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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Flexible Supercapacitors (SCs) were 
made with graphene electrodes. 
� The SCs with CNTs and V4þ-VO defects 

in their electrodes had prolonged 
discharge times. 
� A maximum constant voltage discharge 

of 0.38 V was observed for 10 h.  
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A B S T R A C T   

This work reports the electrochemical properties of graphene supercapacitors that employ flexible graphene 
electrodes (FGEs) coated by V2O5 (VOx) or carbon nanotubes (CNTs)/VOx layers. According to scanning electron 
microscopy images, the morphology of VOx consists in micro-ribbons with lengths of 20–45 μm and widths from 5 
to 12 μm. The CNTs form interconnected long fibers, which were functionalized with carboxylic groups for pro
ducing defects. We demonstrated that the gel electrolyte used for the supercapacitors produces V4þ-oxygen va
cancies (VO) defects. Both, the CNTs and V4þ-VO defects act as redox centers, which delay the current discharge in 
the supercapacitors. The presence of the carboxylic groups, defects in CNTs, defects in VOx, and oxidation states 
(V4þ and V5þ), were confirmed by the UV–Vis, XPS, and FTIR techniques. The electrochemical characterization of 
the supercapacitors indicated that the devices made with FGEs coated by VOx or CNTs/VOx layers produced 
constant voltages of 0.14 V and 0.38 V during 535 and 593 min, respectively. The increase of voltage is explained by 
the increase of surface area and by the extra redox centers (defects) introduced by the CNTs. The results indicated 
that the CNTs/VOx layer increases the voltage and discharge times of the graphene supercapacitors, which can be of 
interest for the development of graphene systems with high charge storage capabilities.  
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1. Introduction 

Currently, industry and scientific communities are looking for inex
pensive sources of energy such as hydrogen (which can be generated by 
electrocatalysis using efficient materials such as porous W-doped CoP 
nanoflakes and WSe2 semiconductor [1,2]) and for efficient energy 
storage devices with high mechanical properties (flexibility and 
stretchability). Energy storage devices with these characteristics would 
motivate the development of wearable electronics products such as 
flexible sensors, bendable cell phones, and flexible displays [3]. Actu
ally, lithium ion batteries (LIBs) and electrochemical supercapacitors are 
the forefront technologies to provide energy for wearable or portable 
devices [4]. However, the main issues of the LIBs are flammability, 
shortage of the Li component, dendritic lithium short circuit, relatively 
high cost, and thermal instability after long periods of operation, among 
others [5]. For supercapacitors, the main problems are: i) their perfor
mance depends on the surface area of the electrode, pore size, and the 
electrical conductivity; ii) they have a short discharge time; and iii) they 
have lower energy densities than LIBs [6]. In order to solve these 
problems, other technologies have emerged like graphene/carbon 
nanotubes (CNTs) based batteries/supercapacitors (SCs), which have 
superior properties such as flexibility, compact size, being lightweight 
and environmentally friendly, and having fast charge-discharge and 
higher cycling [3,7]. Particularly, graphene has attracted attention 
because it can be doped with a rich-electron organic molecular such as 
Polyethylenimine (PEI) to improve the stability of graphene field effect 
transistors (GFETs) [8] or to make efficient electrodes for SCs. For 
example, Zang et al. [9] fabricated thin-film supercapacitors that use 
graphene woven-fabric (GWF) films as electrode materials. The GWF 
films were synthesized by using chemical vapor deposition on copper 
mesh. This device presented an specific capacitance of (267 F/g) and 
100% of capacitance retention after 1,000 charge/discharge cycles. 
Ervin et al. [10] printed graphene electrodes on Kapton tape, obtaining a 
maximum specific capacitance of 192 F/g and a power density of 10 
kW/kg. Gao et al. [11] reported a solid state supercapacitor with low 
cost and environmentally-friendly electrodes made of cellulose fibers 
decorated with reduced graphene oxide (rGO), which reached a high 
capacitance of 207 F/g and capacitance retention of 99% after 5,000 
charge/discharge cycles. Also, SCs made with graphene and activated 
carbon reached a maximum capacitance of 59 F/g and power density 
energy of 65 kW/kg [12]. The capacitance retention of this device was 
95% after 10,000 cycles. Furthermore, thick electrodes of graphene 
(400 μm) have been employed to fabricate planar SCs with specific ef
ficiencies as high as 172 F/g [13]. Additionally, CNT based SCs have 
been reported to improve the stretchability and flexibility of super
capacitors. Some electrodes used to fabricate those devices are 
CNTs/Polyanine (PANI), CNTs/polyimide (PI), RuO2@CNTs, or 
CNTs/MnO2 [14–17]. The conductive polymers PANI and PI provide 
better flexibility properties to the CNTs’ electrode, while the RuO2 and 
MnO2 are used to enhance the electrochemical performance of the 
supercapacitors by pseudocapacitive effects [15–17]. Energy densities of 
100–300 Wh/kg and specific capacitances of 100–320 F/g are reported 
for these CNT based SCs. Although the mentioned graphene/CNT based 
energy storage devices present high specific capacitances and high 
electrochemical stability, they present various problems such as com
plex, long, and expensive procedures for fabricating their electrodes or 
deficient encapsulation, which could cause the corrosive electrolyte to 
leak. Moreover, their charge times are similar to the discharge times; 
therefore, their charge/discharge profiles have a triangular shape. This 
is a disadvantage because longer times (20–150 min) are required to 
complete the charge. Due to the last problems, energy storage devices 
with the following characteristics are still required: fast charging time, 
long discharge time, easy fabrication process, and low cost. 

As an effort to fabricate graphene based energy storage devices at 
low cost, some groups have employed vanadium pentoxide (V2O5) based 
electrodes, an inexpensive and abundant thermochromic material which 

facilitates the intercalation-desintercalation of Liþ ions [18,19]. There
fore, V2O5-graphene nanocomposites, Na-V2O5-graphene nano
composites, and V2O5 cryogel/graphene nanosheet composites have 
been used as cathode materials to enhance the performance in LIBs/Na 
based batteries [18,20–22]. Moreover, V2O5 is a promising candidate for 
electrode material because of its high theoretical capacitance of 2120 
F/g [23]. Several works about graphene electrodes containing V2O5 
have been reported: Ahirrao et al. [24] synthesized a composite made of 
V2O5 nanowires and graphene oxide (V2O5 NW-rGO), which was 
studied as electrode material using a three electrode configuration (the 
electrolyte used in the cell was 1 M NaSO3). They reported a maximum 
capacitance of 1002 F/g (at 1 A/g), energy density of 116 Wh/kg, power 
density of 1520 W/kg, and capacitance retention of 83% after 5,000 
cycles. Furthermore, Lee et al. [25] evaluated the electrochemical per
formance of an electrode made of V2O5 nanowires and rGO for the same 
number of cycles and obtained similar capacitance retention (82%) but 
lower capacitance (288 F/g). Furthermore, Liu et al. [23] fabricated a 
hybrid aerogel composite electrode made of V2O5 nanospheres and 
graphene sheets (rGO/V2O5) and found a maximum specific capaci
tance of 384 F/g (at 1 A/g) and energy density of 80.4 Wh/kg. In this 
work, the electrolyte employed was 1 M LiClO4/PC (propylene car
bonate). If the rGO/V2O5 electrode is mesoporous, a capacitance of 384 
F/g was obtained in 1 M NaSO3 electrolyte [4]. In addition, Sar
avanakumar et al. [26] fabricated an interconnected V2O5 nanoporous 
network and studied its electrochemical performance in K2SO4 aqueous 
electrolyte for SCs applications. They state that the introduction of a 
nanoporous network enhanced the ion diffusion and reached a capaci
tance of 316 F/g and an energy density of 43.8 Wh/kg. Finally, Xu et al. 
[27] reported a maximum capacitance of 195 F/g (at 1 A/g) for gra
phene/V2O5 xerogels nanocomposites. 

Although the SCs based on V2O5 mentioned above have demon
strated good values of capacitance and power densities, they still have 
low energy density values due to their fast discharge times (150–5,000 
s), which limit their use as batteries for portable devices. Additionally, 
these V2O5 (VOx) based electrodes/supercapacitors require sophisti
cated and long procedures of synthesis (hydrothermal, precipitation, 
and solvothermal) methods, which are not appropriate for mass pro
duction. Due to these disadvantages, an easy method to fabricate a 
graphene þ CNT/VOx composite electrode is proposed. This electrode 
was later used to make flexible graphene SCs with long discharge times. 
The novelty of this work is the fact that the graphene þ CNT/VOx 
electrodes contained carboxylic groups/defects which worked as redox 
centers, this in turn, provided a high storage capacity to the SCs. The 
discharge time of these SCs was at least 10 h. If the SCs are made without 
CNTs, their discharge times are short, as previously reported VOx based 
SCs. The surface, chemical, and morphological analysis of the graphene 
þ CNT/VOx composite electrodes was discussed to understand the high 
storage capacity of the SCs made with these electrodes. 

2. Experimental section 

2.1. Synthesis of flexible graphene electrodes and V2O5 microbelts 

The flexible graphene electrodes (FGEs) were fabricated using a 
molding/casting method previously reported in Ref. [28]. The V2O5 
microbelts were synthesized using a hydrothermal method reported by 
Qin et al. [29] but we carried out some modifications. In a typical 
synthesis, we dissolved the ammonium metavanadate (Sigma Aldrich, 
purity 99%) in water to obtain a 1 M aqueous solution (solution A). 
Afterwards, 10 ml acetic acid glacial (Sigma Aldrich, purity 98.5%) was 
added to 90 ml of solution A and we obtained solution B with volume of 
100 ml. Next, the solution B was put in a Teflon-lined stainless autoclave 
and was subjected to a hydrothermal treatment at 180 �C for 24 h. After 
this time the autoclave was cooled down and a yellow-orange powder 
was observed at the bottom part of the autoclave. This powder was 
removed and washed with water and ethanol several times. Finally, the 
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powder was grinded to obtain fine particles. 

2.2. Device fabrication 

In a typical procedure, the graphene supercapacitors were made as 
follows: First, slurry was prepared by mixing PMMA, V2O5 (VOx), 
methanol, and acetone using 0.5:0.3:1:1 wt%, respectively. Second, a 
piece of FGE (1 cm � 1 cm) was coated with the mixture and dried for 30 
min at 80 �C. Subsequently, a semipermeable acrylate polymer mem
brane (APM) with 100 μm of thickness was sandwiched between the two 
FGEs (one of them coated with slurry made of VOx) and hot pressed with 
0.1 ton. Afterwards, the FGEs were externally connected with copper 
wires and encapsulated. Another device was fabricated using a FGE 
which had CNTs on its surface (the CNTs layer was manually deposited 
on the FGE using a manual transfer technique). These CNTs were syn
thesized using the chemical vapor deposition method reported by Lepro 
et al. [30]. The FGE þ CNT electrode was also coated with the slurry 
made of VOx and this device was finished using the procedure 
mentioned above. It is worthy to mention that the FGE þ CNT electrode 
was subjected to an acid treatment (before its use to make the SCs) 
employing the procedure previously reported by Singh et al. [31] with 
some modifications: First, the FGE þ CNT electrode was immersed in 30 
ml of concentrated nitric acid (sigma Aldrich, 70%), later, the acid þ
electrode was put into a glass vial and this was heated at 70 �C for 12 h 
under magnetic stirring. Subsequently, the FGE þ CNT was removed 
from the vial, washed with water and ethanol several times and finally 
dried at 110 �C for 3 h in air using a hot plate. All of the devices con
tained a gel electrolyte made of PMMA, acetone, water, and phosphoric 
acid (70% conc.). For all the SC devices, their anodes contained VOx, 
CNTs or combinations of these materials while their cathodes were only 
the bare FGEs. The gel was included between the APM and the FGE 
without the slurry coating (cathode). Thus, three graphene SCs devices 
were studied in this work: one without VOx, the second one included the 
VOx layer on its anode, and the third one included the CNTs/VOx layer 
on its anode. These devices are referred from here as GSC, GSC-VOx and 
GSC-CNT/VOx, respectively. 

2.3. Electrode and device characterization 

The electrodes’ surface was analyzed using scanning electron mi
croscopy (SEM Quanta 250), and the X-ray diffraction patterns (XRD) 
were obtained using a Bruker D8 equipment. X-ray photoelectron 
spectroscopy (XPS) spectra were recorded by using Thermo Scientific K- 
Alpha Spectrometer equipment. The Fourier transform infrared (FTIR) 
and absorbance spectra of electrodes were recorded with Perkin Elmer 
equipment. Finally, the cyclic voltammetry (C-V) and galvanostatic 
charging/discharging (GCD) curves for the SCs were recorded using an 
electrochemical station (Galvanostat/Potentiostat Wavenow) with a 
two-electrode configuration. The C-V curves were recorded using a scan 
rate of 70 mV/s. Electrochemical impedance spectroscopy experiments 
were carried out using a Biologic SP-300 galvanostat/potentiostat. For 
the two electrode configuration employed in this work, the specific 
gravimetric capacitance was calculated from the galvanostatic discharge 
curves using: 

Cs¼
2I
R

VðtÞdt
m
�
ΔV2

� (1)  

where I is the discharge current, 
R

VðtÞdt is the total area under the 
discharge curve, m the total mass of both electrodes and ΔV represents 
the potential change after a full discharge. 

The specific energy density (E) in Wh/kg and specific power density 
(P) in W/kg of the flexible supercapacitors were evaluated from the 
charge-discharge curves using the equation: 

E¼
1
2

�
Cs⋅ΔV2

3:6

�

(2) 

It is worth mentioning that all the experimental curves for the gra
phene SCs characterized in this work were obtained by averaging the 
results of four devices. 

3. Results and discussion 

3.1. Structure and morphology 

The electrodes employed for the fabrication of the SCs were char
acterized to understand the role of the CNTs and VOx microstructures on 
their electrochemical performance. It is worthy to mention that char
acterization of the bare FGEs in a previous report shows porous surfaces 
with pore sizes from 15 to 40 μm [28]. The SEM image in Fig. 1a shows 
the CNTs deposited on the FGEs, those are interconnected and form long 
CNT fibers. They resemble a textile and can be oriented in a preferential 
direction as reported in Ref. [30]. These CNTs are very strong me
chanically (strength ¼ 1040 MPa) [32], allowing them to stretch for easy 
deposition on any type of substrate (including FGEs). In addition, the 
CNTs have multi-wall structure and have an average diameter of 12 nm. 
Detailed TEM pictures and SEM images at higher magnification have 
reported previously in Ref. [30]. Fig. 1b depicts a SEM image of the 
CNTs layer deposited on the FGEs (FGE þ CNTs electrode) where the 
surface of the FGEs below the CNTs is still visualized (see red circles), 
since the transmittance of the CNTs is at least 85% [32]. The presence of 
CNTs adds extra surface area to the FGE, which benefited the electro
chemical properties of the GSC device, as explained later. Fig. 1c shows 
an image of the flat VOx micro-ribbons (with rectangular shape) 
employed for the fabrication of the GSC device. The VOx micro-ribbons 
presented lengths from 5 to 45 μm and widths from 2 to 12 μm. Some of 
them are broken or partially formed, see green circles. When these 
micro-ribbons are deposited on the FGEs (to form the FGE þ VOx elec
trode), they randomly cover the surface of the huge graphene nanoplates 
(see yellow circles in Fig. 1d) or they are deposited into the pores of the 
FGEs (see blue circles), creating a very irregular and porous VOx layer 
on the FGEs. In the case of the FGE þ CNTs/VOx electrode (FGE þ CNTs 
coated with VOx microparticles), the VOx micro-ribbons can be located 
directly on the surface of the CNTs or be trapped into the network 
formed by the CNTs fibers (see red circles in Fig. 1e). Figs. S1, S3 and S4 
in supporting information show other SEM images of the FGE þ CNT, 
FGE þ VO and FGE þ CNT/VO electrodes to better visualize the distri
bution of CNT and VOx microparticles on the FGEs. Fig. S2 in supporting 
information showed the VOx microparticles at higher magnification to 
better observe their morphology. In general, the VOx and CNTs are not 
completely covering the surface of the FGEs, there are empty spaces 
(pores) and therefore, the layers of VOx and CNTs deposited on the FGEs 
are not uniform. The VOx and CNTs are only decorating the surface of 
the FGEs. Finally, Fig. 1f shows the general configuration of the SCs 
fabricated in this work. The upper electrode was made of FGE þ
CNT/VOx. The semipermeable APM is shown in the middle part of the 
sandwich (blue layer in Fig. 1f) and the gel electrolyte was put below it. 
The second FGE without CNT/VOx coating is located at the bottom of 
the device. 

In order to confirm the crystalline nature of each type of electrode 
employed for the fabrication of the SCs, all the electrodes were analyzed 
using the XRD technique. Fig. 2a shows the diffraction patterns for the 
V2O5 powders with two main diffraction peaks at 2θ ¼ 15.5� and 26.2�, 
which correspond to the (200) and (100) orientations, respectively. The 
VOx presents an orthorhombic structure according to the JCPDS 41- 
1426 card [27]. The XRD pattern of the bare FGE presents a broad 
shoulder centered at 19� and a peak at 26.6�, which are attributed to the 
acrylate polymer and to the presence of the graphene nanoplates used to 
fabricate the FGE [27,28], respectively. It is worthy to mention that the 
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graphene nanoplates employed to make the FGEs are formed by stacking 
2-4 layers of single graphene [28], therefore, the (002) peak in Fig. 2a 
could also correspond to the graphite structure. Typically, the (002) 
peaks of graphene and graphite are in the same 2θ position [33]. When 
the VOx is added to the FGE, the XRD pattern again shows the broad 
band of the polymer; the peak associated to VOx at 12.5� and the very 
intense peak at 26.6� are attributed to the simultaneous presence of 
graphene and VOx. We believe that the peak at 26.6� contains the 
contribution of both materials because it is wider and more intense than 
that observed for the bare FGE, compare blue and black curves in Fig. 2a. 
Finally, the shift of the diffraction peak for VOx from 15.5� to 12.5�

could be associated with scattering effects produced by the VOx mi
croparticles located in the porosity of the FGEs [27]. 

3.2. Surface characterization of the FGE þ CNT and FGE þ CNT/VOx 
electrodes 

The FGE þ CNT electrode was functionalized with COOH groups 
(before its use to construct the SCs) using an acid treatment previously 
reported by Singh et al. [31]. Details for this acid treatment were 
mentioned in section 2.2. These functional groups will benefit the 
electrochemical properties of the SCs as will be explained in Section 3.3. 
The FTIR spectrum (red curve) in Fig. 2b confirms the presence of such 
groups. The broad peak from 2500 to at 3600 cm� 1 is due to O-H 
stretching vibration of the hydroxyl groups and the 2855 cm� 1 peak is 
assigned to the C� H stretching vibration of methylene produced by the 
defect sites of acid-oxidized MWCNT surface [31]. Also, the peak at 

2327 cm� 1 is associated with the O-H stretch from strongly 
hydrogen-bonded –COOH, while the peak at 1543 cm� 1 is related to the 
carboxylate anion stretch mode [34]. Moreover, the peak at 1643 cm� 1 

is associated with the C––C, which confirms the bonding between the 
CNTs and graphene, while the broad band centered at 947 cm� 1 is 
attributed to C-OH bonds [35]. The FTIR spectrum of the VOx powders 
presents a broad band centered at 3248 cm� 1 which is attributed to the 
OH groups [36,37]. Additionally, the peaks centered at 529, 711, and 
961 cm� 1 correspond to the asymmetric/symmetric vibrations of V-O-V 
and V-O bonds, respectively [36,37]. When the VOx powder is deposited 
on the FGE þ CNTs layer to form the FGE þ CNT/VOx electrode, the 
same peaks of VOx are observed but their intensity was lower due to the 
smaller content of VOx (6 mg) on the FGE þ CNTs electrode (compare 
blue and black curves in Fig. 2b). 

3.3. Electrochemical performance of the supercapacitors 

The current-voltage (C-V) curve corresponding to the GSC device 
was very thin, indicating a low capacitance, see blue curve in Fig. 2c. 
When the FGE þ VOx electrode is employed in the SCs (GSC-VOx de
vice), a broader C-V curve is observed (see red curve), indicating that 
VOx improves the capacitance. Inset in Fig. 2c provides details of the C-V 
curve for the GSC-VOx device. When the FGE þ CNT/VOx electrode is 
employed in the SCs (GSC-CNT/VOx device), two shoulders (cathodic 
and anodic peaks at 0.42 V and 0.26 V, respectively) are clearly 
observed in the C-V curve, suggesting the presence of diffusion- 
controlled redox reactions [38]. Additionally, the C-V curve is wider 

Fig. 1. SEM images of: a) bare CNT (50000x), b) FGE coated with CNTs (1000x), c) V2O5 powders (5000x), d) V2O5 powders deposited on the FGE (4000x), e) V2O5 
powders attached to CNTs (12000x), and f) configuration of the flexible VOx based supercapacitors fabricated in this work. 
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than that of the GSC-VOx device, and the maximum current value (at 
1.2 V) increases due to the presence of CNTs. This probably occurs 
because the CNTs provide extra surface area to the FGE electrode, thus 
enhancing the capacity of the device for storing ions. Also, all the C-V 
curves show good capacitance even in the negative window (from 0 to 
� 0.5 V), indicating that the change of polarity does not affect its per
formance. However, the capacitance value is achieved in the positive 
window from 0 to 1.2 V and a wide C-V curve with Faradaic peaks is 
observed. The most dramatic change is observed in the charge-discharge 
curves (see Fig. 2d). The GSC device discharges exponentially from 1.2 V 
to 0 V after only 214 min, while the GSC-VOx device presents an 
exponential decay voltage from 0 to 77 min; after this time, it remains 
constant at 0.14 V until 535 min. For the GSC-CNT/VOx device, the 
exponential discharge lasts from 0 to 148 min, with constant voltage at 
0.38 V until 593 min. Previous reports indicate that the charge/di
scharge times in SCs are similar, which produces GCD curves with 
triangular shapes [14–17]. However, two components in the discharge 
profile for the GSC-VOx and GSC-CNT/VOx devices were observed. One 
was capacitive (exponential decay voltage) and the second one (the flat 
profile) was associated to the storage charge by a redox reaction 
diminishing the leakage current. Such constant output voltage was 
previously observed in graphene batteries [39]. The capacitance of the 
exponential component was calculated considering the mass of both 
electrodes. In the case of the GSC-VO device, the total mass for its 
electrodes was calculated as follows: 2 x (mass of FGE þ mass of VOx). 
For the GSC-CNT/x device, the total mass for its electrodes was calcu
lated as follows: 2 x (mass of FGE þ mass of VOx þ mass of CNT). The 
total masses used for the calculations of capacitance were: 57 � 0.1 mg, 
63 � 0.1 mg and 66 � 0.1 mg for the GSC, GSC-VOx and GSC-CNT/VOx 
devices, respectively. Capacitance values of 271, 531, and 1848 F/g (at 1 
A/g) were obtained for the GSC, GSC-VOx and GSC-CNT/VOx devices, 
respectively. Also, the values of energy density were 54.2, 106.2, and 

369.6 Wh/kg for the GSC, GSC-VOx and GSC-CNT/VOx devices, 
respectively. Those results are summarized in Table 1. The capacitance 
and energy density values for the GSC-CNT/VOx device are higher than 
these reported for other graphene/VO based materials with capacitive 
properties: VOx nanowires with reduced graphene oxide (1002 F/g and 
116 Wh/kg) [24], graphene decorated VOx nanobelts (288 F/g) [25], 
rGO/VOx nanoparticles (384 F/g and 80.4 Wh/kg) [23], pure VOx 
nanoporous network (316 F/g) [26], rGO/VOx nanosheets (635 F/g and 
79.5 Wh/kg) [40], VOx nanoribbons/graphene (437 F/g) [41] and 
graphene/vanadium oxide free-standing monolith composites (358 F/g 
and 26.2 Wh/kg) [42]. These previous results are summarized in 
Table 2. It is worthy to notice that the capacitance values reported in this 
work correspond to solid state devices, which are flexible as demon
strated by the pictures in the inset of Fig. 2a. In contrast, the capacitance 
values reported in Table 2 correspond to VOx/graphene electrodes and 
were reported as “potentially useful” for SC devices. The electro
chemical properties of the materials reported in Table 2 were obtained 
using a three electrodes configuration, therefore they are unfinished 
devices. Finally, the stability of the best device GSC-CNT/VO was 
analyzed through the curve of capacitance retention vs. cycle number, 
see Fig. S5 in supporting information. As observed, the capacitance of 
the GSC-CNT/VO device is maintained in the range of 96–100% during 
the first 70 cycles of charge/discharge. After 80 cycles, the capacitance 
is reduced to 88% and abruptly decreases to 66% after 150 cycles. 

Fig. 2. a) XRD patterns of VOx powders, FGE and FGE þ VOx electrode; b) FTIR spectra of CNTs treated with nitric acid, VOx powders and FGE þ CNTs/VOx 
electrodes; c) C-V curves for the GSC, GSC-VOx and GSC þ CNTs/VOx devices; and d) GCD curves for the GSC, GSC-VOx and GSC þ CNT/VOx devices. Inset in Fig. 2a 
shows a picture of the flexible SC and inset in Fig. 2c shows a closer view of the C-V curve of the GSC-VOx device. 

Table 1 
Electrochemical characteristics of the graphene/V2O5-based flexible super
capacitors studied in this work.  

Device Specific capacitance (F/g) Energy density (Wh/kg) 

GSC 271 54.2 
GSC-VOx 531 106.2 
GSC-CNT/VOx 1848 369.6  
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3.4. Charge storage mechanisms in VOx based flexible supercapacitors 

The storage charge in the GSC-VOx device can be explained as fol
lows: According to the literature, the reduction of VOx (a change in the 
oxidation state of neighboring vanadium atoms from Vþ5 to Vþ4 or lower 
valences) causes the formation of oxygen vacancies (VO) [43]. These 
vacancies (pairs of VO-Vþ4) work as redox centers for producing elec
trochemical charges which will provide more migration paths for the 
fast positive ion diffusion, which in turn, delays the voltage discharge of 
SCs/batteries [44]. The presence of V4þ (after Vþ5 reduction) was 
confirmed by the cathodic peak centered at �0.45 V in the C-V curve of 
the GSC-VOx device (inset in Fig. 2c) and by the change of coloration 
from yellow to dark blue on the FGE þ VOx electrode. The change of 
coloration was visually observed because the VOx was removed from the 
GSC-VOx device. Moreover, the formation of vacancies VO by chemical 
interactions of the FGE þ VOx electrode with the gel electrolyte was 
confirmed by the absorbance spectrum of the FGE þVOx electrode. Such 
spectrum presented a broader and more intense absorbance band than 

that for the pure VOx powder, see pink and red curves in Fig. 3a. Ac
cording to previous reports, the broadening and enhancement of the 
absorbance in the 250–400 nm region by VOx are typically associated 
with the formation of VO vacancies [45]. Thus, the presence of VO-Vþ4 

redox centers on the anode electrode of the GSC-VOx device decreases 
the rate of current discharge, this in turn, stabilizes the voltage 
discharge, which remains at 0.14 V during 458 min. 

Interestingly, the output voltage was 0.24 V higher for the GSC-CNT/ 
VOx device and remained constant during 445 min, see Fig. 2d. To 
clarify the reason for the increment, absorbance, XPS and Raman mea
surements were performed for the FGE þ CNT/VOx electrode after its 
use in the SC device. The absorbance spectrum of the FGE þ CNTs 
electrode was obtained and a broad band from 200 to 600 nm was 
observed, see Fig. 3a. This figure shows shoulders centered at 260 nm 
and at 400 nm, which are associated to the π-π transitions in the CNTs 
and to oxygen vacancies in the CNTs [46], respectively. These vacancies 
were formed after functionalization of the CNTs [35]. When the FGE þ
CNT/VOx electrode interacts with the gel electrolyte, more oxygen va
cancies are formed in VOx, therefore, the absorbance of the FGE þ
CNT/VOx electrode is broader than that for the FGE þ CNTs electrode. 
In addition, Raman measurements corroborated the increase of va
cancies on the FGE þ CNTs electrode after the deposition of VOx on it. 
Since the ID/IG ratio (calculated with the intensities of the D and G bands 
in Fig. 3b) increases from 0.1 to 0.4. The ID/IG ratio increased because 
the intensity of the D band was higher. This band is typically associated 
to disordered carbon and defective rings in the CNTs [46]. XPS analysis 
was performed to find the chemical species on the FGE þ CNTs and FGE 
þ CNTs/VOx electrodes. Fig. 3c illustrates the deconvoluted XPS spectra 
for the O1s orbital corresponding to the FGE þ CNTs electrode. Two 
peaks at 532.8 eV and 534.1 eV corresponding to the C––O, C-O, and 
COOH bonds [47,48], respectively, were observed. The deconvoluted 
XPS spectrum for the FGE þ CNT-VOx electrode (O1s orbital) shows two 

Table 2 
Electrochemical performance of graphene based SCs previously reported in 
literature.  

Material Specific capacitance 
(F/g) 

Energy density 
(Wh/kg) 

Reference 

VOx NWs/rGO 1002 116 [24] 
VOx nanobelts/graphene 288 — [25] 
rGO/VOx nanoparticles 384 80.4 [23] 
Nanoporous VOx 316 — [26] 
rGO/VOx nanosheets 655 79.5 [40] 
VOx nanoribbons/ 

graphene 
437 — [41] 

Graphene/VOx monolith 
composite 

358 26.2 [42]  

Fig. 3. Absorbance spectra of VOx powders, FGE þ VOx, FGE þ CNTs and FGE þ CNTs/VOx electrodes; b) Raman spectra of FGE þ CNT and FGE þ CNTs/VOx 
electrodes; c) and d) are XPS spectra for the O 1s orbital in the FGE þ CNT and FGE þ CNTs/VOx electrodes. 
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bands at 530.1 eV and 532.8 eV, which correspond to the V-O and 
O-C––O bonds (see Fig. 3d), respectively. In addition, the other two 
bands at 515.7 eV and 524 eV were observed due to the V4þ and V5þ

oxidation states [49], respectively. In fact, the reduction from V5þ to V4þ

can be confirmed by the cathodic shoulder centered at 0.4 V (black curve 
in Fig. 2c), while the anodic shoulder at 0.26 V could be associated to the 
oxidation of CNTs or graphene. The absorbance spectra and XPS analysis 
demonstrated: i) the presence of carboxyl groups on CNTs (which pro
duced oxygen vacancies); ii) the simultaneous presence of V4þ and V5þ

on the surface of FGE þ CNT/VOx electrode (V5þ was reduced to V4þ

due to the chemical reaction of the gel electrolyte with the FGE þ
CNT/VOx electrode); and iii) the presence of oxygen vacancies in VOx. 
Thus, the V4þ-VO vacancies in VOx and defect sites in CNTs can act as 
redox centers [50,51] which donate electrons that can be quickly 
transported by the CNTs and graphene, this in turn, increasea the charge 
transfer rate and prolongs the discharge time in the GSC-CNT/VOx de
vice with respect to the GSC-VOx device. Fig. 4a and b shows the Tauc 
plots for the FGE þ CNT/VOx and FGE þ VOx electrodes using the 
equations reported in Ref. [36]). The intersection of the linear part of the 
curve (αhν)2 vs. energy with the X-axis (see red doted lines in Fig. 4a) 
permits to estimate the bandgap energy value (Eg). The Eg values were 
2.14 eV and 2.25 eV for the electrode with and without VOx, respec
tively. The lower Eg value obtained for the FGE þ CNT/VOx electrode 
suggests better electrical conductivity. This will produce higher voltages 
and current densities in the GSC-CNT/VOx device compared with the 
GSC-VOx device, see Fig. 2c. Additionally, the CNTs provided extra 
surface area to the FGE, promoting a higher capacity for ion storage, 
which benefits the electrochemical performance of the GSC-CNT/VOx 
device. 

The electrochemical impedance spectroscopy (EIS) was achieved to 
understand the charge transfer process in the devices and to determine 
the resistance associated with the charge storage at the electrode/elec
trolyte interface. EIS were achieved applying an AC voltage with 20 mV 
amplitude in the frequency range from 0.01 HZ to 100 KHz under open 
circuit potential conditions. The Nyquist plots in Fig. 5 exhibit two parts: 
a straight line in the low frequency region and a semi-circle in the high 
frequency region. The interception of the semi-circle with the X-axis 
gives equivalent series resistance (Rs), which is the inner resistance of 
the electrode and electrolyte and the diameter of the semi-circle 

provides the charge transfer resistance (Rct) at the electrode/electrolyte 
interface [52,53]. From Fig. 5, the values for (Rs, Rct) were (49 Ω, 131 
Ω), (25 Ω, 75 Ω) and (31 Ω, 57 Ω) for the GSC, GSC-VOx and 
GSC-CNT/VOx devices, respectively. As observed, the introduction of 
VOx in the SCs decreased the internal series resistance from 49 Ω to 25 Ω 
and the charge transfer resistance from 131 Ω to 75 Ω, which enhanced 
the capacitance from 271 (GSC device) to 531 F/g (GSC-VOx device). If 
CNTs are also added to the SCs, the Rct is reduced from 75 Ω (GSC-VOx 
device) to 57 Ω (GSC-CNT/VOx device), which increased even more the 
capacitance (from 531 to 1848 F/g). Decreasing both resistances was a 
key issue to increase the overall performance of the SCs, since it favors 
the diffusion of ions through the electrode/electrolyte interface for their 
storage, which in turn, benefited the capacitance. 

4. Conclusions 

This work reports the fabrication of flexible graphene SCs that 
contain VOx and CNTs in their electrodes (anodes). All the devices, 
except the device without VOx and CNTs, presented capacitive and 
constant voltage components. The capacitance values of flexible gra
phene SCs made with anodes that contained VOx and CNTs/VOx layers 
were 95% and 581% higher than that for the SC device made with an 
anode without these layers, respectively. The prolonged discharge time 
in the GSC-VOx device was favored by the presence of V4þ-VO vacancies 
in its anode, which acted as redox centers. In the case of the GSC-CNTs/ 
VOx device, its anode contained not only V4þ-VO vacancies (redox 
centers) but also defects coming from the CNTs (which were produced 
on their surface by the treatment with nitric acid). This raises the voltage 
even more from 0.14 V to 0.38 V and the discharge time was longer. In 
addition, the presence of CNTs on the FGEs improved the current density 
of the SCs because they provided extra surface area for ion storage. The 
main advantage of our devices is the fact that they require only 10 s to be 
completely charged, which is lower than the charging times previously 
reported. The results presented here demonstrate that the strategies of: 
1) functionalizing the CNT with carboxylic groups, 2) the chemical 
reduction of VOx, and 3) the deposition of VOx on the FGEs, produced 
SCs with prolonged discharge times which is suitable to increase their 
energy density. Hence, the results presented here could be useful to 
design SCs with high energy densities for mobile/portable applications. 
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