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ABSTRACT: Bimetallic oxides have significant attraction as
supercapacitor electrode materials due to their highly reversible
redox processes, which are commonly associated with their surface
chemistry and morphological features. Here, we report the synthesis,
characterization, and electrochemical evaluation of bimetallic oxides
with different molar compositions of Co and V (Coy¢Vy4

[l Metrics & More ’ Q Supporting Information

Cop64Vo3e CopssVosy and Coy,Vy3 denoted as S1, S2, S3, and f(;“ . &

S4 samples, respectively). The materials were synthesized by a 3 = > Q
modified solvothermal method using glycerol as a stabilizing agent, E :: @
characterized by X-ray diffraction, Raman spectroscopy, X-ray E“ T EGEITETOE @ /M)
photoelectron spectroscopy, transmission electron microscopy, © 4 o v CoOOH +OH — Co0, +H;0 +e (I /IV)
scanning electron microscopy—energy-dispersive X-ray spectrosco- oo or o2 00 0608

E vs Hg/HgO
py, X-ray fluorescence spectroscopy, N, adsorption isotherms, cyclic

voltammetry, and galvanostatic charged/discharged in a three-electrode cell. The role of the CoV oxide compositions on the
pseudocapacitive properties was studied through the analysis of the energy storage mechanism following the power law and Dunn’s
methodology to obtain the b values. An important finding of this work is that CoV oxides exhibited electrochemical characteristics of
a pseudocapacitive electrode material even though the charge storage occurs in bulk. This behavior is consistent with the
pseudocapacitance generated by redox processes, showing b values of 0.67, 0.53, 0.75, and 0.84, with a capacitive current
contribution of 74, 74, 63, and 70% analyzed at a scan rate of 1 mV s, for S4, S3, S2, and S1 samples, respectively. Co,,Vy3 (S4)
oxide presented the highest specific capacitance of 299 F g™" at 0.5 A ¢! with a Coulombic efficiency of 93% tested at 4 A g™'. The
better electrochemical performance of this sample was attributed to the synergistic effect of the Co and V atoms since a minimum
amount of V in the structure may distort the crystal lattice and improve the electrolyte diffusion, in addition to the formation of
several oxidation states due to reduction of V**, including V** and V*" as well as to the formation of the metastable V,O,.

1. INTRODUCTION

In recent years, global warming concerns originating mostly
because of the massive use of fossil fuels are driving the

Supercapacitors are generally divided according to their
capacitive behavior: electrochemical double-layer capacitors
(EDLCs) and pseudocapacitors (PCs). The EDLC behavior

development of intermittent energy sources and hybrid electric consists of an electrode—electrolyte interface that depends on

vehicles. Consequently, efficient and economical energy
storage systems are required.1

Electrochemical capacitors (ECs), also called supercapaci-
tors, and rechargeable batteries are considered the most
convincing electrochemical energy storage devices.” In
particular, supercapacitors generally offer charge storage
properties that complement those of batteries®
great interest in applications that require high power for a short
time.* However, affordable cost and high energy density are
still required to achieve wide market penetration.” Thus, lots of
efforts are being made globally toward improving the charge
and energy storage density by exploring new electrode
materials since this aspect is one of the most critical
components that defines the performance of an EC.

and are of
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rapid and reversible ion adsorption/desorption to form the
electrical double-layer capacitance.” For pseudocapacitive
materials, the total stored charge can be conventionally
separated into two parts, surface (or outer) and bulk (or
inner) processes, in which the charging mechanism can be due
to the following three forms: (i) monolayer adsorption of ions

at an electrode surface, (ii) surface redox reaction, and (iii) ion
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intercalations without phase chan_ge, in which the charge
storage occurs in the bulk material.

Binary transition metal oxides based on RuO, have been
well studied due to their high theoretical specific capacity
(200—1200 F g7').® However, despite the high specific
capacitance (SC), the high cost of Ru-based materials is a
serious disadvantage.” Consequently, alternative less costly and
more abundant transition metal oxides have surged as
interesting options.

Some strategies in the synthesis methodologies include
increasing more electroactive sites to generate more Faradaic
reactions and improve the electrochemical performance.'”"
Bimetallic oxide compounds (e.g., Ni—Co, Mn—Co, Co—Ruy,
and Co—V),">"? trimetallic'* or higher order metal oxides and
core—shell structures of oxides,'”~" are attractive since they
can introduce structural defects, undergo additional fast redox
reactions, and provide hi%her electrical conductivity compared
to monometallic oxides."™"? Regarding CoV oxides, recently,
several studies with interesting morphologies and capacitances
have been reported, for instance, Co;V,O4 nanoplates,18
Co3V,054 porous rose-like structures,” Co,V,0--3H,0 micro-
flowers,”’ CoV,04 micron blocks,”* and Co,V,Og nano-
particles.””** All these mentioned bimetallic materials show
morphological, structural, and compositional differences
adopting different charge storage mechanisms. However,
despite this observation, scarce information is available on
the influence of compositional variation of Co and V on the
storage mechanism and its capacitance, the latter is the aim of
this article.

In this work, the influence of the Co and V composition at
different concentrations with respect to the pseudocapacitive
storage mechanisms and electrochemical signature was
evaluated. The materials were synthesized using four different
Co/V molar ratios from a modified solvothermal method
reported by Zhang et al.'® and glycerol as a stabilizing agent.
The samples were characterized by X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), nitrogen gas
adsorption isotherms, X-ray photoelectron spectroscopy
(XPS), and X-ray fluorescence (XRF) spectroscopy. Further,
composite electrodes were prepared with these CoV oxides
and characterized by cyclic voltammetry (CV) and galvano-
static charge—discharge. Finally, we have analyzed (i) the
pseudocapacitive properties of the CoV oxides through the
values of b (between 0.5 and 1) obtained from the power law
and (ii) the current contributions from diffusion-controlled
and surface-controlled processes, respectively, obtained using
Dunn’s methodology. The results indicate that the electro-
chemical properties of the synthesized CoV oxides showed
different capacitance influences for the Co/V composition.

2. METHODOLOGY

2.1. Materials. All the chemicals were of analytical grade
and used without further purification: Co(NOj;),-6H,0 (99%,
Merck), NH,VO; (99%, Merck) (99%, Merck), NaOH (99%,
Merck), glycerol (98%, Panreac Quimica S.A.), KOH (85%,
Merck), Nafion (5 wt %, Merck), and EtOH (99.9%,
Scharlau). In addition, Millipore water was used throughout
all the experiments.

2.2. CoV Oxide Synthesis. For the synthesis of a typical
CoV oxide, two flasks were labeled A and B. In flask A,
NH,VO; (62.9 mg, 0.54 mmol) was dissolved in S mL of water
at 80 °C and vigorously stirred for 10 min. In container B,

Co(NO;),-6H,0 (234.9 mg, 0.81 mmol), S mL of glycerol,
and 10 mL of ethanol were added and magnetically stirred at
room temperature for 10 min; then, a NaOH solution was
added drop by drop until a pH = 10 was reached. The C
solution, obtained from the mixture of flasks A and B, was
stirred for 15 min with pH in the range of 8—9. Then, the C
solution was transferred into a 25 mL Teflon-lined stainless
steel autoclave, followed by heating at 120 °C for 8 h. After
cooling at room temperature, the solid product was washed
with an H,O/EtOH solution and dried at 100 °C for 3 h in a
furnace; this oxide was denoted as S3. Similar experimental
conditions to the above-mentioned procedure were followed
for the rest of the CoV oxides. The synthesized materials did
not undergo post-synthesis heat treatment to promote cost-
effective conditions favorable for large-scale production. The
nominal composition and nomenclature used in this paper are
given in Table 1.

Table 1. Nominal Composition of Synthesized CoV Oxides”

Co (NO,),-6H20 NH,VO; nominal Co/V
sample (mmol (mmol) ratio®
S1 0.47 0.93 0.33:0.67
S2 0.68 0.68 0.50:0.50
S3 0.81 0.54 0.60:0.40
S4 0.89 0.44 0.67:0.33

“The nominal Co/V ratio is calculated for Co,V, (x+y=1).

2.3. Physicochemical Characterization. The crystalline
structure of the powders was investigated using a PANalytical
Empyrean X-ray diffractometer with a PIXcel 3D detector.
Data were collected using a Cu Ko radiation at 40 kV and 40
mA of energy, with the 26 detector varying between 20 and
70° in steps of 0.026° and an integration time of 600 s per step.

The morphological and elemental compositions were
analyzed using a high-resolution scanning electron microscope
from a field emission gun (FEG-SEM) of JEOL company
(model JSM-7100F), equipped with an EDS detector. The
measurements were carried out at a 15 kV of energy, a work
distance of 8 mm, and in different amplifications. Transmission
electron microscopy (TEM) images were obtained using JEM-
2100 equipment (JEOL) at an acceleration voltage of 200 kV .
For this, S yL of the suspension in water/ethanol (1:1 vol/vol)
was deposited onto an ultrathin carbon film-coated copper grid
(Ted Pella Inc.).

Raman spectra were obtained in backscattering geometry at
room temperature using a home-built Raman spectrometer
equipped with an Andor Shamrock spectrometer with an iDus
charge-coupled device detector, a laser of 488 nm (~2.54 V),
and a home-made optical system. All measurements were
obtained using a laser spot size of 1 ym at a power of 400 yW.
The spectral resolution was adjusted from the full width at half-
maximum of a silicon wafer (520 cm™) at 4 cm™.

The surface chemical composition was analyzed by XPS
measurements using the SPECS PHOIBOS 100/150 spec-
trometer with a hemispheric analyzer operating at 1486.6 eV of
Al Kal. The spectra were collected with a high-resolution
monochromatic X-ray source within an energy step of 0.02 eV.
A processing software (CasaXPS, SPECS Software) was used
to adjust the envelope peaks of Co 2p, V 2p, O 1s, and C 1s
levels to determine the chemical binding energies (BEs) of
some formed species, as well as to calculate the relative atomic
quantities on the samples. The difference in the 2p spin—orbit
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levels for Co and V was calculated as ACo(2p, ), — 2p55) =
16.0 eV and AV(2p;/, — 2pss) = 7.4—7.9 eV. The spectra
were calibrated by using the hydrocarbon at C 1s = 284.6 eV.

XRF analyses were carried out using a Panalytical, Axios
mAX model at a power of 3.0 kW to calculate the metal
composition in the samples. The results were obtained through
the semiquantitative analysis using the Ominan program. The
calibration curves use standard samples manufactured by the
Panalytical Company. To carry out the measurements, it was
necessary to prepare a tablet using 0.03 g of sample and 7.0 g
of fondant. A flow of tetraborate and lithium metaborate in the
proportion of 66/34 at 1200 °C was used to melt the samples.
Specific surface areas were performed using the Brunauer—
Emmett—Teller (BET) method using a Micromeritics ASAP
2020 Plus equipment with an initial vacuum condition of 1.33
Pa, and nitrogen gas as an adsorptive element was used to
perform the measurement. The samples were degassed under
vacuum at 6.66 Pa, then heated at 1.0 °C min™! to reach 100
°C, and kept for 360 min at the same residual pressure.

2.4. Electrode Preparation and Electrochemical
Characterization. The samples’ electrochemical perform-
ances were measured in a three-electrode cell in a 1 mol L™
KOH aqueous solution as an electrolyte. CoV oxide electrode
materials (2 mg) (previously milled in agate mortar) and 1S
L of Nafion 5 wt % were dispersed in 500 uL of water and
sonicated for 30 min to form a homogeneous ink.
Subsequently, 10 uL of the ink was coated onto a glassy
carbon electrode of 3 mm diameter to form the working
electrode. A Pt wire and a Hg/HgO (1 mol L™' KOH)
electrode were used as a counter electrode and reference
electrode, respectively. Cyclic voltammograms and GCD
curves were measured by an Autolab PGSTAT302N
(Metrohm) potentiostat/galvanostat analyzer. The specific
capacitance (Cs) can be calculated according to eq 1

oo _IXt
"~ (m X AV) (1)

wherein I (A), t (s), m (g), and V (V) represent the discharge
current, discharge time, mass of active materials, and window
potential, respectively.

The relationship between scan rate and anodic peak current
(I,) was analyzed to investigate the charge storage mechanism
of CoV oxides with different Co/V molar ratios using the well-
known power law expressed as

b
IP = av (2)
log IP =loga+ blogv (3)

where a and b are adjustable variables; b = 1 indicates that the
charge storage mechanism is surface-controlled, while b = 0.5
indicates that it is diffusion-controlled.**

3. RESULTS

3.1. Microstructural and Composition Analysis.
Figures S1 (see the Supporting Information) displays the
SEM images of S1, S2, S3, and S4 and TEM images of S1 and
S4 samples. These micrographs indicate that all samples
consist of agglomerated irregularly shaped particles with a
particle size of a few microns but without significant
morphology differences. Table 2 shows the XRF results for
all samples, the average local compositions observed by EDS
(Figure S2 provides evidence of a uniform distribution of

Table 2. Co/V Atomic Ratio in the Bulk, Specific Surface
Area, and Particle Size Were Obtained from the Scherrer
Equation

specific

surface crystallite size

fluorescence area of (221)

sample EDS (Co/V)“ (Co/v)“ (m? gfl)b plane, (nm)“
S1 0.52:0.48—-0.57:0.43 0.60:0.40 2.1 4.5
S2 0.58:0.42—0.64:0.36 0.64:0.36 2.9 3.8
S3 0.63:0.37—0.68:0.32 0.68:0.32 6.0 4.2
S4 0.68:0.32—0.71:0.29 0.72:0.28 6.2 3.4

“From EDS and XRF data. “From BET analysis. “From XRD data.

elements in sample S4), as well as the specific surface area from
BET analysis (see N, adsorption isotherms in Figure S3) and
particle sizes obtained from the Scherrer equation from the
XRD data shown in Figure la.
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Figure 1. Structural characterization of the CoV oxide samples
measured by XRD (a) and Raman spectroscopy (b).

The XRD patterns for all samples (Figure la) display a
single phase of Co;V,0g with an orthorhombic structure, space
group of Cmca (ICSD 2645).” The peaks’ broadening show a
microstructural disorder in these samples produced by the
adsorption of structural water in the materials,”® which is
because the samples were not calcined. The crystallite size of
these samples, obtained by the Scherrer method, varied
between 3.4 and 4.5 nm as shown in Table 2. No other
diffracted angles were observed in the samples.

Raman spectra fitting of all samples is shown in Figure 1b.
Bands around 810 cm™' were associated with the symmetric
vibration V—O and the asymmetric stretching V—O—Co
bonds.”” The narrowing of 808 cm™ band position in the S3
sample is related to a good structural organization. Bands
between 900 and 930 cm™! are due to the vibrations of the
V*#*=0 bonds,”®*° while bands at 850 cm™ can be associated
with V=0 stretching promoted by a structural disorder.*” The
band at around 760 cm™' was observed in metastable
formations of V,0, (V*5* oxidation state);”° this is reinforced
by a vibration at 906 cm™', which is presented in the S4
sample. Furthermore, the formation of this metastable phase is
due to the reduction processes starting from V°*.*!

The XPS results for all samples are shown in Figure S4 and
Table S1, where the formation of oxides and hydroxides on the
samples surface is confirmed. Figure 2a,b shows the high-
energy resolution of Co 2p and V 2p (V 2p together with O
1s) levels for S1 and S4 samples. The BE of Co 2p;, was 782.2
eV and 781.4 eV for S1 and S4 samples, respectively, both
correspond to the oxidation states of Co**, forming Co(OH),
bonds.”*™** Satellite peaks were also observed in Co 2ps), with
energies around 786.8 + 0.3 eV. Three different oxidation
states were observed at the V 2p;, level, for both samples. In

https://doi.org/10.1021/acsomega.2c04126
ACS Omega 2022, 7, 43522—43530


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04126/suppl_file/ao2c04126_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04126/suppl_file/ao2c04126_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04126/suppl_file/ao2c04126_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04126/suppl_file/ao2c04126_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04126/suppl_file/ao2c04126_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04126?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04126?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04126?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04126?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(@)

Co 2+

S4

2><10:3 cps

Intensity (a. u.)

00
Binding Energy (eV)

95

90

— - - -
810 805 8 7 7 785

—
780 775

(b)

3
4x10 CPS

Intensity (a. u.)

Binding Energy (eV)

Figure 2. XPS spectra of the Co 2p (a) and V 2p (V 2p together with O 1s) levels of the S1, S2, S3, and S4 samples (b).

the S1 sample, the BE of V 2p;,, was observed at 514.5 and
516.7 €V, which correspond to the oxidation states of V>* and
V*, respectively.”””" In addition, a higher BE was observed at
521.8 eV, which corresponds to V** formed by a metal-to-
ligand complex through electron transfer.*® In $4, the BE of V
2p3/; at 513.9 and S16.1 eV represents the oxidation states of
V** and V* forming well-defined V(OH); and V,0, species,
respectively.””” Besides, an increase in vanadium concen-
tration is also observed at a BE of 521.5 eV, as well as the
formation of V,05 species (V 2p,/, = 518.8 V) produced by
an oxidation—reduction process.*”

3.2. Electrochemical Property Evaluation. The electro-
chemical properties of the four CoV oxide electrodes were
initially characterized by CV, and the results are shown in
Figure 3. Figure 3a shows the cyclic voltammograms obtained
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Figure 3. CV curves of the synthesized CoV oxides at a scan rate of §
mV s™!in 1 mol L™ KOH (a) and GCD at 0.5 A g”' in the range
from 0.0 to 0.57 V (b). S1 (red em dash), S2 (blue em dash), S3
(green em dash), and S4 (pink em dash) and CoO, (black circle
solid).

in the potential range from 0 to 0.58 V versus Hg/HgO at 5
mV s in 1 mol L™" KOH as an electrolyte. Note that pure
Co0, has also been included for comparison. The shape of the
CV curves provides evidence of two anodic peaks during the
forward scan, situated at 0.2 and 0.5 V, and corresponding to
Co-oxidation Co**/Co*" (0.2 V, assigned as I) and Co**/Co*
(0.5 V, assigned as III). During the Faradaic reduction
processes, two complementary anodic contribution peaks are

43525

clearly visible at 0.5 and 0.17 V according to Co**/Co®" and
Co’*/Co*" transition (denoted as IV and II, respectively).
Both couples of peaks are in agreement with previous
reports”’” and could be associated with the following
reversible reactions

(Couplel/II)Co(OH), + OH™ — CoOOH + H,0 + e~
(4)

(Couplelll/IV)CoOOH + OH™ — Co0, + H,0 + e~
(5)

Complementary and valuable information about the electro-
chemical behavior of the electrode is obtained from GCD
analysis. The charge storage abilities of the as-prepared oxide
materials were determined in the first instance in a constant
current density of 0.5 A g™', as shown in Figure 3b. In good
agreement with the CV curves (Figure 3a), the symmetric
shape of the charge/discharge curve, with the existence of
small plateaus taking place at the same potential during both
charging and discharging processes, display a well reversible
behavior up to 0.57 V for all analyzed samples. As has been
previously mentioned for CV curves, all electrodes that have
been tested show reversible contribution of reaction (eq 4),
visible in the GCD curves as a small plateau at 0.15—0.25 V,
while the plateau at 0.45—0.55 V corresponds to eq S. It is
important to mention that for potentials as high as 0.55 V, the
oxygen evolution reaction (OER) parasitism limits the increase
of the potential window in lower current densities,”’ as
observed by the increase in the oxidation current (Figure 3a)
and the presence of a plateau in the GCD curves (Figure 3a),
especially for sample S4.

Additional information about the SC, rate capability, and
Coulombic efficiency for each sample has been shown in
Figure 4a—d. The highest capacitance value observed at 0.5 A
¢! (Figure 4a) corresponds to the Co-rich sample (S4, 299 F
g~"), which was twice the capacitance of the V-free CoO, (150
F g_l). A comparison of the rate performance measured at
current densities of 6, 4, 2, 1, and 0.5 A g~', respectively, is
gathered for all samples and displayed in Figure 4b.
Independent of the current density applied, the best perform-
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ance in terms of SC is always achieved by sample S4. However,
in terms of rate capability (Figure 4c), sample S3 shows the
lowest capacity drop (about 13%), slightly below the sample
S4 (20%), which results in a rate capability of 87 and 80%,
respectively. The smaller capacity decrease of S3 sample may
be associated with good structural organization, as evidenced
by Raman analysis (see Figure 1b). Electrochemical impedance
(EIS) analysis was performed to evaluate the conductivity of
samples S1, S2, S3, and S4, where the results showed S1 > S2 >
S4 > S3 (see Figure SS). However, S3 and S4 presented the
highest SCs and better rate capabilities compared to S1 and S2
(see Figure 4a,c).

The Coulombic efficiency (1) (Figure 4d) is an analysis of
the reversibility of ion insertion and de-insertion that take
place during the charge/discharge processes. It was calculated
for each charge/discharge cycle using the equation 7 = t;/t. X
100, where t. and t4 represent the charging and discharging
time, respectively. All samples show a Coulombic efliciency
above 80%, with a maximum value of 93% for sample S4 when
it was tested at 4 A g\

The b values were analyzed at different scan rates 0of 0.5, 1, 2,
5,and 10 mV s™! to investigate the charge storage mechanism
of CoV oxides with different Co/V molar ratios (see Figure
S6), and the results are summarized in Figure Sa. Most CoV
oxides show low b-values in the range from 0.1 to 0.15 V,
previous to the first oxidation peak (I). Once the Co(OH),
conversion to CoOOH takes place (E > 0.15 V), the b-values
sharply increase to 1. Figure Sb shows typical b-value analysis
exemplified for E = 0.125 V. The obtained b-values at E =
0.125 V were 0.67, 0.53, 0.75, and 0.84 for S4, S3, S2, and S1,
respectively.

In addition, using the concepts presented above, we can
express the current response at a fixed potential as being the
combination of two separate mechanisms, surface- and
diffusion-controlled processes*' as shown in eqs 6 and 7

iy = kv + kdvl/2

(6)
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Figure 5. b-values as a function of potential (a) and power law
dependence on current at scan rate, following the eq 6, evaluated at
0.125 V (region I from Figure 3a) for (b) S4 (-¥-), S3 (A ), S2
(-@-), and S1 (red box solid) samples.
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where k. and k4 correspond to the current contributions from
the surface capacitive effects (pseudocapacitance) and the
diffusion-controlled intercalation process (battery-like), re-
spectively. Thus, by determining k. and kg, we are able to
quantify, at specific potentials, the fraction of the current due
to each of these contributions (see Tables S2 and S3).

Figure 6a shows the contribution percentages for surface-
controlled currents (shaded areas); these values were 72, 74,
63, and 70 for S1, S2, S3, and S4 samples (Figure 6b) and 58%
for CoO, (see Figure S7). It is worth mentioning that this
analysis was performed at 1 mV s™', and the scan rate was
lower than the analysis studied in Figure 3a, resulting in a
displacement of the potentials in all redox processes.

On the other hand, the analysis of the contributions of
capacitive and diffusion currents at 0.5 and 10 mV s7,
respectively, clearly shows that the capacitive contribution has
increased markedly with increasing scan rate (see Figure S8).
In fact, even at a slow scan rate of 0.5 mV s™', the percentage
of total charge resulted from surface-controlled capacitive
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Figure 6. Voltammetric response at 1 mV s™' from the four oxides S4
(a), S3 (b), S2 (c), and S1 (d); the total current (solid line) was
obtained experimentally. The capacitive currents (shaded regions)
were determined using the eq S.

processes is greater than $5% for all samples (see Figure S8),
which could be attributed to an amorphous structural disorder
and interconnected particles produced on the surface of the
oxides during synthesis.”* In addition, the excellent pseudoca-
pacitive charge storage with a fast charge/discharge process
could be attributed to highly reversible redox reactions, shorter
ion diffusion lengths, and continuous access to electroactive
sites.*> Therefore, the storage mechanism in Co—V oxide
materials is Faradaic in nature with a considerable
pseudocapacitive behavior.

4. DISCUSSION

According to the above analysis, these results suggest that the
synthesis conditions explored here can be tailored to obtain
CoV oxide nanomaterials with different molar ratios. In
addition, this procedure also enables to obtain CoV oxides
with low production cost owing to the simplicity of the process
(120 °C as the synthesis temperature and absence of heat
treatment) as well as using cheap glycerol as a stabilizing agent.
The synthesis of CoV oxide was performed using different
molar composition ratios according to Table 1. However, high
differences in the obtained composition after the synthesis are
observed in XRF and EDS results; those differences are
probably due to the elimination of segregates and small
particles during sample washing.

Results obtained by Raman and XPS suggest that all sample
surfaces are rich in vanadium. Besides the observation that the
formation of metastable phases (V***) obtained from the V**
reduction, these phases can contribute to the release and
capture of electrons when applied to different potentials. In
addition, Raman spectroscopy and XPS reveal different
oxidation states in all the samples that can be responsible for
the enhancement of the electrochemical properties.

From this result, it can be inferred that the synthesized
materials are composed of nanostructures with defined
crystalline phases but also covered by low-order crystalline or
amorphous materials constituted by Co and V (not identified
by XRD directly), where the latter are responsible for forming
the hydrated elements also observed by XPS (see Table S1).

Unfortunately, high-resolution TEM measurements were not
obtained to confirm this hypothesis, but XRD, Raman, and
XPS measurements indicate this hypothesis.

On the other hand, a fast inspection of Figure 3a reveals the
effect of V in the CoO,, structure. While the charge involved in
the peak I/IIl remains unaltered, the current in the range
0.25—0.55 V increases up to around 6 times when it is
compared with V-free CoO,. This fact suggests that while the
total redox charge due to Co load remains unchanged, the
Co(OH), — CoOOH conversion in the presence of V
produces a notorious increase in the electrochemically
accessible structure. In addition, no substantial differences
between the anodic (I) and cathodic peaks (II) are observed,
which indicates good reversibility of the electrochemical
reaction."** Tt is also observed that S4 shows a higher
capacitive current in the potentials around 0.3—0.55 V,
probably influenced by V*** formation and the crystalline
lattice distortion in the presence of V. This hypothesis is also
supported by the slightly shifted diffraction plane at 64° (see
Figure 1a). Similar effects were observed for vanadium-doped
nickel—cobalt layered double-hydroxide nanosheets, where
vanadium contributes to increase the specific surface area and
enhance the electrochemical reaction kinetics.*® Furthermore,
it has been previously reported that the insertion of V ions and
a high amount of Co atoms provides the generation of
CoOOH species. This CoOOH is recognized as a high
conductor compound often associated with higher values in
the Faradaic current’”*® as observed in the region I/II in
Figure 3a.

Regarding the energy storage capability of the resulting
electrode material, the effect of V inclusion in the CoO,
structure is better appreciated in Figure 3b. While the short
plateau contribution at 0.15—0.2 V due to Co(OH), —
CoOOH conversion remains almost unchanged for all samples,
the slope at E > 0.2 V shows evident differences, with the
higher capacity values (lower slopes) displayed by sample S4
(300 F g™"), followed by S3 (247 F g™') and S2 (180 F g™").
The mean values of SC for the whole range (0—0.55 V) are
summarized in Figure 4a.

In terms of SC, the best value was obtained in S4 sample;
any further increase in V amounts results in a decrease in
capacitance around 10% for S3, 23% for S2, and 64% for S1.
This behavior suggests that a certain number of lattice defects,
or distortion induced by V atoms, are necessary to facilitate the
ion diffusion.”” However, the distortion in the structure
generated by the V atoms can influence the conductivity in the
charge transfer (see Figure S5).

A comparison of the rate capability measured at current
densities of 6, 4,2, 1, and 0.5 A g™' is presented in Figure 4b,c.
The electrochemical performance shown in Figure 4b indicates
that the capacitances of S3 and S4 samples at 6 A g~' are
remarkable, with values of 238 and 242 F g~', respectively.
Both the rate capability and the specific capacity retention
(Figure 4b,c) evidenced that oxides with lower amounts of V
show the best performance, with values of 87 and 81% for S3
and S4 samples, respectively, and SC retention higher than
80%. As has been mentioned, in both cases, the high values of
rate capability may be related to their crystal structure, which
can permit exceptionally rapid ionic transport,” as well as a
possible distortion in the crystal lattice caused by the variation
in the size of the V ions in the form of V** (0.72 A) and V**
(0.78 A).>° Tt is also observed that through XPS analysis, the
S4 sample showed large amounts of Co(OH), and CoOOH
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species in the structure (see Figure 2a), compared with S1 and
S2 samples. The presence of Co(OH), favors the diffusion
process of OH™ ions within the material, which leads to
improved electrochemical properties.”’ On the other hand, the
low electrochemical performance of the samples that have a
high content of vanadium (S2 and S1) could be due to the lack
of electroactive sites of the conducting species of Co,
generating a lower accessibility of the OH™ ions in the internal
structure at high current densities, as shown in the work of Liu
et al, who studied the influence of vanadium doping on
birnessite, it was found that the charge-transfer resistance R
increased with an increase in doped vanadium content.>”
Furthermore, the addition of vanadium in the structure is
reflected in the variety of oxidation states as shown in studies
of V,05-nH,0°* and is also evidenced in the Raman results in
this work (see Figure 1b).

Another important result analyzed is the Coulombic
efficiency (1) (Figure 4d). Although the Coulombic efficiency
for most of the samples could be considered as high (>80%),
for S4 sample, it was initially about 81% at a current density of
0.5 A g~" and increases to nearly 93% when the current density
is 6 A g~'. This could be due to faster surface activation at high
current density conditions and better electrochemical accessi-
bility of OH™ ions to the surface compared with the other
mentioned CoV oxides even at higher current density.”">> In
addition, as expected for an electroactive material containing
CoV oxide,”® at low current densities and potential as high as
0.55 V, the parasitic side OER takes place,*’ which explains the
lower Coulombic efficiency at 0.5 A g™' for S4, indicating that
this composition also presents prospects as an electrocatalyst
for OER. On the other hand, at higher current densities, the
contribution of OER parasitism is smaller, resulting in a
Coulombic efficiency increase (Figure 4d).

A Dbetter understanding of the process that takes place at
CoV oxides came from the analysis of the charge storage
mechanism through the b parameter in Figure S. The b-values
as a function of electrode potential (V) for different CoV
oxides are shown in Figure Sa. b-values well below 1 for the 0—
0.15 V region are in good agreement with the occurrence of
diffusion-controlled Faradic process Co** — Co®*" involving
OH™ exchange. Once Co(OH), conversion to CoOOH takes
place (E > 0.15 V), the b-values sharply increase to 1,
indicating that the surface double-layer charge is the main
cause of the notorious increase in the current as observed for E
> 0.2 V in Figure 3a. In Figure Sb, a typical b-value analysis is
exemplified for E = 0.125 V. The obtained b-values at E =
0.125 V are 0.67, 0.53, 0.75, and 0.84 for S4, S3, S2, and SI,
respectively. This result is consistent with those obtained by
EIS, where the composition that has a greater amount of V
atoms in the structure has a lower resistance to charge transfer
R,. The R, values of 0.158, 1.86, 2.59, and 2.22 kQ were
achieved on the S1, S2, S3, and S4 surfaces, respectively (see
Figure SS).

The selected potential corresponds to the onset for
Co(OH), conversion to CoOOH, and the b-values indicate
that charge storage is due to a combination of surface- and
diffusion-controlled processes. At slower scan rates, the SC is
generated by the contribution of redox processes that occur in
the internal structure, while at higher scanning rates, it limits
the diffusion of electrolyte ions within the structure, and as a
result, charge storage only depends on the outer surface of the
electrode.”

Finally, Figure 6 resumes the partial surface capacitive
contribution (first term in eq 6) to the total current, as a result
of analysis using eqs 6 and (7). Results for all samples show
that, at the low scan rate analyzed (1 mV s™'), most
contribution to the current at potentials more positive than
peak I is due to surface-controlled processes (pseudocapaci-
tive). As was previously observed in the analysis of Figure S, at
a potential below the Co(OH), - CoOOH oxidation peak
(1), a mixed behavior is observed, with a crescent contribution
of the diffusion-controlled process as the potential is closer to
the peak. This fact, however, is not so evident for the III/IV
region previously assigned to the Co**/Co*" couple, where
most of the current contribution is due to pseudocapacitive
contribution. In fact, for the V-free CoO, sample (Figure S7),
the pseudocapacitive current matches perfectly with the whole
current between 0.2 and 0.5 V. In this potential window,
conventional diffusion-controlled Faradaic reaction Co®"/Co**
(if exists) is negligible against surface-controlled processes.

Finally, even though the main part of the current can be
attributed to the presence of V in the samples, the
physicochemical nature of the process is even unsolved.
Surface redox pseudocapacitance, as well as intercalation
pseudocapacitance, may both exhibit identical i/v response.
As stated above, the samples studied here were not calcined, so
while the XRD patterns for all samples (Figure 1a) displayed a
single phase of Co;V,0; with orthorhombic structure, Raman
spectroscopy and XPS (Figures 1b and 2) show the existence
of several, coexisting oxidation states for V, including V3V,
and V3% and the metastable formations of V,Oy at the surface.
Even though the best behavior of the S4 sample suggests a
synergic effect of Co—V with the lowest V load, reserving the
role of the doping element for V, direct contributions of the
vanadium redox states’ interconversion at the CoV oxide
surface cannot be discarded.

5. CONCLUSIONS

CoV oxides with different Co and V compositions were
successfully synthesized by the solvothermal method using
glycerol as a stabilizing agent. The XRD patterns obtained
showed a crystalline structure corresponding to Co;V,0; with
an orthorhombic structure in the absence of heat treatment.
Raman spectroscopy and XPS showed the existence of several,
coexisting oxidation states for V, including V**, V*, and V**
and the metastable formations of V,O, at the surface.
Vanadium doping improved the performance of electro-
chemical capacitance due to the synergy of Co and V; with a
minimum amount of V in the structure, it may distort the
crystal lattice and improve the electrolyte diffusion, obtaining
for the S4 sample a SC of up to 300 F g™" at a current density
of 0.5 A g~', with a capacitance retention of 81% evaluated
from 0.5 to 6 A g™'. The results presented in this study on the
influence of the variation of the Co and V composition on CoV
oxides exhibit electrochemical characteristics of a pseudocapa-
citive electrode material despite the fact that charge storage
occurs in bulk. This behavior is consistent with the
pseudocapacitance generated by redox processes, showing b
values of 0.67, 0.53, 0.75, and 0.84, with a capacitive current
contribution of 74, 74, 63, and 70% analyzed at a scan rate of 1
mV s7! for 4, $3, S2, and S1 samples, respectively.
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