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Highlights 

• VO2, VO2/AEG composite and C-V2NO materials were fabricated by CVD methods. 

• VO2/AEG displayed a higher electrochemical performance compared to VO2 electrode. 

• Asymmetric supercapacitor was assembled from VO2/AEG and C-V2NO as positive and 

negative electrodes respectively. 

• The device exhibited a high specific energy and power of 41.6 Wh kg−1 and 904 W kg−1 

respectively at 1 A g−1 in 1.8 V. 
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Abstract 

The vanadium dioxide/activated expanded graphite (VO2/AEG) composite and carbon-

vanadium oxynitride (C-V2NO) porous web-like structures were successfully synthesized by 

chemical vapor deposition (CVD) method. The X-ray diffraction analysis of the VO2/AEG 

composite revealed the diffraction peaks of the monoclinic VO2 and hexagonal AEG structures 

respectively while for the C-V2NO material, a cubic crystal structure was observed. The Raman 

spectroscopy analysis of VO2/AEG composite and C-V2NO depicted vibration brands linked 

to vanadium dioxide with the distinct D, G, and D' peaks confirming the presence of disordered 

carbon into the main vanadium-based matrix. The electrochemical performance of the 

electrode material (VO2/AEG//C-V2NO) was evaluated in a two-electrode asymmetric device 

with the VO2/AEG composite as the positive electrode and C-V2NO as the negative electrode 

operating in a 6 M KOH electrolyte. The asymmetric device exhibited a specific energy of 41.6 

Wh kg-1 with a corresponding specific power of 904 W kg-1 at a 1 A g-1 specific current in a 

large operating voltage of 1.8 V. The specific energy was still retained at 9 Wh kg−1 at an 

amplified specific current of 20 A g-1 with a specific power of 18 kW kg−1. The supercapacitor 

showed a 93% capacity retention for up to 10,000 constant gravimetric current cyclic stability 

test at a specific current of 10 A g-1 with a good rate capability. A notable device stability was 

maintained without any failure via voltage floating tests for up to 100 h. 

Keywords: Asymmetric supercapacitor, VO2, AEG, Composite, C-V2NO. 

 

1. Introduction 

Supercapacitors also known as electrochemical capacitors (ECs) have been known to be great 

candidates for the future generation of energy storage [1–3]. ECs are high power devices which 

can store and deliver energy relatively faster than batteries [4]. Currently, the spotlight is on 

these devices due to their application merits which include their high power density, long cycle 

life and safety [5]. Although supercapacitors still suffer low energy density as compared to 

batteries [6], they have higher energy density than conventional capacitors.[7–9]. 

Generally, supercapacitors are mainly classified into three classes based on their energy storage 

mechanism; the Electrochemical Double Layer Capacitors (EDLCs) are the first class which 

https://www.sciencedirect.com/topics/chemistry/electrochemical-double-layer
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arise from the accumulation of charges at the electrode/electrolyte interface [6]. EDLC storage 

behavior is mainly exhibited in carbon-based materials. The pseudocapacitors and faradaic 

capacitors are next class which are governed by a chain of Faradaic reactions which store the 

charges via redox reactions. Common materials in this class of supercapacitors include 

transition metal oxides, hydroxides (TMOs/TM-OHs) and redox polymers. Lastly, the hybrid 

capacitors that are considered as a combination of both EDLC and Faradaic materials [10]. In 

this storage category, the materials usually exist combined mechanisms as either a composite 

material or separate individual electrodes in non-symmetric device architecture. The positive 

electrode is composed of metal oxides/hydroxide [11–14] and conductive polymers [15,16] 

that give higher specific capacity [8,10] than the negative electrode which is usually made up 

of EDLC consisting of carbon-based materials. Activated carbon (AC) [17,18], carbon 

nanotubes (CNT) [19], graphene [20,21] and carbon nitride/oxynitride-based nanostructures 

are examples of materials which have been successfully used in these devices [22–24]. These 

carbon nanomaterials possess high specific surface area, good electronic conductivity, and long 

cycle stability [25–27] as compared to faradaic materials.  

Asymmetric capacitors (AsyCs) are considered as a subclass of hybrid capacitors obtained by 

combining two different materials as a positive and an negative electrodes in the same cell. 

AsyCs are considered as a promising candidate and reliable approach to maximizing the 

specific capacitance and to extend the cell potential in order to improve the energy density [28]. 

Among all transition metal oxides, vanadium oxides family such as vanadium dioxide (VO2) 

vanadium pentoxide (V2O5) and divanadium trioxide V2O3 have received great consideration 

in energy storage devices [29–38] due to their multiple oxidation states, low cost and non-toxic 

chemical properties [39,40]. In addition Vanadium dioxide (VO2) has been largely studied as 

a potential electrode material in ECs due to its structural stability [39] and excellent reactivity 

[41]. However, as all metal oxides, VO2 also displays a poor electrical conductivity and cyclic 
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stability as compared to carbon-based materials [42]. Numerous scholars have studied different 

methods with an aim to improve the electrochemical performance of the VO2 materials. For 

instance, the synthesis of carbon/VO2 composite materials such as graphene/VO2 [39], VO2/ 

CNTs [40] and VO2@PANi [43] have been recently explored as an electrodes for 

electrochemical capacitors. Carbon/VO2 composites have been demonstrated as suitable 

electrode materials to enhance the electrochemical properties of supercapacitors owing to their 

synergistic properties but most studies focus on either the positive electrode or negative 

electrode alone. For instance, Chen et al. [44] assembled an asymmetric supercapacitors by 

considering a CNT/V2O5 nanowire composite as a negative electrode and AC as a positive 

electrode in an organic electrolyte. The asymmetric capacitor showed a specific energy of  

40 W h kg-1 at a power density of 210 W kg-1 at 0.5 mA cm-2 [44]. Recently, Zhou et al. [45] 

fabricated an asymmetric device where a bamboo-like V2O5/polyindole@activated carbon 

cloth (V2O5/PIn@ACC) was used as a positive electrode whereas a reduced graphene 

oxide@activated carbon cloth (rGO@ACC) was employed as a negative electrode. 

The asymmetric capacitor displayed a specific energy of 38.7 W h kg-1 at the power density of 

900 W kg-1 by using a specific current of 1 A g-1 [45]. Fleischmann et al. [46] successfully 

fabricated an asymmetric capacitor by using an AC as a positive electrode and vanadium 

oxide/carbon onion (VO2/OLC) composite as a negative electrode with 1 M LiClO4 in 

acetonitrile (ACN) electrolyte. The asymmetric device exhibited a specific energy of 45 W h 

kg-1 and a specific power of 58 kW kg-1 at 0.05 A g-1 [46]. Similarly, Hosseini et al. [47] 

assembled an asymmetric device by adopting a VO2 nanosheet array grown on porous carbon 

nanofibers (VO2@PCNFs) as a positive electrode and a porous carbon nanofibers (PCNFs) as 

a negative electrode in Na2SO4
−poly(vinyl alcohol) (Na2SO4/PVA) gel electrolyte. The 

asymmetric capacitor displayed a specific energy of 75.06 W h kg−1 and a specific power of 

1.275 kW kg−1 at a specific current of 1 Ag-1 [47]. No studies have considered the use of 
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vanadium oxides/carbon composites in both electrodes for an asymmetric design with the idea 

of harnessing both the porosity and conductivity known to carbon-based materials. 

In this paper, we report a novel design of a vanadium dioxide/activated expanded graphite 

composite (VO2/AEG) and carbon-vanadium oxynitride (C-V2NO) porous web-like structures 

produced by the CVD method. The outstanding electrochemical performance of porous AEG 

reported in our previous work [48] inspired its introduction into the VO2 main frame to create 

a good interaction between VO2 and AEG using a facile method.  

On the other hand, the C-V2NO displayed a specific surface area value of 121.6 m2 g-1 and a 

unique morphology with irregular porous cavities which could deliver a good electrochemical 

performance in supercapacitors. An AsyC was assembled by combining the merits of both 

materials based on VO2/AEG composite as a positive electrode and C-V2NO as a negative. The 

device displayed high specific energy of 41.6 W h kg−1 associated with a specific power of 904 

W kg-1 at a specific current of 1 A g-1 and capacity retention of 93% up to 10,000 cycles.  

 

2. Experimental 

Ammonium metavanadate (NH4VO3, purity 99 %), Melamine (C3H6N6, purity 99 %), 

Hydrochloric acid (HCl, 37% AR grade) and 10 wt% Polyvinylpyrrolidone (PVP) were 

purchased from Sigma-Aldrich and used without further purification. Polycrystalline Nickel 

foam (NiF) (3D scaffold template with an areal density of 420 g m-2 and a thickness of 1.6 mm 

was purchased from Alantum (Munich, Germany). Potassium hydroxide (KOH, min 85%) was 

purchased from Merck (South Africa). Graphite grade ES 250 B5 was obtained from Qingdao 

Kropfmuehl Graphite of 10 wt%. 
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2.1 Synthesis technique 

2.1.1 Synthesis of AEG and VO2 materials  

Activated expanded graphite (AEG) was prepared from the expanded graphite (EG) using a 

microwave-assisted method. The EG was carbonized by using a CVD method at 800 C under 

argon and hydrogen for 2h to obtain the final product. The detailed description of AEG is 

previously reported by Barzegar et. al. [48]. The vanadium dioxide (VO2) was synthesized by 

a temperature CVD-assisted route at 900 C for 2 h under nitrogen (N2) atmosphere. The 

detailed description of VO2 is presented in the report by Ma et al. [49]. 

2.1.2 Synthesis of VO2/AEG composite  

The VO2/AEG composite was prepared by simply mixing 1.8 g of NH4VO3 and 90 mg of AEG 

in an agate mortar. The mixture was inserted into a quartz tube furnace and heated to 900 C 

at a heating rate of 2 °C min-1 and kept at that temperature for 2 h under nitrogen (N2) 

atmosphere. After cooling down to room temperature under a flow of nitrogen, the resulting 

black powder was ground in an agate mortar to obtain the final product. 

2.1.3 Synthesis of C-V2NO nanostructures 

The C-V2NO was synthesized following a similar process as that of the VO2/AEG composite 

as follows: 0.5 g of NH4VO3 and 5 g of C3H6N6 were mixed in an agate mortar with a few 

drops of ethanol to make a homogeneous slurry. The slurry was subsequently calcined in a tube 

furnace from room temperature to 800 C at a heating rate of 18 °C min-1 and left to dwell at 

this temperature for 2 h under nitrogen (N2) atmosphere. After naturally cooling down, the final 

carbon-vanadium oxynitride product was obtained. 
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2.2 Structural and Morphological characterization 

The X-ray diffraction (XRD) patterns for the VO2/AEG composite and the C-V2NO materials 

were recorded using a XPERT-PRO diffractometer (PANalytical BV, Netherlands, CoKα (λ= 

0.178901 nm) radiation) with 2θ values ranging from 10° – 90°. The Raman spectroscopy 

measurements of the materials were studied using a WITec confocal Raman microscope 

(WITec alpha300 R, Ulm Germany) with a 532 nm laser wavelength and a spectral acquisition 

time of 60 s. The Raman system laser power was set as low as 5 mW in order to minimize 

heating effects. The porosimetry test of the materials was evaluated with a nitrogen adsorption–

desorption isotherms at -196°C using a Micromeritics ASAP 2020. The specific surface area 

of the materials were evaluated by the Brunauer–Emmett–Teller (BET) analysis from the 

adsorption branch in the relative pressure range (P/P0) of 0.01–1.0. The morphology and the 

element distribution mapping of the composite and the carbon-vanadium oxynitride were 

characterized using a high-resolution Zeiss Ultra plus 55 field emission scanning electron 

microscope (FE-SEM), operated at a voltage of 2.0 kV and a JEOL JEM-2100F high resolution 

transition electron microscope (HRTEM) at 200 kV. The X-ray photoelectron spectroscopy 

(XPS, K-alpha, Thermo Fisher) was used to analyse the elemental composition of the materials 

with a monochromatic Al-Kα radiation. 

2.3 Electrodes preparation and electrochemical characterization 

The VO2, VO2/AEG composite and carbon-vanadium oxynitride electrodes were prepared by 

mixing 80 wt% of the active material with 10 wt% of carbon black (as conducting additive) 

and 10 wt% of polyvinylidene difluoride (PVDF) binder in an agate mortar. The mixture was 

then dissolved with a few drops of 1-methyl-2-pyrrolidinone (NMP) to form a slurry which 

was coated onto NiF current collectors with an area of 1×1 cm2. The electrodes were dried at 

60 °C for 12 hours to ensure complete evaporation of the NMP. 
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The electrochemical properties of the VO2, VO2/AEG composite and C-V2NO electrodes were 

evaluated using a Bio-Logic VMP-300 (Knoxville TN 37,930, USA) controlled by the EC-lab 

V 11.40 software in a three (half-cell) electrode configuration. Ag/AgCl (KCl saturated) as 

reference electrode, a glassy carbon plate as counter electrode and VO2/AEG composite and C-

V2NO electrodes as working electrodes were used to investigate the electrochemical 

measurements in a 6 M KOH aqueous electrolyte.  

The asymmetric device was fabricated using VO2/AEG composite as a positive and C-V2NO 

as a negative electrodes respectively in 6 M KOH electrolyte. The VO2/AEG//C-V2NO was 

assembled in a Swagelok cell with a microfiber filter paper as a separator.  

The cyclic voltammetry (CV) measurements were carried out to determine the behaviour of the 

VO2/AEG and C-V2NO electrodes and their ideal working potential in three- and -two 

configurations cell. The galvanostatic charge-discharge (GCD) measurements aid to obtain the 

specific capacity and the stability test of the VO2/AEG and C-V2NO electrodes 

The electrochemical impedance electrochemical test was used to investigate the capacitive 

properties and conductivity of the VO2/AEG and C-V2NO electrodes in the frequency range of 

100 kHz–10 mHz in open circuit voltage. All the electrochemical tests were performed at room 

temperature. 

 

2.3.1 Structural and morphological properties 

X-ray diffraction (XRD) analysis results of VO2/AEG composite and C-V2NO materials are 

presented in Fig. 1. The XRD patterns of VO2/AEG composite (Fig. 1(a)) showed diffraction 

peaks of the VO2 and AEG materials confirming a stable composite of AEG with the VO2 

material. 

The XRD patterns of the VO2 material can be indexed to a VO2 monoclinic structure (black 

indices in the figure 1(a)) with a P1 21/c(14) space group and lattice parameters; a = 5.3532 Å, 
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b = 4.5380 Å, c = 5.3830 Å, and β = 115.2° using the matching inorganic crystal structure 

database (ICSD) card #4033. However, Fig. 1(a) also shows a satellite peaks located at 17.6  ̊ 

and 20.5  ̊ which correspond to trace amounts of V6O13 [48]. The diffraction peaks of the AEG 

in Fig. 1(a) exhibited a hexagonal structure which can be indexed to the (002), (100), (101), 

(102), (004) and (103) planes of the graphite labelled blue in the figure, with a P63/mmc space 

group. The lattice parameters in this case were given as a = 2.4704 Å, b = 2.4704 Å, c = 6.7244 

Å, γ = 120.0° using the matching inorganic crystal structure database (ICSD) card #1487. 

In Fig. 1(b), the XRD patterns of C-V2NO were indexed to a cubic structure with a single phase 

with the diffraction peaks corresponding to (111), (200) and (220). An Fm-3m(225) space 

group with lattice parameters a = 4.1313(1) Å, a/b = 1.0000, b/c = 1.0000 and c/a = 1.0000 

was obtained with the matching inorganic crystal structure Database (ICSD) card # 43182. 

 

Fig. 1: The XRD patterns of (a) VO2/AEG composite (with black and blue indexes for VO2 and AEG (carbon 

peaks) respectively) and (b) C-V2NO nanostructures 

. 

The Raman spectroscopy of the VO2/AEG composite and C-V2NO materials were used to 

identify different phases at the molecular level. 

The Raman vibrational modes of the VO2 material are located at 139, 194, 287, 410, 527, 688 

and 1000 cm-1 wavenumbers as shown in Fig. 2(a). At wavenumber ranging from 100 – 400 
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cm-1, the V–O−V bending modes are observed. At 400 – 800 cm-1 wavenumber range, the 

bands recorded are attributed to the V–O−V stretching modes. The Raman bands located at 

800 – 1100 cm-1, are attributed to the V=O stretching modes which are linked to the monoclinic 

VO2 (M) [50–52]. The Raman vibrational modes of the VO2 material have have been assigned 

to well-known vibrational modes of the material except for the 527 cm-1 (Bg species) as shown 

in Table. 1 [53]. The band at 1000 cm-1 is attributed to the stretching of the V=O arising from 

the typical bands of V2O5. This revealed the presence of the V2O5 in the composite material 

[54]. 

Fig. 2(a) also shows three peaks at 1349, 1583 and 2710 cm-1 which are attributed to the D-

band (linked to defects or the disorders present in the carbon lattice structure [55,56]), G-band 

(carbon-carbon vibration mode [55,57]) and the 2D-band (originating from the double 

resonance process) band of AEG, respectively [48]. All these confirm the presence of both 

AEG and VO2 materials in the composite. 

 

Table. 1: Raman modes of VO2 [53]. 

Raman frequency (cm-1) Vibration assignment 

139 Ag 

194 Ag 

287 Ag 

410 Ag 

527 Bg 

688 Ag 
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Fig. 2: The Raman spectra of the (a) VO2/AEG composite and (b) C-V2NO nanostructures. 

 

In Fig. 2(b), the Raman bands indicated that different vanadium species are formed during the 

growth of the carbon-vanadium oxynitride materials. For instance, the Raman bands at 145, 

285 and 479 cm-1 confirm the existence of V2O5 and VO2 respectively, in the metal oxynitride–

carbon. The high-intensity peak at 142 cm-1 wavenumbers is linked to the bending vibration 

(B3g species) associated with the layered structure [58]. The Raman band located at 285 cm-1 

is due to the bending vibrations of O-V-O bond (B2g mode) while for the 479 cm-1 is attributed 

to the stretching of the V–O−V (Bg) [59–61]. In addition, these two high intensities peaks at 

145 cm-1 and 285 cm-1 could be associated with the cubic symmetry of the vanadium oxynitride 

[62]. 

However, it also showed a D peak at 1373 cm-1, G peak at 1593 cm-1 and D'-peak at 1621 cm-

1. The D'-peak observed near the G peak showed that the carbon present in the C-V2NO is a 

graphene-like carbon. The D' peak is attributed to the lattice vibration of the G band but mainly 

due to the graphene layers at the surface of the carbon material present in the material [48,63]. 

The presence of the three peaks (D, G, and D') confirmed the presence of the carbon element 

in the as-prepared carbon-vanadium oxynitride.  
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The specific surface area of the VO2, VO2/AEG composite and the C-V2NO materials were 

determined by the BET method. Fig. 3 and Fig. S1 display the nitrogen adsorption-desorption 

isotherm of the materials. 

In Fig. 3a and Fig.S1, a type III isotherm with an H3 hysteresis loop was depicted for the VO2 

and VO2/AEG composite which indicated a weak interaction between the N2 adsorbent and the 

material. The C-V2NO in Fig. 3(b) shows a type IV isotherm with H3 hysteresis which is 

indicative of a mesoporous structure. These hysteresis behaviour of the materials indicated 

non-rigid aggregates of plate-like particles or assemblages of slit-shaped pores [64]. The 

specific surface areas (SSA) recorded for VO2, VO2/AEG composite and the C-V2NO materials 

were 1.5 m2 g-1, 4.6 m2 g-1 and 121.6 m2 g-1, respectively.  

As compared to VO2, the high SSA of VO2/AEG composite can be attributed to the presence 

of AEG in the network VO2 which could facilitate the formation of polycrystalline islands and 

channels. For the C-V2NO material, the value of the SSA is higher as compared to other 

vanadium-based oxynitride materials [65,66] which could be associated to the mesoporous 

structure. 

 

Fig. 3: The N2 absorption/desorption isotherms of (a) VO2/AEG composite and (b) C-V2NO nanostructures. 
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The morphology analysis of the VO2/AEG composite and C-V2NO materials is presented in 

Fig. 4 by scanning electron microscopy (SEM). The SEM micrograph of the pristine VO2 

sample revealed a rod morphology with an agglomerated particles (Fig. S2). 

Fig. 4(a) shows the network of an interconnected sheet-like structure of the AEG [48] and the 

structure of VO2, respectively. Fig. 4(b) presents the SEM morphology of the VO2/AEG 

composite which displays clearly the VO2 rods grown on the surface of the activated expanded 

graphite (AEG) sheet-like structure. The VO2 rods on the surface of the AEG showed a non-

uniform structure with an agglomerated rods. The distribution of the VO2 rods on the AEG 

surface leads to an enhanced interaction which maximizes the electrochemically accessible area 

that yields a good electrochemical performance in supercapacitors by providing efficient 

channels for charge and ionic transport. 

The morphology of the C-V2NO in Figs. 3(c-d) showed a web-like structure with irregular 

porous cavities. As seen, the surface morphology of the C-V2NO showed the agglomeration of 

porous granular with an interconnected network with cavities to form a web-like structure 

which aids electrolyte efficient penetration [67]. 
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Fig. 4: The SEM images of the as-synthesized (a - b) VO2/AEG composite and (c - d) C-V2NO nanostructures. 

 

Fig.5 presented the element distribution mapping of the composite and the web-like C-V2NO 

nanostructures. It displayed the presence of V, C and O atoms in the VO2/AEG composite while 

for the C-V2NO, shows V, C, O, and N atoms in the materials. The Fig. 5(a - d) clearly indicates 

that all the elements in these composites are uniformly distributed. 
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Fig. 5: (a) VO2/AEG composite elemental mapping,  (b ) distribution of individual elements in the VO2/AEG 

composite, (c) C-V2NO elemental mapping and (d) distribution of individual elements in the C-V2NO. 

 

The TEM images were further used to study the morphology of the VO2/AEG composite and 

C-V2NO materials in Fig. 6. The TEM micrograph of the VO2/AEG composite in Fig. 6(a) 

shows an overlapping of the AEG sheet-like structure and the rods morphology of VO2(M). 

The VO2(M) rods are verified by using high-resolution TEM (inset to Fig. 6(a)). The HRTEM 

revealed the crystallinity structure of the VO2(M) with clear lattice fringes. The interplanar 

spacing is ̴ 3.3 Å which corresponded to the (011) lattice planes, further confirming the 

existence in VO2 (M) in the composite material [68]. 

In Fig. 6(b), the micrograph of the C-V2NO at low and high magnification (inset to Fig. 6(b)) 

showed clearly the presence of the porous structure which confirms the observations from SEM 

analysis.  
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Fig. 6: The TEM images of the synthesized (a) VO2/AEG composite (the inset is the HRTEM of the composite 

material) and (c) C-V2NO nanostructures (the inset shows the HRTEM). 

 

The surface characterization of both materials was further investigated by using the X-ray 

photoelectron spectroscopy (XPS) as shown in Fig. 7. The chemical states of both materials 

are quantitatively evaluated to determine the amount of active vanadium, nitrogen, oxygen and 

carbon content in the materials. Figs. 7(a) and (b) display the wide scan XPS spectrum of the 

as-received VO2/AEG composite and C-V2NO@800 °C materials respectively. 

The core level of V2p3/2 from the VO2/AEG composite exhibited three peaks as shown in Fig. 

7(c). The high binding energy at 516.5 eV suggests that the oxidation state of the composite is 

predominantly V4+ which confirm the formation of VO2 [69]. The other peaks located at 516.9 

eV and 517.7 eV were attributed to the mixed-valence of the vanadium ions (V4+ and V5+ 

respectively) of the satellite V6O13 [70,71]. The XPS spectrum clearly shows that the phase 

synthesized herein is VO2 with a trace presence of V6O13. 

In Fig. S3, the XPS signal of the N1s from the C-V2NO@800 °C was deconvoluted into a three 

peak Gaussian components. The peak at 397.3 eV binding energy value was attributed to N 

from vanadium nitride. The other two peaks at 399.4 eV and 400.5 eV were assigned to the 

pyrrolic-N and graphitic-N, respectively. 
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The V2p3/2 binding energies of the C-V2NO@800 °C is presented in Fig. 7(d). The core level 

of V2p3/2 reveals four peaks located at 513.7 eV, 515.5 eV, 516.5 eV and 517.7 eV which are 

ascribed to the vanadium ions V2+, V3+, V4+ and V5+ respectively [72,73].  

 

Fig. 7: The wide scan XPS spectrum of the as- received (i.e., without sputter cleaning) of (a) VO2/AEG composite 

and (b) C-V2NO@800 °C. The fitted core level spectrum of V2p from (c) VO2/AEG composite and (d) C-

V2NO@800 °C. The core level spectra of C1s from (e) VO2/AEG composite and (f) C-V2NO@800 °C.  
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Fig. 7(e) and (f) show the fitted core level spectrum of C1s of both materials. The high binding 

energy peaks of VO2/AEG composite (at 284.4 eV) and C-V2NO@800 °C (at 284.6 eV) 

correspond to the sp2 C = C bond which confirms the predominant content of graphitic carbon 

in the material [74,75]. The peaks located at 285.2 eV for VO2/AEG composite and 285.5 eV 

for C-V2NO@800 °C were ascribed to the carbon (C) sp3 linked to the nitrogen (N) or the 

vanadium (V) atoms [76,77]. The low binding energy peaks of VO2/AEG composite (at 286.3 

eV) and C-V2NO@800 °C (at 288.2 eV) are attributed to the sp3 C-O bonding structures 

[78,79]. 

2.3.2 Electrochemical performances of VO2/AEG//C-V2NO 

2.3.2.1 Electrochemistry of the VO2/AEG and C-V2NO 

Electrochemistry involves charge transfer between two electrodes (positive and negative 

electrodes), and an interconnecting electrolyte [80]. The chemical reaction arises at the 

electrode/electrolyte interface which can either be driven by electrical energy or yield electrical 

energy. The electrode materials in electrochemistry must have the ability to possess high 

electronic conductivity while the electrolyte should have a low electronic conductivity with 

high ionic conductivity [81]. A typical design to realize the electrochemical measurements is 

by using a so-called three (3)-electrode configuration setup. It is adopted to minimize the 

energy lost in the system by reducing the distance between the components [82]. Generally, 

the operation of electrochemical capacitors is determined by the type of electrode material 

used. In this work, faradaic materials were used and thus, the mode of charge storage was based 

on redox reactions. All the electrochemical measurements were evaluated in 6 M KOH with a 

high ionic conductivity (i.e. 73.5 and 198 Scm2mol-1 for K+ and OH‒, respectively [83]), and 

VO2, VO2/AEG and C-V2NO were used as electrode materials. The mechanism reaction of the 

VO2 electrode in 6 M KOH is based on this equation: 

  


  eOHVOOHVO 22         (1) 
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The VO2/AEG and C-V2NO materials have higher electronic conductivities than the VO2 

sample. This is linked to the presence of carbon in the materials which could increase the 

specific surface area enhancing the electrochemical performance of the VO2 materials.  

2.3.3 Three (3)-electrode configuration of the VO2/AEG composite and C-V2NO electrodes 

In three electrode configuration, the electrochemical measurements of the VO2/AEG composite 

and C-V2NO electrodes were evaluated using 6 M KOH as an aqueous electrolyte.  

As seen in Fig. S4 (supporting information), the VO2/AEG composite exhibited higher current 

response and specific capacity as a function of the specific current than the pristine material. It 

also showed a better coulombic efficiency (99%) as compared to the VO2 electrode with 97% 

coulombic efficiency up to 5000 cycles at 10 A g -1. 

Thus, the VO2/AEG composite shows the best electrochemical performance as compared to 

the VO2 electrode. This is due to the strong synergy between the two materials where AEG 

improves both good electrical conductivity and high specific surface area to VO2, but has much 

high specific capacity as being oxide material as compared AEG carbon material.  

Fig. 8 shows the individual electrochemical performance of both electrode materials. The 

cyclic voltammograms (CV) curves of the VO2/AEG composite electrode were shown in Fig. 

8(a) at scan rates ranging from 5 to 100 mV s-1 within a potential window range of 0.0 - 0.5 V. 

The curves exhibits reduction and oxidation peaks related to the electrochemical redox 

reactions at the electrode/electrolyte interface. The CV curves reveal the conventional behavior 

of a faradaic-type electrode. 

The CV curves of the C-V2NO electrode were shown in Fig. 8(b) at different scan rates from 

5 to 100 mV s-1 in a negative potential window range of -1.2 V to 0.0 V. The CV curve at 50 

mV s-1 displayed a two-pairs of redox peaks corresponding to the anodic peaks at -0.80 V and 

-0.38 V and cathodic peaks at -0.87 V and -0.53 V, respectively. Mostly, two pairs of broad 
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redox peaks in the CV curve could be related to M–O/M–O–OH, in which M is V in this work 

[84].  

As observed, the reversibility of these redox reactions confirmed the pseudo-capacitive 

behavior. The high electrochemical property of the C-V2NO web-like nanostructure can be 

ascribed to the unique porous morphology architecture and the conductivity of the materials. 

In Fig. 8(c), the corresponding galvanostatic charge discharge (GCD) curves of the electrode 

at different specific currents in the potential window of 0.0 to 0.5 V is displayed for VO2/AEG 

composite. Each GCD curve showed a non-linear profile confirming the faradic behavior of 

the VO2/AEG composite electrode.  

The GCD curves of the C-V2NO electrode shown in Fig. 8(d) present the existence of a faradaic 

behavior as seen in the CV plots for different specific currents. 

Based on the GCD curves of VO2/AEG and C-V2NO electrodes, the specific capacity Q (mA 

h g-1) was calculated using equation 2;  

6.3

Dd tI
Q


            (2) 

where Id is the gravimetric specific current in A g-1, 𝑡D is the discharge time (s), and Q is the 

specific capacity (mA h g-1). 
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Fig. 8: CV curves of the (a) VO2/AEG composite and (b) C-V2NO materials at different scan rates respectively. 

GCD profile of the (c) VO2/AEG composite and (d) C-V2NO at different specific currents respectively. (e) specific 

capacities for VO2/AEG composite and C-V2NO as a function of the specific current and (f) Nyquist plots of 

VO2/AEG composite and C-V2NO electrode materials. 

 

Fig. 8(e) displays the calculated specific capacities of both electrodes at different specific 

currents. The specific capacities of the VO2/AEG composite and C-V2NO electrodes reach 76 

and 67 mA h g-1, respectively at a specific current of 1 A g-1.  
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These high specific capacity values of the VO2/AEG and C-V2NO electrodes are linked to the 

presence of carbon in both oxides materials, which improves the electrical conductivity of both 

VO2/AEG composite and C-V2NO materials. 

Fig. 8(f) displayed the Nyquist plot of the VO2/AEG composite and C-V2NO samples at a 

frequency ranging from 100 kHz-10 mHz. As seen, the Nyquist plot of the VO2/AEG 

composite presents a slight deviation from the vertical line. The equivalent series resistance 

(ESR) values for the VO2/AEG and the C-V2NO electrodes were 0.42 Ω and of 0.54 Ω, 

respectively. These low ESR values indicate a good electrolyte/electrode interface interaction 

and a low contact resistance between the current collector and the electrodes materials [85]. 

2.3.4. Two (2)-electrode configuration of the asymmetric device 

To evaluate entirely the electrochemical performance of the VO2/AEG composite and C-V2NO 

electrodes, an asymmetric device was assembled using VO2/AEG composite as a positive and 

C-V2NO as a negative electrodes respectively in 6 M KOH.  

Based on the difference in specific capacities of VO2/AEG composite and C-V2NO electrodes 

in Fig. 8(e), a charge balance (𝑄𝑉𝑂2/𝐴𝐸𝐺 = 𝑄𝑉2𝑁𝑂−𝐶) is necessary for the asymmetric cell. The 

masses of both electrodes were calculated by using the following equations (3) and (4) with Q 

being the specific capacity as per equation 2: 

  𝑄𝑉𝑂2/𝐴𝐸𝐺 = 𝑄𝐶−𝑉2𝑁𝑂          (3) 

 
𝑚𝑉𝑂2/𝐴𝐸𝐺 

𝑚𝐶−𝑉2𝑁𝑂
=

(𝐼.𝑡𝐷)𝐶−𝑉2𝑁𝑂

(𝐼.𝑡𝐷)𝑉𝑂2/𝐴𝐸𝐺
         (4) 

where mVO2/𝐴𝐸𝐺 and m𝑉2𝑁𝑂−𝐶 are the mass loading of the positive and negative electrodes and 

𝑄𝑉𝑂2/𝐴𝐸𝐺  and 𝑄𝑉2𝑁𝑂−𝐶  are the specific capacities of VO2/AEG and C-V2NO electrodes 

respectively and I is the current and 𝑡𝐷 is the discharge time.  
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The ratio of discharge time of the VO2/AEG and C-V2NO composite at the same specific 

current is: 

68.0

2

2 /


 NOVC

AEGVO

m

m
          (5) 

From equations 4, the masses loading of VO2/AEG and C-V2NO electrodes were calculated to 

be approximatively 2.2 and 3.3 mg respectively, which indicates a total mass of the asymmetric 

device to be 5.5 mg. 

Fig. 9(a) shows the CV curves of the VO2/AEG and C-V2NO electrodes as evaluated in half-

cell configuration with working potential windows of 0.0 to 0.5 V and −1.2 to 0.0 V, 

respectively at a scan rate of 50 mV s-1. Fig. 9(b) shows the CV curves of the asymmetric 

device at different scan rates from 5 to 500 mV s-1. For instance, at a scan rate of 50 mV s-1, 

the CV curve of the device showed a pair of redox peaks corresponding to the anodic peak at 

~ 0.94 V and cathodic peak at ~1.45 V. The CV curves obtained of the device show faradaic 

type behavior at different scan rates in the potential range of 0.0 V to 1.8 V. As observed, the 

CV curves response have a similar shape with increasing scan rate from 5 to 500 mV s-1, 

showing good efficient electron transfer in the electrodes and a superb rate capability.  

Fig. 9(b) also exhibits a low positive shift of the anodic peaks (oxidation) and a low negative 

shift of the cathodic peaks (reduction) which indicated a quasi-reversible nature of the redox 

reactions [86]. 

Fig. 9(c) shows the GCD curves of VO2/AEG//C-V2NO at different gravimetric current values 

of 1 - 20 A g-1 in a 0.0 to 1.8 V cell potential. The GCD curves are clearly non-linear which 

confirms the faradic behavior of the asymmetric device. 
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From the GCD curves, the specific capacity Q (mA h g-1) of the VO2/AEG//C-V2NO was 

calculated using equation (2). The plot of the specific capacity as a function of the specific 

current is shown in Fig. 9(d). The device specific capacity reached a value of 46 mA h g-1 at a 

current density of 1 A g-1 and is maintained at 11 mA h g-1 at a 20 A g-1 gravimetric current.  

 
Fig. 9: (a) CV of VO2/AEG and C-V2NO in the positive and negative potential windows respectively, at 50 mV 

s-1 for half-cell configuration, (b) CV curves at different scan rates, (c) GCD profile at different specific currents 

and (d) specific capacity at different specific current of the AsyCs in the full-cell configuration. 

The specific energy Ed (W h kg-1) and specific power, Pd (W kg-1) of the VO2/AEG//C-V2NO 

were also evaluated at different specific current values using equations (6) and (7) below: 

 dttV
I

E d
d )(

6.3
)kgh W( 1-          (6) 

D

D
d

t

E
P 3600)kgW ( 1-           (7) 

where Id is the specific current in A g-1, 𝑡D is the discharge time (s), and V is the potential 

window (V) of the asymmetric device. 
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The Ragone plot for the asymmetric device at different specific currents is shown in Fig. 10(a). 

A specific energy of 41.6 Wh kg-1 was recorded for the VO2/AEG//C-V2NO device with a 

corresponding specific power value of 904 W kg-1 at a specific current of 1 A g-1.  

At a high specific current of 20 A g-1, an 18 kW kg−1 specific power was measured for the 

device with a correspond 9 W h kg−1 of specific energy. In addition, the specific energy and 

specific power values are higher than those reported for most reports on VO2 and other 

VO2/carbon-based composite materials as shown in the figure [39,42,87]. 

For example, Deng et al. [42] synthesized a graphene/VO2 (RG/VO2) composite by using a 

hydrothermal method with ammonium metavanadate (NH4VO3), formic acid and graphite 

oxide (GO) nanosheets as precursors. Asymmetric device assembled using the RG/VO2 as a 

positive and RG as a negative electrodes respectively in 0.5 M K2SO4 electrolyte. The specific 

energy of the RG/VO2//RG was 22.8 Wh kg-1 with a specific power of 425 W kg-1 at a specific 

current of 0.5 A g-1 [42]. Wang and co-authors [39] prepared a 3D graphene/VO2 nanobelt 

composite hydrogel using a commercial vanadium pentoxide (V2O5) and graphene oxide as 

precursors. The symmetric capacitors delivered a specific energy of 21.3 W h kg-1 with a 

specific power ~ 304 W kg-1 at a specific current of 1 A g-1 in 0.5 M K2SO4 [39]. Ma and co-

workers [87] reported a 3D VO2 irregular ellipsoidal material using a simple CVD method with 

ammonium metavanadate (NH4VO3) as a precursor. The electrochemical performance of the 

symmetric device (VO2//VO2) exhibited specific energy of 21.3 W h kg-1 with a specific power 

of 207.2 W kg-1 at a specific current of 0.25 A g-1 in 1M Na2SO4 [87]. The high specific energy 

and specific power of the VO2/AEG//C-V2NO asymmetric device which are superior to similar 

devices, reported in this work are associated with the good electrochemical performances of 

both electrodes and the large working potential. It can also be related to the fast kinetics of 

charge/discharge process and the high ionic conductivity of the electrolyte ions [88]. 
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Fig. 10: (a) Ragone plot of the specific power as a function of specific energy, (b) stability test showing capacity 

retention for up to 10,000 cycles, (c) plot of specific capacity, (d) plot of specific energy versus floating time to 

100 h at 10 A g-1 and (e) Nyquist plot (the inset is the ESR) of the asymmetric device before, after the stability 

and after floating test.  

In order to evaluate the stability of the VO2/AEG//C-V2NO, the asymmetric device was 

exposed to 10,000 constant charge-discharge cycles at a specific current of 10 A g-1.  

Such a test is an essential parameter if the device is to be considered for practical application 

in a supercapacitor. The plot of capacity retention as a function of cycle number at 10 A g-1 is 

shown in Fig. 10(b) in a wide operating voltage of 1.8 V. An unstable capacity retention is 
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initially observed for the first 2500 cycles due to mechanical stress [89] before stabilizing. 

However, above 2500 cycles, an excellent capacity retention of 93% is obtained up to 10,000th 

charge-discharge cycle. This indicates an excellent electrochemical stability of the electrode 

material. The good stability test is linked to the incorporation of VO2 rods within the AEG 

sheet-like material (positive electrode) as well as the use of a porous web-like C-V2NO 

nanostructure (negative electrode).  

Actually, high specific energy, high specific power, and good stability are critical for a good 

electrochemical capacitor. The additional stability test was also studied using the floating test 

(also called voltage holding) after cycling. The floating test was designed to analyse the device 

specific capacity at each 10 h period of the potential holding step for up to 100 h. Fig. 10(c) 

shows a slow improvement in the device performance in terms of the specific capacity value 

after 30 h of floating before stabilizing at a constant value of 10 A g-1. The good stability profile 

can be confirmed after evaluating the specific energy for each floating test as shown in Fig. 

10(d) which presents the plot of specific energy as a function of floating time of 10 h interval. 

It shows an increase in the specific energy after 30 h which is in agreement with Fig. 10(c). 

The specific energy increased by 13.4% from the original value of 12.2 W h kg-1 which 

stabilizes to the same value up to 100 h (Fig. 10d). These increase in specific capacity and 

specific energy could be due to the increase in accessible redox sites during the aging time [59]. 

It also confirms that the VO2/AEG//C-V2NO device is stable with the cell voltage of 1.8 V by 

using 6 M KOH. 

Fig. 10(e) shows the Nyquist plots of the asymmetric device before, after 10,000 cycling and 

after voltage holding carried out in the frequency range of 100 kHz to10 mHz. The ESR value 

of the device improved from 0.43 Ω before stability tests to 0.23 Ω after cycling test and 0.37 

Ω after voltage holding respectively. The Nyquist plot after 10,000 cycling test shows a smaller 

deviation from the vertical line and shorter diffusion length as compared to others. This 
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continuous decrease of the ESR values after stability and after the maintenance of the voltage 

confirms the good accessible redox sites during the stability test. 

3. Conclusion 

In this work, the VO2/AEG rod-like composite and porous C-V2NO with a spider web-like 

structure were successfully synthesized by CVD method. The powder X-ray diffraction 

analysis of the VO2/AEG composite showed the diffraction peaks of the VO2 and AEG while 

for C-V2NO, it shows a cubic crystal structure. The electrochemical performance of the 

electrode materials (VO2/AEG// C-V2NO) was evaluated in a two-electrode asymmetric device 

with VO2/AEG composite as a positive and C-V2NO as a negative electrodes respectively in a 

6 M KOH. The VO2/AEG//C-V2NO exhibited a specific energy of 41.6 Wh kg-1 associated 

with a specific power of 904 W kg-1 at a  specific current of 1 A g-1 in a large operating voltage 

of 1.8 V. These values supersede the recorded values reported in for VO2 based devices.  

The asymmetric supercapacitor showed an excellent capacity retention of 93% for up to 10,000 

cycling test at a specific current of 10 A g-1. It also showed good stability through floating test 

up to 100 h exhibiting a high specific energy which revealed that the electrode materials 

showed better-performance after voltage holding measurements. The results confirmed that the 

VO2/AEG composite and C-V2NO materials are suitable for high performance asymmetric 

capacitor applications. 
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