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Enhancement of the electrochemical properties of
vanadium dioxide via nitrogen-doped reduced
graphene oxide for high-performance
supercapacitor applicationsy
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A one-step solvothermal approach was used to integrate nitrogen-doped reduced graphene oxide into
vanadium dioxide (VO,) to prepare a V@XN-G (where X = 24, 48 and 96 and is the mass of urea as the
nitrogen (N) source) nanocomposite material. After optimization, V@48N-G showed better performance
with a specific capacitance of 197.4 F g‘1 at 0.5 A g‘1 in a wide working potential window of 0.0-0.8 V vs.
silver/silver chloride and was adopted as a positive electrode. Thus, cocoa waste-based activated carbon
(ACC) was investigated and considered a negative electrode in assembling an asymmetric full-cell V@48N-
G//ACC. The device exhibited good specific energy and power of 288 W h kg~ and 4251 W kg~%
respectively, at a voltage window and specific current of 1.7 V and 0.5 A g™, respectively. Its cycling stability
resulted in a Coulombic efficiency (CE) and capacitance retention (CR) of 99.8% and 73%, respectively, over
10000 galvanostatic charge/discharge cycles at 10 A gL Therefore, the V@48N-G//ACC device shows
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1. Introduction

The depletion of fossil fuels has motivated and accelerated intensive
research to produce, convert and store energy efficiently, adequately
and sustainably to secure socio-economic development."” Renew-
able energy sources such as wind and sun drive the need for
superior and sustainable energy technologies.® For the efficient
utilization of these energy sources, appropriate energy storage
systems such as flywheels, batteries and supercapacitors are
required to store excess generated energy and release the energy
when low or no energy is being generated. Supercapacitor (SC)
energy storage systems have attracted significant attention owing
to their low maintenance, great specific power, rapid charge
propagation dynamics and very long cycling life performance
(up to 100000 cycles).*”. In addition to its impressive specific
power of 10> W kg™, which is thousands of times greater
than batteries (50-200 W kg™ '), supercapacitors also have a
specific energy of around of ~5-10 W h kg '. This specific
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excellent electrochemical performance and is suitable for energy storage application technology.

energy is significantly more than that of electrostatic capacitors
(<1 W h kg™ "), but still lower than that of batteries.>*° Thus,
prodigious research efforts are being developed to improve the
specific energy of supercapacitors to match that of batteries.
This can be possible by optimising the performance of
electrode materials since they play a key role in the overall
device performance. Therefore, the study of materials with
distinct properties has gained great interest in supercapacitor
applications.

Transition metal oxides (TMOs) with multiple oxidation
states produce higher specific capacitances (Csp) than conducting
polymers and carbonaceous materials.'® TMOs, such as ruthe-
nium dioxide (RuO,), cobalt oxide (Co;0,), manganese dioxide
(MnO,), nickel oxide (NiO), and vanadium oxide (VO,), are typical
electrode materials for supercapacitor applications and thus have
been used as Faradaic/pseudocapacitor electrode materials."*™*
Particularly, vanadium dioxide (VO,) has attracted enormous
interest owing to its several oxidation states (2+, 3+, 4+ and 5+),
low cost, low toxicity, optoelectronic properties and unique elec-
tronic structure. VO, has been widely used as an electrode
material in energy storage applications.”>'® However, owing to
its low electrical conductivity, slow ion diffusion and poor cycling
stability, its practical application is limited.'®'”'®

An effective technique to overcome this drawback of VO,
electrodes as other TMOs is through incorporating carbon
materials (in other words, electrical double layer capacitors
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(EDLCs) nanomaterials) like carbon aerogels, activated carbon,
carbon nanotubes and reduced graphene oxide to make a
composite material. This can improve some TMOs properties
including the electrical conductivity, cycling stability, and ion
diffusion.’®?® For example, Liang et al.>' reported a coaxial-
structured material based on CNTs enveloped by a few layers of
VO,(B) sheath (VO,(B)/CNTs) by the controlled hydrolysis of
vanadium triisopropoxide in situ. The composite VO,(B)/CNTs
demonstrated a superior specific capacitance and better rate
capability than the single component, showing 250 F g~ as the
specific capacitance in 1 M sodium sulphate neutral electrolyte
at a specific current of 0.5 Ag " and a CR of 71% at 10 A g~ *.*"
Xiao and co-workers®® reported VO,(B) nanobelts regularly
embedded into the nanosheets of graphene by the hydrother-
mal method, in which GO was reduced to reduced graphene
oxide (rGO). The VO,(B)/rGO composite electrode exhibited a
mass capacitance value of 290.4 F ¢~ linked to 209.2 F g~ * for
the pure VO,(B) at 0.2 A g~ " in 1 M Na,S0,.>*> Dhanda and
colleagues™ synthesized VO,/g-C;N, composites employing the
hydrothermal method. The optimised 3VO,/g-C3N, sample
showed a specific capacitance value of 1416 F ¢! compared
to 583.3 F g ' for VO,(D) at a sweep rate of 2 mV s~ ' in 1 M
potassium hydroxide electrolyte.”® These studies concluded
that the composite material performs better than pure VO,.
These good electrochemical performances are ascribed to the
synergistic outcome, which improves the electron transfer
originated from the carbon-based material and charge storage
capacities/capacitances due to VO,.** On the other hand,
carbon materials have the disadvantage of having a low specific
capacitance. Therefore, in order to optimize the performances
of composite materials, it is of interest to improve the EDLC
materials performances and thus build a composite material.
In particular, single-layer rGOs attract each other owing to the
van der Waals force, resulting in the restacking of the material
(rGO). This restacking reduces the surface area and then less
capacitance is stored throughout the development of the dou-
ble layer.”® Thus, the most universally appropriate strategy to
enhance the specific capacitance for EDLC materials is the
introduction of a spacer material or heteroatom doping.

Heteroatom doping such as sulphur (S), boron (B), oxygen
(0) and nitrogen (N) can improve the capacitance properties of
rGO by preventing the restacking by increasing the interlayer
spacing. Moreover, doping with heteroatom increases the elec-
tronic conductivity of rGO.”® Consequently, the combined
benefits amongst the pseudocapacitor (PC) material and the
EDLC material doped with heteroatoms will provide excellent
specific capacitance, interesting cycling properties, and high
rate capability for the hybrid composite, showing great super-
capacitive performances.””

Herein, we have established a low cost-effective, environment-
friendly approach to enhance the electrochemical properties of
vanadium dioxide (VO,) by the incorporation of N-doped
reduced GO using a simple solvothermal process. The prepared
material was characterized using different techniques such as
X-ray diffraction (XRD) spectroscopy, Raman spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, energy dispersive
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X-ray (EDX) spectroscopy, field emission scanning electron micro-
scopy (FESEM) and N,-adsorption/desorption isotherms together
with the equivalent pore size distribution. The optimized compo-
site (V@48N-G) was investigated in both three and two-electrodes
configuration. In the two-electrode configuration, the assembled
device combined V@48N-G and cocoa waste-based activated
carbon (ACC) as the positive electrode and negative electrode,
respectively, with a high specific energy of 28.8 W h kg™ *. Thus,
the prepared material is a suitable candidate for energy storage
applications.

2. Experimental

2.1. Material synthesis

The materials utilized in this work were prepared similarly as
those in our previous works.?®?° Vanadium dioxide nitrogen-
doped reduced graphene oxide nanocomposites were produced
using the solvothermal technique, where VO, and reduced
graphene oxide were prepared, as detailed in the ref 28 and 30.
In summary, vanadium pentoxide (V,05) was mixed with oxalic
acid dihydrate (C,H,0,-2H,0) at a mass ratio of 1.2:3.6 g,
respectively, under continuous stirring at a constant heat of
80 °C for 3 h till a uniform dark blue (vanadyl oxalate (VOC,0,))
solution was formed. Thereafter, nitrogen-doped reduced gra-
phene oxide was prepared by dispersing 16 mg of reduced
graphene oxide and different X amounts of urea in a volume
of 10 mL deionized water (DW), then sonicated for 150 min. The
obtained solution was labeled XN-G, where X = 24, 48 and 96 mg
of urea as the nitrogen (N) source and G represent the reduced
graphene oxide. Note that reduced graphene oxide was opti-
mized in our previous work,”® exhibiting that the best amount of
reduced graphene oxide added was 16 mg. 6 mL of VOC,0,
solution was mixed with 60 mL of isopropanol, then subsequently
transferred into the XN-G mixture. The obtained solution was
then homogenized by stirring for 20 min at a constant heat of
80 °C, shifted into a Teflon-lined autoclave and retained in an
oven for 6 h at 200 °C. The autoclave was then allowed to naturally
cool down to ambient conditions before collecting and thoroughly
cleaning the products with DW and ethanol via centrifugal
agitation and decantation of the liquid. After drying overnight
in an electric oven at 60 °C, the obtained samples were named as
V@24N-G, V@48N-G, and V@96N-G, where V represents vana-
dium dioxide. Scheme 1 shows different V@XN-G composite
preparation stages.

2.2. Material characterization

The structure of VO, and V@XN-G composite materials was
obtained by the aid of a Bruker BV 2D PHASER Benchtop powder
X-ray diffraction instrument (PANalytical BV, Amsterdam, Neth-
erland) operated with a Cu Ka; (4 = 0.154056 nm) radiation
source. The unit cell of the obtained VO, structure was visualized
using Vesta software and the corresponding crystallographic
information file (CIF). A WITec alpha 300 RAS+ confocal
micro-Raman microscope (Ulm, Germany) at a laser wavelength
and power of 532 nm and 3.41 mW, respectively, and a spectral
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Scheme 1 |Illustration of the V@XN-G composite synthesis process.

acquisition time of 60 s together with a Bruker Alpha-platinum-
Attenuated Total Reflectance (Billerica, MA, USA) was used
to perform Fourier transform infrared (FTIR) spectroscopy at
32 scans to analyse the diverse vibrations of the prepared
materials. Quantachrome (NOVAtouch NT 2 LX-1, 220 V, USA)
equipment was employed to analyze the specific surface area
(SSA) alongside the pore size distribution (PSD) of the samples
using the Brunauer-Emmett-Teller (BET) and density functional
theory (DFT) techniques in the range of 0.05-0.95 relative
pressure (P/P,) at 77 K. The samples micrographs followed by
the energy dispersive X-ray (EDX) spectra were investigated using
a Zeiss Ultra Plus 55 field emission scanning electron micro-
scope (FE-SEM; Akishima-shi, Japan) coupled with an Oxford
EDX operated at 2.0 and 20 kV accelerating potential, respec-
tively. X-ray photoelectron spectroscopy (XPS) measurements
were conducted with a VG Escalab 220i-XL instrument equipped
with a monochromatic Al-K excited energy source (0.6 eV) and a
hemispherical electron energy analyzer with an angle of 180°.

2.3. Electrochemical characterization

In this study, the electrodes used were fabricated by mixing the
as-prepared samples as active materials, acetylene carbon black
(ACB) as the conductive additive and polyvinylidene difluoride
(-(C,H,F,),~, PVDF) as a binder in a mass ratio (in percentage) of
80:10:10, respectively, in an agate mortar with the dropwise
addition of N-methyl pyrrolidone (NMP) to make a homogenous
slurry. The resulting slurry was then pasted onto rectangular (1 x
2 ecm?) and circular (1.8 cm”) clean nickel foam adopted as a
current collector to fabricate electrodes for three and two-
electrode measurements. The electrodes were then dried at
60 °C in an electric oven for 12 h. Afterwards, the supercapacitor
performances of the fabricated electrodes were obtained using a
Bio-Logic VMP-300 potentiostat (Knoxville, TN, USA) accompanied
by the EC-Lab V11.33 software (Edmonton, AB, Canada) by means
of the three and two-electrode configurations. The three-electrode
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test was done utilizing a glassy carbon as the counter electrode,
silver/silver chloride (Ag/AgCl) as the reference electrode and the
prepared samples representing the working electrode, while the
two-electrode set-up was used to assemble an asymmetric device,
in which a microfiber filter paper was used as a separator to
sandwich between V@XN-G and ACC as the positive and negative
electrodes, respectively, in a Swagelok cell. All the electrochemical
tests, ie., cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) and electrochemical impedance spectroscopy (EIS), were
performed in the range from 100 kHz to 10 mHz at room
temperature using 0.5 M K,SO, neutral electrolyte.

3. Results and discussion

3.1. Structural, morphological, and textural analysis

Fig. 1(a) depicts the powder X-ray diffraction (XRD) patterns
of VO, and V@XN-G composite samples. The patterns were
indexed to the inorganic crystal structure database (ICSD) of
VO, (A) (card #1503)*® and to the peaks for the (002) and (100)
planes of rGO material. The XRD pattern shows the co-existence
of VO, and rGO in all the three composite materials, confirm-
ing the good incorporation of rGO into the VO, material.**
The V@XN-G composites were further examined with Raman
spectroscopy, as shown in Fig. 1(b), confirming the existence of
VO, through its different vibrational modes, as previously revealed
in our work.?® Thus, V-O-V bending and stretching and V=0
stretching modes are attributed to the Raman shift range from
100 to 400 cm ' and 400 to 800 cm !, and ~997 cm™?,
respectively.”®*> Additionally, the Raman spectra show two strong
characteristic bands attributed to the defects (D) and graphitic (G)
bands caused by the defects (disordered) of the edges of graphite
and graphene materials and the tangential vibration of the sp*
carbon atoms as a result of the highly ordered hexagonal structure
within the graphite, respectively. These typical bands of carbon
nanostructure demonstrate the existence of graphene in all the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 1 (a) XRD, (b) Raman, (c) FTIR patterns of VO, and V@XN-G nanocomposites, and (d) the unit cell of VO,.

prepared nanocomposite materials.**** Consequently, the Raman
results confirm the presence of carbon peaks revealed by the XRD
analysis.

The intensity ratio (Ip/lg) of the D and G-bands for the
V@XN-G composite was investigated to estimate the degree of
graphitization of the carbon materials.*® The calculated values
of the Ip/I; ratio together with the D and G-bands peak position
are presented in Table 1. Note that the Ip/I; ratio increases as

the nitrogen content incorporated into the rGO increases. This
can be explained through the interruption of the symmetry of
the lattice caused by the introduction of the heteroatom
into the graphitic structure. Therefore, the incorporation of N
into the carbon lattice produces distortions, which transform
the graphitic site (sp®) into the sp® domain.**™’

Fourier transform infrared spectroscopy (FTIR) measure-
ments of pristine VO, and V@XN-G were studied to investigate

Table 1 Peak position of the vibrational Raman D- and G-bands with intensity ratio /p/lg, and textural properties of VO, and V@XN-G composites

D-band G-band Intensity Total pore Average pore
Samples position (cm™") position (cm™) ratio (Ip/lc) BET SSA (m”* g™ %) volume (cm® g™ ") size (nm)
VO, — — — 24.23 0.085 13.05
V@24N-G 1353 1579 0.98 20.43 0.055 11.47
V@48N-G 1357 1606 0.99 9.44 0.028 12.61
V@96N-G 1357 1583 1.01 7.37 0.024 12.62
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the chemical bonds between oxygen, vanadium, nitrogen and
carbon atoms in the synthesized nanostructures. As exposed in
Fig. 1(c), the peaks at about 983 and 478 cm ™" are assigned to the
stretching vibration modes of V=0 and V-O-V, respectively.**>°
The peak at about 1606.7 cm ™" indicates the in-plane bending
vibration mode of O-H while the peak at 3553.6 cm ™' is assigned to
the O-H stretching vibration mode.*® These vibration bands iden-
tified for the pristine VO, exist in the composite V@XN-G as well.
However, a decrease in the intensity with a small shifting towards
the lower wavenumbers is noted for these peaks such as O-H
(1606.7-1565 cm™'), V=0 (983-961 cm '), and V-O-V (478-
431 cm™Y). This is due to the interaction between VO, and the
XN-G. Furthermore, some additional peaks appear in the compo-
sites. Thus, the peak positioned at about 1407 cm™* is ascribed
to the C=O0O vibration mode, while that at about 1066 cm '
is associated with C-O stretching.*"** Two absorption peaks at
about 1540 cm™ " and 1066 cm ™" are observed as expected, which
correspond to the typical absorption bands of C—N and C-N,
respectively, indicating the presence of nitrogen in the
composites.”’ An absorption band appears at about 1571 cm™},
partially overlapped with C=N, corresponding to the aromatic
skeletal C—=C vibrations.*' These results support the successful
composite preparation via the solvothermal approach.

The unit cell of the VO, structure is displayed in Fig. 1(d).
In summary, the VO, monoclinic crystal structure is visualized,
in which the vanadium atoms occupy an octahedral coordina-
tion site. It can be seen that the vanadium atom lies at the
centre surrounded by six oxygen atoms.** The vibration modes
are shown as the inset in the Raman spectrum (Fig. 1b).

The textural properties of VO, and V@XN-G were analyzed
through nitrogen sorption isotherms and PSD curves, as shown
in Fig. 2. The isothermal analysis reveals type IV features
associated with a H3 hysteresis loop for all the composites
(V@24N-G, V@48N-G, and V@96N-G), suggesting the meso-
porous structure of the samples, as shown in Fig. 2a.*>*® The
pore size distribution curves of the samples (Fig. 2b) were
recorded in the 2-16 nm pore diameter range, confirming the
presence of a mesoporous structure, as also observed in the
isotherms (Fig. 2a). The textural properties of the synthesized
materials are displayed on Table 1. The pristine material (VO,)
gives a higher specific surface area (SSA) and total pore volume

60
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than the composites (V@XN-G). It can be elicited that the
introduction of XN-G into the VO, sample decreases the SSA
and total pore volume. This decrease is proportional to the
amount of nitrogen added into the rGO matrix. Therefore, the
high amount of nitrogen reduces the SSA by blocking some
pores of the material.*” However, it is noted that the composite
materials perform better as the electrode for supercapacitor
applications.

The morphology analysis of the composites (V@24N-G,
V@48N-G and V@96N-G) materials is presented in Fig. 3 obtained
by a field emission scanning electron microscope (FESEM). The
FESEM micrograph of pristine VO, revealed microspheres-like
morphology assembled with nanograins on their surface (Fig. S1,
ESI+).”® Fig. 3(a)~(f) exhibit a similar morphology at low and high
magnification for all the composites, showing a network of the
VO, morphology and an interconnected nanosheets-like structure
of N-G.***° The SEM images demonstrate an embellishment of N-
G nanosheets on the surface of the microspheres. In particular,
Fig. 3(c) and (d) show a good incorporation of VO, in the N-G
sheets, demonstrating a great interaction between VO, micro-
spheres and N-G. This can provide better electrochemical perfor-
mance due to the good synergistic effect.

Energy dispersive X-ray (EDX) spectroscopy was also investi-
gated to carry out the elemental composition of the as-synthesized
composites materials. Fig. 4 displays the EDX spectra of V@24N-
G, V@48N-G and V@96N-G composite materials.

It was observed that the synthesized composites contain the
expected elements C, V, N and O. The insets in Fig. 4(a)-(c)
display a description of the weight percent composition of each
element.

The presence of sliver (Ag) and gold (Au) elements in the
EDX spectra is ascribed to the Ag tape and Au conductive coat
utilized in the EDX preparation. The elemental distribution
mapping images confirms the good distribution of the ele-
ments (C, V, N and O) in the composites, as shown in Fig. S2
(ESIY), which confirms the fruitful integration of nitrogen into
the rGO structure.

X-ray photoelectron spectroscopy (XPS) was conducted to
further analyze the surface chemical property and the elemen-
tal composition of the synthesized pristine VO, and composite
materials V@XN-G. Fig. 5(a) displays the survey scan of the VO,
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00101 —e— V@24N-G
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= 0.008- —v— V@96N-G

0.006 4

dV(d) (cc nm
(=]
(=3
<

0.002 -

0.000 4

L}
0 2 4 6 8§ 10 12 14 16 18
Pore Diameter (nm)

(a) No-adsorption/desorption isotherm curves and (b) PSD curves of VO, and V@XN-G nanocomposites.
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Fig. 3 FESEM images of (a) and (b) V@24N-G, (c) and (d) V@48N-G, and
(e) and (f) V@96N-G at low and high magnifications.

and V@XN-G composite samples. Herein, the XPS analysis
of the V@48N-G sample that showed better features from
previously discussed characterizations is detailed. The XPS
survey spectrum reflects the elemental composition of the
materials, showing four characteristic peaks of V 2p at
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516.5 eV, O 1s at 529.3 eV, C 1s at 284.5 eV and N 1s at
400.7 eV, as illustrated in Fig. 5(a). This is in line with the
EDS elemental composition results. The appearance of the
additional Vpyy and Oy peaks (electrons auger) confirms
the presence of V and O elements in the sample.’>*' The
spectra were deconvoluted for in-depth analysis. The deconvo-
luted V 2p spectra has three V 2p;,, peaks corresponding to the
oxidation state of vanadium V*' at 515.1 eV, V** at 516.5 eV
and V°* at 516.9 eV; similarly, the V 2p;,, peak displays V** at
522.7 €V, V** at 524.0 eV and V°* at 525.1 eV (Fig. 5b). The
intense peaks at binding energy of 516.5 and 524.0 eV predict
that V** is predominant in the material compared to V** and
V>*, as shown in Fig. 5(b). The presence of V** can be due to
the carbothermal reduction while V°* comes from the V,Os5
precursor.’™> The O 1s spectra, deconvoluted in Fig. 5(b),
shows the occurrence of V-O (529.1 eV), C=0 (529.8 eV) and
C-0/0=C-0 (531.5 €V) interactions.”** The deconvoluted C
1s spectra (Fig. 5¢c) elucidate the presence of distinct types of
carbon bonds. The carbon peak at 284.5 eV can be accredited to
sp®> (C=C) or sp® (C-C) hybridized carbons.’®>> The peak at
about 285.2 eV is attributed to C-N, while the peak at 287.2 eV
is assigned to C=0 or C-0.>>*%%" The result indicates the
formation of the N-doped carbon skeleton, conforming
the FTIR result. The N 1s high-resolution XPS spectrum (see
Fig. 5d) can be curve-fitted into three distinct peaks at approxi-
mately 399.5, 400.8 and 402.3 eV, associated with pyridinic-N,
pyrrolic-N  and graphitic-N, respectively.’”*® The high-
resolution XPS results of the other samples (VO,, V@24N-G
and V@96N-G) are shown in Fig. S3 and S4 (ESIf). Table 2
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Fig. 4 EDX spectrum of (a) V@24N-G, (b) V@48N-G and (c) V@96N-G composite materials.
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displays the description of the atomic percent composition of
each element for different samples. The N-doping provides
more active sites for ion adsorption and improves the electron
transferability of the carbon material; thus, electrolyte ions are
more conducive to diffuse when the charging/discharging
behavior occurs to increase the energy storage capabilities.””

Thus, the presence of pyridinic-N and pyrrolic-N favours
charge storage owing to the enhanced charge accumulation at
the electrode/electrolyte interface and the electrode surface wett-
ability. Additionally, graphitic-N and pyridinic-N enhance electron
transport, thus improving the electrical conductivity of the elec-
trode materials.”>*® The various nitrogen functional groups may
improve the electrochemical performance of the material.

As shown in Table 2, the wide scan XPS spectrum displays
the main elements V, O, C and N of the different prepared

Table 2 XPS quantitative analysis of the composition of each sample in
atomic percent

Elements

Vv 2p O 1s C1is N 1s
Samples (at% conc.)  (at% conc.)  (at% conc.)  (at% conc.)
VO, 37.16 49.81 13.03 —
V@24N-G 40.68 31.31 27.25 0.77
V@48N-G 43.93 34.54 20.52 1.01
V@96N-G 39.62 32.39 26.81 1.18

13498 | New J. Chem., 2024, 48,13492-13505

materials. The observed carbon in VO, may be due to the
contamination from the precursors used.®® Similar to the
EDX results, the amount of nitrogen in the composites follows
the same trend. The moderate value of N might improve the
electrochemical results.

3.2. Electrochemical performance

3.2.1. V@XN-G composites. In order to inspect the electro-
chemical performance of the as-manufactured V@XN-G compo-
site materials, a series of electrochemical tests including cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD), electro-
chemical impedance spectroscopy (EIS), and cycling stability was
conducted in three and two-electrode configurations using 0.5 M
K,SO, aqueous electrolyte. Fig. 6 exhibits the electrochemical
performances of VO, and the prepared composites in three-
electrode configuration. Fig. 6a displays the CV curves comparing
VO,, N-G and the three composite materials recorded in the
potential window range of 0.0-0.8 V versus Ag/AgCl using a scan
rate of 30 mV s~ '. All the samples portrayed a semi-rectangular
profile expressing a fast-electrochemical reaction, signifying good
electrical conductivity. These shapes also suggest the electrical
double layer (EDL) capacitive mechanism.”* The composite elec-
trode materials reveal a greater CV integrated area compared to
the pristine VO, and N-G. As illustrated in Fig. 6b, all the electrode
materials show GCD curves exhibiting quasi-triangular shapes at a
specific current of 0.5 A g, which characteristically features the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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61,62

EDLC and excellent reversibility, confirming the CV in Fig. 6a.
It is concluded that the GCD of the nanocomposite electrode
materials demonstrated the longest discharge time compared to
pristine VO,. However, when the amount of nitrogen was high, a
decrease in the discharge time was noticed, as shown in Fig. 6b.
The specific capacitances (Cg,) were calculated for the different
electrode materials, from the GCD using eqn (S1) (ESIf), and
plotted versus the specific current ranging from 0.5 to 10 A g,
as presented in Fig. 6c. The attained Cg, values at 0.5 A ¢ ! are
163.1 F g ' for VO,, 12.3 F g~ for N-G; and 181.8, 197.4 and
142.3 F g~ ' for V@24N-G, V@48N-G and V@96N-G, respectively.
We can also conclude here that the composite electrodes per-
formed better, where they showed a good rate capability compared
to VO, (Fig. 6¢). In order to carry out the ions transport dynamic at
the interface between the electrode/electrolyte and the conductive
properties of the electrodes, EIS was investigated, as shown in
Fig. 6(d). Thereby, the charge transfer resistance R, estimated at
the high frequency region by the diameter of the semicircle, and
the solution resistance R, representing the point of intersection
(first point) between the curve and the real (Re(Z)) axis, were figured
out. The recorded values in R; and R, were (0.4 and 3.8 Q) for VO,,
(1.8 and 2.3 Q) for N-G, and (2.7 and 1.4 Q), (2.5 and 1 Q) and (2.6
and 1.5 Q) for V@24N-G, V@48N-G and V@96N-G, respectively.
The prepared composite electrodes exhibit a relatively small semi-
circle, indicating a low R, at the electrode/electrolyte interface.®®

In the low-frequency region, they display a diffusion length
short and close to the imaginary (Im(Z)) axis linked to VO,
(see Fig. 6d), implying a better capacitive characteristic.>

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

In summary, the V@48N-G composite showed a CV curve
displaying a slight larger integrated area, a longer discharge time
associated with the superior specific capacitance, and a lower R
(2.5 Q) and R (1 Q) compared to the other composite materials.
Therefore, this comparison proves that V@48N-G shows inferior
electrolyte ions diffusion resistance and R.. and excellent capaci-
tive performance, which are in accordance with the CV and GCD.*'
Thus, the V@48N-G composite electrode outperforms the other
composites. This can be attributed to the medium amount of
nitrogen added, leading to the good incorporation between VO,
and N-G materials, as detected in the SEM analysis (Fig. 3¢ and d).
Therefore, a good synergistic effect between VO, and N-G can be
noted for this particular doping. The better electrochemical results
attained with the composite electrodes can be attributed to the
synergistic effect due to the presence of effective channels, allow-
ing the passage of charges and ions and also to the great electrical
conductivity, good mechanical flexibility and high electrochemical
stability arising from the rGO material and the pseudocapacitive
behavior from VO, and nitrogen-doping.**

Moreover, the addition of nitrogen atoms can significantly
transform the chemical and electronic properties of the rGO
lattice structure, leading to more active sites and improving the
wettability through its pseudocapacitive behavior. The good
surface wettability at the electrode/K,SO, aqueous electrolyte
interface reduces the diffusion resistance between the electro-
lyte ions and electrode material.>”*

Given that for the prepared composite materials, V@48N-G
showed superior electrochemical performance, its detailed

New J. Chem., 2024, 48,13492-13505 | 13499
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measurements were performed firstly in a half-cell (three-
electrode) configuration by varying the scan rate, and the
specific current for CV and GCD, respectively, in a working
potential window from 0.0 to 0.8 V vs. Ag/AgCl, by assembling a
full-cell device.

Fig. 7 displays further the three-electrode analysis of the
V@48N-G composite. Fig. 7a shows the CV profiles at various
scan rates values ranging from 5 to 100 mV s~ . They revealed a
quasi-rectangular profile, approving the EDL capacitive beha-
vior. From a low (5 mV s~ ") to high (100 mV s~ ') scan rate, the
CV curves maintain a quasi-rectangular shape without any
significant distortion, demonstrating the high rate capability
of this electrode material.*® Obviously, the CV curves showed an
increase in the current response and integrated area propor-
tional to the scan rate. Fig. 7b relates the analogous GCD at
various current densities, showing a linear variation of the
charge and discharge path at all the current densities, desig-
nating a near-isosceles triangular profile confirming the EDL
capacitor behavior seen in Fig. 7a. Fig. 7c displays the electro-
de’s cyclic properties versus the cycle number. The electrode
showed an excellent Coulombic efficiency of 99.9% and main-
tained 74.5% of its initial specific capacitance up to 5000
charge and discharge cycles at 10 A g~'. The cycling stability
performance of the electrode material (V@48N-G) rapidly
decreased after 1500 cycles. This decrease in the stability as a
function of cycle number could be related to the formation of
the vanadium species such as HV,0,°", V,0,”, V,0,>”, or

vO,*” into the electrolyte owing to the over oxidation, which

View Article Online
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leads to the dissolution of V*>* in the oxide phase.”®®” The
dissolution of the vanadium species into the electrolyte during
cycling negatively affects the cycling performance, as reported
by Shu et al.®” This might explain the immediate decrease in
the capacitance retention after 1500 cycles, as observed in
Fig. 7c. Thus, the cycling performance is affected by the amount
of the vanadium species in the electrolyte, which might be
significant after 1500 cycles.

3.2.2. Asymmetric supercapacitor device. To assemble an
asymmetric supercapacitor device, cocoa waste-based activated
carbon (ACC) adopted from our previous work>® was examined
in 0.5 M K,SO, neutral electrolyte in the three-electrode configu-
ration for a negative electrode (represented in Fig. S5, ESIT). The
CV curves (Fig. S5a, ESIT) depict a characteristic rectangular
outline, while the GCD curves (Fig. S5b, ESI{) show semi-
triangular shapes, indicating the EDL capacitive behavior. The
Cp calculated against specific currents is displayed in Fig. S5c
(ESIt), indicating a maximum value of 165.6 F g~ at 0.5 A g .
The Nyquist plot in Fig. S5d (ESIt) shows an equivalent solution
resistance (Ry) and charge transfer (R.,) value of 1.8 and 0.3 Q,
respectively.

The asymmetric supercapacitor was made using V@48N-G
and ACC as the positive and negative electrode, respectively, in
the neutral electrolyte mentioned above. Due to the difference
in the specific capacitance of V@48N-G and ACC, a charge
balance was carried out (Q: = Q_) by calculating the mass of
each electrode in the device using eqn (S5) and (S6) (ESIt). The
optimal mass ratio between V@48N-G and ACC electrodes was
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(a) CV and (b) GCD profiles at different scan rates and specific currents, and (c) cycling stability test of V@48N-G up to 5000 GCD cycles.
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Fig. 8 (a) CV of ACC and V@48N-G examined in the three-electrode set-up in their stable potential window. V@48N-G//ACC device: (b) CV curves, (c)
GCD curves, (d) specific capacitance versus specific current, (e) Coulombic efficiency and capacitance retention as a function of the cycle number, (f)
Nyquist plot studied before and after the stability test, (g) Ragone plots showing a comparison between this work and recently reported results in the
literature, and (h) capacitive and diffusion-controlled contributions vs. scan rate.

~0.84 in the asymmetric cell. This leads to approximately Fig. 8a relates the characteristic of the singular CV curves of
2.2 and 1.8 mg as the masses in the negative and positive, ACC and V@48N-G composite electrodes tested in the three-
respectively, which exhibits in whole 4.0 mg (approximately electrode configuration, each in its operational potential win-
2.3 mg cm ). dows range from —0.8 to 0.0 V and 0.0 to 0.8 V, respectively,
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using the same references cited above at 30 mV s~ '. Fig. 8b
represents the CV profile of the device at diverse sweep rates
from 5 to 100 mV s~ within a potential difference of 1.7 volts,
revealing an EDLC behavior. From low (5 mV s~ ') to high
(100 mV s™') sweep rate, the CV shapes of the device main-
tained a quasi-rectangular profile, implying its good capacitive
behavior, which reveals good ion diffusion and great rate
capability.®*®® Fig. 8c shows the galvanostatic CD of the
V@48N-G//ACC device at diverse current densities from 0.5 to
10 A g~ ", All galvanostatic CD profiles exhibit semi-triangular
shapes, suggesting good double-layer capacitive charge storage
in the assembled single-ended supercapacitor, demonstrating
the EDLC behavior characteristics of the single-ended device, as
confirmed by the CVZ.

To deeply probe the contributions of capacitive and diffusion-
controlled behaviors within the assembled asymmetric V@48N-
G//ACC device, the CV curves displayed in Fig. 8b were explored
to obtain the values of the current response (i) corresponding to
the scan rate (v) using various scan rates, according to the power
law (i = a”), where the values a and b are adjustable. Thus, there
are two well-characterized values of b, where the b-value of 1
indicates that the current is controlled by the surface-controlled
behavior, while the b-value of 0.5 indicates that the current is
controlled by diffusion-controlled behavior. The value of b was
determined by plotting the logarithm of the current (i) versus the
logarithm of the scan rate (v), as displayed in Fig. S6b (ESIT),
whose slope represents the b-value at a certain cell voltage. The
two values of b were determined at cell voltages of about 0.4 and
1.5 (Fig. S6a, ESIt), revealing b-values of 0.98 and 0.96, respec-
tively. These values are approximately equal and very close to
1, implying the dominance of the capacitive behavior for the
asymmetric device.”””" Moreover, Trasatti’s analysis was per-
formed to estimate the diffusion-controlled and capacitive con-
tributions within the prepared V@48N-G//ACC device using
eqn (S7) and (S8) (ESI). Based on previous works,”"’> the total
capacitance (Cr) was calculated by the aid of Fig. S7a (ESIt)
displaying 1/C versus v°° using eqn (S9) (ESIt), whereas the EDL
capacitance (Cgpy) is determined from Fig. S7b (ESIt) exhibiting
C versus v~ °° using eqn (S10) (ESIf). The diffusion-controlled
(Caif) was estimated from the difference between Cr and Cgpy.
Consequently, the capacitive and diffusion-controlled contribu-
tions were calculated at various scan rates and plotted (Fig. 8h).
The results revealed that the capacitive contribution is higher
than the diffusion-controlled contribution, as shown in Fig. 8h.
Thus, Trasatti’s analysis confirms the dominance of the capaci-
tive behavior, as suggested by the power law, i.e., the V@48N-G//
ACC is an EDLC-dominated device.

Fig. 8d displays the full-cell specific capacitance (Cq4) against
specific current, calculated from CD (Fig. 8c) using eqn (S2)
(ESIT). The fabricated full-cell presented a high specific capa-
citance value of 71.8 F g ' at 0.5 A g~ . At this specific current,
it displayed a good specific energy of 28.8 W h kg™ ', which
corresponds to a power density of 425.1 W kg, calculated
using eqn (S3) and (S4) (ESIt). Overall, the specific energy and
power recorded with the V@48N-G//ACC full-cell are greater
compared to those described for most reports on vanadium

13502 | New J. Chem., 2024, 48,13492-13505
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dioxide and other vanadium oxide/carbon-derived composite
materials. For instance, Lv et al.>* manufactured free-standing
thin vanadium oxide nanobelts and reduced graphene oxide
(VO,/rGO) composite film. The VO,/rGO composite film and gel
organic electrolyte (PVA/LiCl) were used to fabricate a sym-
metric supercapacitor. The solid-state supercapacitor exhibited
an energy density of 8.96 W h kg™ " at a power density value of
250 W kg™* %, Deng et al.”® prepared a composite material of
graphene and VO, (RG/VO,) via a hydrothermal approach by
the aid of the precursors ammonium vanadate, graphite oxide
(GO) and formic acid. The assembled asymmetric supercapa-
citor (RG/VO,//RG) used RG and RG/VO, as the negative and
positive electrodes, respectively, delivered an energy density of
22.8 W h kg~ * corresponding to a power density of 425 W kg ™+
using 0.5 M K,SO, neutral solution and a current density of
0.5 A g 1.7% Velayutham and co-workers’* reported the electro-
deposition method to attain the binder-free vanadium pentoxide
nanostructure on flexible CFC through the chronoamperometry
method. The fabricated V,05;@CFC-30//0, N, S@AC device dis-
played energy and power densities of 17.7 W h kg ' and
2728 W kg™ at 1 A g ' in 1 M Na,SO, neutral medium,
respectively.”* Suganya et al”® reported N-doped graphene-
anchored ZnzV,0g composite synthesized by the hydrothermal
process (ZnzV,0g@graphene). The assembled asymmetric super-
capacitor combining the synthesized composite (positive) and
activated carbon (AC) (negative) (Zn;V,Os@graphene//AC) recorded
a specific energy of 104 W h kg ' at a specific power of
312.5 W kg ' in 0.5 M K,SO, at 1 A g~ .”* This comparative study
is summarized in Fig. 8g, which displays the so-called Ragone plot
exhibiting the specific energy against the specific power.

The better performance arising from the V@48N-G//ACC
device is attributed to the nitrogen-doping, where the conduc-
tivity of the sample increased owing to the extra lone pair of
electrons in nitrogen atoms. This may offer a negative charge
density for the sp* hybrid carbon skeleton of the delocalized n
system, thus facilitating electron transport.”*’” Also, it enhances
the wettability of the electrode materials’ surface, which can
enable the electrode/electrolyte ion contact.”®

Furthermore, the electronegativity value of nitrogen atom
(3.0) is superior to that of carbon atom (2.5), which leads to
positive charge density near the adjacent carbon atoms.”® This
increases the material’s polarization, a characteristic represent-
ing the EDLC.®°

To evaluate the stability performance, the device (V@48N-G//
ACC) was constrained to 10000 GCD cycles at 10 A g *. The
cyclic property is a key test for the fabricated full-cell to be
considered for practical applications in supercapacitors. There-
fore, the plot of both Coulombic efficiency and capacitance
retention as a function of cycle number is represented in
Fig. 7e. It recorded an important cyclic performance with an
excellent Coulombic efficiency of 99.8% and retained 73% of
the initial specific capacitance over 10000 GCD cycles. The
decrease in the capacitance retention with the number of
charge/discharge cycles can be attributed to the destruction
of the nanocomposite materials in the electrode and the mass
loss of the electrode after 10000 charge/discharge cycles.®!

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 7f shows the Nyquist plots of the asymmetric device before and
after stability. At high frequency (inset in Fig. 7f), the device shows
equivalent series resistances (Rs) approximately identical and equal
to 1.42 Q before stability and 1.47 Q after stability. Still, in this
region of high frequencies, the inset in Fig. 7f reveals the absence of
a semicircle, indicating a very low charge transfer resistance, which
results in good ionic conductivity. This favours the rapid formation
of the EDL in these electrodes.® At low frequency, a short diffusion
path length and closeness to the Im(Z) axis is observed, indicating
the capacitive behavior of the asymmetric cell.** The low R; attained
for this device allowed to obtain an important maximum power
device P Of 127.2 kW kg™ estimated from eqn (S11) (ESIF).

The diffusion length faintly increased with a minor devia-
tion from the Im(Z) axis. This is ascribed to a reduction in the
ionic conductivity due to a drop of ions in the electrolyte
solution after a long galvanostatic charge/discharge cycle. The
degradation of the electrode surface (oxidation) after the stabi-
lity test can similarly lower the ionic conductivity and lead to an
increase in the diffusion length.%?

4. Conclusion

In this study, vanadium dioxide nitrogen-doped rGO composite
material (V@XN-G) has been effectively prepared utilizing a one-
step solvothermal process via the variation of the amount of urea
(N source) introduced into the rGO matrix. Thus, V@24N-G,
V@48N-G and V@96N-G composite samples were obtained.
The three-electrode measurements in 0.5 M K,SO, electrolyte
illustrated that the optimized sample corresponds to V@48N-G.
This sample exhibited a Cy, value 0f 197.4 F g ' at 0.5 A g~ " within
a large voltage window range of 0.0-0.8 V vs. Ag/AgCl. The V@48N-
G electrode material recorded an excellent Coulombic efficiency of
~99.9% with a capacitance retention of 74.5% over 5000 GCD
cycles at 10 A g~ . An asymmetric full-cell device assembled using
V@48N-G positive electrode and ACC negative electrode (V@48N-
G//ACC) provided a good specific energy of 28.8 W h kg™, which
corresponds to a specific power of 425.1 W kg ', recorded at
0.5 A g ' at a large potential difference of 1.7 V. Due to the low
equivalent series resistance, the device delivered a great max-
imum power Py, of 127.2 kW kg™'. Moreover, the device showed
remarkable cyclic properties with an excellent Coulombic effi-
ciency of 99.8% and a capacitance retention of 73% after 10 000
GCD cycles. These results elucidate that the prepared material has
impressive potential for energy storage applications.
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