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Supercapacitors

Development of Vanadium-Coated Carbon Microspheres:
Electrochemical Behavior as Electrodes for Supercapacitors

Abdelhakim Elmouwabhidi, Esther Bailon-Garcia,* Agustin F. Pérez-Cadenas,
Nerea Ferndndez-Sdez, and Francisco Carrasco-Marin

Vanadium-coated carbon-xerogel microspheres are successfully prepared by a
specific designed sol-gel method, and their supercapacitor behavior is tested
in a two-electrode system. Nitrogen adsorption shows that these composite
materials present a well-developed micro- and mesoporous texture, which
depends on the vanadium content in the final composite. A high dispersion
of vanadium oxide on the carbon microsphere surface is reached, being the
vanadium particle size around 4.5 nm. Moreover, low vanadium oxidation
states are stabilized by the carbon matrix in the composites. The complete
electrochemical characterization of the composites is carried out using cyclic
voltammetry, chronopotentiometry, cycling charge-discharge, and impedance
spectroscopy. The results show that these composites present high capaci-
tance as 224 F g7, with a high capacitance retention which is explained on
the basis of the presence of vanadium oxide, texture, and chemistry surface.

1. Introduction

Recently, with the increase of power and energy demands in
various applications such as hybrid vehicles, large memory
backup devices, and renewable-energy power plants, many
efforts have been made to develop alternatives and more effi-
cient energy storage devices. Electrochemical capacitors (also
called supercapacitors) are investigated because of their unique
characteristics such as fast charging—discharging, high power
density, and long cycle lifetime.[}3]

The selection of the material used as an electrode for a
supercapacitor is crucial due to the porous structure and sur-
face chemistry of the material, they are the key factors to the
development of a supercapacitor with improved electrochemical
performance including power density, energy density, rate capa-
bility, charging time, and cyclic stability. Generally, the charge
storage in electrochemical capacitors occurs by a non-Faradaic
process and a Faradaic/redox process. Typically, high surface
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area carbon-based materials reflect a non-
Faradaic behavior (also known as electro-
chemical double-layer capacitors) whereas
conductive polymers and metal oxides/
hydroxides/sulfides have been desired as
Faradaic process or pseudocapacitors asso-
ciated with multiple oxidation states/struc-
tures that enable rich redox reactions for a
pseudocapacitance generation.

Carbon materials have a high spe-
cific surface areaV! high electronic
conductivity, and an excellent stability.
Therefore, activated carbons,># carbon
fibers,>7l carbon aerogels,’®° and carbon
spheres!%!1 have been commonly used as
supercapacitor electrodes. However, these
carbon-based electrochemical double-layer
capacitors have a low capacitance, espe-
cially at high charge/discharge rates and low energy density
and limited ionic accessibility.Zl Metal oxides and hydroxides
overcome these limitations of carbon and usually exhibit a high
specific capacitance, high power and energy densities.l] Many
metal oxides such as Ru0,,['>13] ZnO,'") MnO,,'>1¢ NiQ,!17:18]
Fe,03,1'% and vanadium oxides,?” especially V,05, VO,, and
their hydroxides have been used for supercapacitors with good
results, however, a decrease of their capacitances is observed
by increasing the scan rate due to their lower conductivity.?!!
Among the various metal oxides, vanadium pentoxide (V,0Os)
is considered to be one of the most promising candidates due
to its wide potential window, unique layered structure, and a
variety of oxidation states (V2¥, V3*, V¥, and V>*) which can
provide an excellent pseudocapacitance. However, the poor
electrical conductivity, low specific capacitance, poor cycling sta-
bility, and low energy of the vanadium-based devices limit its
real application. To overcome these limitations, the research is
focused in three directions: i) preparing micro-/nanostructure
materials, ii) the development of vanadium-based composite
materials, and iii) the development of asymmetric supercapaci-
tors.[?21 The first approach leads to materials with a good surface
area, high electrical conductivity, and a good cycling stability.
But the synthesis method to prepare these materials is too com-
plicated, expensive, and a low amount of material is obtained
during the synthesis, avoiding a real industrial implantation.
The development of composite materials is an interesting way
to improve the electrical conductivity and the stability of the
vanadium-based compounds. Nowadays, the preparation of
vanadium-based materials and an electric double-layer capac-
itor (activated carbon, carbon nanotubes, graphene, etc.) has
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become a very hot research area. The idea of this approach is to
get materials with an enhanced supercapacitor performance by
combining advantages of both pure phases (surface area, con-
ductivity, and stability of carbon materials and high power and
energy density of metal oxides).

In previous works, Ti— and Zr—carbon xerogel composites
have been synthesized and tested as electrodes for supercapaci-
tors, obtaining an improved electrochemical performance with
a high capacitance, a high retention capacitance, and a high
energy density.?>?4 This improved behavior could be related
to different properties of the composites: i) the presence of
TiO, improves the hydrophilicity of the carbon surface which
significantly increases the electrolyte contact with the surface,
favoring the diffusion of the ions, ii) carbon matrix favors the
TiO, reduction and these reduced species Ti** can act as elec-
tron transfer centers, decreasing the resistance of the electrode,
iii) pseudo-Faradaic contributions of the TiO, phase, and iv) the
presence of TiO, on carbon material induces a decrease in the
resistance of the electrode, improving their performance for
energy storage due to an optimization of the pore structure.
A sample with a combination of low hydrophobicity and an
adequate micro-mesopore network with a medium content in
TiO, shows the best performance for the energy storage. In that
sense, taking into account the benefits observed for Ti- and
Zr—carbon xerogel composites and considering the multivalent
state of vanadium which can provide an excellent pseudocapaci-
tance, vanadium-—carbon xerogel composites are presented as
promising material in electrochemical devices.

On the other hand, the morphology of the material is also
a quite important factor to consider during the preparation of
supercapacitors. The use of carbon spheres shows many great
advantages such as the high packing density which is very
important for increasing the specific energy. These materials
also have an excellent dispersivity and fluidity, leading to high
performances in electrode manufacturing.?’]

With the abovementioned background, the development of
vanadium-coated carbon spheres should be very interesting for
electrochemical applications. Consequently, in the present work,
carbon-xerogel microspheres were successfully covered for the
first time, by a different amount of vanadium oxide being these
composites deeply characterized from a textural, chemical, and
electrochemical points of view, with a special emphasis in the
study of their applications as electrodes for the supercapacitors.

2. Results and Discussion

2.1. Textural and Chemical Characterizations
2.1.1. Morphology and Dispersion

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of carbon spheres (CS) and vanadium
oxide (VO)-coated carbon spheres (CSVX) are shown in Figure 1.
As designed in an experimental setup, isolated microspheres
of around 20 um are obtained using the pregelled resorcinol-
formaldehyde (RF) solution. The CS sample (Figure 1a,d) pre-
sents a clean and smooth surface, while the vanadium particles
are clearly identified on the carbon sphere surface in the CSVX
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samples, increasing in number when the amount of theoretical
vanadium increases from 5% to 18% (Figure 1b,ce.f, respectively).
VO-coated carbon microspheres show a high dispersion of vana-
dium oxide on the surface of carbon microspheres even at a high
percentage of vanadium oxide. The presence of vanadium particles
on the carbon surface was also corroborated by energy dispersive
X-ray analysis (EDX) (Figure 1g-i). Vanadium is not detected in CS
samples, whereas the signal of O and V increases on increasing
the percentage of vanadium oxide in the final composite.

Dispersion and crystallinity of the vanadium oxide composites
were analyzed by X-ray diffraction (XRD). XRD patterns of CSVX
composites are shown in Figure 2a. Significant differences are
observed between composites and pure V,0s. Four main diffrac-
tions peaks are obtained at values of 37.7°, 43.9°, 63.8°, and 76.6°
for the CSVX composites which can be attributed to cubic V2
(VO) (JCPDS 75-0048), while a more complex pattern is obtained
for V,0s attributed to orthorhombic phase (JCPDS 01-089-0612).
Moreover, narrower and intense diffraction peaks were observed
in V,0s, denoting a high crystallinity, while the diffraction peaks
become wider and less intense in the case of CSVX composites.
In that last case, the intensity of the peaks increases, increasing
the amount of vanadium oxide. The mean average size of the
vanadium oxide particles was estimated using the Debye—
Scherrer equation, obtaining sizes of <4, 4.7, 4.8, 11.4, and
71.5 nm for CSV2, CSV5, CSV10, CSV18, and V,0s, respectively.
This result denotes a good dispersion of VO nanoparticles on the
carbon sphere surface. However, at quantities higher than 10%,
this dispersion decreases but nevertheless, a very low crystal size
is still obtained in comparison with pure vanadium oxide.

Note also that the vanadium oxidation state of the precursor
is 45 and during the synthesis of C/V composites, a reduction
of the vanadium occurs up to the most reduced state (+2), which
is preserved after the cooling and the storage of the sample at
room temperature. The valence of +5 is the most stable, while +4
and +2 are less stable and consequently, the mostly studied vana-
dium compounds in several application are VO, (V,0s, V,0;, or
even VO,),”2 but a lack of information exists in the behavior of
VO materials as supercapacitors. In that case, VO is mainly stabi-
lized on vanadium-coated carbon spheres, which indicates that the
carbon matrix favors in such a way this oxidation state stabilization.

2.1.2. Thermogravimetric Analysis (TGA)

The real amount of vanadium oxide in the final CSVX carbon
composites was determined by the burning of the carbon phase
by TGA. The final residual mass after TGA experiments was
considered as the inorganic phase content. In this way, the real
percentage of vanadium oxide on the carbonized composites
was 2.95, 6.53, 14.04, and 23.11 wt% for CSV2, CSV5, CSV10,
and CSV18, respectively. Comparing the TGA results with the
theoretical ones, it is observed that the real percentages are
slightly higher than the theoretical ones due to the weight loss
undergone by the samples during carbonization is higher than
50%. Note also that this difference increases at a higher amount
of vanadium oxide. Nevertheless, the similarity between the
theoretical and real values points out an oxidation of VO to
V,05 during the TGA experiments. Also note that the presence
of the vanadium oxide decreases the burn off temperature of
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Figure 1. a—c) SEM, d—f) TEM, and g—i) EDX images of CS (a, d, g), CSV5 (b, e, h), and CSV18 (c, f, i).

the carbon matrix (around 300 °C) comparing to pure carbon
spheres which start to burn at around 500 °C (Figure 2b). More-
over, an increase of weight is observed for composites at around
220 °C which could be ascribed to the V2* oxidation. The vana-
dium oxide is a well-known oxidation catalyst with a high
activity for the combustion of carbonaceous materials.26-2]
The catalytic activity of the vanadium catalysts for soot oxida-
tion is correlated to their redox properties and the mobility of
surface atoms. In particular, it has been suggested that the oxi-
dation of soot involves a redox mechanism in which the cata-
lyst is partially reduced by the extraction of oxygen from the
catalyst which in turn is replaced by oxygen coming from gas
phase.?”) The catalytic cycle is easily occurring because of the
capability of the vanadium to easily change its oxidation state.
This provides a high reactivity of the oxygen in the V=0 bond,
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making favorable the oxygen needed for the oxidation of soot.
On such a basis, the presence of VO on the surface of carbon
spheres increases the capacity to store and release oxygen of
vanadium oxide, increasing the ability to exchange oxygen with
gas-phase O, and during this exchange process, highly reactive
oxygen species are created which can be involved in different
catalytic processes.’”) The highly reactive active oxygen atoms
can oxidize carbon very efficiently, decreasing the combustion
temperature.

2.1.3. N, and CO, Isotherm Adsorption

The pore structure of the samples was studied by N, and
CO, adsorption measurements. The results are collected in
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with respect to a fast charge transfer and the
double layer formation of electrolyte ions in
the networks of the electrode.”!]
Considering the preparation method of
these materials, carbon spheres covered
= by vanadium oxide, a blockage of porosity
po could be expected as it has been previously
described.?2 A high decrease of microporo-
sity was obtained when carbon spheres (CS)
were covered by TiO, due to the micropo-
rosity blockage by TiO,.?2 Conversely, new
and wider porosity is created in the CSVX

30 40 50

Figure 2. a) Powder XRD patterns and b) TGA profiles of CSVX composites and CS. CS
(O, dashed line), V,05 (OJ), CSV2 (O), CSV5 (0), CSV10 (A), and CSV18 ().

Table 1. All samples present Type I and IV hybrid isotherm
characteristic of micro-, mesoporous solid. The content of vana-
dium oxide greatly affects the textural characteristics of the
composites. The higher the percentage of vanadium oxide, the
higher is the volume of the mesopores (V,,.;) with a lineal rela-
tionship between both (Figure Sla, Supporting Information).
The mesoporosity increases with the percentage of the vana-
dium oxide dispersed into the carbon xerogel surface and also
the microporosity increases and becomes the widest (Wy(N,)
and Ly(N,) increases, Figure S1b, Supporting Information) at
the expense of the ultra-microporosity (Wy(CO,)) that decreases
(Figure 4). It is well-known that the CO, adsorption provides
information about the narrow microporosity, corresponding to
micropores with a diameter lower than 0.7 nm, while the total
microporosity is obtained from N, isotherm only in the absence
of diffusion restrictions. However, CO, is a polarizable molecule
and thus, adsorption as well interaction CO,~V are responsible
for CO, uptake. Note that, increasing the amount of vanadium
oxide, the CO, adsorption decreases despite the higher amount
of vanadium sites which could improve their adsorption, mani-
festing that the CO, uptake by the CO,-V interaction is min-
imum comparing with the CO, adsorption. In that sense, all
samples show Wj(N,) < W,(CO,), but this difference becomes
lower with the increase of the percentage of vanadium oxide due
to the opening of the porosity observed, and thus, lower amount
of ultra-micropores for CO, adsorption. Both micropores and
mesopores are very important for their use as electrodes in
energy storage applications because they have different roles

Table 1. Textural properties of the carbon—vanadium composites.

20 (degrees)

samples; higher at increasing the contents
of vanadium. That could be explained on the
basis of the ability of the vanadium oxide to
catalyze oxidation reaction. V,0s is obtained
by hydrolysis of the vanadium isopropoxide
as it is observed from XRD of organic
gel. The low melting point of V,05 (690 °C) provides a high
mobility of the vanadium species during the carbonization,
its Tammann temperature is around 230 °C.3¥l The surface
mobility of active species and the ability of vanadium species
to provide a high reactive oxygen make favorable the oxygen
needed for the oxidation reactions and consequently, produce
a partial gasification of carbon spheres creating and opening
the porosity (Wy(N,) and a V., increase at the expense of a
narrower porosity, Wy(CO,)). Because of this oxygen transfer as
well as the thermal treatment, the reduced vanadium species
are stabilized after the carbonization process. As commented
above, higher differences between TGA and theoretical values
of vanadium contents (V,O,1¢/V,0s), Table 1, are obtained by
increasing the amount of vanadium in the sample. This could
be explained on the basis of a higher gasification of the carbon
matrix during carbonization of organic gels, due to a higher
amount of gasification catalyst (vanadium oxide). Density func-
tional theory (DFT) plots are depicted in Figure S2 (Supporting
Information). Narrow mesoporosity (3.0 nm) is observed in the
CS sample, whereas a higher volume and wider mesopores
(3.9 nm) are observed in CSV18 as a consequence of the above
commented porosity opening/carbon gasification.

60 70 80

2.1.4. Surface Composition: X-Ray Photoelectron Spectroscopy
(XPS) Analysis

Surface compositions of the samples were analyzed by XPS
which provided information regarding the electronic states and

Sample Sger[m? g7l Wo(Np) [em® g7'] Wo(COy) [em® g7 Lo(N) [nm]  Lo(COy) [nm] Vo5 [cm® g7'] Vies [cm® g1 p? [gem™]  VxOyrg [%]  VxOyra/V2Os
CS 573 0.226 0.288 0.65 0.59 0.330 0.104 0.292 0 -
CSv2 568 0.225 0.282 0.70 0.60 0.336 0.111 0.467 2.95 1.15
CSV5 575 0.229 0.273 0.72 0.58 0.347 0.118 0.517 6.53 1.24
Csvi0 602 0.241 0.266 0.75 0.60 0.356 0.115 0.560 14.04 1.26
CSV18 566 0.228 0.245 0.79 0.59 0.352 0.124 0.569 23.11 1.31

3Bulk density.
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Figure 3. a) V,, and Oy spectral region, b) relation between surface
V (0) and O (A) with percentage of vanadium oxide in the composite.

the chemical environment of carbon (C), vanadium (V), and
oxygen (O) atoms in the composite materials. XPS data are col-
lected in Table S1 (Supporting Information) and vanadium and
oxygen regions are depicted in Figure 3. Six carbon components
are needed to fix the Cy4 spectral region in all cases; the main
carbon peak is found at 284.6 eV, which corresponds to the
nonoxygenated amorphous carbon. Peaks at 285.8, 286.8, and
288.1 eV are assigned to C—0O, C=0, and COO~, respectively.
Note that there is no carbon peak associated with vanadium
carbide (VC, binding energy (BE): 282.9 eV) in CSVX samples,
suggesting that no carbothermal reduction took place during the
synthesis. No significant differences between the Cj; region of
pure carbon xerogel and CSVX composite are observed. In conse-
quence, this fact can indicate that the presence of the vanadium
oxide does not affect the surface chemistry of the carbon spheres.

Regarding the Oy region, three different peaks were found:
530.3 eV is assigned to oxygen in a metal oxide,[?*3%] whereas
the peak located at 532 eV is characteristic either of a hydroxyl
group (—OH) bonded or oxygenated groups like ketones (C=0)
on the carbon surface.l3% The third component at 533.0 eV cor-
responds to acids, anhydrides, and lactones and also to ether
groups (C—0—C).B% Moreover, this assignation is confirmed
by the fact that the first component increases progressively
increasing the V-content in the composite, while the other ones
slightly decrease due to the coverage of the carbon with vana-
dium species.

Three components are required to fit the Vy3, region
(Figure 3a); the peak at 513.9 eV corresponds to V2' species,
whereas the peaks at 515.5 and 517.1 eV are ascribed to V3*
and V*' ones, respectively.>3”] Analyzing the wt% of each ele-
ment, as expected, a linear increase of percentage of V,, and
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O,y is obtained, increasing the vanadium oxide content on the
carbon matrix (Figure 3b). From XRD analysis, only V2* contri-
bution would be expected on vanadium spectral region by XPS,
however, a mixture of V¥, V3*, and V* oxidation states are
obtained. Note that the more stable oxidation state, V>, is not
detected. The presence of V3" and V* components in the CSVX
samples denotes an overoxidation at the surface of the sample
from air exposure and since the technique is mostly sensitive to
the first =10 nm beneath the surface, it is easily detected by the
XPS measurements.

Silversmit et al.*® concludes that the classical method to
estimate the oxidation state in transition metal oxides based
on the sensitivity factors may result in significant inaccuracies
due to fact that the sensitivity factors for the 2p binding ener-
gies of transition metals largely vary because of the multielec-
tron process dependency of the chemical state.?] Alternatively,
a mean oxidation state can be determined by computing the
weighted percentage of the areas of the V,,3,, components. At
this sense, a mean vanadium oxidation state can be determined
from the ratio of the V,,3, and O3 XPS peak areas (I(Vaps)2)
and I(Oy)), when appropriate sensitivity factors, S, are known
(Equation (1)).138

2x1(04)/S(0x)
1(Vap, ) /S (Vi )

The values used for the sensitivity factors S(Oy) and S(V;p3)
are 0.66 and 1.3, respectively. A valence near to 3 is obtained
in all cases, which really corroborates the stabilization of low
vanadia valence on the carbon sphere surface.

Valence =

(1)

2.2. Electrochemical Characterization of Vanadium—Carbon
Composites

The electrochemical performances of the vanadium-carbon
composites are measured using different electrochemical
techniques such as cycling voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/dis-
charge using a 1 M H,SO, as electrolyte.

Figure 4a depicts the cyclic voltammograms at a different
scan rate for the sample CSV18. It is shown that the variation
of the capacitance with the increase of the scan rate decreases
the capacitance as the scan rate increases, because when the
scan rate is high, the formation of the electrochemical double
layer within the micropores is slower and less complete. As
the scan rate increases, the current versus potential is devi-
ated from the classical rectangular waveform, expected for a
pure capacitor. As discussed by some researchers, this is due
to the resistance effects inside the pores.[*)] In addition to the
pore resistance, efficiency is another important parameter
affecting the capacitance in high sweep rates. As the sweep rate
increases, the loss of energy increases and the stored charge
on the electrode surface decreases, causing the capacitance
decrease. Figure 4b shows the results of all samples at 5 mV s71.
All carbon composites show a quasirectangular shape, typ-
ical voltammograms for electrochemical double-layer (EDL)
capacitors with no diffusional restriction to the electrolytel*7!
and furthermore, the cyclic voltammetry is effectuated in the
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Figure 4. Cyclic voltammograms for sample CSV18 at different scan
rates: 10 (O), 50 (A), 100 (), and 200 (&) mV s7' in a) two-electrode and
c) three-electrode system. Cyclic voltammograms at 5 mV s™' for sam-
ples: CSV2 (A), CSV5 (), CSV10 (O), and CSV18 () in b) two-electrode
and d) three-electrode system. Variation of the gravimetric capacitance
against e) the scan rate, f) the current density for samples: CSV2 (4),
CSV5 (O), CSV10 (O), and CSV18 () in a two-electrode system.

voltage windows from 0 to 1.1 V, indicating a good stability
of the electrodes due to the presence of the vanadium oxides
in the composites. Moreover, it is important to highlight that
despite of the two-electrode system used where Faradaic con-
tribution is usually not observed, here a high
contribution of Faradaic (redox) reactions
could be easily identified related to the con-

and due to the high Faradaic contribution of vanadium oxide,
redox reactions are clearly observed.

To corroborate the possible pseudo-Faradaic contributions of
vanadium oxide phase, cyclic voltammetry was performed on
a three-electrode system using a Ag/AgCl electrode as the ref-
erence electrode. The results (Figure 4c,d) show that the pres-
ence of vanadium oxide produces load storage pseudo-Faradaic
effects that are more important for composite with 18% of VO,.

Chronopotentiograms (CPs) obtained are depicted in Figure S3
(Supporting Information) at a current load of a) 125 mA g
and b) 2 A g1 CPs show quasitriangular shapes which indicate
again that samples behave as an ideal EDL performance with low
resistance and a good diffusion of the electrolyte inside the pores.

The variation in the gravimetric capacitances measured by
using both techniques (cyclic voltammetry (CV) and chrono-
amperometry, chronopotentiometry (CP)) are plotted in
Figure 4c,d and compiled in Table 2. The pure carbon xerogel
shows a lower capacitance due to its lower and narrower
porosity and the absence of pseudo-Faradaic contributions.
The Ccp values of the composites are very high, between 105
and 224 F g!, compared with the C100 sample. Volumetric
capacitance values are also listed in Table 2 and range between
49 and 127 F cm™3, with CSV18 showing the highest value.
These values are much higher than the volumetric capacitance
generally required for practical applications,*>*¥! making these
samples suitable for use in small-volume devices. Moreover,
the higher the amount of vanadium oxide, the higher is the
capacitance of the CSVX samples. This improvement in the
capacitance can be related to the porous texture and the pseudo-
Faradaic contributions of the vanadium oxide.

At this point, both contributions could be distinguished
from the shape of the cyclic voltammograms and tried to be
independently analyzed: i) a broad peak in the central region
which is typical for Faradaic reactions of intercalating com-
pounds and ii) a nearly rectangular background related to the
electrochemical double-layer behavior and consequently mainly
influenced by the porous structure and chemical properties.
Considering the rectangular background, an area increase is
observed, increasing the vanadium content. That improvement
in capacitance could be explained by considering two param-
eters: pore size and pore volume. So, when the vanadium
percentage increases from 2 to 18, the pore volume (W;(N;))
slightly decreased from 0.282 to 0.245 cm? g but the pore
diameter increases from 0.65 to 0.79 nm and the mesopore
volume, V.., increases from 0.114 to 0.124 cm? g~!. There are

Table 2. Electrochemical performances of V-C composites.

version between different vanadium oxida-

. - ) ; Sample Cev Cep Cep Ret.
tion states.*!l Faradaic contributions are not 0.5mV s 200mV s~ 0125A g™ 20Ag" Cor?
observed, for examPle, with similar TiO,/C Fe] Fen’ [Feg Femd [Fegl Femd Fel [Fem? 19
or ZrO,/C composites when a two-system

. cs 40 12 - - 37 n 3 1 8
electrode is used, whereas they are observed
in a three-system electrode.?*?* This fact CSV2 104 48 38 18 105 49 23 n 22
denotes the high ability of vanadium to pro-  Csvs 110 57 39 20 135 70 54 28 40
vide excellent pseudocapacitance due to its sy 140 78 70 39 154 36 33 46 54
multivalent character. In such a way, small o 170 97 106 p 224 127 132 75 59

heterogeneities in the electrodes provide a
small asymmetry of the two-electrode system
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#Ret. Ccp: percentage of retention capacity by galvanostatic discharge at 20 A g™ referred to 0.125 A g™
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Figure 5. a) Nyquist and b) Ragone plots of samples: CSV2 (A), CSV5 (), CSV10 (O), and CSV18 ().

many studies in literature suggesting that there is an increase
of the specific capacitance with increasing the average pore
size*l due to the better accessibility of the electrolyte, in such a
way, the creation and opening of the porosity observed in CSVX
composites increasing the amount of vanadium oxide favors
the electrolyte accessibility and consequently the capacitance.
Related to the pseudo-Faradaic contributions, the higher the
amount of vanadium oxide, the higher is the height of redox
peak (Figure 4b) and consequently, the pseudo-Faradaic contri-
butions. In this way, the opening of the microporosity together
with the presence of more vanadium oxide, favors the superca-
pacitor behavior of the sample.

Another important factor to take into account in the design
of supercapacitor materials is the capacitance retention at
high current densities, which is a limiting factor to the use of
carbon materials as electrodes. Figure 4f shows the variation of
the specific capacitance, Ccp, with the increase of the current
density. Ccp decreases when the current load increases from
0.125 to 20 A g1, however, while CS present a very low capacity
retention (8%), the presence of vanadium oxide increases the
capacity retention of the samples. This increase in retention
capacity is related with the increase in micropore width and
mesopore volume which favors the transport of ions through
the carbon porosity at a fast charge—discharge rate and so, facil-
itates the formation of the electrochemical double layer. CSV18
shows the highest capacitance retention (Table 2), 59%, because
it has a higher mesopore volume than the other samples, which
favors the transport of ions through the carbon porosity at a
higher current density.

Figure 5a showed the EIS characterization of the CSVX com-
posites. It shows the electrochemical impedance spectrum in
the form of Nyquist plots, where Z” and Z” are the real and
imaginary parts of the impedance, respectively. In the high fre-
quency region, the first intersection point on the real axis (2
was the equivalent series resistance (ESR), which was related
to the conductive properties of the activated carbon electrodes
for comparison purposes, because the same electrolyte, col-
lectors, and technique were used to assemble the cell.*’! The
Nyquist plot contains a semicircle at medium to high frequen-
cies, which is due to a Faradaic charge transfer resistance,
Rer, and a nearly straight line along the imaginary axis at a
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low-frequency component due to the mass transport limit. In
the low frequency region, the imaginary part of the impedance
(Z”) sharply increased and the plots tended to a vertical line,
which is characteristic of the capacitive behavior. The max-
imum capacitance (Cy,,,) of the composites was obtained at the
lowest frequency (1 mHz), the results obtained are compiled in
Table 3.

The difference of the Rer for all the samples can be explained
by the difference of the pore size diameter and Faradaic contri-
butions which depends of the content of vanadium and carbon
in the composite. The highest Rqp value was obtained for
sample CSV18, which indicate that this is the sample where the
pseudo-Faradaic effects are more important as is also depicted
in Figure 4b,d. In general, all the sample composites show a
lower ESR than CS, indicating a better penetration of the elec-
trolyte into the pore structure.

The Ragone plots of the samples are shown in Figure 5b.
This figure shows the dependence between the energy and
power densities. The maximum energy density was released at
the lowest power density (140 W kg™!), as shown in Table 3.

The energy density of the CSVX composites is very high
in comparison to the CS samples and there is a significant
increase with the increase in vanadium content. A gradual
decrease in energy density was observed when increasing the
power density. The superior performance of sample CSV18
is due to its more developed porosity, with one of the highest
values of mesopore volume in addition to the presence of vana-
dium. The higher energy density for CSV18 for both E,,, and

Table 3. C., at 1 mHz, equivalent series resistance (ESR), and charge
transfer resistance (Rcr) from EIS and energy density at 140 W kg™',
Epmax, and at 7800 W kg™, Ein, (Wh kg™') from Ragone’s plots.

Sample ESR[Q] R[Q] Cua[FgT Emax [Wh kg Epin [Wh kg™
cs 0.60 3.46 59 1.1 -
csv2 0.49 0.62 9% 44 0.9
CSVs 0.46 0.84 131 5.6 3.0
csvi10 0.46 0.85 155 6.5 2.8
Csv18 0.48 1.30 191 8.2 5.3
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Epmin should be highlighted, showing a retention of energy den-
sity of 69.8% in the potential range studied.

Cyclic stability of supercapacitors is one of the main factors
for their practical applications. 13 000 galvanostatic charge—
discharge cycles were applied over at a scan rate of 1 A g7},
Figure S4 (Supporting Information). Results obtained indicate
that the variation of specific capacitance of all the samples is
very low, showing a capacitance retention of =98%.

3. Conclusions

Vanadium-coated carbon microspheres were, at the first
time, prepared in a one-pot polymerization synthesis. A high
dispersion of vanadium oxide on the surface of the carbon-
xerogel microspheres was reached where the V2* state is sta-
bilized in these composites despite the fact that the stability
of +4 and +2 oxidation states are less stable; therefore, carbon
matrix clearly favors in such a way the stabilization of V2 state.
XPS shows the presence of the different reduction states of
vanadium V¥, V3, and V#, while V°* was not detected ever.
The presence of the V2* state is also in agreement with the TGA
results, since an increase of weight is observed for composites
at around 220 °C. Moreover, the vanadium oxide content greatly
affects the textural characteristics of the composites, in such
a way that the higher the percentage of vanadium oxide, the
higher the mesopore (V,,s) and micropore (Wy(N,)) volumes,
and micropores become wider at the expense of a decrease of
the ultra-microporosity (W,(CO,)).

On the other hand, the electrochemical behavior of these
materials is highly promising, since the sample CSV18 which
corresponds to the composite with 18 wt% of vanadium oxide
has a quite good specific capacitance, 224 F g™! at current den-
sity of 125 mA g! in H,S0, 1 m as electrolyte; furthermore,
this sample was able to keep 58.8% of the capacitance at a high
current density of 20 A g! and keep 100% of the capacitance
over 13 000 charge-discharge cycles at 1 A g~!. Moreover, this
sample keeps the rectangular form of the voltammogram at a
high scan rate of 200 mV s7, indicating a very good conduc-
tivity and stability of the electrode.

4. Experimental Section

Synthesis of Carbon-Vanadium Oxide Composites: Vanadium-coated
carbon microspheres were prepared in a one-pot synthesis following a
modified Pekala’s polycondensation of resorcinol (R) with formaldehyde
(F) in the presence of vanadium (V) tri-isopropoxide oxide as carbon
and vanadium oxide precursors, respectively.*®l In a typical synthesis
procedure, a pregelled (at 60 °C until the gel point) mixture of RF and
water (W) was added dropwise to a n-heptane solution containing Span
80 (S) at 65 °C under refluxing and stirring (450 rpm). The molar ratio
of the mixture was R/F = 1/2, R/W =1/14, and R/S = 4.5. After 1 h, the
proper amount of vanadium (V) tri-isopropoxide oxide 96% from Alfa
Aesar was added dropwise to the reactor.

The formed gel was aged at 65 °C for 24 h under stirring and after that
the suspension was filtered, the solid obtained was placed in acetone
(5 days, changing acetone twice daily) to exchange water within the
pores by acetone, in order to reduce the porosity collapse during the
subsequent drying process and remove the Span 80. Then, the gel was
dried by microwave heating using a Saivod MS-287W microwave oven
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under an argon atmosphere in periods of 1T min at 384 W until constant
weight. Pyrolysis was carried out of organic xerogel-vanadium oxide
composite to obtain the corresponding carbon xerogel-vanadium oxide
composite in N, flow at 300 cm?® min~!, heating to 900 °C at a heating
rate of 1 °C min~', in order to allow a soft removing of the pyrolysis gases,
and a soaking time of 2 h. The amount of vanadium (V) tri-isopropoxide
oxide needed to obtain 2.5%, 5%, 10%, and 18% of vanadium oxide
on the final carbonized samples was calculated considering that V,05
will be obtained after carbonization, a complete reaction between
R and F and a weight loss of 50% during the carbonization. Samples
were referred as CSVX (X corresponds to the theoretical percentage
of vanadium oxide present in the carbonized composite, e.g., CSV10
means that carbon spheres were covered by 10 wt% of vanadium oxide.
Also, a CS sample without vanadium oxide was prepared, following the
same synthesis method and used as reference material.

Textural and Chemical Characterization: The morphology of the
supports was studied by SEM using a LEO (Carl Zeiss) GEMINI-1530
microscope. The textural characterization was carried out by N, and
CO, adsorption at =196 and 0 °C, respectively, using Quantachrome
Autosorb-1 equipment. The Brunauer—-Emmett-Teller (BET) and
Dubinin-Radushkevich equations were applied to determine the
apparent surface area (Sgey) and the micropore volume (W), the mean
micropore width (L) and the microporous surface (Sn;.), respectively.
Furthermore, the DFT method was used to calculate the mesopore
volume of the samples (Vi,). Pore size distributions were also obtained
by applying the DFT method. The total pore volume was considered as
the volume of N, adsorbed at P/P, = 0.95.

The vanadium oxide contents of the samples were determined by a TGA.
The TGA was performed in flowing air with a heating rate of 10 °C min™"'
using a Mettler-Toledo TGA/DSC1 thermogravimetric analyzer. The
vanadium oxide phase was analyzed by a powder XRD pattern, using
a Bruker D8 Advance X-ray diffractometer with Cu Ko radiation at a
wavelength (1) of 1.541 A. The 26 angles were scanned from 20° to 70°.
The average crystallite sizes (D) were estimated by the Debye—Scherrer
equation, D = 0.954/fcos6, where 0 is the diffraction angle and B is the
full width at half-maximum (FWHM). The FWHM was determined with
an extrapolated baseline between the beginning (low angle side) and the
end (high-angle side) of a diffraction peak with the highest intensity.

The chemical characterization of the samples was further analyzed
by XPS. The spectra were obtained on a Kratos Axis Ultra-DLD X-ray
photoelectron spectrometer equipped with a hemispherical electron
analyzer connected to a delay-line detector (DLD).

Electrochemical ~ Characterization: ~ For  the  electrochemical
characterization, a mixture of active material and tetrafluoethylene
(PTFE) binder (60% suspension in water) with a ratio of 90:10 was dried
in an oven at 120 °C overnight. Then, 5 mg of the active material was
pressed onto a graphite paper disk with 5 mm of diameter. The pasted
sample was impregnated with a T m H,SO, solution for 48 h before
using it for the electrochemical measurements.

The electrochemical performances were determined using a two-
electrode system with EC-lab equipment at 25 °C in H,SO, 1 ™
medium as electrolyte and glassy fibrous materials as a separator.
Several electrochemical techniques were used for the electrochemical
characterization of the composites. A cyclic voltammetry (CV) test was
carried out within the range of 0-1.1 V; using scan rates from 0.5 to
200 mV s7' and the galvanostatic charging-discharging was carried
out at a different current densities from 125 mA g7 to 20 A g7'. The
gravimetric capacitance from cyclic voltammetry tests, Cey (F g7),
and chronopotentiometric measurements, Cep (F g7'), was calculated
following the methodology described elsewhere.#?3] In order to analyze
pseudo-Faradaic contributions of vanadia, a three-electrode system was
also used to characterize the samples. For that, a typical three-electrode
cell with Ag/AgCl as reference electrode, and Pt wire as counter electrode
was employed.

The EIS measurements were carried out in the frequency of
100 kHz to 0.01 Hz. While, the stability of the electrodes was evaluated
by charge—discharge cycles at a current density of 1 A g”! between the
potential value of 0 and 1.1 V over 13 500 charge—discharge cycles.
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The electrical energy density and the power density were calculated by

using the Equations (2) and (3), respectively, for two-electrode cell.l}1:47]
a : 2

E (Whkg) = Cco(F8 )X2 (;/;16 VEin) (V) 2
_ 1 I(A)x V%'Iax_vrznin Vv

P(W kg ) =2 x &) (m(kg) )(V) 5
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