order to compare overall
electrical conductivity, EIS measurement was carried out, and
typical Nyquist plots obtained from pristine NCM and the
NCM/rGO composite are illustrated in Figure 6F. The observed
ac-impedance spectra showed relatively low charge transfer
resistance for the NCM/rGO composite, which supports an
increase in overall electrical conductivity of rGO, and this
result is in accordance with the superior initial capacity of the
NCM/rGO composite compared with the pristine NCMmaterial.
It is noted that the each EIS plot showed two independent
semicircles, and the first and second semicircle correspond
to the Rf (surface film resistance) and Rct (charge-transfer
resistance), which are 48 and 154� for pristine NCM and 41
and 62� for the NCM/rGO composite, respectively. The result
in the first semicircle determined that rGO does not affect the
formation of a passivation layer, and it only acts as an electric
conducting path site for fast charge transfer during advanced
electrochemical reaction.

The rate capability and the dQ/dV vs. V plot presented in
Figure 7 show initial capacities of 195 and 140 mAh/g obtained
at a current density of 50 and 500 mA/g, respectively. The rate
capability performance at those current densities demonstrates
reliable capacity even at the high-rate cell test, and this is one
of the benefits of EV application. In contrast, the capacity at
a current density of 1 A/g showed a relatively low capacity of
65 mAh/g, which is caused by the polarization-concentration

resistance and IR drop and the low lithium ion diffusivity of
the cathode material.

To further understand the transformation kinetics of lithium
ion by calculating practical lithium ion diffusivity during
oxidation and reduction reaction under cell operation, GITT
measurement was carried out as a function of cell potential. The
area and mass loading of the cell are similar with the half-cell
test, and the result is presented in Figure 8. It is noticed that the
lithium ion diffusivity was calculated by the Weppner–Huggins-
derived expression (Hess et al., 2015; Ahn et al., 2016a):

DLi =
4L2

πτ

[

1Es

1Et

]2

where L and τ refer to the electrode thickness and relaxation
time of the current pulse (600 s), respectively, 1Es is the steady-
state potential change derived from the current pulse, and 1Et
is the potential difference during the constant current pulse,
eliminating the iR drop. The resultant lithium ion diffusivity as
a function of charge and discharge in Figures 8B,D respectively,
shows several inflection points, as pointed out by the red
arrows. Each inflection point is a determined step of lithium
ion diffusion, which is attributed to the dominant region of
lithium deintercalation, lithium ion migration as solvated ion
in the electrolyte, aggregation on the surface of Li metal,
lithium ion plating on the Li metal anode, and the complete
lithium reduction on anode during charging step advances. The
reversible determined reaction was obtained during discharge
with dominant state of lithium stripping from the Li metal anode,
lithium ion migration in electrolyte, aggregation on the surface
of NCM, and lithium ion diffusion into the bulk particle of
NCM. All the GITT results exhibit a similar tendency toward a
conventional plot shape for the lithium ion diffusion state. The
lithium ion diffusivities of NCM/rGO have been measured at five
distinct points as the aforementioned determining steps during
charge and discharge procedures, specifying five dominant split
reactions as summarized in Table 1 and plotted in Figure 8.
First, at the starting point of the charging reaction, the lithium
ion begins to diffuse from the bulk NCM particle; then, it
starts to migrate toward the organic electrolyte as a solvated ion
until reaching 2.20 V. From this step, most of the lithium ions
exist inside the bulk particle; thus, the dominant determining
step is the migration of the Li ion toward the electrolyte,
which is maintained until the concentration of the solvated
ion in the electrolyte has increased (2.56V), resulting in the
decrease in lithium ion diffusivity as presented in Figure 8B.
Then, lithium ion diffusivity is slightly increased up to 2.78V,
which is attributed to the starting point of aggregation on
the surface of the Li anode from the lithium ion migration
dominant step, resulting in increased lithium ion diffusivity.
The lithium ion starts to plate onto the Li anode from the
aggregated solvated ion, and this step is also associated with
the decrease in the amount of lithium ion in the electrolyte,
which is maintained until 3.65V. From this step, the lithium
ion starts to show low kinetics, which is accompanied by a
charge transfer reaction of the lithium ion from a solvated
electrolyte molecule to the Li metal anode. Finally, lithium
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FIGURE 5 | XPS analysis of the NCM/rGO composite. (A) The survey XPS spectra of the NCM-rGO composite confirming the existence of expected elements. XPS

results of (B) Ni 2p spectra, (C) Co 2p spectra, and (D) Mn 2P spectra. The characteristic peaks of each transition metal element are identified in accordance with our

previous research.

FIGURE 6 | (A) The initial charge–discharge profile of the NCM/rGO composite at a current density of 20 mA/g, and (B) the stable charge–discharge profiles from the

10th to the 100th cycle. (C) The comparison charge–discharge profile of the pristine NCM material, which shows a lower initial capacity than the NCM/rGO

composite. (D) Cycle durability test and corresponding coulombic efficiency obtained at a current density of 20 mA/g. (E) dQ/dV curves based on the

charge–discharge profile from the 1st to the 100th cycle. (F) Comparison Nyquist plots obtained from pristine NCM and the NCM/rGO composite.

ion diffusivity is stabilized from 3.65V to the end point of
4.50V with lowest kinetic reaction in this potential range. The
transformation kinetics of the lithium ion during the charge

procedure can be divided into four steps, and these individual
reaction steps show a similar lithium ion diffusion rate at the
discharge procedure. These four distinct steps of transformation
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FIGURE 7 | (A) The rate capability test at a current density of 50 mA/g to 1 A/g. (B) dQ/dV curve based on the rate capability performance result.

FIGURE 8 | Galvanostatic intermittent titration technique (GITT) curves vs. time at (A) the charge procedure and (C) the discharge procedure. The duration of the

charge and discharge pulses was calculated based on a current density of 20 mA/g. (B,D) Lithium diffusivities of the NCM/rGO composite during the charge and

discharge procedure as a function of the cell potential. Each inflection point refers to the transformational kinetics in depth of lithium diffusion followed by GITT

measurement results.

kinetic reactions show a similar tendency at the discharge
procedure. From the resultant transformation kinetics of the
lithium ion during charge–discharge advances, the high lithium
ion diffusion could be verified at the cathode electrode part
where the lithium ion intercalation–deintercalation procedure
was carried out on the surface of the material. It should be noted
that lithium ion intercalation–deintercalation is accompanied
by charge transfer at the solid–electrolyte interface; hence, the
highly electrically conductive material determines the relatively
rapid charge transfer of the lithium ion. Even the dominant
part of this reaction is lithium ion diffusion in the interlayer

of the cathode slab, the charge transfer barrier is the key
role in the rate determining step of lithium ion mobility.
Therefore, the highly electrically conductive rGO-wrapped NCM
composite shows relatively high lithium ion diffusivity (DLi:
5.34 × 10−6) compared with the plating process on the
Li metal anode (DLi: 2.67 × 10−7) in this work and our
previous study on pristine NCM622 material (24) (DLi: 4.03 ×

10−14). As a result, it is explained that the dominant kinetic
reaction in each step denotes lithium ion diffusivity, resulting
in a correlation with the high electric conductivity of the
active material.
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TABLE 1 | Lithium ion diffusivity of the NCM/rGO composite obtained at five distinct potentials during charge–discharge advances.

State Electrochemical state at charge Electrochemical state at discharge

Potential 2.02 V 2.56V 2.78V 3.65V 4.30V 4.30V 3.39V 3.03V 2.49V 2.07 V

DLi (cm
2/s) 5.34 × 10−6 6.77 × 10−7 9.74 × 10−7 2.86 × 10−7 2.67 × 10−7 2.81 × 10−7 5.2 × 10−7 9.79 × 10−7 9.22 × 10−7 2.2 × 10−6

CONCLUSIONS

In summary, a homogeneous and uniformly self-assembled rGO-
wrapped NCM622 composite for lithium ion batteries has been
successfully synthesized by using an ultrasonication-assisted self-
assembly method under a Triton X-100 surfactant environment,
and the electrochemical properties of cell performance with
lithium ion transformation kinetics on the cathode and anode
side has been verified. Based on XRD results, ultrasonication
indicates a homogeneous mixture of the composite, and the
high electrical conductivity of the composite supports this result.
The morphology and microstructure of the composite indicated
that ultrasonication could effectively pulverize the composite
into uniform primary nanoparticles. The rGO-wrappedNCM622
composite exhibits excellent performance with a high specific
capacity of 196.5 mAh/g at the initial discharge capacity and
163 mAh/g after 100 cycles with 83% capacity retention at 20
mA/g current density. Furthermore, the discharge capacity with
rate capability test showed 140 and 65 mAh/g at 500 mA/g
and 1 A/g current density, respectively. The high-rate capability
is attributed to the transformation kinetics of lithium ion

accompanied by a charge-transfer reaction, which, as confirmed
by GITT measurement, likely to have originated from the highly
conductive electron paths formed by the perfectly connected
NCM622 material on rGO sheets. Based on the enhanced
cycle and high-rate performance, it can be concluded that
the NCM/rGO composite is a promising cathode material for
rechargeable lithium ion batteries, which is highly applicable to
the EV field.
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ZnO nanorods (NRs) decorated with Ni nanoparticles were synthesized using a

template-free electrochemical deposition in an ultra-dilute aqueous electrolyte and a

subsequent galvanic reaction. The electrochemical properties of the ZnO NRs as an

anode material for rechargeable Li-ion batteries were evaluated for different binder

morphologies (film and close-packed spherical particles) of polyvinylidene fluoride

(PVDF). Results showed that the close-packed spherical PVDF simultaneously improved

electrochemical capacity and cyclability because the free-volume between the spherical

PVDF helped to accommodate the volume change in the anode caused by the Li ions

discharge and charge processes. Furthermore, the Ni nanoparticles decorated on the

surface of ZnO NRs enhanced the electrical conductivity of the ZnO NR anode, which

enabled faster electronic and ionic transport at the interface between the electrolyte

and the electrode, resulting in improved electrochemical capacity. The free-volume

formed by the close-packed spherical PVDF, and the decoration of metal nanoparticles

are expected to provide insight on the simultaneous improvement of electrochemical

capacity and cyclability in other metal oxide anode nanostructures.

Keywords: ZnO, nanorod, electrochemical property, spherical PVDF, Ni nanoparticle

INTRODUCTION

Rechargeable Li-ion batteries (LIBs) have been widely used for energy storage in portable devices
such as cellular phones, cameras, and lap-top computers (Tarascon and Armand, 2001; Li et al.,
2009; Scrosati and Garche, 2010). However, there are still several challenging issues that need to be
resolved to improve LiB performance. For example, to meet the increasing demand for LiBs with
higher energy density, the capacity of the anode must be improved, because the Li storage capacity
of commercialized graphite anode is limited to the theoretical maximum capacity of 372 mAh/g
(Tokumitsu et al., 1999; Li et al., 2009; Liu and Cao, 2010). For this reason, extensive studies have
focused on developing new anode materials to replace graphite. Transition metal oxides (MO, M
= Fe, Co, Ni, Cu, and Zn) in particular have attracted much attention because the electrochemical
capacities of these materials are two times higher than that of graphite (Park et al., 2009; Huang
et al., 2012; Caballero et al., 2013; He et al., 2013; Yanga et al., 2013). Among them, ZnO has
several advantages, including high theoretical capacity (978mAh/g), low cost and chemical stability
(Zhang et al., 2007, 2016; Pan et al., 2010; Huang et al., 2011). Unfortunately, ZnO has a critical
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drawback. The anode is mechanically disintegrated by the large
volume expansion and shrinkage that occurs with the reaction of
ZnO and Li, and this degrades structural stability and electrical
conductivity, affecting electrochemical performance (Belliard
and Irvine, 2001; Laurenti et al., 2015; Song et al., 2017). To avoid
this degradation, several nanostructures have been investigated
in anodes, including nanorods, nanosheets, nanoparticles, and
porous nanostructures (Belliard and Irvine, 2001; Zhang et al.,
2007; Huang et al., 2011, 2014a; Laurenti et al., 2015). Vertically
aligned nanorods are expected to accommodate the huge volume
changes, while providing faster transport of charge carriers, due
to the free volume between the nanorods, high specific surface
area and short diffusion path (Liu et al., 2009; Wang et al., 2009).

In the present study, we were motivated to synthesize a
vertically aligned ZnO NR array using a low-cost template-
free electrochemical deposition method, which was developed to
grow a nanorod array of pure metals (Au, Ag, and Cu) and metal
oxide (Cu2O) (Park et al., 2013a,b; Shin et al., 2014). And, instead
of using a polyvinylidene fluoride (PVDF) film structure, close-
packed spherical nanoparticles of PVDF (sPVDF) were used to
reduce the large volume expansion caused by Li intercalation.
For faster transport of charge carriers, Ni nanoparticles were
decorated on the surface of ZnONRs using electroless deposition.
The improved electrochemical performance of the sPVDF-
embedded ZnO NRs decorated with Ni nanoparticles was
then investigated.

EXPERIMENTAL

Preparation of ZnO Nanostructures
ZnO NRs were synthesized using a potentiodynamic
electrodeposition process. The electrodeposition was carried
out with a three-electrode system (Solartron 1280z). The
working electrode was Cu foil (99.8 at%, Nippon Foil Mfg,
Co.) with an exposed area of 1.5 × 1.5 cm2. Pt wire (Aldrich)
and KCl–saturated Ag/AgCl were used as the counter and
reference electrodes, respectively. The electrolyte was composed
of 100µM ZnCl2 (Aldrich) in deionized water and set at
40◦C. The pH and conductivity of the electrolyte were 5.5
and 24 µS/cm, respectively. In the potentiodynamic mode, the
reduction potential (VR) and oxidation potential (VO) were
set to be −8V and +0.5V. The duty and frequency of the
potentiodynamic mode were 50% and 1Hz, respectively. For
the deposition of Ni nanoparticles on the surface of ZnO NRs,
we conducted electroless Ni plating in an aqueous solution of
95mM NiSO4·6H2O and 284mM NaPH2O2. The pH value
of the solution was set to be 6.0 by adding 21.9mM NaOH.
Commercial sPVDF (Kynar HSV 900) nanoparticles were used.
The sPVDF nanoparticles were dispersed in 15 wt% acetone and
several spin-coatings were conducted until they were completely
infiltrated between the NRs.

Structural Characterization
Afield emission scanning electronmicroscope (FE–SEM,Hitachi
S−4800) was employed for the morphological characterization
of the samples. The crystal structures and components of the
ZnO nanostructures were analyzed using x-ray diffraction (XRD,

Cu–K, Rigaku D/max–B), field emission transmission electron
microscope (FE–TEM, FEI Tecnai F30), and energy dispersive
x-ray spectrometry (EDS, EDAX Genesis XM4).

Measurement of
Electrochemical Properties
The electrochemical properties of the ZnO nanostructures as
an LIB anode were investigated using a CR2032 coin cell. Li
metal foil was used as a counter electrode and the separator was
microporous polyethylene (Celgard 2400). The electrolyte was a
1 mol/L LiPF6 in a 1:1 (v/v ratio) mixture of ethylene carbonate
and diethyl carbonate (Techno Semichem Co.). Galvanostatic
charge-discharge tests were carried out using an automatic
battery test system (Wonatech Co., WBCS3000S) in the voltage
window of 0.05–2.4V (vs. Li/Li+) with a rate of 0.5 C. The
cyclic voltammetry (CV) measurement was conducted at a rate
of 1 mV/s. The electrochemical impedance spectrometry (EIS)
measurement was carried out with a range of 0.1Hz to 100 kHz.

RESULTS AND DISCUSSIONS

Figure 1 shows the morphological and crystal structure
characterization of the ZnO NRs and the Ni nanoparticle-
decorated ZnO NRs. Short ZnO NRs (less than 500 nm in length
and 200 nm in diameter) were densely grown on Cu substrates,
and then long ZnO NRs (more than 10µm in length and 800 nm
in diameter) were sparsely grown, as shown in Figure 1A. Sharp
ZnO NRs were grown, with an apex on top (Qiu et al., 2011;
Spitsina and Kahrizi, 2012). This might suggest that the growth
of the ZnO NRs was caused by electric field enhancement in
the dilute electrolyte (Elias et al., 2008). The possible reactions
during the electrodeposition of ZnO NRs in the acidic electrolyte
can be described, as follows (Qiu et al., 2011; Spitsina and
Kahrizi, 2012):

O2 + 2H2O+ 4e− → 4OH− (1)

Zn2+ + 2OH−
→ Zn(OH)2 (2)

Zn(OH)2 → ZnO+H2O (3)

According to Equation (1), water decomposition generates
hydroxyl ions (OH−) near the cathode, where an alkaline state
is locally formed (Manzano et al., 2013). Zn cations in the
electrolyte react with hydroxyl ions, and zinc hydroxide is
formed following Equation (2). Subsequently, the zinc hydroxide
undergoes a dehydration process, as shown in Equation (3). This
might be ascribed to the high electric field in the dilute electrolyte,
which is similar to the previous result, which found that Cu2O
nanorods grew in a dilute acidic electrolyte of copper sulfate
(Shin et al., 2014).

The ZnO NRs had a hexagonal crystal structure (JCPDS
# 36-1451) and grew in the longitudinal <002> direction, as
indexed in the TEM analyses shown in Figure 1B. The preferred
growth of the ZnO NRs was confirmed by XRD analyses, which
indicated that the (002) peak was the strongest (see supporting
information, Figure S1). Figure 1C shows that Ni nanoparticles
(20–50 nm in size) marked by red arrows have formed on the
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FIGURE 1 | (A) Cross-sectional SEM image of the ZnO NRs grown on Cu foil, (B) SAED (Selected Area Electron Diffraction) pattern of the position marked in the inset

of a single ZnO nanorod, (C) BF (bright field) TEM image of Ni-decorated ZnO NR (The right inset indicates the FFT (Fast Fourier Transform) pattern of a Ni

nanoparticle, corresponding to the red-dashed position in the left inset TEM image, on the surface of a ZnO NR.) (D) BFTEM image and EDS mappings according to

the compositional elements Ni, Zn, and O on the surface of Ni-coated ZnO NRs.

surface of the ZnO NRs, obtained from the EDS mapping
analyses in Figure 1D. XRD peaks were not observed for the Ni
phase due to the small amount of Ni nanoparticles (Figure S1).
However, the TEM analyses of the Ni nanoparticle shown in the
inset of Figure 1C was indexed to have a face-centered cubic
crystal structure (JCPDS # 04-0850) and the Ni-decorated ZnO
NRs had identical crystal structures. The electroless deposition of
Ni nanoparticles by hypophosphite reduction in nickel sulfate is
represented as follows (Iniewski, 2011).

Ni2+ +H2PO2− +H2O → Ni+ 2H+
+H(HPO3)

− (4)

The ZnO NRs directly grown on Cu foil were then
electrochemically evaluated as an anode in an LIB. Four
kinds of anodes were prepared, for comparison, i.e., as-prepared
ZnO NRs, ZnO NRs embedded in PVDF film, sPVDF-infiltrated
ZnO NRs, and sPVDF-infiltrated ZnO NRs decorated with
Ni nanoparticles, respectively, as shown in Figures 2A–D.
The typical top-view SEM images of ZnO NRs in PVDF film
and ZnO NRs in sPVDF particles are shown in Figures 2E,F,
respectively. The ZnO NRs were fully embedded in the PVDF
film, as shown in Figure 2E, while the sPVDF particles were
densely packed between ZnO NRs by several spin-coatings, as

shown in Figure 2F. As shown in the inset of Figure 2F, the ZnO
NRs were surrounded by the sPVDF particles with an average
size of 150 nm.

Figure 3 shows the discharge-charge voltage profiles of the
four ZnO NRs samples obtained between 0.05 and 2.4V (vs.
Li/Li+) at the rate of 0.5 C. According to previous studies (Zhang
et al., 2007; Huang et al., 2011; Laurenti et al., 2015), the
electrochemical Li-storage mechanism of ZnO is composed of
two reversible reactions, as noted below.

ZnO+ 2Li+ + 2e− ↔ Zn+ Li2O (5)

Zn+ xLi+ + xe− ↔ LixZn (x≤1) (6)

The behavior of the voltage profiles of the four ZnO NRs
anodes was similar. The 1st discharge curves of the four anodes
exhibited long voltage plateaus at 0.5 V, but the 1st charge curves
showed shorter plateaus at 1.4 V. It can be seen that the 1st
voltage profiles are somewhat irreversible due to the typical
characteristics of transition-metal oxides (Huang et al., 2014b).
In particular, the sPVDF-infiltrated ZnO NRs and the sPVDF-
infiltrated ZnO NRs decorated with Ni nanoparticles exhibited
1st discharge capacities of 1,459 and 1,902 mAh/g, which are
higher than the theoretical value of ZnO (978mAh/g). The excess
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FIGURE 2 | Schematic diagrams of (A) as-prepared ZnO NRs, (B) ZnO NRs embedded in PVDF film, (C) sPVDF-infiltrated ZnO NRs, and (D) sPVDF-infiltrated ZnO

NRs decorated with Ni nanoparticles. The top-view SEM image of (E) ZnO NRs in PVDF film and (F) sPVDF-infiltrated ZnO NRs.

capacities are caused by the formation of irreversible Li2O and
a solution electrolyte interface (SEI) layer, as well as electrolyte
decomposition in the low potential window (Zhang et al., 2007;
Huang et al., 2014b; Shen andWang, 2015). After the 2nd voltage
profiles, the reactions of the four anodes became more reversible.
And the plateaus on the voltage profiles coincided with the peaks
in the CV curves.

Figure S2A shows the CV curves of sPVDF-infiltrated ZnO
NRs between 0.05 and 2.4V (vs. Li/Li+) at a scan rate of 1 mV/s.
In the 1st cathodic reaction, there is only one peak below 0.3V
due to the irreversible reaction. For the 2nd and 5th cycles, the
CV curves indicate a more reversible electrode reaction since
the curves almost coincide in shape. The CV curves also exhibit
typical reduction and oxidation peaks, indicating the Li-storage
mechanism of ZnO. In the cathodic curve, the reduction peaks
in the potential range of 0–0.7V correspond to the formation
of Li-Zn alloy and a solid electrolyte interphase (SEI) layer as
well as the reduction of ZnO to Zn, yielding Li2O. In the anodic
curve, the oxidation peaks in the potential range below 0.8V are
related to the multi-step dealloying of the Li-Zn alloy. And the
strong broad oxidation peak located near 1.5 V is associated with
the decomposition of Li2O (Zhang et al., 2007; Ahmad et al.,
2011; Huang et al., 2014a; Xie et al., 2015). The CV curve of
the sPVDF-infiltrated ZnO NRs is quite similar to those of the
as-prepared ZnO NRs and ZnO NRs embedded in PVDF film
as shown in Figure S2B. And the CV curve for the sPVDF-
infiltrated ZnO NRs decorated with Ni nanoparticles showed
a higher current intensity near 0.5V of the cathodic peak and
1.5V of the anodic peak. It may be possible to improve the
oxidation-reduction reaction of the Li-Zn alloy as well as the
reduction of Li2O, by using Ni as a catalyst, affecting the capacity
(Zhang et al., 2007; Ahmad et al., 2011; Huang et al., 2014a;
Xie et al., 2015).

The long-term cycling performance of the four ZnO NRs
samples was measured at the rate of 0.5 C for 100 cycles, as shown
in Figure 4Ai. For the as-prepared ZnONRs, the specific capacity
drastically decreased after 40 cycles, and the poor discharge
capacity retention of 36 mAh/g was observed after 100 cycles.

Since the reactions are accompanied by the huge theoretical
volume change of∼228%, the volume change-driven mechanical
stress tends to deteriorate the anode (Figure S3A) (Xie et al.,
2015). To suppress the disintegration of the ZnO NRs, the PVDF
film was used to fill the gap between the ZnO NRs as a binder.
In Figure 4Aii, the ZnO NRs embedded in the PVDF film show
more stable cycling behavior as a result. However, the maximum
discharge capacity value of the ZnO NRs embedded in the PVDF
film was about 44% lower than that of the as-prepared ZnO
NRs. It is noted that the PVDF, which completely surrounds the
ZnO NRs, suppresses the volume expansion of the ZnO NRs
caused by lithiation process, and interferes with the diffusion
of Li ions between the ZnO NRs and electrolyte during the
charge/discharge processes. Figure S3B and Figure 2E show that
the PVDF filmwith embedded ZnONRs retained its initial shape,
even after 100 cycles.

As shown in Figure 4Aiii, spherical nanoparticles of PVDF
(sPVDF) were infiltrated between the ZnO NRs to facilitate the
diffusion of Li ions and to allow greater volume expansion, i.e.,
more electrochemical capacity caused by the lithiation process.
Figure 4Aiii shows that the sPVDF-infiltrated ZnO NRs had
an average specific capacity of around 406 mAh/g, which is
two times higher than that of the ZnO NRs embedded in the
PVDF film.

In addition, the 2nd discharge capacity of the sPVDF-
infiltrated ZnO NRs was 143 mAh/g higher than that (about
589 mAh/g) of the as-prepared ZnO NRs. This result might be
explained if the free-volume formed by the sPVDF contributed
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FIGURE 3 | The discharge-charge voltage profiles between 0.05 and 2.4 V of (A) as-prepared ZnO NRs, (B) ZnO NRs embedded in PVDF film, (C) sPVDF-infiltrated

ZnO NRs, and (D) sPVDF-infiltrated ZnO NRs decorated with Ni nanoparticles.

FIGURE 4 | (A) Cycling performance of (i) as-prepared ZnO NRs, (ii) ZnO NRs embedded in PVDF film, (iii) sPVDF-infiltrated ZnO NRs, and (iv) sPVDF-infiltrated ZnO

NRs decorated with Ni nanoparticles over 100 cycles at 0.5C. (The solid and open symbols indicate charge and discharge capacities, respectively). (B) Rate

capability of (iv) sPVDF-infiltrated ZnO NRs decorated with Ni nanoparticles.

FIGURE 5 | Nyquist plots of the cell with the (i) as-prepared ZnO NRs, (ii) ZnO NRs embedded in PVDF film, (iii) sPVDF-infiltrated ZnO NRs, and (iv) sPVDF-infiltrated

ZnO NRs decorated with Ni nanoparticles at the end of the (A) 10th, (B) 30th, and (C) 50th charge cycles.
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to the fast intercalation and de-intercalation of Li+ ions between
the electrolyte and the ZnO NRs (Gowda et al., 2011). After
100 cycles, the specific capacity of the sPVDF-infiltrated ZnO
NRs was two times higher than that of the ZnO NRs embedded
in the PVDF film and eight times higher than that of the as-
prepared ZnO NRs. It is supposed that the close-packed sPVDF
acted as a binder and effectively prevented the delamination
of the ZnO NRs from the Cu foil as shown in Figure S3C.
Figures S3D,E show SEM images of the interface between
the ZnO NRs and Cu foil before and after the 100 cycles
of the sPVDF-infiltrated ZnO NRs. This indicates that the
ZnO NRs were well-preserved in the initial structure without
delamination after the 100 cycling charge-discharge process.
This confirms that the close-packed sPVDF-infiltrated ZnO
NRs are an effective structure for accommodating the strains
caused by the electrochemical processes, and simultaneously
allow enhanced electrochemical performances.

Figure 4Aiv shows the specific capacity of the sPVDF-
infiltrated ZnO NRs decorated with Ni nanoparticles. The
average specific capacity for 100 cycles was about 595 mAh/g,
1.5 times higher than that of the sPVDF-infiltrated ZnO NRs.
And the discharge capacity at the 2nd cycle increased more than
20 %, compared to that of the sPVDF-infiltrated ZnO NRs. This
indicates that the decoration of Ni nanoparticles improved the
electrochemical performance of the ZnONRs (Zhang et al., 2007;
Xie et al., 2015).

Figure 4B shows the rate capability of the sPVDF-infiltrated
ZnONRs decorated with Ni nanoparticles. The average discharge
capacities at the rates of 0.1, 0.5, 1, 2, 5, and 10C are 1,280,
619, 490, 417, 295, and 202 mAh/g, respectively. The capacity
gradually decreases at 0.1 and 0.5 C. However, when the c-rate
returns back to 0.1 C from 10C, this anode showed a recovered
capacity up to 782 mAh/g and the high coulomb efficiency of
98%, indicating the good stability. At high rates of 1, 2, 5, and
10C, this anode has high capacity compared to the previous
studies, and good cycle characteristics for the fast discharge-
charge feature (Pan et al., 2010; Ahmad et al., 2011; Gowda et al.,
2011; Laurenti et al., 2015).

Figure 5 shows the Nyquist plots of the four ZnO NRs at
the end of the 10, 30, and 50th charge cycles, respectively. The
solution resistance (Rs) and the charge transfer resistance (Rct)
were estimated by a semicircle in the high-to-medium region
and by a simple equivalent circuit model. The four ZnO NRs
samples had similar Rs values, in the range of 2–4Ω , regardless
of the charge cycles. The sPVDF-infiltrated ZnO NRs decorated
with Ni nanoparticles and the as-prepared ZnO NRs exhibited
an Rct value (22 and 33Ω) at the 10th charge cycle, which was
much smaller than that those (105 and 100Ω) of the sPVDF-
infiltrated ZnO NRs, and the ZnO NRs embedded in PVDF
film. With the increase of the charge cycles, the Rct values of
the sPVDF-infiltrated ZnO NRs and the ZnO NRs embedded
in PVDF film increased to 178 and 205Ω in the 30th cycle,
reaching 221 and 234Ω in the 50th cycle, respectively. And
the Rct value of the as-prepared ZnO NRs slightly increased to
79Ω in the 30th cycle and reached 200Ω in the 50th cycle,
similar to the Rct values of the sPVDF-infiltrated ZnO NRs and

the ZnO NRs embedded in PVDF film. Even though the Rct

values of the sPVDF-infiltrated ZnO NRs decorated with Ni
nanoparticles slightly increased with the charge cycling, it had a
much lower Rct than the others. This suggests that the presence of
Ni nanoparticles increased the electrical conductivity of the ZnO
NRs as an active material, and facilitated a faster kinetics process
toward the formation/decomposition of Li2O, thus leading to
high specific capacity (Zhang et al., 2007; Liu et al., 2009;
Huang et al., 2014b).

CONCLUSIONS

In summary, we successfully synthesized ZnO NRs decorated
with Ni nanoparticles using a template-free electrochemical
deposition and subsequent galvanic reaction. The specific
electrochemical capacities of the four specimens, i.e., as-
prepared ZnO NRs, ZnO NRs embedded in PVDF film,
sPVDF-infiltrated ZnO NRs, and sPVDF-infiltrated ZnO NRs
decorated with Ni nanoparticles, were evaluated as anodes
for LIB, respectively. The close-packed sPVDF infiltrated
between the ZnO NRs, as well as the Ni nanoparticles
decorated on the ZnO NR surface, led to the simultaneous
enhancement of electrochemical capacity and cyclability as
an anode material. The free-volume formed by the sPVDF
contributed to accommodation of the strain induced by the
fast intercalation/de-intercalation of Li+ ions. And the Ni
nanoparticles deposited on the surface of the ZnO NRs
both increased electrical conductivity, and facilitated a faster
kinetics in the process of the formation/decomposition of
Li2O. The present results are expected to contribute to the
enhancement of the electrochemical performance of other metal
oxide nanostructures.
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The electrodeposition of Fe–Co–W alloys was examined using a rotating cylinder

Hull (RCH) cell and conditions were determined to create nanowires. The metal ion

reduction mechanism was a combination of induced and anomalous codeposition, with

water reduction as a gas evolving side reaction, rending deposition into recesses a

challenge. In thin film deposition, under kinetic control, the addition of Fe ions into

the electrolyte, greatly reduced the Co partial current density, and thus it’s content in

the deposit. The change of Co partial current density was attributed to an anomalous

codeposition behavior, but it had a minimal effect in changing the W wt% in the

deposit, despite the expected inducing characteristic of Fe when codeposited with

tungsten. Deposition conditions were determined to electrodeposit Fe–Co–W nanowires

having similar concentration as the thin films. Nanowires were electrodeposited into

polycarbonate membranes under pulsed current at room temperature.

Keywords: tungsten alloy, nanowires, electrodeposition, induced codeposition, Fe-Co-W

INTRODUCTION

The reduction of tungsten ions is of fundamental interest due to its unique reduction behavior
in aqueous electrolytes. Without an inducing element, such as Ni, Co, and Fe, the reduction
of tungsten ions to W metal does not occur. This behavior has been referred to as induced
codeposition by Brenner (Brenner, 1963), and has been characterized for Ni-W, Co-W, Fe-W
electrodeposition as reviewed by Fukushima et al. (1979), Eliaz and Gileadi (2008), and Tsyntsaru
et al. (2012). The inducing elements, Ni, Co, and Fe, when codeposited together from aqueous
electrolytes exhibit another type of reduction behavior described as anomalous codeposition. As
similarly mentioned by Brenner and others (Dahms and Croll, 1955; Hessami and Tobias, 1989;
Gangasingh and Talbot, 1991; Grande and Talbot, 1993; Matlosz, 1993; Sasaki and Talbot, 1995;
Zech et al., 1999a) the less noble alloy component in the electrolyte (e.g., Fe, in NiFe) can inhibit
the more noble alloy component rate (e.g., Ni, in NiFe). Both of these electrodeposition behaviors,
induced and anomalous codeposition, make it difficult to predict the deposit concentration of
the alloy a prior, and a mixture of the two systems adds another level of complexity. This
paper examines such a mixed behavior case, Fe-Co-W, having features of both induced and
anomalous codeposition.

The first electrodeposited Fe–Co–W alloys from citrate electrolytes was presented by Brenner
et al. (1947). Their parametric study showed that the tungsten content of the deposit slightly
increased with an increase of iron in the electrolyte, at a given current density. When the electrolyte

82
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FIGURE 1 | RCE polarization curves of (A) Co–W and (B) Fe–Co–W alloys at two temperatures 23 and 60◦C, and two rotation rates 300 and 600 rpm. The surface of

the electrode was a pretreated deposit of (A) Co–W and (B) Fe–Co–W, respectively, at the start of polarization.

TABLE 1 | Estimated Wagner numbers.

Electrolyte T, ◦C κ , S/cm Slopes from

Figure 1 (V•cm2/A)

Wa

300 rpm 600 rpm 300 rpm 600 rpm

CoW 23 0.0564 4.1 4.7 0.029 0.033

60 0.0665 3.7 3.9 0.030 0.032

FeCoW 23 0.063 3.2 3.0 0.025 0.023

60 0.0846 3.3 4.8 0.035 0.050

contained a high concentration of iron ions (0.45M) there was
a change in the Co and Fe deposit concentration with applied
cathodic current density but the W content remained constant
at 17 wt%. However, with a lower concentration of iron ions in
the electrolyte (0.09M) the Co, Fe, and W deposit concentration
was insensitive to changes in applied current density. Although
the induced codeposition behavior was recognized over 50 years
ago (Brenner, 1963), the mechanism is still not well-understood.
Molybdenum ion reduction falls under the same category as
tungsten and similarly, cannot be reduced to an appreciable
extent without the iron-group elements. Podlaha and Landolt
(1996) and Podlaha and Landolt (1997) have noted that if
the metal ions that induce molybdate reduction is in excess,
the Mo metal reaction rate is insensitive to the rate of the
codepositing inducing elements, such as nickel ions or complexed
nickel species, In other words, the Mo reduction rate would
appear decoupled. In the opposite case, if the reluctant metal
ions, such as molybdate ions, in the electrolyte are in excess
compared to the ions needed to induce them, then the rate
follows that of the inducing element. They showed that when
the nickel concentration is under a mass transport control the
molybdenum reduction rate also can show behavior associated
with mass transfer even though its concentration is in great

excess, thus, mimicking the nickel rate. The coupled reaction
rate was attributed to a mixed-metal intermediate that adsorbs
at the electrode surface. The coupled nature of the tungstate
ion with nickel ion reduction has also been observed by Eliaz
and Gileadi (2007) and Eliaz and Gileadi (2008). They however
suggest that the mixed-metal intermediate is a soluble species
in the electrolyte, rather than an adsorbed one. Either approach
can predict a coupled kinetic and coupled kinetic-transport
behavior. Belevskii et al. (2010) examined Co-W codeposition
with electrochemical impedance spectroscopy and the results
were consistent with the occurrence of slow adsorption processes.
Sun et al. (2013) examined the ternary electrodeposition of Ni-
Mo-W, and found that the reaction orders of the nickel and
tungsten reduction with molybdate electrolyte concentration
have a negative reaction order, thus their rates decrease, as
molybdate is added to the electrolyte. The reaction order was
found to be consistent with a model that includes an adsorbed
intermediate and where the inducing species is not the nickel ion,
but rather an adsorbed nickel intermediate.

Models of anomalous codeposition of iron-group metals,
without W or Mo, are grounded on a reaction mechanism that
includes chemical equilibria of monohydroxide species and their
adsorbed intermediates that can block co-reducing elements
(Hessami and Tobias, 1989; Gangasingh and Talbot, 1991;
Grande and Talbot, 1993; Sasaki and Talbot, 1995). Adsorption
models were first developed with the Ni–Fe system, where
Fe inhibits the Ni reaction rate (Matlosz, 1993; Zech et al.,
1999a,b), including a consistency with EIS behavior (Baker and
West, 1997). In a similar manner, the inhibition of Co by Fe,
during Co–Fe co-deposition has been reported (Zech et al., 1998,
1999a,b).

The goal of this work is to examine the effect of Fe on Co–
W reduction from a neutral citrate-borate electrolyte in order to
better understanding the different reduction mechanisms and to
apply the results to develop alloy nanowires of these elements.
This work is motivated in part by the known enhancement of
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FIGURE 2 | Concentration of (A,B) Co and (C,D) W in Co–W and Fe–Co–W alloy films at two different temperatures 23 and 60◦C, and at an electrode rotation rate of

300 rpm.

hardness and corrosion resistance by adding W to Co, as Co–
W alloys (Hamid, 2003; Tsyntsaru et al., 2008, 2009; Weston
et al., 2009), and with Co-W-Fe alloys (Capel et al., 2003).
Recently, Fe–Co–W cathodes have been shown to be promising
candidates as electrocatalyst for the hydrogen evolution reaction
(HER) for alkaline electrolyzers (Ramesh et al., 1998). To address
and determine the metal deposition reaction rates a rotating
cylinderHull (RCH)was employed that has a current distribution
along its length to electrodeposit thin films over a large current
density range under controlled hydrodynamic conditions. The
local current density-potential relations were inferred from linear
sweep polarization data using rotating cylinder electrodes with
uniform current distribution. Results developed for thin film
alloy deposition are then used to electrodeposit Co-W and Fe–
Co–W nanowires. This work is the first demonstration of Fe–
Co–W nanowires, and that adding Fe to Co-W deposits by
electrodeposition is dominated by the anomalous codeposition
behavior with Co serving to induce tungsten ions to reduce to
Wmetal.

MATERIALS AND METHODS

Co–W and Fe–Co–W thin films and nanowires were
electrodeposited from an ammonia free electrolyte, based on the

electrolyte presented by Tsyntsaru et al. (2008) including citrate
and boric acid. Since citrate species can complex both Co and Fe,
the quantity of citrate was increased in proportion to the addition
of Fe ions in the electrolyte. The Fe-Co-W and Co-W electrolyte
concentrations were (1) FeSO4−0.2M; CoSO4−0.2M;
Na2WO4−0.2M; C6H8O7−0.08M; Na3C6H5O7−0.5M;
H3BO3−1.3M and (2) CoSO4−0.2M; Na2WO4−0.2M;
C6H8O7−0.04M; Na3C6H5O7−0.25M; H3BO3−0.65M. The
pH was adjusted to 6.7 by the addition of NaOH or H2SO4.
The electrolyte temperature was 23 and 60◦C controlled
by a water bath. The conductivity was measured with an
Oakton conductivity meter and probe and calibrated with
conductivity standards. Two values of the cathode rotation
rate, 300 and 600 rpm, were used and the deposition time
was 25min. The average cathodic current density was 32
mA/cm2. The tungsten alloy films were deposited using a
rotating cylinder Hull Cell (RCHC), (Autolab HT Rota-
Hull R©, Eco–Chemie B.V., Utrecht, Netherlands) with a
varying current distribution along the electrode length. In
this configuration, the cathode is surrounded by a plastic
insulator open at the bottom edge where the anode is located.
Mechanically polished, chemically cleaned brass cylindrical
rods were used as a working electrode with 0.6 cm diameter,
and 12 cm total length, with 8.1 cm length exposed to the
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FIGURE 3 | Concentration of (A,B) Co and (C,D) W in Co–W and Fe–Co–W alloy films at two different temperatures 23 and 60◦C, and at an electrode rotation rate of

600 rpm.

FIGURE 4 | Fe concentration in Fe–Co–W alloy films at two different temperatures 23 and 60◦C, and at an electrode rotation rate of (A) 300 and (B) 600 rpm.
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FIGURE 5 | Current efficiency for (A,B) Co–W and (C,D) Fe–Co–W deposits at two temperatures 23 and 60◦C, and at an electrode rotation rates of 300 and 600 rpm.

electrolyte. The surface area of the cylinder electrode was
15.3 cm2. The anode was an electrodeposited gold film onto a
titanium mesh.

Polarization curves of electrodeposited Co–W and Fe–Co–
W were recorded using a Solartron 1287 Electrochemical
Interface and a Solartron 1255 Frequency Response
Analyzer in a three–electrode cell, with a gold covered
titanium mesh anode, a saturated calomel electrode (SCE)
reference, and a brass rod working cylindrical electrode.
The working electrode was rotated using a controller
(Pine Instrument Company, model AFMSRCE); the
rotation rates were the same as that used by Autolab
HT Rota-Hull equipment. The potential scan rate
was 2 mV/s.

Before polarization, the working electrode surface
was pre-treated with a corresponding alloy deposit.
The pre-treatment included deposition of either Co–
W and Fe–Co–W alloys at temperature of 23 and 60◦C
for the respective polarization curves, and an electrode
rotation rate of 600 rpm, with a current density of 30
mA/cm2 for 30min. All potential values are presented

vs. a SCE electrode and corrected for ohmic drop by
impedance spectroscopy.

Co–W and Fe–Co–W nanowires were electrodeposited into
polycarbonate templates from Osmonics Inc. (100 nm stated
pore diameter, 6µm thickness). In order to provide an electrical
contact to the membrane a layer of gold was sputtered for 10min
(Anatech Inc., model #HummerTM 6.2) on the one side of the
template. The template with the sputtered Au layer was fixed in a
stationary holder.

Fabrication parameters were taken from the results obtained
for Co–W and Fe–Co–W thin films in order to achieve
nanowires. Co–W nanowires were deposited under −18mA
(exposed area of 2.24 cm2) pulse cathodic current, with an
applied pulse on– and off–time of 0.1 s. Fe–Co–W nanowires
were similarly deposited with an applied current of −20.3mA
(exposed area of 2.54 cm2). Deposition in both cases was carried
out at 23◦C. The bulk electrolyte was agitated using a stir
bar. After deposition of Co–W and Fe–Co–W nanowires, the
polycarbonate membranes with deposited alloys were dissolved
in dichloromethane, thus releasing Co–W and Fe–Co–W
nanowires into solution.
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FIGURE 6 | Partial current densities of (A,B) Co, (C,D) W, and (E) Fe in Co–W and Fe–Co–W electrolytes at 23◦C and at an electrode rotation rates of 300 and 600

rpm.

An energy dispersive X-ray fluorescence analyzer (XRF,
Omicron, Kevex) was used to analyze the deposit thickness and
concentration. Twenty eight equidistant points were measured
with a constant 0.28 cm increment along the electrode length.
The shape of Co–W and Fe–Co–W nanowires was examined
by transition electron microscopy (TEM) JEM-100CX operated
at 80 keV.

RESULTS AND DISCUSSION

Electrodeposition of Thin Films
Figure 1 presents the polarization curves for (a) Co–W and
(b) Fe–Co–W alloys obtained at 23 and 60◦C, and a rotation
rate of 300 and 600 rpm onto the RCE with a uniform current
distribution. The effect of temperature on the polarization curves
for both Co–W and Fe–Co–W codeposition increases the total
current density at a given potential. The Co–W and Fe–Co–
W polarization curves are slightly affected by rotation rates.
Increasing rotation rate leads to higher current density for any
temperature during Co–W codeposition. The addition of Fe
to the electrolyte increases the total current densities at more
positives potentials, but decreases at more negative potentials (E
< −1V) in the region where there is a large rate of hydrogen
evolution. In Fe–Co–W tertiary deposition at 23◦C there is little
change in the total current density with rotation rate suggesting a
kinetic control. However, at 60◦C, there is a significant change in

the total current density with rotation rate. In order to determine
which reaction contributes to the changes in the total current
density, the partial current densities were examined.

To determine the electrodeposition characteristics and partial

current densities occurring during the deposition of the Co–

W and Fe–Co–W alloys, knowledge of the current distribution

along the RCHC is required. A primary current distribution
adequately describes the current change along the electrode

length, if the Wagner number Wa =
κ∂E�∂i

L is considerably
less than one in the absence of mass transport. At small
Wagner numbers the primary current distribution can be used
to closely estimate the local current density along the rotating
cylinder electrode length. Table 1 summarizes the parameters
of the Wagner number, Wa. The solution conductivity, κ , was
measured for electrolytes at different temperatures and the
derivative of the potential with applied current density was
obtained from the slopes of the polarizations curves (Figure 1)
at the applied average current density (−32 mA/cm2). All of
the Wa numbers are an order of magnitude below one, thus
a primary current distribution is a valid approximation of
the local current density along the electrode length. The non-
linear current distribution along the electrode length for the
RCHC geometry is described by the expression by Madore
and Landolt (1993). The measured deposit concentrations at
different positions is then correlated to the corresponding
current densities. Additionally, with a measure of the total
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FIGURE 7 | Partial current densities (A,B) Co, (C,D) W, and (E) Fe in Co–W and Fe–Co–W electrolytes at 60◦C and at an electrode rotation rates of 300 and 600 rpm.

FIGURE 8 | Partial current densities of the side reaction for (A) Co–W and (B) Fe–Co–W deposition at two different temperatures of 23 and 60◦C, and at electrode

rotation rates of 300 and 600 rpm.

polarization with potential, the local current density at
each point along the electrode corresponds to a working
electrode potential.

The resulting deposit concentrations (Figures 2–4) for
both Co–W and Fe–Co–W electrolytes on the RCHC were
galvanostatically deposited at two temperatures, 23 and 60◦C,
and two rotation rates of 300 and 600 rpm. The deposit Co

concentration when the electrode rotation rate was 300 rpm are
shown in Figures 2A,B and at 600 rpm in Figures 3A,B with and
without the addition of Fe to the electrolyte. In all cases, there is
a dramatic decrease in the Co deposit content with the addition
of Fe to the electrolyte and in the alloy. The largest change of Co
wt% in the deposit occurs at the low temperature. For example,
at 23◦C and at cathodic current densities >40 mA/cm2 the Co
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TABLE 2 | Tafel constants (mV/decade) at 23◦C.

Potential range, V Thin film Co W Fe

−0.8 to −0.85V Co–W 75 45 –

−1.0 to −1.1 V Fe–Co–W 109 74 70

wt% is ∼65 wt% when no Fe is present, but when the Fe is
added, the Co wt% in this range plummets to 5 wt%. In contrast,
there is very little change of the W deposit concentration with Fe
addition. Figures 2C,D and Figures 3C,D present the W wt% in
the deposit with and without Fe, at 300 and 600 rpm, respectively.
The W wt% in the Co–W and Fe–Co–W alloy films slightly rises
with an increase of current density and then remains relatively
constant, similar to Co. Comparing Figures 2, 3, the effect of
rotation rate does not significantly change the W wt%, however
there is a change in the Co wt% with rotation rate only at the
higher temperature when Fe is codeposited. The content of Co at
60◦C in Fe–Co–W thin films strongly decreases with an increase
in rotation rate. The Fe wt% in the Fe–Co–W alloy is presented in
Figure 4 at (a) 300 rpm and (b) 600 rpm for both temperatures.
The Fe wt% is strongly affected by temperature at 300 rpm, but
less so at 600 rpm, with a decreasing Fe wt% in the deposit with an
increase in temperature. The highest Fe wt% in the ternary alloys
is observed at 23◦C at both 300 and 600 rpm. At 60◦C, more
Fe is found in the deposit with higher rotation rate, indicating
a transport effect.

The current efficiency is shown in Figure 5. The current
efficiency sharply decreases with an increase of current density
for Co–W. There is a slight improvement of current efficiency
for Co–W deposition at the higher temperature (60◦C) and
higher rotation rate (600 rpm). The current efficiency for Fe–
Co–W ternary deposition is significantly lower and increases as
the current density is increased, reaches a maximum, and then
decreases as expected from the onset of the water reduction side
reaction. In all cases with the addition of Fe, the current efficiency
for Fe–Co–W deposition does not exceed more than 30%.

Figures 2–5 show that the deposit concentration and current
efficiency is not sensitive to the change in rotation rate at low
temperature (23◦C) and in this region kinetic information can
be obtained. However, at the high temperature, there is a mass
transport contribution. In an effort to better understand the
coupled reaction behavior the partial current densities were
determined and expressed as a function of potential. Figures 6–8
show the calculated partial current densities of cobalt, tungsten,
iron (Figures 6, 7) and the side reaction (Figure 8) from Co–
W and Fe–Co–W electrolytes estimated from the measured
concentration and thickness data. The potential scale was
interpolated from the polarization curves (Figure 1) assuming
a primary current distribution at different temperatures and
rotation rates. The codepositing Fe considerably inhibits the
partial current densities of Co, as evident by comparing
Figures 6A,B, at 23◦C, and Figures 7A,B at 60◦C. Moreover,
the tungsten partial current density is also slightly decreased in
the presence of Fe. Thus, the observed decrease in the Co wt%
in the ternary alloy, when iron is codeposited, is due to the
much larger decrease of the Co partial current density compared

FIGURE 9 | Typical E-t dependence for (A) Co–W and (B) Fe–Co–W nanowire

deposition reflecting nanowire growth into the pores of polycarbonate

membrane at 23◦C.

to the W partial current density. Inhibiting reduction rates by
Fe have been observed in other binary systems, including Co–
Fe (Zech et al., 1998, 1999a,b), and has been described by a
preferential adsorption of Fe intermediate species that reduces
the electrode surface area for Co adsorbed intermediates (Zech
et al., 1999b). Interestingly, despite the increase of another
inducing species, Fe(II), there is no increase in the tungsten rate,
indicating a limiting inducing behavior. The equimolar Co:W
ions in the electrolyte before the addition of Fe creates a limiting
condition for the tungsten ion reduction. Thus, there is no further
increase in the tungsten metal rate with the additional Fe(II)
inducing species. The partial current densities of both Co andW,
irrespective of temperature, follow a similar potential behavior
and are parallel, further reflecting a coupled effect. This mirrored
partial current density of W by Co is similar to what has been
observed with Ni-Mo, another induced codeposition system by
Podlaha and Landolt (1996) and Podlaha and Landolt (1997),
when there is an excess of molybdate in the electrolyte.

At room temperature, the partial current densities in the Co–
W electrolyte (Figures 6A,C) are not largely affected by rotation
rate, until the potential is more negative than −0.95V. In the
Co-W-Fe electrolyte (Figures 6B,D), all three metal reduction
partial current densities, Co, W, and Fe are not at all affected by
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FIGURE 10 | TEM images of (A) Fe–Co–W and (B) Co–W nanowires.

Fe–Co–W and Co–W nanowires were deposited under −20.32mA (S = 2.54

cm2) and −18mA (S = 2.25 cm2) pulse cathodic current density, respectively,

with on– and off–time ton = toff = 0.1 s.

rotation rate and are in the kinetic region. The Tafel constants
are listed in Table 2. There is a reduction of both the Co and
W inverse Tafel slopes with Fe(II) addition to the electrolyte,

or in other words, an increase of these Tafel slopes, ∼35%.
At high electrolyte temperature, 60◦C, there is a significant
mass transport component (Figure 7) in both electrolyte systems
and thus kinetic parameters cannot be assessed. The transport
effect in Co-W is apparent with the partial current densities of
both Co and W increasing with a higher rotation rate, and a
limiting current density is observed. However, with the addition
of Fe(II), the Co, and W partial current densities decrease at
a higher rotation rate, and do not exhibit a unique transport
controlled limiting current density. This behavior may be due to
the larger inhibiting effect imparted by iron on the Co and W
reduction rates.

The side reaction partial current densities for Co–W and
Fe–Co–W alloy depositions are shown in Figure 8 for the
two different temperatures and rotation rates. During Co–
W deposition the partial current densities of side reaction
(Figure 8A) are nearly the same under all deposition conditions.
For Fe–Co–W deposition (Figure 8B) there is a more significant
change in the current density with temperature, but the
magnitude of the side reaction is similar to Co-W. Thus, the
large decrease in the current efficiency shown in Figure 5 is due
to the reduced metal rates, and not an enhanced side reaction.
In both cases the side reaction is dominated by water reduction
and changes observed in its reaction rate may be reflective of
the deposit concentration and local pH changes that occur at the
electrode surface.

Electrodeposition of Nanowires
In the electrodeposition of nanowires of non-noble elements
when using a template approach, there are two challenges to
consider: i. gas bubbles that are generated from the side reaction
blocking the nanopore and ii. mass transport influences of
the metal reaction rates that can lead to deposit concentration
gradients due to the changing boundary layer on account of
the pore depth changing as the wires grow. Despite a higher,
favorable current efficiency at higher electrolyte temperature,
there is a noted transport influence. Therefore, to avoid
compositional gradients, Co–W and Fe–Co–W nanowires were
electrodeposited at the lower electrolyte temperature, 23◦C, to
promote deposition in the kinetic regime. Pulse deposition was
chosen over dc deposition in order to avoid a significant change
in the local pH due to the recessed geometry of the nanopore,
and to avoid hydrogen gas bubbles from blocking the pores. The
“on” current was −20.3mA for the Co–W with an “off” current
of zero, over an exposed area of 2.54 cm2, with the same “on”
and “off” times of 0.1 s. The same current normalized to the
planar area was used for the Fe–Co–W deposition with the same
pulse duration and duty cycle. The actual current density has
an uncertainty associated with it, as the porosity value is not
precisely known and is reported by themanufacturer to vary from
4 to 20%. The deposition was halted after the potential response
indicated that deposition reached the top of the membrane. For
example, Figure 9 shows the potential transient behavior during
Co–W and Fe–Co–W nanowire deposition into the nanoporous
membrane. Three distinct regions were observed. In the first
region, I, nucleation of the initial layer onto the gold substrate
occurs. In the second region deposition follows a kinetic control,
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and the nanowires grow in the membrane. Stage III corresponds
to the formation of a film that grows on top of the membrane,
as the wires reach the top of the pores and grow together. In the
case of Co–Wdeposition of nanowires (Figure 9A), three distinct
regions are clearly defined, for Fe–Co–W, with significantly lower
current efficiency, regions I and II (Figure 9B), are not as distinct
and the transient region is extended.

Released Co–W and Fe–Co–W nanowires are presented in
Figure 10 by inspection by TEM. The wire diameter varied in
the range approximately from 150 to 214 nm along the length
of nanowires. It was also observed that both the Co–W and Fe–
Co–W nanowires had variable lengths indicative of wires that
possibly broke when released from the membrane.

The average deposit concentration of Co, W and Fe in the
nanowires was measured. In the case of the Co–Wnanowires, the
obtained content of Co and W was 78 and 22 wt%, respectively.
This deposit concentration is similar to that obtained in Figure 2.
The content of the Fe–Co–W alloy nanowires was 7, 32, and
61 wt% for Co, W, and Fe, respectively, also similar to the
concentration of the thin films at low current density.

CONCLUSIONS

Regardless of the electrolyte temperature or rotation rate, the
addition of Fe ions into the electrolyte inhibited the Co partial
current density, and thus the Co content into the deposit. In
contrast, there was a weak effect of Fe ions on the W wt% in
the deposit, however, the W partial current density considerably
decreased at low current densities, despite the well-documented
inducing behavior of Fe on W co-reduction. Thus, the addition
of Fe ions to the electrolyte when the ratio of Co:W ions were 1:1

exhibited an anomalous codeposition behavior, inhibiting both
the Co and W metal deposition rates. The addition of Fe had
no effect in enhancing the W partial current densities. Guided
by the thin film results, conditions were selected to replicate the
thin film deposit concentration as nanowires, by applying a pulse
current at 23◦C.
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Nanostructuration is an intensive field of research due to the appearance of interesting

properties at the nanoscale. For instance, in thermoelectricity the most outstanding

improvements obtained lately are related to phenomena that appear as a result of

nano-engineering different materials. The thermoelectric effect is the direct conversion

from temperature gradients into electricity and vice versa. When going to low dimensions,

for example in the particular case of thermoelectric nanowires, the transport properties

of phonons are modified with respect to those found in bulk leading to a higher

thermoelectric figure of merit z. In more detail, this review tries to compile some of

the landmarks in the electrodeposition of Bi2Te3-based nanowires. We will focus on the

achievements using different templates, electrolytes and deposition modes. We will also

summarize the measurements performed in those nanowires and the main conclusions

that can be extracted from the published works. Finally, an update of nanowire-based

thermoelectric generators is also included.

Keywords: electrodeposition, Bi2Te3, nanowires, thermoelectric properties, Seebeck coefficient, electrical

conductivity, thermal conductivity, anodic aluminum oxide

INTRODUCTION

Thermoelectric materials have received significant attention in the last decades given that these
materials are able to transform a temperature gradient into electricity, and thus they provide a
sustainable source of electrical energy wherever a heat source can be found. The efficiency of these
materials depends on the figure of merit (z), which is given by the following equation:

z · T =
σ · S2

κ
· T, (1)

where T is the absolute temperature, σ is the electrical conductivity, S is the Seebeck coefficient and
κ is the thermal conductivity. The thermoelectric efficiency (η) is defined as:

η (%) = 100

(

TH−TC

TH

)
√
1+ z · T − 1

√
1+ z · T +

(

TH

TC

) , (2)

where TH is the temperature at the hot side and TC is the temperature on the cold side. Nowadays,
the main drawback that these materials present is a lower efficiency when compared with other
ways of obtaining electrical energy. In order to improve the efficiency of these materials, its figure
of merit has to be increased.

Nanostructuration is one of the approaches to increase the figure of merit in thermoelectric
materials (Dresselhaus et al., 2007; Martín-González et al., 2013; Ali et al., 2017; Chen et al., 2018;
Goktas et al., 2018; Swinkels and Zardo, 2018; Selvan et al., 2019). In this sense, nanowires are
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a great field of study to underline the physics behind the influence
of the nanostructuration on the improvement of the figure of
merit (Domínguez-Adame et al., 2019). One of the parameters
that is more influenced by nanostructuration is the lattice thermal
conductivity. This is due to the higher surface to volume ratio
that these structures present (Domínguez-Adame et al., 2019).
At the surface of the nanowires phonons are scattered, and this
produces a reduction of the lattice thermal conductivity. Taking
into account that the figure of merit is inversely proportional
to the thermal conductivity, a reduction of this parameter
produces an increase in the thermoelectric efficiency. Moreover,
the smaller the nanowire diameter, the larger the phonon
dispersion and, thus, the higher the thermoelectric figure of merit
(Borca-Tasciuc et al., 2004).

Some of the most studied thermoelectric materials are
Bismuth Telluride-based. Its best efficiency is around room
temperature. And, its ternary compounds are the ones most
used in commercially available devices. Bi2Te3-based materials,
apart from being the best thermoelectric for room temperature
applications, belong also to a class of quantum materials called

three-dimensional topological insulators (3D-TIs) (Hasan and
Kane, 2010; Qi and Zhang, 2011). This quantum form of matter

presents unique and topologically protected surface states (Zhang
H. et al., 2009; Zhang T. et al., 2009; Chen et al., 2012; Muñoz
Rojo et al., 2016); Apart from that, Bi2Te3 has a band gap of

0.15 eV (Greenaway and Harbeke, 1965); and a rhombohedral
structure with space group D5

3d
(R3m), although it can also be

described in hexagonal coordinates. The crystal structure has a
layered disposition with five atomic layers with covalent bonding
as the basic unit (cell), named as the quintuple layer (QL). The
bonding between the QLs is much weaker than the inter-layer
bonding since it is a van de Waals-type interaction. Due to this
crystallographic structure (see Figure 1), this material presents
high anisotropy in the electrical (Delves et al., 1961) and thermal
conductivities (Goldsmid, 1961; Tritt and Subramanian, 2006),
while the Seebeck coefficient is nearly isotropic (Rowe, 2012).

In more detail, the figure of merit of bulk single-crystalline
bismuth telluride in the direction parallel to the c-axis of the
structure was determined by Antonova et al. (Antonova and
Looman, 2005). Its zT//c is of 0.31, with Seebeck coefficient,
electrical conductivity, and thermal conductivity values of −240
µV/K, 0.02 (µ�·m)−1, and 1 W/m·K, respectively (Antonova
and Looman, 2005). Conversely, when the crystal structure was
oriented perpendicular to the c-axis, the values of the Seebeck
coefficient, electrical conductivity, and thermal conductivity were
−240 µV/K, 0.1 (µ�·m)−1, and 2.2 W/m·K, respectively, which
corresponds to a higher figure of merit of zT⊥c = 0.78 (Antonova
and Looman, 2005).

In the case of electrodeposited Bi2Te3 films, Martin-
Gonzalez’s group (Manzano et al., 2016a) reported the effect
of anisotropy in highly oriented [110] Bi2Te3 electrodeposited
films. The electrical conductivity perpendicular to the c-axis is
nearly five (4.8) times higher than the electrical conductivity
parallel the c-axis. The Seebeck coefficient perpendicular to the
c-axis is within the experimental uncertainty of the Seebeck
coefficient along the c-axis, indicating the electrodeposited film
is isotropic for this property. A two-fold increase from the

in-plane to out-of-plane thermal conductivity was observed.
From the measured in-plane and out-of-plane values at 300K,
figure of merits of zT//c = (5.6 ± 1.2)·10−2 and zT⊥c =

(10.4 ± 2.6)·10−2 are respectively rendered, which yields an
increase by a factor of 1.8 between the in-plane and out-of-plane
thermoelectric performances (Manzano et al., 2016a). Because
of this anisotropy, it is very important to achieve stoichiometric
nanowire arrays oriented along [110] direction to obtain the best
thermoelectric performance.

This review is focused on the efforts to obtain stoichiometric
nanowires with the proper orientation by electrodeposition and
their thermoelectric properties for the V-VI thermoelectric
compounds (Bi2Te3, Se-doped Bi-Te, Sb-doped Bi-
Te, and SbTe). We will analyze the influence of the
electrodeposition conditions on morphology, composition
and thermoelectric properties.

ELECTRODEPOSITION OF Bi2Te3
NANOWIRES

To obtain one-dimensional nanostructures, electrodeposition
has some advantages over other growth methods as this
technique enables obtaining high aspect-ratio structures, along
with a good control over the crystallographic structure and
the morphological properties. Moreover, it is cost effective and
scalable to industrial requirements. In general, previously to
the electrodeposition of nanowires, the electrodeposition of
films was optimized, in order to find the most appropriate
experimental parameters to obtain the desired composition,
orientation, morphology, etc. In the literature, different reviews
of electrodeposition thermoelectric films can be found (Xiao
et al., 2008; Boulanger, 2010; Rostek et al., 2015). Therefore,
in this work we will focus mainly on the electrodeposition
of nanowires.

The most studied solution to obtain bismuth telluride films
and nanowires is an aqueous solution of Bi3+, TeO2+, and
HNO3. The mechanism of electrodeposition using this solution
was investigated by Stacy group (Martín-González et al., 2002) in
detail. Based on the Pourbaix diagram developed in that work, it
can be seen the necessity for a strong acidic media to stabilize the
ionic species in solution.

In the specific case of electrochemically grown nanowires,
different templates can be used, which allow the production
of high-density nanowire arrays and, at the same time,
give them certain mechanical stability (Caballero-Calero and
Martín-González, 2016). The two most common templates to
obtain nanowires by electrodeposition are polycarbonate (PC)
and anodic aluminum oxide (AAO) membranes, being both
templates electrically insulating and robust.

Anodic aluminum oxide membranes (Masuda and Fukuda,
1995; Lee et al., 2006;Martín et al., 2012, 2013; Lee and Park, 2014;
Manzano et al., 2014, 2016b; Sousa et al., 2014) exhibit a higher
density of pores (up to 1010 pores/cm2) (Sander et al., 2003) and
can achieve template thicknesses of more than 100µm. These
membranes display hexagonal ordering perpendicular to the
surface and thermal conductivities of 1.07–1.32 W/m·K (Abad
et al., 2016a). In the case of polycarbonate membranes, they
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FIGURE 1 | (A) Crystal structure of bismuth telluride. The structure shows the five atomic layers stacked along the c-axis (quintuplet) separated by van der

Waals bonds. (B) The orientation of a Bi2Te3 electrodeposited film, which main diffraction peaks will be [110] related. As can be observed in this configuration the

quintuplets are perpendicular to the substrate and so the van der Walls bonds. Reproduced with permission from Manzano et al. (2016a). Copyright 2016 Scientific

Reports-Nature.

have lower pore density (∼108 pores/cm2) (Koukharenko et al.,
2008), so fewer nanowires can be fabricated at the same time.
These templates present lower thermal conductivity than AAO
(∼0.2 W/m·K) (Picht et al., 2012). It is important to stay at
this point that there is also the possibility of growing nanowires
without the necessity of a template, with techniques such as
decorating the step edge of a substrate, see for instance (Menke
et al., 2004). However, from now on we will only review the
state of the art in nanowires obtained by electrodeposition inside
a template.

There are different electrodeposition modes: constant
potential or current density, and pulsed electrodeposition line
pulsing between two potentials, or two current densities, or by
pulsing by a combination between potential and current density.
The principal achievements in the fabrication of bismuth
telluride nanowires grown by electrodeposition are collected
in Table 1.

The first work in electrodeposition of Bi2Te3 nanowires was
reported in 1999 by Martin’s group (Sapp et al., 1999) inside
commercial anodic aluminum oxide. These nanowires were
grown using constant current density in 280 ± 30 nm AAO
templates. The resulting nanowires were polycrystalline. This
landmark is the starting point of the temporal line for Bi2Te3
nanowire fabrication by electrodeposition that is presented
in Figure 2.

From 2001 to 2003, Stacy’s group spent many efforts in
optimizing bismuth telluride nanowires. The obtained nanowires
were oriented along [110] direction (which is the best direction to
obtain the highest figure of merit for out-of-plane applications,
with the c-axis perpendicular to the length of the nanowires, as
explained before), a high filling ratio (∼80%) and a high aspect
ratio (∼1,000) for diameters of 200, 75, 50, and 25 nm (Prieto

et al., 2001; Sander et al., 2002, 2003). The electrochemistry was
performed at 2◦C.

Later on, Li’s group worked on the growth of bismuth
telluride nanowires also oriented along [110] direction, with
a high filling ratio, uniform growth and 50 nm in diameter,
by applying constant current density (Jin et al., 2004). In
2006 and 2007, different studies were reported changing the
different parameters involved in the electrochemical process:
using different reduction potentials to change the composition
and crystallographic orientation (Wang et al., 2006), different Te
and Bi concentrations in the electrolyte (Jun et al., 2006) and
thermal annealings performed after the growth of the nanowires
(Kim et al., 2007).

In order to further improve the filling factor of the nanowires,
pulsed electrodeposition has been proved to be the best solution.
The most commonly used method, so far, is pulsing between
two different potentials at room temperature. The deposition
consists on applying the reduction potential during a certain
time, ton, and then introduce a “rest” potential during a certain
time, toff . In 2006, Zhang’s group (Liang et al., 2006) published the
first study based on Bi2Te3 nanowires grown by pulsed-potential
deposition. In this work, the effect of the reduction potential and
the duration of the pulses in the crystallographic structure of
the nanowires was analyzed. The produced nanowires were all
oriented along the [015] direction. One year later, Stacy’s group
(Trahey et al., 2007) reported a study based on Bi2Te3 nanowires
grown by pulsed-potential deposition in order to improve the
filling ratio by enhancing the nucleation of the nanowires,
which showed also the [110] direction. The nucleation rate
obtained was found to be 95%. Furthermore, it was concluded
that reducing the bath temperature to temperatures lower than
4◦C (as they were doing in the previous works) improved
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TABLE 1 | Principal achievements in the fabrication of bismuth telluride nanowires grown by electrodeposition.

Electrodeposition mode Composition and

orientation

Template Nanowire diameter

(nm)

References

Constant current density Bi2Te3
Polycrystalline

AAO 280 ± 30 Sapp et al., 1999

Constant potential Bi2Te3 [110] AAO 200, 75, 50, and 25 Prieto et al., 2001; Sander et al., 2002,

2003

Constant current density Bi2Te3 [110] AAO 50 Jin et al., 2004

Pulsed electrodeposition between

two potentials

Bi2Te3 [015] AAO 40-60 Liang et al., 2006

Pulsed electrodeposition between

two potentials

Bi2Te3 [110] AAO 40 Trahey et al., 2007

Constant potential, constant current

density and pulsed electrodeposition

between two potentials

Bi2Te3 [110] AAO 50-80 Jongmin et al., 2008; Lee et al., 2010a,b;

Peranio et al., 2012

Constant potential in DMSO Bi2Te3 [015] PC 60 Frantz et al., 2010, 2012

Pulsed electrodeposition in DMSO Bi1.55Te3.45
[110]

AAO 70 Li W.-J et al., 2011

Constant potential Bi2Te3 [110] PC 15-25 Picht et al., 2012

Pulsed electrodeposition Bi2Te3 [015] AAO 15 Martín et al., 2013

Pulsed electrodeposition in P0CCOV Bi2Te3 [110] AAO 25,45,52, and 300 Muñoz Rojo et al., 2016, 2017;

Rodríguez-Fernández et al., 2016

Pulsed electrodeposition in P0CCOV 3D-Bi2Te3 [110] AAO 52 Martín et al., 2014; Ruiz-Clavijo et al., 2018

the alumina filling factor and the nanowires crystallinity. In
contrast, nanowires that were grown at temperatures between 7
and 10◦C or around room temperature (22 to 23◦C) presented
more crystallographic orientations. In 2008, Nielsch’s group
(Jongmin et al., 2008) published a study where bismuth telluride
nanowires grown at different deposition modes (constant
potential, constant current density, and pulsing between two
potentials) were compared. Pulsed-potential deposition showed
nanowires preferably oriented along [110] direction. This mode
was the procedure used by Nielsch’s group from 2010 to 2012 (Lee
et al., 2010a,b; Peranio et al., 2012). The nanowires reported in
these papers followed Lee’s et al. (Jongmin et al., 2008) recipe.
Those nanowires presented a uniform filling ratio with 50–80 nm
in diameter and 25–60µm in length and were preferentially
oriented along [110] direction.

Between 2010 and 2012, Boulanger’s group (Frantz et al.,
2010) reported for the first time the electrodeposition of Bi2Te3
nanowires in DMSO using PC membranes. They used a mixture
of dimethyl sulfoxide (DMSO) and water. In the presence
of DMSO, the current density decreases by a factor four in
comparison with an aqueous solution. Because of this reduction
in the diffusion coefficient, the growth rate of the nanowires is
lower. This improves the filling ratio of the templates. Also a
reduction in their crystallite size was observed when compared
to those grown in aqueous solution (Frantz et al., 2010). The
nanowires obtained in these studies were 60 nm in diameter,
polycrystalline, and 25–30µm in length, with a preferential
orientation along [015] direction (Frantz et al., 2010, 2012)
and homogeneous in composition (reaching the stoichiometric
Bi2Te3) along the length of the nanowires (Frantz et al., 2012).
In 2011, pulsed-potential electrodeposition was studied by Yen’s

group using a DMSO solution, and those nanowires exhibited a
uniform filling ratio with 70 nm in diameter and 41µm in length
(Li W.-J et al., 2011). The nanowires were preferentially oriented
along [110] direction and they had a composition of Bi1.55Te3.45,
a little bit far from the stoichiometry.

In 2012, Toimil-Molares’s group (Picht et al., 2012) observed
a change in the crystallographic orientation by adjusting the
reduction potentials, bath temperature (from 20 to 4◦C), and
electrolyte concentration for nanowires grown in ion-track PC
membranes. Also, in 2012, Outzourhit’s group (Elyaagoubi et al.,
2017) reported the electrodeposition of Bi2Te3 nanowires inside
52 nm pore AAO templates grown with the DMSO:H2O solution
(Frantz et al., 2010). The nanowires obtained were polycrystalline
and with a small crystallite size of 30 nm.

In 2013, Martin-Gonzalez’s group reported 15 nm in diameter
Bi2Te3 nanowires in AAO membranes with [015] as the
main diffraction maxima (Martín et al., 2013). In order to
do that, the group developed porous alumina templates with
15–12 nm in diameter by the addition of ethylene glycol
during aluminum anodization (Martín et al., 2013; Manzano
et al., 2014). And, more recently, the group has extended the
process to obtain sub-10 nm templates (Resende and Martín-
González, 2019) in concentrated sulphuric acid and 25% V/V

of ethanol anodized under low current densities. Figures 3A,B
show SEM images of 14 nm pore diameter AAO templates and
15 nm in diameter Bi2Te3 nanowires embedded into the AAO
templates, respectively.

In 2014, Song’s group generated 55 nm nanowires in AAO
templates oriented in the [110] direction using constant potential
in standard aqueous solution. They concluded that changing the
reduction potential, the number of twins inside the nanowires
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FIGURE 2 | (A) Temporal line of the principal achievements in the fabrication of bismuth telluride nanowires grown by electrodeposition. (B) The temporal line of the

thermoelectric measurements in single bismuth telluride nanowires grown by electrodeposition. (C) The temporal line of the thermoelectric measurements of bismuth

telluride nanowires embedded inside templates grown by electrodeposition. Reproduced with permission from Deyu et al. (2002), Zhou et al. (2005), Mavrokefalos

et al. (2009), Chen et al. (2010), and Shin et al. (2014). Copyright 2002 IEEE, 2005 Applied Physics Letters, 2009 Journal of Applied Physics, 2010 American

Chemical Society and 2014 Royal Society of Chemistry.
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FIGURE 3 | (A) SEM images of highly ordered 14 nm pore diameter AAO

templates and (B) a cross-section by SEM of 15 nm Bi2Te3 nanowires inside

the AAO nanopores. Adapted with permission from Martín et al. (2013).

Copyright 2013 ACS Publications.

(and so the crystallite size) could be controlled (Shin et al., 2014).
In the same year, Fischer’s group reported a similar deposition
method, pulsed-potential, to obtain nanowires with 190–320 nm
in diameter and oriented preferentially along [110] direction
(Kojda et al., 2014). From 2014 to 2016, Bi2Te3 nanowires
with different compositions were obtained applying different
reduction potentials (Ng et al., 2014, 2016; Kok et al., 2016;
Proenca et al., 2017). In 2015, Nandhakumar’s group reported
nanowires with 80 nm in diameter, obtained using aqueous
solution into PC membranes with [110] as preferential direction
(Koukharenko et al., 2015). In 2016, Cantarero’s group reported
Raman measurements performed in Bi2Te3 nanowires grown
in AAO templates by Martin–Gonzalez’s group (Rodríguez-
Fernández et al., 2016). In this study, nanowires with different
compositions were fabricated changing the reduction potential
on purpose. The conclusion of the study is that the Raman
spectra of Te-rich bismuth telluride nanowires exhibited an
additional peak compared to stoichiometric Bi2Te3 nanowires.
This peak corresponded to Te nanocrystals that cannot be
observed by XRD because they are very small. Therefore, Raman
spectroscopy seems to be a perfect tool to detect Te clusters inside
the nanowires.

In 2016, Martin-Gonzalez’s group published the first
nanowires produced by pulsing between a certain potential and
zero current. This procedure was tested in films before, see for
example (Manzano et al., 2013). This methodology was used
for the first time to obtain stoichiometric bismuth telluride
films highly oriented along [110] direction (Manzano et al.,
2013). This procedure has been called Pulsed ZERO Current
COnstant Voltage (P0CCOV). It consists in alternating between
potentiostatic and galvanostatic modes during each pulse,
instead of pulsing between two potentials—only potentiostatic—
(as done until that moment for Bi2Te3) or pulsing between two
currents—only galvanostatic-, which is the other conventional
way of pulsing. The reason to choose that different option of
pulsing is that during the on time, the ions are deposited on
the electrode surface and their concentration decreases at the
interface between the substrate and the electrolyte. By using zero

current periods during the off time, the system is allowed to be
in a truly resting state, which helps to redistribute the remaining
ions at the interface. In other words, at current = 0A, there is
no current going through the interface electrode/solution, so
no driving force is applied during that time and the system can
truly rest. This is slightly different than pulsing between one
potential and the open circuit potential (OCP). The OCP was
calculated at the beginning of the process, however the electrode
surface is not the same as deposition takes place. The surface of
the electrode changes in each pulse. Therefore, the initial OCP
is not a real OCP after each pulse and at the initial OCP value, a
residual current is still going through the system. While in the
P0CCOV procedure the current is always 0 during the off time.
So, no current is passing, allowing a real resting time for the
electrodeposit material.

By this P0CCOV procedure bismuth telluride nanowires with
different pore diameters (300, 52, 45, and 25 nm), high filling
ratio, oriented along the [110] direction and with the desired
stoichiometry (Bi2Te3) were obtained at 0◦C (Muñoz Rojo et al.,
2016, 2017). The length of these nanowires were 32, 50, 42,
and 25µm for different diameters 300, 52, 45, and 25 nm,
respectively. Figure 4 shows SEM images of the top view of
Bi2Te3 nanowires for the different diameters.

In 2017, Medlin’s group (Erickson et al., 2017) reported
the electrodeposition at pulsed galvanostatic mode between
two different current densities, followed by thermal annealing
between 150 and 350◦C to improve the crystallinity of
stoichiometric Bi2Te3 nanowires with 75 nm in diameter. Those
nanowires were oriented preferentially along [110] direction.
The same year, bismuth-rich bismuth telluride nanowires with
different diameters (10–275 nm) were electrodeposited using
different current densities in order to change the composition of
the wires by Hill’s group. In order to reduce the pore diameter
of the AAO templates, silica was deposited by dip-coating before
the electrodeposition (Ryan et al., 2017).

It is known that the use of additives reduces the roughness
of electrodeposited films. Normally, additives such as
ethylenediaminetetraacetic acid (EDTA) are used because it
forms a complex with bismuth and thus reduces its diffusion
coefficient, or sodium lignosulfonate (SLS) (Kuleshova et al.,
2010; Naylor et al., 2012; Caballero-Calero et al., 2014; Abad
et al., 2015) which is used in the electrodeposition of tellurium
and selenium because it reduces the crystallite size; this additive
allows the formation of films with less roughness and favors the
[110] orientation. Furthermore, White’s and Martin-Gonzalez’s
groups observed an improvement in the Seebeck coefficient of
Bi2Te3 films (Kuleshova et al., 2010; Caballero-Calero et al.,
2014) and Se doped-BiTe films (Caballero-Calero et al., 2018)
with the use of lignosulfonates like sodium lignosulfonate (SLS)
in the solution. Nevertheless, the effect of additives is still to be
studied in nanowires.

In conclusion, the most relevant results over the last
two decades are that the smallest stoichiometric Bi2Te3
nanowires achieved are 15 nm in diameter. There are available
stoichiometric nanowires oriented along the [110] direction in
different diameters to perform different measurements. Pulsed
electrodeposition (in its different forms) and bath temperatures

Frontiers in Chemistry | www.frontiersin.org August 2019 | Volume 7 | Article 51698

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


Manzano and Martin-Gonzalez Electrodeposition, Thermoelectric Properties V-VI Nanowires

FIGURE 4 | SEM images of bismuth telluride nanowires with average different diameters: (A) 300 nm, (B) 52 nm, (C) 45 nm, and (D) 25 nm. Reproduced with

permission from Muñoz Rojo et al. (2017). Copyright 2017 Nanoscale.

close to 0◦C seem to be the best solution to improve the filling
factor of the templates and to have high aspect-ratio (≈1,000).

THERMOELECTRIC PROPERTIES

As we have seen in the previous section, extensive work has
been done in order to obtain stoichiometric nanowires, highly
oriented along [110], and with different diameters. Now in this
section, we are going to discuss the different measurements that
have been performed to study the influence of the diameter
in the different properties that affect their thermoelectric
performance, such as Seebeck coefficient, thermal conductivity,
and electrical conductivity.

In general, we can say that there are two approaches to
measure the thermoelectric properties of bismuth telluride
nanowires. One starts by selectively dissolving the template,
dispersing or placing the nanowires in a microchip, and
measuring the performance of a single nanowire. The second
approach consists of carrying out the measurements on the
nanowires embedded inside the templates for both polycarbonate
membranes and anodic aluminum oxide matrices.

Thermoelectric Measurements on
Single Nanowires
After selectively dissolving the template, the nanowires are
obtained free-standing normally in solution. This procedure
sometimes generates an oxide layer on the surface of the
nanowire. Then, they must be placed in the right position on
top of a lab fabricated microchip and contacts must be done to

assure good electrical and thermal conductivity. Once all of that
is done, different measurements can be performed, depending on
the microchips configuration. For a review of the different type of
microchips, please take a look to Rojo et al. (2013). Some of those
kinds of microchips can be found in Figure 5.

In 2002, Majumdar’s group (Deyu et al., 2002) reported for
the first time the thermal conductivity (2.2–0.13 W/m·K for 228
and 391 nm, respectively) and Seebeck coefficient (-50 µV/K for
391 nm) of bismuth telluride nanowires grown in AAO by Stacy’s
group. The chip used for these measurements was a suspended
two probes microfabricated chip with heaters. In that work,
different contacts were tested.

In 2005, Shi’s group (Zhou et al., 2005) reported
thermoelectric measurements (σ , S, and κ) in single bismuth
telluride nanowires grown in AAO. The nanowires were oriented
along [110] direction with different compositions of bismuth and
tellurium. Depending on the composition, different σ , S, and κ

were obtained. The electrical conductivity, Seebeck coefficient
and thermal conductivity at 300K were found to be 0.8·103-2·103

S/cm, −10 – −35 µV/K and 0.8–1.6 W/m·K. In this case, the
composition of the nanowires were not stoichiometric. They
were Bi-rich or Te-rich. The measurements were performed
using four probes microchips.

In 2009, Li’s group (Mavrokefalos et al., 2009) reported
the thermoelectric properties (σ , S, and κ) of single bismuth
telluride nanowires in AAO membranes measured using a four
probes microchip. Here, the novelty was the use of thermal
annealing in forming gas to make contact between the nanowires
and the pre-patterned electrode to perform the measurements
in order to reduce the superficial oxide layer. Polycrystalline
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FIGURE 5 | Some types of microchips used for transport properties measurements in the literature. Reproduced with permission from Rojo et al. (2013). Copyright

2013 Nanoscale. (a) Two suspended µprobes, (b) four suspended µprobes, (c) four probes on a substrate, (d) two probes chip with heaters and (e) two probes

microchip.

nanowires with different compositions (Bi2.15Te2.85, Bi3.7Te1.3,
and Bi2Te3) were measured. Seebeck coefficients of −65 and
−45 µV/K were obtained for Bi-rich Bi3.7Te1.3 and Bi2Te3,
respectively at 300K. The electrical conductivities range between
500 and 2200 S/cm at 300K for Bi-rich Bi3.7Te1.3 and Bi2Te3,
respectively. In addition, the thermal conductivities varied from
1.4 to 2.8 W/m·K for Bi-rich Bi3.7Te1.3 and Bi2Te3, respectively.
In conclusion, the maximum figure of merit zT was found to be
0.06 for stoichiometric Bi2Te3 nanowires at RT and that value
increases to zT = 0.22 at ∼450K. The main conclusion is that
better control over chemical composition is necessary to improve
the zT of the electrodeposited NWs. In particular, they propose
to maximize the care to minimize impurities present in the
electrochemical deposition setup to avoid unintentional doping
of the NWs.

One year after, Harutyunyan’s group (Chen et al., 2010)
reported the electrical resistivity of a single Te-rich Bi1,85Te3,15
nanowire grown at constant potential in aqueous solution using
commercial AAO template. The nanowires were preferentially
oriented along [110] direction with 120 nm in diameter. The
electrical resistivity was found to be 12–4.3 µ�·m for 1 to
350K. The electrical resistivity decreased exponentially when
the temperature increased. This value is smaller than the value
expected for bulk Bi2Te3, 19 µ�·m (Fleurial et al., 1988),

probably due to the excess of tellurium of the nanowires. In
general, when an excess of tellurium is observed, the electrical
conductivity is much lower and the Seebeck coefficient is slightly
higher than in stoichiometric Bi2Te3, which explains the results
obtained. In this case, the measurements were performed using
four probes microchips.

In 2011, Yen’s group (Li W.-J et al., 2011) measured a value
of 105 µ�·m for Te-rich Bi2Te3 nanowires oriented along [110]
direction, with 60–70 nm in diameter and grown in a DMSO
solution by potential pulsed deposition inside AAO templates.
According to the authors, this value is one order of magnitude
higher than the value reported for single crystal Te-rich Bismuth
Telluride (2.6 µ�·m) (Rowe, 1995). The chip used in this case
was a four-probes microchip.

In 2014, Song’s group (Shin et al., 2014) reported the electrical
conductivity of twin-free and twin-containing Bi2Te3 nanowires
oriented preferentially along [110] direction and with 60–70 nm
in diameter grown in AAO. The electrical conductivity value was
similar for both cases, with a value of 2.3·105 S/m. However,
the Seebeck coefficient was slightly smaller in the case of twin-
containing (∼57 µV/K) than in the case of twin-free (∼70
µV/K). The thermal conductivity was smaller in the case of twin-
containing (1.9 W/m·K) than in twin-free (2.3 W/m·K) due to
the reduction of the carrier concentration and phonon scattering

Frontiers in Chemistry | www.frontiersin.org August 2019 | Volume 7 | Article 516100

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


Manzano and Martin-Gonzalez Electrodeposition, Thermoelectric Properties V-VI Nanowires

(Shin et al., 2014). The chip used in this case was a four suspended
microprobe chip. At the same time, Fischer’s group published a
study of Bi1.95Te3.05 nanowires grown in AAO using a two probes
chip with heaters. The nanowires were oriented preferentially
along [110] direction grown by pulsed electrodeposition with an
electrical conductivity of 1.3–2.3·105 S/m, a Seebeck coefficient
of −41 – −45 µV/K and thermal conductivity of 0.9–2 W/m·K
for 270 and 177 nm in diameter, respectively (Kojda et al., 2014).
This variation was explained by the difference in diameter along
the nanowire.

In 2015, Boulanger’s group reported the electrical conductivity
and Seebeck coefficient of nanowires grown in PC membranes
using DMSO solution. The nanowires were oriented along [015]
direction with 162 nm in diameter, the value of the electrical
conductivity and Seebeck coefficient was found to be 0.1–4·104

S/m and −10 – −80 µV/K for different concentrations of
bismuth and tellurium, 0.42 and 0.39, respectively (Chang et al.,
2015). In this case, the measurements were performed using four
probes microchips.

In 2016, Martin-Gonzalez’s group published a paper of
stoichiometric Bi2Te3 nanowires grown in AAO templates.
The nanowires were oriented preferentially along [110]
direction grown by pulsed electrodeposition where the electrical
conductivity was found to be 1·104, 1.6·104 and 2.9·104

S/m for different nanowire diameters, 250, 70, and 45 nm,
respectively. The measurements were done using a four
suspended microprobes chip. Furthermore, in this paper, the
topological character of bismuth telluride nanowires was shown
and the significance of the topological insulator surface states in
room temperature nanowire working devices was demonstrated
(Muñoz Rojo et al., 2016), since the ripples did not disappear
when an electric current was passing through the nanowire.

More recently, 2018, Toimil-Molares’s group reported an
increment in the electrical resistivity from 0.2 to 2.4 m�·cm
for diameters from 120 to 20 nm in Bi2Te3 nanowires
oriented preferentially along [110] and [205] direction using
polycarbonate membranes (Krieg et al., 2018). Furthermore,
magneto-transport properties of these single nanowires were
reported in this study. A metallic behavior was observed due to
the highly-degenerate nature of the nanowires. The reduction
in the electrical resistivity as diameter increases confirmed the
quasi-ballistic nature of charge carriers, with the reduction of the
number of surface conductance channels in disordered quantum
wires with stronger quantum confinement. The chips used in
this case were four probes microchips. The summary of the
thermoelectric measurements of individual bismuth telluride
nanowires is collected in Table 2 in white.

Thermoelectric Measurements of
Nanowires Embedded Inside the Template
For these measurements, the nanowires are not extracted from
the template. So the oxide layer that appears upon template
selective etching is avoided. Nanowire arrays embedded in
matrices have a big advantage, given that it is possible to integrate
the material directly into real thermoelectric devices (Biswas
et al., 2009). Another interest of measuring the thermoelectric

properties in nanowires embedded inside the templates is that
the output current is enhanced (more nanowires are being
measured at the same time, not only one) and the template
adds mechanical stability to the system. There are different
techniques to measure the nanowires embedded inside the
templates (Rojo et al., 2013; Abad et al., 2017). For example, to
measure the electrical conductivity one can use an AFM with
a conductive tip (Muñoz Rojo et al., 2016). To measure the
Seebeck coefficient, a development that uses two blocks of Cu
has been used in several works, as it can be seen in Figure 6.
For thermal conductivity, the most commonly used techniques
are laser flash, 3w-scanning thermal microscopy (Muñoz Rojo
et al., 2013), and Photoacoustic method (Muñoz Rojo et al.,
2017). In Figure 6A, a diagram of the thermoelectric properties
of nanowires embedded inside the templates is shown, with two
examples of actual measurements (AFM conductive tip and two
copper blocks).

Historically, the first measurements of this kind appeared in
2004, when Chen’s group (Borca-Tasciuc et al., 2004) reported
the thermal diffusivity (6.9·10−7 m2/s at 300K) of bismuth
telluride nanowires embedded into an AAO template grown
by Stacy’s group. Later, in 2008, Nielsch’s group (Jongmin
et al., 2008) published the electrical resistance (10−5 �·m) and
Seebeck coefficient (−30 µV/K) of bismuth telluride nanowires
grown via pulsed-potential deposition, being these nanowires
highly preferred oriented along [110] direction with 40 nm in
diameter. One year later, the electrical resistivity (30 and 0.4
m�·m) and Seebeck coefficient (−318.7 and 117 µV/K) for
n and p-type non-stoichiometric bismuth telluride nanowires
(Bi3.5Te1.5 and Bi2.65Te1.85), were presented by Mannam et al.
(Mannam et al., 2009).

In 2009, the thermal conductivity of stoichiometric Bi2Te3
nanowires embedded in 200 nmAAO templates was published by
Xu’s group (Biswas et al., 2009). To perform the measurements,
the AAO membrane (κ = 1.31 W/m·K) was replaced by an
epoxy (SU-8) with lower thermal conductivity (0.2 W/m·K).
The thermal conductivity of the nanowires measured was 1.44
W/m·K. It is worth noting that this value is smaller than the value
found for single crystal bulk stoichiometric bismuth telluride (2.2
W/m·K) when the crystal structure was oriented perpendicular to
the c-axis (Jacquot et al., 2010).

In 2010, Nielsch’s group (Lee et al., 2010b) reported the
electrical conductivity and Seebeck coefficient of stoichiometric
Bi2Te3 nanowires inside AAO templates grown by pulsed-
potential deposition. The nanowires were oriented preferentially
along [110] direction with 50 nm in diameter. The electrical
conductivity was measured using a conductive AFM tip and
Seebeck coefficient was obtained placing the sample in an
experimental system that consist of two Cu blocks (shown in
Figure 6C). The electrical conductivity and Seebeck coefficient
were found to be 5.3–16.9·104 �−1·m−1 and 46.6–55 µV/K,
respectively, for polycrystalline Bi2Te3 nanowires oriented
preferentially along [110] direction (Lee et al., 2010b). The
Seebeck coefficient measured by Harutyunyan’s group (Chen
et al., 2010) using the same method in Te-rich bismuth telluride
nanowires with 120 nm in diameter grown by constant potential
was −70 µV/K. The thermal conductivity for these nanowires
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TABLE 2 | Thermoelectric measurements of individual Bi1−xTex nanowires found in the literature.

Composition

and orientation

Nanowire

diameter

(nm)

Template σ

(S/cm)

S

(µV/K)

PF

(µW/K2
· m)

k

(W/m·K)

References

NON-STOICHIOMETRIC NANOWIRES

Bi-rich

Bi7Te5-Bi4Te5

10–40 AAO – 2–79 – 2.4–0.1# Ryan et al., 2017

Bi2.7Te2.3 [110]* 40–120 AAO 0.8·103–2·103 −10– (−35) 8–2.5 102 0.8–1.6 Zhou et al., 2005

Bi-rich and Te-rich

Bi3.5Te1.5-Bi2.65Te1.85

∼20 AAO 0.33–25+ −318.7–117 3.4–3.4 101 – Mannam et al., 2009

Bi2Te3
Bi2.15Te2.85
Bi3.7Te

*
1.3 Polycrystalline

∼55 AAO 5·102–2.2·103 −45– (−65) 1.0·102–9.3·102 1.4–2.8 Mavrokefalos et al., 2009

Bi-rich Bi2.1Te2.9
Te-rich Bi1.95Te3.05 [015]

162 PC 0.1·102–4·102 −10–(−80) 1.96·102 – Chang et al., 2015

Bi2Te3
Polycrystalline*

228–391 AAO – −50 (391 nm) – 2.2–0.13 Deyu et al., 2002

Te-rich Bi2Te3
Polycrystalline

60–70 AAO 9.5·101 – – – Li W.-J et al., 2011

NEAR TO STOICHIOMETRIC NANOWIRES

Bi1.9Te3.1
Preferential [110]

120 AAO 8.3·102–2.3·103 – – – Chen et al., 2010

Bi1.9Te3.1
Preferential [110]

120 AAO – −70 – 0.75+ Chen et al., 2010

Bi1.95Te3.05[110] 177–270 AAO 2.3·103–1.3·103 −45– (−41) 4.7·102–2.2·102 2–0.9 Kojda et al., 2014

STOICHIOMETRIC NANOWIRES

Bi2Te3 [110] 25–300 AAO – – – 0.52–1.78# Muñoz Rojo et al., 2017

Bi2Te3 [110]

preferential orientation

40 AAO 103+,? −30 9·102 Jongmin et al., 2008

Bi2Te3[110] 45–250 AAO 2.9·102 −−102 – – – Muñoz Rojo et al., 2016

Bi2Te3[110]

Twins and without twins

60–70 AAO 2.3·103 ∼ −57– ∼(−70) 5 ·102–7.5·102 1.9–2.3 Shin et al., 2014

Bi2Te3 [110] 200 SU-8 – – – 1.44+ Biswas et al., 2009

Bi2Te3 [110] 200–400 AAO – – – 1.37# Muñoz Rojo et al., 2013

Bi2Te3 50 AAO 16.9·102 + −55 4.7·102 – Lee et al., 2010b

Bi2Te3[110] and [205] 20–120 PC 5·103–4.2·102 – – – Krieg et al., 2018

In white are the measurements performed in single nanowires using microchips. In light green are the measurements performed in the nanowires embedded in a template. “*” Stands

for manuscripts were several NWs compositions were measured in microchips. “+” Stands for direct measurements within templates, “#” corresponds to calculated values using the

effective medium theory, The symbol “?” corresponds to values that the authors are not sure about.

was 0.75 W/m·K, being this parameter measured using a laser
flash system.

In 2013, Martin-Gonzalez’s group (Muñoz Rojo et al., 2013)
reported the thermal conductivity, measured by 3w-scanning
thermalmicroscopy, for Bi2Te3 nanowires preferentially oriented
[110] and with 200–400 nm in diameter grown at a constant
potential, obtaining a value of 1.37 W/m·K.

In 2017, the conductivity ratio of electrical-to-thermal and
the Seebeck coefficient were measured using a modified Harman
technique (Ryan et al., 2017) in Bi-rich bismuth telluride
nanowires. A decrease in the electrical-thermal conductivity ratio
by the Lorenz number, LoT at 400K, (0.24–0.08) was measured
as nanowire diameter increased (10–40 nm) and the Seebeck
coefficient was found to be two orders of magnitude lower than
that found in the literature (Jongmin et al., 2008; Mannam et al.,
2009) and it did not correlate with the diameter. This variation

in the results can be due to the difficulty of using Harman
methods to measure nanowires. For example, a theoretical study
using COMSOL simulations for thermoelectric measurements
employing Harman technique in films and nanowires, concluded
that there is a strong dependence of fHF on nanowire diameter,
resulting in very high frequencies needed for the measurments
(fHF > 106Hz for diameters below 250 nm). Therefore, this
method cannot be applied for nanowires with diameter below
25 nm (Munoz Rojo et al., 2015).

In the same year, Martin-Gonzalez’s group (Muñoz Rojo et al.,
2017) reported a decrease of 70% in the thermal conductivity
(from 1.78 to 0.52 W/m·K) when the nanowire diameter
decreases (300 to 25 nm) using the photoacoustic and the SThM
methods (Rojo et al., 2013; Wilson et al., 2015; Abad et al.,
2017), and it was validated by theoretical calculations using
the Kinetic-Collective model. The reduction in the thermal
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FIGURE 6 | (A) Scheme diagram of the process to prepare the nanowires for thermoelectric measurements. The initial overgrown at the top of the template is

polished as shown in this figure. A SEM top view of the nanowires is shown. (B) The electrical conductivity setup for individual nanowire and (C) Seebeck coefficient of

nanowire arrays. Reproduced with permission from Lee et al. (2010b). Copyright 2010 Physica Status Solidi (RRL).

conductivity of the nanowires can be explained in terms of
an increment of phonon scattering. The main conclusion of
that work is that the smaller the diameter of the nanowires,
the larger the modification in the mean free path of the
low-frequency phonons. These Bi2Te3 nanowires were grown
by pulsed electrodeposition and were oriented preferentially
along [110] direction. The summary of the thermoelectric
measurements of bismuth telluride nanowires embedded into the
template is collected in Table 1 in light green/gray.

Discussion of the Different Results
Obtained in Thermoelectric Nanowires
In general, from the results of Table 2, it can be concluded that
as nanowire diameter decreases, electrical conductivity seems to
increase slightly when compared with similar electrodeposited
films. This conclusion can be reached when taking into account
only the studies performed in stoichiometric Bi2Te3 nanowires
oriented along [110] direction using PC and AAO templates.
Those publications where, either the stoichiometry of the
nanowires is not 2:3, or the orientation is not [110] have
not been taken into account because the results obtained
in such studies are not comparable, given that the different
thermoelectric properties also depend on the stoichiometry and
on the orientation of the nanowires.

Figure 7 shows the electrical conductivity as a function
of nanowire diameter from different publications, where
stoichiometric Bi2Te3 nanowires oriented along [110] direction
have been measured at room temperature. In this graph, only
the studies where the authors show in a reliable way that the
nanowires are stoichiometric and oriented along [110] direction
are collected. In more detail, the electrical conductivity increases

FIGURE 7 | Electrical conductivity as a function of nanowire diameter

extracted from different works. They have been measured using different

techniques. The values shown are at room temperature. Only data for

stoichiometric Bi2Te3 nanowires oriented along [110] direction are compiled in

this graph.

from 4.2·102 to 5·103 S/cm for 120 to 20 nm nanowires diameter,
respectively (Chang et al., 2015); or from 102 to 2.9·102 S/cm
for 250 to 45 nm nanowires diameter, respectively (Muñoz Rojo
et al., 2016); or from 1.3·103 to 2.3·103 S/cm for 270 to 177 nm
nanowires diameter, respectively (Kojda et al., 2014).

One possible explanation for the increase in electrical
conductivity upon nanowire diameter reduction can be due to
the presence of the surface states since, as it was mentioned
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before, bismuth telluride nanowires are topological insulators
(Gooth et al., 2015; Muñoz Rojo et al., 2016). Although, these
topological states must be further studied by theoretical models
to better comprehend the underlying physics, their presence in
all the stoichiometric Bi2Te3 nanowires will help to understand
the increment of the electrical conductivity. Nevertheless, other
explications are also plausible.

The variation in the electrical conductivity between the
different works shown in Figure 7 could be also explained taking
into account the lack of metrology to calibrate the systems at the
nanoscale. Another possible reason, when using microchips to
measure single nanowires, can be the presence of an oxide shell
in the outer part of the nanowires that is formed upon dissolving
the template and by air exposure. In thesemeasurements, another
source of error can be the different type of electrical and thermal
contacts used in the different studies. There is a wide variety
of ways to contact the nanowires some examples are using Pt-
carbon, 10 nm (Kojda et al., 2014) Ni/100 nm Al (Shin et al.,
2014), 5 nm Cr/250 nm Au (Chang et al., 2015), or Au/tungsten
(Muñoz Rojo et al., 2016). This contact resistance has a strong
influence on the final values. Other possible reason can be the
different sources of the reagents used to grow the nanowires.
For example, the tellurium sources have been shown to have an
important effect on the electrical conductivity in stoichiometric
Bi2Te3 films (Manzano et al., 2018), since different companies
have different impurities which can dope the semiconductor.
The different tellurium sources used have been Te 99.999% from
Fluka (Kojda et al., 2014), TeO2 (the purity was not specified)
from Across organic (Shin et al., 2014), Te 99.7% from Prolabo
(Chang et al., 2015) and Te 99.99% from Sigma Aldrich (Muñoz
Rojo et al., 2016). All of these sources have different types of
impurities that affect the final conductivity of the semiconductor,
no matter the purity of the precursors (Manzano et al., 2018).

With respect to the Seebeck coefficient (see Table 2),
maintaining the focus on stoichiometric Bi2Te3 nanowires with
the appropriate orientation, there is not a clear correlation
between the diameter and the Seebeck coefficient in the literature
so far. The accurate measurements of the thermal gradient
applied to the nanowires (which is not an easy task) and the
recorded electrical voltage can be greatly affected by the way of
measuring and usually the error is not reported. Then, in a very
general way, it is found that the Seebeck coefficient in bismuth
telluride nanowires is of the same order of magnitude in all the
cases. For instance, in the largest diameters, 177 nm and 270 nm,
a Seebeck coefficient of −45 and −41 µV/K was measured,
respectively (Kojda et al., 2014). For smaller diameter nanowires
of 50 nm, the Seebeck coefficient was measured, −55 µV/K (Lee
et al., 2010b). By comparing those measurements one can think
that there is a slight increase in the Seebeck upon size reduction.
But the only measurement found of the Seebeck coefficient for
nanowires of 40 nm in diameter (the smallest mentioned in
the literature for Seebeck coefficient measurements) was found
to be −30 µV/K (Jongmin et al., 2008), which is also in the
same order of magnitude as the previous ones. Moreover, a
value of −70 µV/K, for nanowires of 60–70 nm in diameter
was measured, which is slightly higher than the previous values
reported for nanowires. In another work, a reduction in the

Seebeck coefficient (from −70 to −57 µV/K) was observed
when the number of twins in the structure was increased
(Shin et al., 2014). The use of different sources of the reagents
that can dope the semiconductor, as demonstrated for bismuth
telluride films (Manzano et al., 2018) affects the doping level
and, thus, the Seebeck coefficient. This type of discrepancy in the
Seebeck coefficient is also found in literature for electrodeposited
Bi2Te3 films oriented along [110] direction, as it can be seen
for example in the Seebeck coefficient measured for equivalent
electrodeposited films, where the authors found a value of −40
µV/K in one case (Fleurial et al., 1999) and −70 µV/K in
another work (Li et al., 2008). In any case, one should not
forget the lack of metrology at the nanoscale, as another source
of discrepancy between different works, as already mentioned
before. Then, it can be concluded that the Seebeck coefficient
values observed are within the same order of magnitude and no
clear trend with the nanowire diameter has been found. Actually,
taking into account the theory that predicted an increase of the
Seebeck coefficient upon decreasing the dimensionality of the
thermoelectric materials, it would be necessary to reach smaller
diameters to see the effect of nanostructuration in the case of
Bi2Te3. For the future, it will be interesting to have a work
in which different diameters with stoichiometric nanowires are
fabricated using the same reactants and measured in the same
kind of system in other to draw experimental conclusions about
the Seebeck coefficient trend.

Finally, when the thermal conductivity is analyzed taking only
into account stoichiometric Bi2Te3 highly oriented nanowires
along [110] direction, a reduction in this magnitude is found
when the diameter of the nanowire is decreased. For instance,
it has been observed a reduction in thermal conductivity of
nanowires when their diameter gets smaller, from 1.6 to 0.8
W/m·K for 120 to 40 nm nanowires diameter, respectively. Most
probably, this is due to phonon scattering at the surface of
the nanowire, given that the smaller the diameter, the higher
the surface to volume ratio (Zhou et al., 2005). Moreover,
when the crystallite size decreases in stoichiometric Bi2Te3
nanowires oriented along [110], the thermal conductivity is
reduced from 2.3 to 1.9 W/m·K (Shin et al., 2014). More
recently, Martin-Gonzalez’s group reported that the thermal
conductivity decreased from 1.78 to 0.52W/m·K for 300 to 25 nm
nanowires diameter, respectively (Muñoz Rojo et al., 2017). In
that particular work, the Kinetic-Collective model was used to
understand such reduction. The main conclusion of this study
is that, upon nanowire diameter reduction, the alteration of
the mean free path of the low-frequency acoustic phonons is
higher. When comparing this model with actual measurements,
the agreement was quite remarkable, and thus the reduction in
the thermal conductivity of the nanowires can be explained in
terms of an increment of phonon scattering in the framework
of the Kinetic-Collective model. Finally, Figure 8 shows the
thermal conductivity as a function of nanowire diameter for
stoichiometric Bi2Te3 nanowires oriented along [110] direction
measured in different works.

Other studies with non-stoichiometric nanowires may lead to
different conclusions with respect to the thermal conductivity,
if not read with enough detail. For instance, Hill’s group
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FIGURE 8 | Thermal conductivity as a function of nanowire diameter. Only

data for stoichiometric Bi2Te3 nanowires oriented along [110] direction are

compiled in this graph.

observed the opposite tendency, with an increase in the thermal
conductivity from 0.1 to 2.4 W/m·K for 40 to 10 nm nanowires
diameter, respectively (Ryan et al., 2017). As it is explained in this
manuscript, this variation is not due to the size reduction, but
to the different stoichiometry of the nanowires (from Bi11Te3 to
Bi4Te5), and thus this is not comparable with any other study
mentioned above.

In summary, by comparing the different works where
stoichiometric nanowires oriented in the same direction [110]
have been measured, it can be concluded that the electrical
conductivity seems to increase as the nanowire diameter
decreases. The Seebeck coefficient does not seem to change
much when the nanowire diameter decreases, at least with the
results reported in the literature and taking into account that
the smallest diameter that has been measured so far has been
40 nm. In consequence, it can be concluded that the power
factor should increase as the nanowire diameter decreases, at
least in the range measured. Finally, it has been confirmed that
the thermal conductivity decreases as the nanowire diameter
decreases, as it should be expected from the increase in the
phonon scattering. Therefore, in a whole, it could be concluded
that there is an increase in the figure of merit upon the reduction
on the nanowire’s diameter.

Ternary Compounds
Bi2Te3 can behave as an n-type or p-type semiconductor
depending on its stoichiometry, being a p-type semiconductor
(positive Seebeck coefficient) for bismuth-rich compositions
and an n-type semiconductor (negative Seebeck coefficient) for
tellurium-rich stoichiometries. Furthermore, it is well known that
Bi2Te3 can turn its n-type or p-type semiconductor response if it is
doped with Se and Sb, respectively. The thermoelectric properties
are highly improved in these cases. The optimal composition for
(Bi-Te-Se) is close to Bi2Te2.5Se0.5. The ternary compounds of

bismuth antimony telluride (Bi-Sb-Te) exhibit a high positive
Seebeck coefficient and low thermal conductivity, especially for
the compositions close to Bi0.5Sb1.5Te3.0.

Electrodeposition of Se-Doped Bi-Te
Nanowires
In 2003, Stacy’s group (Martín-González et al., 2003b)
published the first study referent to the electrodeposition
of bismuth telluride selenide nanowires. These nanowires were
grown at constant potential using AAO templates with two
different pore diameters, 50 nm and in commercial Whatman
templates (around 200 nm). The composition of the wires
was Bi2.1Te2.4Se0.5 with a filling ratio of 75% and they were
polycrystalline. In that work, the overall electrochemical reaction
was described.

The next study in this material appeared in 2009 by Sima’s
group (Sima et al., 2009) reporting Bi2Te2.7Se0.3 nanowires
obtained at a constant potential in a commercial Whatman
template. In 2010, nanowires with a composition of Bi2Te2.7Se0.3
were obtained inside commercial AAO templates (Whatman)
and ulterior thermal annealing in Ar atmosphere at 300◦C
was tested (Li et al., 2010). In 2011, Bi2Te2Se/Te multilayer
nanowires arrays were published. In this case, 60–85 nm diameter
and 20µm length nanowires were obtained by pulsing between
BiTeSe and Te reduction potentials (Li X. L et al., 2011). TEM
and EDS were performed in the multilayer nanowires in order to
confirm both compounds, Bi2Te2Se and Te.

One year later, Bi2(Te0.95Se0.05)3 nanowires on 100 nm
W/20 nm Ti/Si substrate using AAO templates with 75 nm
diameter were electrodeposited (Limmer et al., 2012). Figure 9
shows a temporal line of the most relevant achievements of
bismuth telluride selenide nanowires grown since 2003.

In 2013, Nielsch’s group (Bäßler et al., 2013) reported pulsed
electrodeposition and thermal annealing in Te atmosphere in
thermoelectric nanowires of single bismuth telluride selenide
nanowires. The pulsed deposition was performed between
two potentials using similar pulses than in a previous work
for bismuth telluride nanowires (Jongmin et al., 2008). The
composition and diameter of the nanowires were Bi1.9Te2.75Se0.35
and 200 nm, respectively. As selenium concentration increases,
the power factor increases. The Seebeck coefficient and power
factor for as prepared nanowires were found to be −115 µV/K
(n-type semiconductor) and 2,660 µW/K2 ·m, respectively. After
annealing in Te atmosphere, the Seebeck coefficient and power
factor were found to be −115 µV/K and 2,820 µW/K2 · m,
respectively, for the composition aforementioned. After thermal
annealing, the Seebeck coefficient does not change, while the
power increases due to the increase of electrical conductivity.
In 2015, Bourgault’s group published a study about the
electrodeposition of polycrystalline Bi2Te2.7Se0.3 nanowires with
60 nm in diameter (Khedim et al., 2015). In this work, a strong
dependence on chemical composition and morphology with
the reduction potential was observed. The Seebeck coefficient
measured was−75 µV/K.

In 2017, Nielsch’s group (Kumar et al., 2017) reported a study
of Bi (Te, Se)3 nanowires (ranging from 70 to 325 nm) using
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FIGURE 9 | The temporal line of the most relevant achievements of bismuth telluride selenide nanowires grown since 2003. In blue are shown the studies where

thermoelectric measurements were performed.

similar pulsed conditions as previously (Bäßler et al., 2013). The
electrical conductivity is higher for 70 nm than for 325 nm, the
smallest Seebeck coefficient was observed for 85-100 nm and
the maximum power factor was obtained for 70 nm nanowires.
The thermoelectric measurements were performed in a single
nanowire. The thermoelectric measurements of Se-doped BiTe
nanowires from the literature are collected in Table 3.

From the thermoelectric properties of bismuth telluride
selenide nanowires (see Table 2), the conclusion that can be
extracted is that as nanowire diameter decreases, electrical
conductivity slightly increases, similarly as in the case of
Bi2Te3 nanowires (Kumar et al., 2017). No thermal conductivity
measurement of these nanowires could be found in literature,
so far.

Electrodeposition Sb-Doped Bi-Te
Nanowires
A historical review on the most relevant results obtained
in bismuth antimony telluride nanowires is summarized in
the temporal line shown in Figure 11. The temporal line
starts in 2003 when Stacy’s group (Martín-González et al.,
2003a) published for the first time the electrodeposition of
polycrystalline Bi0.5Sb1.5Te3 nanowires inside 40 and 200 nm
pore diameter AAO templates at a constant potential, describing
the general electrochemical reaction. After thermal annealing,
the nanowires were textured along [110] direction. Two years
later, in 2005, Myung’s group (Lim et al., 2005) reported
the growth at a constant current density of n-type (Bi2Te3)
and p-type (BiSbTe) nanowires in the same template (43 nm
in diameter) in order to develop a thermoelectric device.
The composition and crystallographic orientation of the
nanowires were not mentioned in the manuscript. Figure 10
shows the thermoelectric nanowire-based fabrication process.
Figures 10A–D, show alumina templates, b) Bi2Te3 nanowires

electrochemically deposited, c) Sb-doped BiTe nanowires
electrodeposited and d) Finished thermoelectric device.

In 2007, the same group (Feng et al., 2007) published the
electron transport properties of (Bi1−xSbx)2Te3 nanowires using
polycarbonate membranes of 30–60 nm in pore diameter. When
the nanowires were Bi-rich they were preferentially oriented
along [110] direction, while in the Sb-rich nanowires the
orientation observed was [015]. In 2009, White’s group (Li et al.,
2009) reported the growth of Bi0.5Sb1.5Te3 nanowires oriented
along [110] direction growth at a constant voltage in 80 nm pore
diameter PC membranes.

In 2010, Nielsch’s group reported the electrodeposition
of BiSbTe nanowires of 50 nm in diameter with different
compositions (the crystallographic orientation of the nanowires
was not mentioned in the manuscript) inside AAO templates,
using a non-aqueous solution of ethylene glycol. In 2011,
Sima’s group (Sima et al., 2011) described (Bi,Sb)2Te3 nanotubes
grown at current pulse plating inside PC membranes performing
electrochemical impedance spectroscopy. Two years later, in
2013, Nielsch’s group (Bäßler et al., 2013) reported pulsed
electrodeposition to fabricate thermoelectric nanowires of
Bi0.75Sb1.45Te2.8 with 30 nm diameter. The Seebeck coefficient
and power factor were found to be 156 µV/K (p-type
semiconductor), the highest reported value for these nanowires
to date, and 1750 µW/K2·m, respectively. In 2014, Li’s
group (Li et al., 2014) reported the reduction of thermal
conductivity as diameter decreases of Bi0.5Sb1.5Te3 nanowires
oriented along [110] direction. The thermal conductivity (0.7-
0.89 W/m·K) was measured in a single wire using the 3ω
method; these values were lower than that of the bulk
material (1.4 W/m·K). The same year, Yen’s group (Kuo et al.,
2014) reported a work based on pulsed electrodeposition of
Bi0.2Sb1.6Te3.2 grown inside AAO templates. Different ratios
between ton and toff were studied, as well as different diameters
and length.
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TABLE 3 | Thermoelectric measurements of Se-doped BiTe nanowires found in the literature.

Composition

and orientation

Nanowire

diameter

(nm)

Templates σ

(S/cm)

S

(µV/K)

PF

(µW/K2
· m)

References

Bi2Te2.7Se0.3
[1 0 10] and [110]

60 AAO – −75 – Khedim et al., 2015

Bi-rich Bi2.5Te2.78Se0.02-

Bi2.16Te2.68Se0.06
Preferential [110]

70–325 AAO 2.7·103–

1.9·103
−60 – (−60) 1·103–

0.7·103
Kumar et al., 2017

TeSe-rich

Bi1.9Te2.75Se0.35
Orientation is not mentioned

200 AAO 2.2·103 ±

0.4·103
−115 ± 2 2.8·103 Bäßler et al., 2013

FIGURE 10 | (A) alumina templates, (B) Bi2Te3 nanowires electrochemically deposited, (C) BiSbTe nanowires electrodeposited and (D) Finished thermoelectric

device. Reproduced with permission from Lim et al. (2005). Copyright 2005 Advanced Materials.

FIGURE 11 | The temporal line of the most important achievements of bismuth antimony telluride nanowires. In blue the studies where thermoelectric measurements

were performed is shown. In red is shown the first thermoelectric device based on nanowires.

Choa’s group (Ng et al., 2014) published a study based
on electrodeposition of polycrystalline BixSbyTe3 nanowires
obtained with different compositions changing the reduction
potential. In 2015, Li’s group (Li et al., 2015) reported an
improvement of Seebeck coefficient (150 µV/K), reaching
similar values than the best previously reported, and electrical
conductivity (480 S/cm) when Bi0.5Sb1.5Te3 nanowires with
67 nm in diameter and oriented along [110] direction were
grown via pulsed electrodeposition. Moreover, the thermal

conductivity was found to be 0.2–0.3 W/m·K, lower than the
only other work that had measured it for similar nanowire
diameters. The Seebeck coefficient was measured in the
nanowires embedded inside the AAO, the electrical conductivity
using a four-probe system and the thermal conductivity by
the 3ω method.

In 2016, Enright’s group (Hasan et al., 2016) published the
enhancement of the electrical conductivity (2.5 times higher
than bismuth telluride) of Bi1.35Sb1.4Te2.25 nanowires grown via
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pulsed electrodeposition. The nanowires were highly textured
along [110] and [205] directions using AAO templates with
250–300 nm pore diameter. In 2017, Narayan’s group (Datta
et al., 2017) reported a very low Seebeck coefficient (6.5 µV/K)
of polycrystalline Bi2−xSbxTe3 nanowires grown at constant
potential in polycarbonate membranes of 200 nm. In 2018,
Boulanger’s group (Danine et al., 2018) published 60 nm diameter
Bi0.4Sb1.3Te3.3 nanowires grown at constant potential inside
polycarbonate membranes oriented along [015] direction. In
those nanowires, which presented 60◦ twins, electrical resistivity,
and Seebeck coefficient were measured with values of 128 µ�·m
and 138 µV/K, respectively. The thermoelectric measurements
found in the literature of BiSbTe nanowires are collected
in Table 4.

From the thermoelectric properties of bismuth antimony
telluride nanowires (see Table 3), the conclusions that can be
extracted are that the Seebeck coefficient does not change
much with nanowire diameter. The thermal conductivity slightly
decreased from 0.84 to 0.7 W/m·K for 282 to 67 nm nanowires
diameter, respectively (Li et al., 2014). These measurements
were performed in Bi0.5Sb1.5Te3 nanowires oriented along [110]
direction using AAO templates for the electrodeposition.

Other V-VI Thermoelectrics
Another V-VI compound studied is Sb2Te3. This material
also presents anisotropic behavior in its properties. The figure
of merit of bulk antimony telluride single-crystalline in the
direction parallel to the c-axis of the structure was determined
by Antonova et al. (Antonova and Looman, 2005) and it was
found to be zT//c = 0.48, with Seebeck coefficient, electrical
conductivity, and thermal conductivity values of 92 µV/K,
0.31 (µ�·m)−1, and 1.63 W/m·K, respectively (Antonova and
Looman, 2005). Contrariwise, when the crystal structure was
oriented perpendicular to the c-axis, the values of the Seebeck
coefficient, electrical conductivity, and thermal conductivity
were 63 µV/K, 0.82 (µ�·m)−1, and 7.47 W/m·K, respectively,
corresponding to a much lower figure of merit of zT⊥c = 0.13
(Antonova and Looman, 2005).

The first report on electrodeposition of Sb2Te3 nanowires
can be found in 2008 by Oh’s group (Kim et al., 2008).
They reported the electrodeposition of polycrystalline Sb2Te3
nanowires inside commercial AAO template (200 nm pore
diameter) using different constant current densities. One year
after, the same group published a second paper with similar
nanowires, where the power output was measured with a value of
4.8·10−10 W (Kim et al., 2009). In 2009, SbxTey nanowires with
different composition were electrodeposited at constant potential
using 200 nm pore diameter AAO templates (commercially
available Whatmann filters). As reduction potential increases, Te
content increases; the length of the wires was ∼5–10µm (Park
et al., 2009). Figure 12 shows a temporal line of the most relevant
achievements of antimony telluride nanowires.

In 2010, Nielsch’s group (Klammer et al., 2010) reported the
electrodeposition of antimony telluride nanowires grown in an
organic solvent (ethylene glycol) using constant current density
and 50 nm pore diameter alumina. The Seebeck coefficient was
found to be 21 µV/K. In 2011, Devireddy’s group (Pinisetty

et al., 2011) published the electrodeposition of nanowires and
nanotubes grown inside polycarbonate membranes. Nanowires
with 400 nm in diameter and nanotubes with 100 nm in diameter
were obtained using different current densities, 10 and 5.5
mA/cm2, respectively. The Seebeck coefficient was found to be
359 and 332 µV/K for nanowires and nanotubes, respectively.
These values were measured using Harman’s technique in
nanowires embedded in the membrane. The last study of
antimony telluride nanowires grown by electrodeposition can
be found in 2015 by Myung’s group. In this work, the
electrodeposition of amorphous Te-rich antimony telluride
(Sb1.6Te3.4) nanowires with 250 nm diameter using different
reduction potentials was carried out. After thermal annealing at
100–200◦C, the nanowires were polycrystalline with an increase
in the crystallite size from 23 to 28 nm (Kim et al., 2015). The
carrier concentration and Seebeck coefficient were found to be
1.1·10−9 cm−3 and 318 µV/K, respectively. The thermoelectric
measurements of SbTe nanowires are collected in Table 5.

From the available thermoelectric properties of antimony
telluride found in the literature (see Table 5), the only
conclusion that can be extracted is that the Seebeck
coefficient is slightly higher for nanowires than for
nanotubes and that an increase in the figure of merit was
observed between nanowires (0.09) and nanotubes (0.2)
(Pinisetty et al., 2011).

INTERCONNECTED 3D NANOWIRE
NETWORK

One of the latest landmarks in the fabrication of Bi2Te3
nanowires by electrodeposition is devoted to the fabrication of
3D-interconnected nanowire networks. The first study which
reports the electrodeposition of a Bi2Te3 3D-interconnected
nanowire network was published in 2014 by Martin-Gonzalez‘s
group. In this work, a 3D interconnected network of Bi2Te3
nanowires was obtained by pulsed electrodeposition inside 3D
AAO templates (Martín et al., 2014). The nanowire diameters
are around 52 nm. In 2018, the same group studied the
influence of pulsing (between an applied potential during
ton and current equal to 0 during toff ) in the morphology,
crystallographic orientation, and composition of the network
electrodeposited at 0◦C. The crystallographic orientation was
controlled changing the reduction potential, and stoichiometric
bismuth telluride 3D-nanowires oriented along [110] direction
(Ruiz-Clavijo et al., 2018) were fabricated. In order to obtain both
the stoichiometric composition and the [110] crystallographic
orientation, pulsed current-voltage electrodeposition was applied
between a density current of 0 mA/cm2 for 0.1 s and difference
potential for 1s. Figure 13 shows cross-sectional SEM images of
3D-Bi2Te3 NW embedded into the AAO template (Figure 13A)
and the free-standing structure, after selectively removing
the AAO template (Figure 13B). Additionally, the thermal
conductivity of stoichiometric bismuth telluride 3D-nanowires
oriented along [110] direction and 52 nm in diameter was
measured by Martin-Gonzalez‘s group (Abad et al., 2016b).
A value of 0.58 ± 0.22 W·m−1K−1 was found, which
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TABLE 4 | Thermoelectric measurements of Sb-doped BiTe nanowires found in the literature.

Composition

and orientation

Nanowire

diameter

(nm)

Template σ

(S/cm)

S

(µV/K)

PF

(µW/K2
· m)

k

(W/m·K)

References

Bi0.4Sb1.3Te3.3 [015] and 60◦

twins

60 PC 7.5·101 138 142.8 – Danine et al., 2018

Bi0.5Sb1.5Te3
[110]

67 AAO 4.8·102 150 1,080 0.2–0.3 Li et al., 2015

Bi0.75Sb1.45Te2.8
It is not mentioned

80 AAO (7.2 ± 6.4)

·102
156 ± 3 (1.7 ± 0.07)

·103
– Bäßler et al., 2013

Bi0.5Sb1.5Te3 [110] 67–282 AAO – – – 0.7-0.84 Li et al., 2014

Bi2−xSbxTe3
Polycrystalline

200 PC – 6.5 – – Datta et al., 2017

Bi1.35Sb1.4Te2.25
[110] and [205]

250-300 AAO 2.4·103 – – – Hasan et al., 2016

FIGURE 12 | The temporal line of the most relevant achievements of antimony telluride nanowires. In blue are shown the studies where thermoelectric measurements

were performed.

shows a reduction in the thermal conductivity value, with
respect to 1D nanowires of the same diameter (0.72 ± 0.37
W·m−1K−1) (Muñoz Rojo et al., 2017). One may think that
the reduction in the thermal conductivity between the 3D
vs. the 1D could be due to a possible effect of phononic
crystal, because of the internal structure of the 3D network.
But, before reaching that conclusion, further experiments
need to be done.

In 2016, Toimil-Molares’s group reported a Sb 3D network
inside 3D-PCmembranes with 100 nm in diameter and 30µm in
length using pulsed-potential deposition. Although this material
is not a V-VI compound, we consider the work of high
importance to be mentioned here. These nanowires presented
two crystallographic directions, [110] and [104] (Wagner et al.,
2016). Furthermore, in this study, thermoelectric measurements
using a cross-plane steady-state method was performed in a 3D
network with 30µm in length. The effect of the interconnectivity

of the nanowires network is shown. Figures 13C,D show SEM
images of 3D-Sb NW network free-standing.

The principal differences between both networks are that the
vertical spacing of 3D-AAO nanostructures can be controlled
very accurately since it is proportional to the time of the pulses
applied during their fabrication, so they can be tailored as desired.
The wires are perpendicular to the template surface and they have
horizontal interconnections at 90 degrees to the vertical channels
(see Figures 13A,B). These interconnections are perfectly aligned
and form a plane of interconnections. This 3D-AAO can also be
obtained in non-planar surfaces like in cylinder or wires (Resende
et al., 2016). In addition, these 3D-AAO nanostructures could
be considered phononic crystals, due to the periodic structures
that can be produced inside the membranes. These phononic
crystal nanostructures would allow the reduction of the thermal
conductivity thanks to a new approach for changing the thermal
transport based on the concept of nanophononic metamaterials
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TABLE 5 | Thermoelectric measurements of SbTe nanowires found in the literature.

Composition

and orientation

Nanowire

diameter (nm)

Template σ

(S/cm)

S

(µV/K)

PF

(µW/K2
· m)

zT References

Sb2Te3
It is not mentioned

50 AAO – 21 – – Klammer et al., 2010

Sb1.6Te3.4
Polycrystalline

250 AAO – 318 – – Kim et al., 2015

Sb2Te3 NWs and NTs

Polycrystalline

400–100 PC – 359-332 – 0.09–0.2 Pinisetty et al., 2011

FIGURE 13 | (A) Cross-sectional SEM micrograph images of 3D-Bi2Te3 NW with backscattered electrons; (B) SEM micrograph of free-standing 3D Bi2Te3 nanowire

network after AAO template removal. Exhibiting the high degree of interconnectivity and the capacity of being free-standing without the alumina template. Reproduced

with permission from Ruiz-Clavijo et al. (2018). Copyright 2018 Nanomaterials. (C,D) SEM images of a free-standing 3D network of Sb NWNWs with wire diameters

∼100 nm, exhibiting their well–controlled degrees of interconnectivity. Reproduced with permission from Wagner et al. (2016).

(NPMs) by introducing nanoscale local resonators. In this case,
the interconnections distances could be adjusted to enable unique
subwavelength properties and killing the propagation of certain
phonon wavelengths.

In the case of 3D-PC nanostructures, this spacing cannot be
controlled since the ion irradiation is a random process. Only the
average density of nanowires, the relative angle with the surface
and the pore diameter can be controlled by the influence of
the ions during the template fabrication and the etching time
during the opening of the pores. In this case, the 3D-PC the
nanowires are oriented 45 degrees from the template surface and
not complete planes of interconnected nanowires were obtained
as can be seen in Figures 13C,D.

These 3D-AAO and the 3D-PC membranes open a new
avenue to obtain macroscopic hierarchical 3D nanowire
networks that will have all the benefits of the nanowires
in a macroscopic system that can be handled with tweezers
and without any of the drawbacks of having the template in
the structure.

CONCLUSIONS

In this review, it has been shown that stoichiometric Bi2Te3
nanowires oriented along [110] direction have been grown by
electrodeposition with different diameters (25–400 nm) up to
date. The smallest nanowire diameter of these nanowires was
found to be ∼15 nm. Moreover, all the thermoelectric properties
(electrical conductivity, Seebeck coefficient, and thermal
conductivity) have been measured for different diameters.
The electrical conductivity seems to increase in the different

works as nanowire diameter decreases for stoichiometric Bi2Te3
nanowires oriented along [110] direction. The change in the
Seebeck coefficient can be explained by other factors than by
nanowire diameter reductions. And the thermal conductivity
decreases as nanowire diameter decreases. Additionally, in the
case of Se-doped BiTe, higher electrical conductivity and Seebeck
coefficient than Bi2Te3 have been reported. And, in the case of
Sb-doped BiTe, higher Seebeck coefficient and lower thermal
conductivity have been published.

In summary, the most important conclusion is that the
nanowires should be grown with small diameter (20–25 nm),
given that the electrical conductivity seems to increase for smaller
diameters and the thermal conductivity decreases as the diameter
decreases. It is worth to note that the different studies found in
the literature were done using different tellurium sources and
that this can explain the variations on the Seebeck coefficients
measured more than the effect on the size reduction.

Regarding the measurements, it is important to highlight that
there is a lack of metrology at the nanoscale, even though many
different phenomena (electrical contacts, accurate temperature
gradient measurement at the nanoscale, stoichiometry of the
nanowires, crystalline orientation, tellurium source used, the
number of twins, etc.) play an important role in the dispersion of
the measurements. Each article uses their own system to measure
at the nanoscale and no round-robin experiments between the
different setups have been made to date.

Recently, the development of 3D network nanowires has
opened a new field to investigate the thermoelectric properties
of these nanostructures. These 3D network nanowires are
the future to develop more efficient thermoelectric materials.
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Nevertheless, different questions are still open in the field. One
open question that it is necessary to gain understanding on is
the reason why the electric conductivity increases as the diameter
decreases, when the theory predicts that this behavior only should
be observed in quantum confinement regimes (for nanowire
diameters lower than 5–10 nm). Another open question is what
will be the value of the Seebeck coefficient for nanowires with
a diameter smaller than 40 nm, because in theoretical studies
performed to date some phenomena, which will be relevant at
such diameters, were not included, such as Dirac superficial
phenomenon. Or, the fabrication of a phononic crystal, to
cite some.

Therefore, the research in thermoelectric nanowires is
nowadays a hot topic in many ways. They provide a more
than reasonable way of improving the current performance
of thermoelectric materials, but they need a great research
effort in three main directions to exploit all their potential:
in their fabrication techniques, to go to lower diameters

with stoichiometric and properly oriented materials; in the
characterization techniques, to asses an accurate way of
measuring transport properties in nanostructures and better

metrology at the nanoscale; and in the theoretical understanding
of the phenomena taking place in these nanostructures.
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