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Titanium oxides have been considered potential electrode materials for
pseudocapacitors because of their exceptional properties, such as high
thermal and chemical stabilities, ready availability and low cost. However,
they are not ideal for practical applications due to their poor ionic and
electrical conductivity. The electrochemical performance of TiO, can be
greatly improved if the material is nanotextured by reducing the particle size
in optimizing the synthesis pathway. Actually, for metallic oxides, the
electrochemical performance significantly depends on the particle size/
morphology. At relatively low current densities the higher capacity values
are exhibited by noncrystalline TiO, having 2 nm particle size, with values
reaching 704 C g~ However, only thin electrodes are able to operate at a
high charge density, limiting the energy density of the final device. Here, we
propose a solution to circumvent such a drawback by further nanotexturing
TiO, over multiwalled carbon nanotubes (CNTSs). For that purpose, CNTs were
introduced during oxide preparation. The synthesis protocol has been
optimized for obtaining a uniform coverage of small TiO, particles on the
surface of the CNTs. At low current densities, high mass loading TiO,/CNT
composites electrodes are able to deliver capacitances as high as 480 F g™t and
the presence of CNTs allows keeping 70% of the capacitance at high current
densities while only 27% is retained when using a regular conductivity agent as
carbon black. The results demonstrate that uniform nanotexturation of TiO,
over CNTs allows good rate capabilities to be obtained for thick electrodes
having sufficient active material loading to achieve high specific energy and
power densities.
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Introduction

For decades, the study of metal oxides as electrodes for
supercapacitors has exponentially grown to find alternative
materials to commonly used porous carbon (Augustyn et al.,
2014; Choudhary et al., 2017; Razaa et al., 2018; Lokhande et al,,
2019). Developing nanomaterials and nanostructured materials
is a key issue for obtaining materials with good electrochemical
performances (energy density, power density and cycle life) in the
field of energy storage devices (Zheng and Jow, 1995; Devaraj and
Munichandraiah, 2008; Ghodbane et al., 2009; Hu et al., 2009;
Chen et al., 2010; Augustyn et al., 2014; Choudhary et al., 2017;
Razaa et al., 2018; Lokhande et al., 2019). With such materials,
some effect resembling capacitance can arise when the transfer of
a faradaic charge is proportional or approximately proportional
to the applied voltage. This kind of capacitance, of faradaic and
not electrostatic origin, is distinguished from the double-layer
capacitance and called “pseudocapacitance”. The mechanism of
the pseudofaradic reactions at the origin of the capacitance
depends on the nature of the electrolyte. In aqueous
electrolytes, this mechanism can be simply expressed by a
redox reaction that is common to most transition metallic
oxides (Chen et al., 2010):

MO, + X* + ¢ & MOOX (1)

where M is the transition metal and X represents hydrated
protons (H;0") and/or alkali cations from the electrolyte such
as K*, Na* and Li". The most interesting materials are RuO, and
MnO, because several redox processes overlap over a wide
potential range (Zheng and Jow, 1995; Devaraj and
Munichandraiah, 2008; Ghodbane et al., 2009; Chen et al.,
2010; Augustyn et al, 2014; Choudhary et al., 2017; Razaa
et al.,, 2018; Lokhande et al., 2019). For other materials, such
as oxyhydroxides of Co or Ni, capacitive behavior arises due to a
single redox process involving electron injection/removal;
therefore, the effective operating voltage is very low (Zheng
and Jow, 1995; Zhao et al., 2007; Hu et al., 2009; Augustyn
et al., 2014). Other metallic oxides, such as Fe;O, (Chen et al,,
2014), Bi,O;5 (Xu et al., 2015), TiO, (Zhou and Zhang, 2014),
SnO, (Zhou and Zhang, 2014), CuO, (Xu et al, 2016), V,0s
(Zhang et al., 2016), NiOx (Gao et al., 2013), MoO3 (Barzegar
et al., 2015) and Co30,4 (Liu et al., 2018), have been studied in
research on environmentally friendly and pseudocapacitive
compounds with electrochemical performances similar to
those of RuO, or even MnO, in aqueous electrolytes.
However, the main drawback for metallic oxides is that their
ionic and electronic conductivity is generally low, and to
maximize the rate capability, it is necessary to use thin films
that minimize the amount of energy stored.

In organic electrolytes, Li intercalation into host materials,
such as TiO,, MnO,, and CeO,, used for Li-ion batteries can be
regarded in some sense as pseudocapacitance since the charge
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exchanged could be an almost continuous function of potential
(Brousse et al., 2015; Huang et al., 2015). Although their response
time is longer than that for double layer charging owing to the
necessity for interlayer diffusion in the solid host lattice, Li* ion
accommodation is reported as a quasi-2-dimensional
phenomenon occurring on the material layer surfaces, similar
to the adsorption pseudocapacitance observed in aqueous
electrolytes.

As an example, MnO, can also demonstrate capacitive

behavior in organic electrolytes when using a Li-based salt

due to Li insertion/disinsertion (Jiao and Bruce, 2007)
according to Equation I:
MnO, + 8Li* + 8¢ <> LisMnO, )

However, an enhanced electronic conductivity and a large
degree of active surface accessibility are mandatory for obtaining
capacitance values as high as those in aqueous electrolytes
(Brandt and Balducci, 2014). The advantage in organic
electrolytes is that the stability potential window (from 1.5 to
3.5V vs. Li/Li") is larger than the 0.8-1.0 V window in aqueous
solution and the consequently higher extractable energy.
Nevertheless, for such materials, strategies such as
nanotexturation should be introduced to achieve charge
capacities comparable to those found in batteries without
compromising high charging/discharging rates (Wang et al,
2007; Brezesinski et al., 2009). Actually, this was first reported
for anatase TiO, nanocrystals, where pseudocapacitive effects
related to the charge storage of Li* cations from faradic processes
occurring on the surface, similar to the adsorption capacitance,
became increasingly important when the electroactive material
approached nanoscale dimensions. The pseudocapacitive
contribution to faradic processes increases with decreasing the
particle size down to 10nmj; ie., the potential-dependent
contribution increases from 15 to 55% when the particle size
decreases from 30 to 7 nm. This pseudocapacitive contribution
leads to higher levels of total stored charge than in the
corresponding bulk material and much faster charge/discharge
kinetics (Wang et al., 2007).

For these reasons, the direction taken by several studies
consists of synthesizing crystalline porous nanostructures with
large surface areas to ensure that the surface, not the bulk,
dominates the electrochemical properties. In this sense,
nanostructured TiO, has been reported for energy storage
applications in the form of nanoparticles, fibers, nanotubes,
nanocages, nanorods, nanowires and nanoribbons (Wang
et al., 2006 and, Wang et al,, 2016; Salari et al., 2011; Shao
etal, 2015; Wang et al., 2007; Szeifert et al., 2010; Gao et al., 2020;
Chen and Mao, 2007; Wang and Lou, 2012; Yu et al, 2017;
Ramandoss and Kim, 2013; Ge et al.,, 2016; Lu et al., 2013).
Unfortunately, all these reports based on titanium oxide
electrodes lack a systematic study of the particle size effect.

Moreover, the synthesis routes proposed for producing such
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nanotextured materials are quite complicated and/or require

hazardous chemicals. As an example, nanotubular and
nanoporous modified structures of TiO, are prepared by
anodization of titanium in hydrofluoric acid (HF)-containing
electrolytes (Mor et al., 2005), or mesoporous titania can be
produced by using a template in the presence of surfactants
(Chen et al., 2009). Hence, the use of environmentally unfriendly
and unsafe chemicals such as HF and surfactants may limit
interest in such synthesis techniques.

Among the mildest synthesis pathways in the solution phase,
the sol-gel method is one of the most common and low-cost
methods that is able to produce metal oxide nanoparticles with
fine control of the particle size, morphology, pore size and surface
area (Courtin et al., 2012; Chen and Kumar, 2012; Poirot et al.,
2015; Cargnello et al.,, 2014; Subramanian et al., 2006; Sudant
etal., 2005; Jiang et al., 2007; Debecker and Mutin, 2012; Cushing
et al., 2004; Niederberger and Garnweitner, 2006, Niederberger,
2007 and Niederberger et al., 2002). The sol-gel method allows
the control of the morphology, porosity, size and distribution of
particles. By exploiting the nature of the precursors and solvents,
their concentration ratios and the different synthesis parameters,
nanostructured materials with controlled morphology can be
obtained. The sol-gel chemistry allows the preparation of
homogeneous solutions containing either nanoparticles
(colloidal sol) or molecular species (polymeric sol), leading to
porous or dense nanostructured materials. Sol-gel chemistry has
many advantages in processing TiO, nanoparticles, such as good
control of solution homogeneity, small size and low processing
temperatures (Sudant et al., 2005; Subramanian et al., 2006). An
interesting way to synthesize TiO, nanoparticles is the use of
nonaqueous sol-gel processes in organic solvents. The use of
organic solvents to drive nonhydrolytic condensation reactions
overcomes some of the major limitations of aqueous systems, as
they act as oxygen-supplying agents for metal oxides and strongly
influence particle size, shape and crystallinity at low temperatures
(Debecker and Mutin, 2012; Cushing et al., 2004; Niederberger
and Garnweitner, 2006, Niederberger, 2007 and Niederberger
et al,, 2002). Moreover, nonaqueous sol-gel processes have been
shown to be efficient for developing hybrid materials with
TiO,
exhibiting good electrochemical performance in energy storage
devices (Li et al., 2013).

In this work, we present a sol-gel method without using any

ultradispersed anatase nanoparticles on graphene

surfactants or additives to prepare TiO, nanoparticles with
particle sizes less than 5nm in the anatase phase, which is
generally considered to be a more electroactive lithium-ion
insertion host than other TiO, polymorphs (Wang et al,
2007). The electrochemical behavior of the materials used as
electrodes for supercapacitors was characterized in an organic
electrolyte containing a Li salt. The electrochemical performance
of TiO, can be greatly improved if the material is nanotextured
by reducing the particle size in optimizing the synthesis pathway.
However, only thin electrodes are able to operate at high charge
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density, limiting the energy density of the final device. Here, we
propose a solution to circumvent such a drawback by further
nanotexturing TiO, over multiwalled carbon nanotubes (CNTs).
For this purpose, CNTs were introduced during oxide
preparation. The synthesis protocol was optimized to obtain
uniform coverage of small TiO, particles on the surface of the
CNTs. The results show that the TiO,/CNT composites allow
thick electrodes to have high capacitance and the rate capability
desired for developing supercapacitors with high energy density
and high power density.

Materials and methods
Synthesis of TiO, nanoparticles

Anatase TiO, nanoparticles were prepared by the sol-gel
route using tetrabutyl titanate (TBT, Acros Organics, 99%) as a
titanium oxide precursor. In a typical procedure, 3 ml of TBT was
added dropwise to 30 ml of ethanol. The clear solution was mixed
with vigorous constant magnetic stirring at room temperature
(RT) for 10 min. After that, 30 ml of deionized water was added
slowly to the solution, allowing TiO, formation. The final
solution concentration was close to 0.14 mol L™'. The mixture
(white color suspension) was then transferred into a round
bottom flask and refluxed for 4h at 65°C. TiO, powder was
collected after centrifugation, washed with ethanol and deionized
water repeatedly, and dried at 100°C or 120°C overnight. The
samples are denoted 4hR_100 and 4hR_120 (R stands for reflux,
4 h for the time of reflux and 100 or 120 for the temperature of
drying). For comparison, TiO, powders were also produced at
RT by simple magnetic stirring of the TBT-ethanol-water
mixture for 0.25h without refluxing and dried overnight at
100°C and 120°C. The samples are denoted 0.25hM_100 and
0.25hM_120 (M stands for magnetic stirring, 0.25 h for the time
of stirring and 100 or 120 for the temperature of drying).

Synthesis of TiO,/CNT composites

TiO,/CNT composites were further obtained by the same
methods: stirring and reflux synthesis. Physicochemical
(CCVD, Groupement de

Recherches de Lacq, Arkema, France) can be found elsewhere

characterization of the CNTs

(Raymundo-Pifiero et al., 2005; Raymundo-Pifiero et al., 2011).
In two routes, suitable amounts of TBT and CNTs were dispersed
in mixed solvents of ethanol and water (1:1 in volume) to obtain
composites with 10 wt% and 20 wt% CNTs. Part of the solution
was sampled after 0.25h of mixing, and the other part was
refluxed for 4h at 65°C. Another synthesis route consists of
ultrasonically dispersing the same initial solution for 2 h.
Irradiation was carried out with an interval of 5s every 30s.
Then, the solution was refluxed for 2 additional hours. For all
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synthesis routes, the formed milky suspension was collected by
centrifugation. The unreacted reagents were removed by washing
the precipitate with ethanol and DIW three times and dried at
100°C overnight in air. The composites obtained by mixing were
named 0.25hM10 and 0.25hM20 since the ones obtained by
reflux are named 4hR10 and 4hR20 and the ones obtained by
sonication and reflux are 4hSR10 and 4hSR20 (here S stands for
sonication). The 10 and 20 at the end of the names represent
10 wt% CNTs and 20 wt% CNTs, respectively.

Physicochemical characterization

X-ray diffraction (XRD) analysis was conducted on a Bruker
D8 Advance diffractometer equipped with Cu Ka radiation (A =
0.15418 nm, 40 kV and 40 mA). The XRD powder patterns were
collected from 20 to 80° with a 20 step size of 0.02". The crystallite
size was determined by the Debye-Scherrer formula. Field-
emission scanning electron microscopy (FE-SEM) images were
recorded using a Carl Zeiss Ultra 55 system to examine the
morphology and microstructure of the as-obtained samples.
Transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) patterns were taken by a JEOL-
JEM-2100 system at an accelerating voltage of 200 kV.

Nitrogen adsorption isotherms were recorded at 77 K using a
Quadrasorb (Quantachrome, USA) instrument for relative
pressure (P/P,) values between 107 and 1. The samples were
preliminarily outgassed for 12h at 120°C. The Brunauer—
Emmett—Teller equation was applied to calculate the specific
surface area (Sggt), and the pore size distribution was determined
using the nonlinear density functional theory approach
(NLDFT).

Electrochemical characterization

Electrodes were prepared by mixing TiO, (70 wt%) with a
conductive additive (20 wt%,carbonblack (Pureblack®, Superior
Graphite Co.)) and a binder (10 wt%, polyvinylidene fluoride) in
ethanol. The resulting paste was rolled up to obtain a self-
standing film, and 1cm-diameter electrodes were punched.
Composite TiO,-CNT electrodes were prepared by mixing the
active material (90 wt%) with the binder (10 wt%) by following
the same procedure used to obtain the self-standing films. Labels
as “thin” and “thick” has been added to indicate the electrode
mass loading. The label “thin” after the sample name indicates an
electrode mass loading of approximately 1.5mgcm™ since
“thick”
approximately 9.0 mg cm .

Three-electrode Swagelok™ cells were assembled in a glove
box (filled with high-purity argon) with the TiO, material as the
working electrode and lithium metal as the counter and reference
electrodes using 1mol L™ LiPFs in EC/PC/3DMC as the

refers to electrodes with a mass loading of
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FIGURE 1
XRD patterns of TiO, materials.

electrolyte. Electrochemical characterization of the materials
was carried out with cyclic voltammetry (1mVs™) and
galvanostatic charge/discharge cycling (0.1-3Ag™") in a

potential window from 1 to 3.5V wvs. Li/Li* with a
VMP3  multichannel potentiostat/galvanostat  (Bio-Logic,
France).

Results and discussion
Physicochemical characterization TiO,

XRD patterns are shown in Figure 1. The figure shows that all
samples are well crystallized in anatase TiO, (space group: 14,/
amd, JCPDS N°. 21-1,272), except for the 0.25hM_100 sample,
which is amorphous. An additional diffraction peak is observed
at 30.8°, indicating the presence of a minor brookite phase ((121)
peak, JCPDS N°. 29-1,360). It is well known that the anatase
phase is the main product in hydrolytic sol-gel synthesis, with
the brookite phase often presenting as a minor secondary
product. According to the literature (Zhang and Banfield,
2000), the ratio between the two phases can be obtained by
calculating the ratio between the intensities of the anatase (101)
diffraction peak and the brookite 121) peak. For all materials, less
than 1% of the brookite phase is obtained. The average particle
sizes of the different TiO, materials, determined from Scherrer’s
formula taking the (101) peak as a reference, are shown in
Table 1. The table shows that the particle size is always
smaller than 5 nm and that an average size as small as 3.7 nm
can be obtained when TiO, synthesis is done under reflux
conditions and the drying temperatures does not exceed 100°C.

Figure 2 illustrates the surface morphology of TiO, materials
obtained using different synthesis conditions determined by FE-
SEM. The morphology depends on the synthesis method, in
particular, the agglomeration. Figure 2A shows that stirring the
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TABLE 1 TiO, materials prepared with different experimental conditions. Particle size, specific surface area and capacity obtained in a LiPFg EC/PC/

3DMC electrolyte at a current of 0.1 Ag™.

Sample Particle size nm Surface area m’/g
0.25hM_100 2.0° 486
0.25hM_120 48 296
4hR_100 3.7 400
4hR_120 5.1 302

“Estimated from TEM.

Capacity C/grioz Capacity mAh/grion

704 196
644 179
448 124
581 161

FIGURE 2

SEM images of TiO, nanomaterials: (A) 0.25hM_100, (B) 0.25hM_120, (C) 4hR_100 and (D) 4hR_120.

solution of the TiO, precursor for just 15 min and performing
gentle drying at a temperature close to the solvent boiling point
(i.e., boiling point of 81°C, drying temperature of 100°C) drives
the agglomeration of TiO, particles in a branched morphology
(sample 0.25hM). The TiO, nanoparticles aggregate into
entangled branches with a length/diameter ratio greater than
3.5, average diameters close to 50 nm and lengths up to 500 nm.
Figure 2B shows the morphology of TiO, after following the same
synthesis pathway but performing the drying step at a slightly
higher temperature; i.e., 120°C is completely different. Drying at a
temperature higher than the solvent boiling point induces faster
particle deposition, and they do not have time to arrange into
branches. Instead, they aggregate into particles with an irregular
morphology with great particle size dispersion. Figures 2C,D
show that including a 4-h refluxing step of the TiO,
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precursor-solvent mixture in the synthesis protocol led to a
different morphology (sample 4hR). Figure 2C illustrates that if
the mixture is gently dried at 100°C, TiO, nanoparticles aggregate
into ellipsoidal morphologies with diameters ranging from
50 nm to 300 nm (sample 4hR_100). If the refluxed mixture is
dried faster at a higher temperature (sample 4hR_120), Figure 2D
shows how the ellipsoidal-spheroidal aggregates become more
isolated.

According to the TEM images, TiO, nanoparticles are
pseudospherical in shape with a more or less uniform size
distribution. The TEM image in Figure 3A shows that the
particle size obtained by simply stirring the TBT-solvent
low

and drying at

(0.25hM_100 sample) is very small. The average diameters

mixture temperature

range between 1 and 2 nm. The nanoparticles are densely self-
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FIGURE 3

TEM images of TiO, nanomaterials: (A) 0.25hM_100, (B) 0.25hM_120, (C) 4hR_100 and (D) 4hR_120.
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= 200
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” 100
0+ . . ’ :
0 0.2 0.4 0.6 0.8
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FIGURE 4

B
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b 0-2 7
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£
£
o
5 0.1 -

Porous texture characterization of TiO, materials: (A) N> gas adsorption isotherms and (B) DFT pore size distribution.

assembled into aggregates with the branched morphology
previously observed by SEM. When increasing the drying
temperature (sample 0.25hM_120, Figure 3B), the TiO,
particles are larger in size, with diameters ranging between
4 and 5nm, and they are less densely packed. Adding the

solution in the reflux step during synthesis (sample
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4hR_100 in Figure 3C) also results in a larger particle size,
with diameters ranging between 3 and 4 nm. The drying
temperature seems to have the same effect as that for the
materials prepared without refluxing, as the particles are
slightly larger upon increasing the temperature from 100°C
to 120°C (samples 4hR_100 and 4hR_120 in Figures 3C,D,
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-
n

0 20000 40000

—=—0.25hM_100
—e—0.25hM _120
—a—4hR_100
" —+—4hR_120

0 1 2
Current density / A g

w

Electrochemical characterization of TiO, materials using LiPFg EC/PC/3DMC electrolyte: (A) galvanostatic discharge profile at a charge density
of 0.1 A g™, (B) galvanostatic charge—discharge profile on 0.25hM_100 TiO; at a charge density of 0.1 A g™, (C) Cyclic voltammetry at 2 mV s™* on
0.25hM_100 and 0.25hM_120 TiO, and (D) comparison of rate capabilities.

respectively), and the particle packing density is clearly higher
for the material treated at lower temperatures.

Figure 4 shows the N, adsorption isotherms and the pore size
distributions (PSDs) for the different materials. The isotherms of
all the materials present hysteresis loops at high relative
pressures, which is typical for a mesoporous material. TiO,
>g ' with
small mesopores with diameters ranging from 2 to 4 nm. Such

0.25h_100 presents a surface area as large as 486 m

results are in concordance with the morphology of the sample
with small TiO, nanoparticles (approximately 2 nm, see the TEM
image in Figure 3) aggregated into high-density branches. When
synthesis is performed under reflux conditions using longer
mixture times, i.e., 4 h, the particle size is still small (3.7 nm),
but particle agglomeration drives the presence of the largest
amount of small mesopores with a diameter of approximately
2-5 nm. However, the specific surface area reaches a similar large
value of 400 m® g”'. As mentioned above, the drying temperature
has a great impact on the particle size and agglomeration. When
increasing the drying temperature from 100°C to 120°C, TiO,
particles tend to agglomerate into spheroidal particles (see the
TEM image in Figure 3), leading to less dense material with a
wider mesopore size distribution ranging from 3 to 8 nm in
diameter, as shown in Figure 4. As a result, the specific surface
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area of the materials dried at 120 °C is smaller than that of the
dried at 100°C (see Table 1),
approximately 300 m* g'.

materials remaining at
In conclusion, crystallinity, particle size, agglomeration
density and morphology depend on the synthesis conditions.
Such parameters have a clear impact on the specific surface area,
and the pore size distribution is crucial for the electrode/
electrolyte interface and electrochemical performance.

Electrochemical characterization of TiO,

Electrodes of the materials synthesized above were prepared
by using 20 wt% carbon black as a conductive agent. The
electrochemical characterization of the different materials was
first performed by galvanostatic charge/discharge at a very low
charge density of 0.1 A g”', which corresponds to approximately
C/2. Such small charge densities allow discrimination of redox
reactions, i.e., faradic reactions, from pseudofaradic reactions.
Three different regions are generally observed for TiO, in the
galvanostatic discharge curve (Figure 5A). The first sloped region
at high potentials has been previously related either to the
formation of a solid solution of anatase and lithiated anatase

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1011782

Poirot et al.

(Sudant et al., 2005) or a capacitive-like surface process at the
electrode/electrolyte interface (Jiang et al, 2007). The second
region presenting a potential plateau corresponds to the Faradic
process of Li insertion into the octahedral sites of the anatase
crystals. The sloped region at low potentials has been related to
further insertion of Li ions into the surface TiO, layer. Figure 5A
shows that as expected (Sudant et al., 2005; Jiang et al., 2007;
Wang et al,, 2007), the electrochemical signature during the
charging/discharging of oxides such as TiO, is strongly affected
by the particle size. In particular, the faradic contribution
decreases when decreasing the particle size as diffusion-
controlled lithium-ion intercalation processes are replaced by
surface reactions (Wang et al., 2007). The figure shows that for
the materials with an amorphous nature having a small particle
size of approximately 2nm, such as 0.25hM_100, the
electrochemical signature is purely capacitive, with a constant
variation of potential with time. However, for the material with
higher crystallinity and a slightly larger particle size of 3.7 nm
(4hR_100), a very small faradic contribution at 1.8 V vs. Li/Li*
during discharge is detected in the galvanostatic profile. Finally,
for the materials with larger particle sizes of approximately 5 nm
(0.25hM_120 and 4hR_120), the faradic contributions related to
the insertion of Li ions at the anatase crystal lattice are more
visible in the galvanostatic profile.

the the
physicochemical properties of the TiO, material. For the first

Therefore, discharge profile depends on
discharge step at higher potentials, the capacity follows the same
trend as the specific surface area of the materials, indicating that
the charging mechanism is surface related. In particular, the
material with the narrower pore size distribution having average
pore sizes in the range of small mesopores (0.25hM_100) driving
to higher specific surface areas presents a much higher capacity.
The second region in the discharge curves most likely depends on
the particle sizes and crystallinity. In addition to the fact that
there is not a plateau for the amorphous material, for materials
with the anatase structure, the extension of the plateau depends
on the particle size, with an almost negligible plateau for the
anatase material with the smaller particle size, i.e., 3.7 nm,
indicating the minor presence of octahedral sites for Li
insertion. For the third region, at potentials lower than
1.7-1.8V vs. Li/Li*, there is not a unique slope for the
crystalline materials, indicating that different energy levels are
accessible for Li insertion into the surface layer because of the
small particle size (Razaa et al, 2018). In contrast, for the
amorphous material, there is a unique slope with a linear
decrease in potential vs. time because decreasing the particle
size to values smaller than 2-3 nm broadens the energy levels
accessible in the materials, and the amorphous nature favors the
surface process. Finally, the amorphous material with a small
particle size and a large surface area with a narrow pore size
distribution behaves as a capacitive material, even at low current
densities with a triangular charge/discharge curve (Figure 5B).
The differences in charge mechanism with the particle size are
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FIGURE 6

Specific capacitance obtained from the galvanostatic
discharge profile at current densities ranging from

0.1A g*-3.0 A g* with electrodes of 0.25hM_100 TiO, having
different mass loadings.

also visible when performing cyclic voltammetry as presented in
Figure 5C. The redox peak related to Li ion insertion in the
0.25hM_120 material with larger particle size is clearly visible
while the 0.25hM_100 material having smaller particle size
presents a capacitive like behavior without visible redox peaks.

Regarding capacity, Table 1 shows that at low current
densities the higher values are exhibited by the noncrystalline
material with the smaller particle size, with values reaching
704 Cg™'. This result indicates that surface processes such as
Li surface insertion in nanometric particles and double layer
formation due to the large surface area, can provide high
capacity. For the two materials with larger particle sizes
(0.25hM_120 and 4hR_120), the faradic reaction contributions
are far from negligible, and capacities as high as 644 C g™ can be
obtained.

However, the nature of the process will have an important
impact on the rate capability of the materials. Such an aspect is
crucial for any material intended to be used in a high-power
device such as a supercapacitor. Figure 5D shows the
performances obtained for the four different materials as a
function of the current density. The values are expressed in
terms of capacitance and calculated in farads per gram
considering the almost capacitive behavior of the materials.
The figure indicates that the best rate capabilities are obtained
for the materials dried at 100°C, which present larger surface
areas, smaller particle sizes and a less crystalline nature. In
particular, the amorphous 0.25hM_100 material, having a
fully capacitive behavior, presents higher capacitance values,
with remarkable capacitance retention at high charge density,
with values of up to 400 F g™' at 3 Ag™. The anatase material with
the smaller particle size, i.e., 3.7 nm (4hR_100), having an almost
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(A) TEM image of the 0.25hM10 TiO,/CNT composite. (B) Comparison of the rate capabilities of electrodes based on 0.25hM TiO, and 20 wt%
carbon black (0.2hM), its composites with 10 wt% or 20 wt% CNTs (0.25hM10 and 0.25hM20) and a mechanical mixture of TiO, and 20 wt% CNTs
(MM). The label “thin” after the sample name indicates an electrode mass loading of approximately 1.5 mg cm™ since “thick” refers to electrodes with

a mass loading of approximately 9.0 mg cm™2.
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CNTs (4hR10 and 4hR20): (B) XRD patterns, (C) N, adsorption isotherms and (D) DFT pore size distribution.
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TABLE 2 Particle size and specific surface area of TiO, and TiO,/CNT
composites.

Sample Particle size nm Surface area m’/g
0.25hM 2.0° 486
0.25hM20 2.0° 372
4hR 3.7 400
4hR10 40 360
4hR20 3.7 369
4hSR 5.0 378
4hSR20 5.0 384
CNT — 265

“Estimated from TEM.

negligible plateau for faradic reactions, presents smaller
capacitance values, but the capacitance retention at high
energy density is also remarkable. However, the anatase
materials with a higher contribution of faradic reactions, due
to the larger particle size and smaller specific surface area, present
higher capacitance values at low current densities than 4hR_100,
but the decrease in the capacitance with the current density is
more pronounced.

Therefore, the combination of a large surface area, nanoscale
solid phase, short diffusion paths and interconnected porosity
ensures that most of the active material contributes to charge
storage by a pseudocapacitive mechanism. In addition, the
morphology enables great discharge rates to be realized for a
metal oxide.

However, due to the low conductivity of TiO,, there is a
limitation regarding the thickness of the electrodes. The above
results have been obtained for thin electrodes with mass loadings
of 1.2-14mgcm™ containing 20 wt% carbon black as a
conductive additive. Figure 6 shows that increasing the mass
loading of the electrodes from 1.3 mg cm™ to the most reliable
value, comparable to that of commercial EDLCs, of 9 mgcm™
strongly degraded the capacitance and the rate capability. Such
results indicate that the nanotexturation of TiO, into small
particles decreases the Li ion paths but does not solve the
conductivity drawback of TiO,. The physical mixture of TiO,
with a conductive additive such as carbon black is not enough for
acceptable behavior at a high current density for use as an
electrode in a power device such as a supercapacitor.

Therefore, to circumvent such a problem, TiO, has been
further nanotexturated over carbon nanotubes (CNTs).

TiO,/CNT composites

Multiwalled carbon nanotubes (CNTs) have been chosen as
nanotexturing agents because of their morphology and high
conductivity. It has already been proven that their high aspect
ratio and extended graphitic layers allow better percolation of the
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active particles in an electrode than materials with other carbon-
based particles such as carbon black (Raymundo-Pifero et al.,
2005; Raymundo-Pifiero et al., 2011; Zhu et al., 2020; Kazari et al.,
2022; Keshari and Dubey, 2022).

Considering the results presented in the previous section, a
composite was prepared by simply stirring the TBT-solvent
mixture in the presence of CNTs. However, a morphology
of CNT and TiO,
agglomerates is obtained, as presented in the TEM image in
7A. The picture that TiO,
nanoparticles are densely self-assembled to form aggregates

consisting independent networks

Figure reveals amorphous
with the branched morphology previously observed for the
same synthesis pathway (see TEM in Figure 3A), while CNTs
agglomerate in an independent entangled network. The
capacitances obtained as a function of the current density
with the TiO,/CNT composite in comparison to those
obtained with the electrodes made by a physical mixture of
TiO, with carbon black as a percolating agent (already
presented in the previous section as the 0.25hM_100 material)
are depicted in Figure 7B. Figure 7B shows that for a similar
amount of conductive carbon, the CNTs introduced during TiO,
synthesis allow high-mass loading electrodes to have
performance similar to that of the thin electrodes with carbon
black at current densities less than 1 A g™'. However, for current
densities higher than 1 A g™', the capacitances obtained with the
TiO,/CNT composites, even if they are higher than those of an
0.25hM electrode with carbon black loaded with the same mass,
do not attain the values obtained with the thin electrodes. In fact,
Figure 7B shows that the TiO,/CNT composite possesses the
same rate capability as a physical mixture on TiO, with the same
amount of CNTs (sample MM). These results confirm that
simple stirring of the TBT-solvent mixture in the presence of
CNTs leads to independent TiO, and CNT networks. Although
the results presented in Figure 7B show that CNTs are better
percolating agents than carbon black, this kind of physical
mixture of TiO, and CNTs does not allow thick electrodes
with high capacitances to be obtained at high current density.
Therefore, to favor the interaction between the CNT's and the
TiO, precursor during sol-gel synthesis, the strategy was to
perform solution reflux as presented above. Figure 8A shows
that after 4 h of reflux, the TiO, nanoparticles grew over the
CNTs, forming small aggregates over their surface. Figure 8B
shows that a crystalline TiO, anatase phase formed as the
majority phase regardless of the amount of CNTs used.
Brookite is found as a minority phase, with a percentage less
than 1%. The size of TiO, nanoparticles, determined as described
in the experimental section, is in the range of 3-4 nm regardless
of the %w CNTs. The nanoparticle diameter is included in
Table 2. These results indicate that adding CNTs to the
synthesis medium does not influence the particle size or
crystallinity. The position of the main peaks changes,
revealing a chemical interaction between the CNTs and TiO,
nanoparticles. Therefore, some TiO, nanoparticles anchor to the
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Electrochemical characterization of the electrodes based on 4hR TiO, with 20 wt% carbon black (4hR) and its composites with 10 wt% and

20 wt% CNTs (4hR10 and 4hR20) in LiPFg EC/PC/3DMC as the electrolyte: (A) Nyquist plot and (B) rate capability. The label "thin" after the sample
name indicates an electrode mass loading of approximately 1.5 mg cm™ since “thick” refers to electrodes with a mass loading of approximately
9.0 mgcm=.
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FIGURE 10
(A) SEM image, (B) HR SEM image and (C) TEM image of the 4hsR20 TiO,/CNT composite. Physicochemical characterization of 4hSR TiO, and
its composite with 20 wt% CNTs (4hSR20): (D) XRD patterns and (E) DFT pore size distribution.
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CNT surface. Figure 8C shows the effect of adding 10 wt% or
20 wt% CNTs on the porous texture of the materials (materials
4hR10 and 4hR20, respectively). The N, adsorption isotherm of
CNTs is typical of a mesoporous material. The mesopores are
mainly formed by the entanglement of the nanotubes, as they are
essentially closed. By the addition of CNTs to TiO, during the
synthesis step, N, adsorption is almost unmodified in the relative
pressure region smaller than 0.6, whereas a noticeable
enhancement at P/Py > 0.6 in the range of CNT mesoporosity
is observed. Therefore, the specific surface area is almost not
modified by the presence of CNTSs, whereas the pore size
distribution (Figure 8D) reveals the presence of mesopores in
the diameter range for the CNTs in the composites. The amount
of mesopores in such a range increases with the amount of CNT's
in the composite. The quantitative data extracted from the N,
adsorption isotherms are given in Table 2.

Figure 9 shows that such TiO, nanotexturation on small
aggregates over the CNT network increases the conductivity of
high-mass loading electrodes in the organic electrolyte. The
Nyquist plots presented in the Figure 9A confirm a noticeable
decrease in the resistance for the composites prepared with CNT's
(4hR10 and 4hR20) in comparison to a standard electrode
prepared with carbon black (4hR). Increasing the amount of
CNTs from 10 wt% to 20 wt% leads to a small decrease in the
resistance. The effect of CNTs on the resistance decrease is
attributed, on the one hand, to the fact that this kind of

Frontiers in Materials

network of conducting CNTs is able to efficiently connect the
particles of TiO, in the composites (see the TEM image in
Figure 8A). On the other hand, is the CNTs have a
nanotexturing effect on the composite, which appears as a
network of open mesopores (Figures 8C,D) facilitating the
diffusion of ions to the small aggregates of TiO, particles.
Therefore, CNTs allow for high-mass loading electrodes with
a percolated network. Figure 9B shows that this feature has a
remarkable impact on the rate capability of such high-mass
loading electrodes. The addition of 10wt% CNTs to the
composite significantly enhances the specific capacitance at
high current densities, and an increase in the CNT fraction to
20 wt% provokes a further improvement in the performance. For
low current densities, the TiO,/CNT composites clearly
outperform the TiO, electrodes with carbon black having the
same mass loading and even the thin electrodes. For high current
densities, the TiO,/CNT composites behave similarly to the thin
electrodes. Hence, the TiO, nanotexturation in small aggregates
intimately connected to the open CNT network allows high-mass
loading electrodes to operate with an enhanced rate capability.

As a strong TiO,-CNT interaction is at the core of the
remarkable electrochemical performance shown in Figure 9B,
the synthesis pathway was further modified to improve this
10A
illustrates that sonicating the TBT-solvent mixture in the

interaction. The SEM image presented in Figure

presence of CNTs before solution reflux leads to an entangled
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FIGURE 12

Electrochemical characterization of the electrodes based on 4hSR TiO, with 20 wt% carbon black (4hSR) and its composite with 20 wt% CNTs
(4hSR20) in LiPFg EC/PC/3DMC as the electrolyte: (A) Nyquist plot compared to the composite 4hR20, (B) rate capability compared to the composite
4hR20 and commercial activated carbon (AC) and (C) cycle performance at a current density of 0.5 A g™. The label “thick” after the sample name

indicates an electrode mass loading of approximately 9.0 mg cm=—.

network of nanotube-like morphologies. The FE-SEM image in
Figure 10B reveals that the nanotubes are carbon nanotubes
covered by TiO, nanoparticles. The TEM image in Figure 10C
confirms the presence of a homogeneous coating of TiO,
nanoparticles on the surface of the CNTs. Besides the effect
that it can have on the CNTs dispersion, sonication drives to the
formation of surface defects and oxygenated functionalities in the
CNTs surface improving the interfacial interactions by acting as
actives sites for chemical reaction during TiO, nucleation (Rossel
et al, 2013; Maleki, 2018).

Although the morphology of the composites is very different
than that obtained just by reflux, the additional sonication step
does not influence the TiO, crystallinity or particle size, as shown
by the XRD pattern in Figure 10D and Table 2. TiO,
nanoparticles are well crystallized as anatase, and the particle
size is 5 nm, corresponding to the particle size found for the same
synthesis pathway in the absence of CNTs (see sample 4hSR in
Figure 10D and Table 2). Nevertheless, the small shift in the XRD
peaks again reveals the strong chemical interaction between the
TiO, nanoparticles and the CNTs. The pore size distribution
obtained from N, adsorption (see Figure 10E) is additional
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evidence of the nanotexturation of the TiO, particles with an
open mesoporous network in the diameter size range of
the CNTs.

Therefore, the presence of CNTs during sol-gel synthesis
does not influence the TiO, particle size and crystallinity.
However, as shown in Figure 11, the way the CNTs and the
TiO, precursor solution were mixed has a nonnegligible impact
on the TiO, and CNT interaction leading to different
morphologies of the composites. The morphology has an
important effect on the electrochemical behavior of the
composite.

In particular, the uniform coverage of small TiO, particles on
the surface of the entangled and well interconnected CNT
network obtained by using sonication and reflux increases the
conductivity and improves the access of the electrolyte to the
active material. In this sense, the Nyquist plot presented in
Figure 12A displays the decrease in the resistance when

nanotexturing TiO, over carbon nanotubes
4hSR20 with 20 wt% CNTs) in comparison with the same
material prepared in the absence of CNTs but having the

same amount of carbon black (sample 4hSR with 20 wt%

(sample
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carbon black). Moreover, the resistance is reduced in comparison
with that of the TiO,/CNT composite prepared only by reflux
(4hR20). As a consequence, Figure 12B shows that the rate
capability follows the same trend as the resistance. For high-
mass loading electrodes, the use of CNTs clearly improves the
rate capability. Moreover, the figure reveals that nanotexturation
of TiO, as a the CNTs
(4hSR20 material) instead of small aggregates intimately
connected to the open CNT network (4hR20 material)
allowed higher capacitances to be obtained at high current

homogeneous layer over

densities and therefore increased the power capability. In
particular, the presence of CNTs allows keeping 70% of the
capacitance at high current densities while only 27% is retained
when using a regular conductivity agent as carbon black. It is
worth to remark that our TiO, composites demonstrated a better
rate capability than in various reports about the performance of
TiO, in Li based organic electrolytes using lower mass electrodes.
For instance, TiO,-Polipyrrol-single walled nanotubes electrodes
with 0.7 mg cm™ yielded 22% capacitance retention at 2 A g
(Tang et al., 2017) and TiO, nanoparticles showed 52% at 3 A g™
(Shin et al., 2011). Also, thick electrodes with our TiO,/CNTs
composites showed much better capacitance retention than other
TiO,-carbon composites with maximum values of 51% at 3 A g*
(Lee et al., 2019). Figure 12B also shows that the capacitances
obtained in all the ranges of current densities clearly outperform
those obtained for a commercial porous carbon usually used for
EDLCs (AC material).

Another advantage of using CNT's as nanotexturing agents is
an improvement in the cycle life (Figure 12C). Actually, the
nanotubes prevent the loss of electrode integrity during cycling
by accommodating the possible dimensional changes of the TiO,
nanoparticles during Li ion insertion/disinsertion even when
there is a high mass loading in the electrodes.

In summary, the nanotexturation of TiO, in nanoparticles
homogeneously deposited over CNTs forming an entangled and
interconnected open mesoporous network allows a decrease in
the Li ion paths and the accessibility of ions to the active mass,
and consequently, charge propagation is improved. Such
nanotexturation allows thick electrodes operating in organic
electrolytes to have a high capacitance and the rate capability
desired for developing supercapacitors with high energy density
and high power density.

Conclusion

A synthesis protocol based on a green sol-gel method without
using any surfactants or unsafe additives was developed to obtain
TiO, with a small particle size and large specific surface area

2 51

(2-5 nm and up to 460 m* g™, respectively). The electrochemical
signature in an organic electrolyte of an intrinsically faradic oxide
is now fully capacitive, indicating fast pseudofaradic Li

intercalation reactions at the electrode/electrolyte interface,
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even if the galvanostatic charge/discharge step is performed at
a very low charge density (0.1 A g™"). Capacitances as high as
600 Fg™" can be extracted, outperforming standard porous
carbon behavior in the same electrolyte. However, because of
the low electronic conductivity of TiO,, even if 20 wt% carbon
black is mixed with TiO,, only very thin electrodes with a low
active material loading are able to deliver high specific
capacitances at high current densities. In such a case,
implementation in real devices is not reliable. Therefore, the
nanotexturation of TiO, over a percolating agent with a highly
interconnected network such as CNTs has been shown to be a
solution to the lack of conductivity at the same time that the
access of the electrolyte to the active electrode material is
enhanced. Such uniform nanotexturation of TiO, allows good
rate capabilities to be obtained for thick electrodes having enough
active material loading to obtain high specific energy and power
densities. Hence, TiO,/CNT composites can overcome one of the
most serious bottlenecks when developing metal compounds as
electrodes for pseudocapacitors, which is the negative impact of
mass loading on the delivered rate capability.
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