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A B S T R A C T   

Manganese vanadate Mn2V2O7 (MVO), and reduced graphene oxide (rGO) have been synthesized for super-
capacitors and electrocatalytic applications. The structure and electrochemical characterization studies were 
performed by several techniques, including XRD, SEM, TEM, XPS, BET, cyclic voltammetry (CV), Linear sweep 
voltammetry (LSV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS). 
The characterization tools of the investigated samples showed an amorphous structure for rGO and a monoclinic 
structure for MVO. The single electrodes of the investigated samples showed a specific capacitance of 120, 235, 
and 330 F/g for rGO, MVO, and rGO@MVO, respectively, in an electrolyte of 1M of LiClO4 in propylene car-
bonate solution. The electrochemical behavior of an asymmetric supercapacitor (ASC) of rGO@MVO//AC was 
studied under a potential window of 0–2 V, providing a high energy density of 66.6 Wh kg− 1 at a power density 
of 19478 W kg− 1. The ASC cell showed a specific capacitance of 112 F/g at a current density of 10 A/g and 
cycling stability with 86.6% capacitance retention over 8000 cycles. For oxygen evolution reaction, the 
rGO@Mn2V2O7 electrode showed a lower overpotential of 225 mV at a current density of 10 mA cm− 2, with a 
Tafel slope of 54 mV dec− 1, displaying a fast and effective reaction rate. These outcomes indicate that 
rGO@Mn2V2O7 can be used as hopeful electrode material for supercapacitor and water splitting applications.   

1. Introduction 

With the speedy improvement of human civilization, the requests for 
energy reserves have become very imperious [1–3]. Presently, energy is 
mainly obtained from conventional fossil fuels [4–6]. However, they 
might produce dangerous environmental pollution, so it is essential to 
search for other clean energy resources to resolve the problem. This can 
be done through wind power and photovoltaics (PVs). However, they 
are highly fluctuating on many different time scales. Therefore, one of 
the most important future challenges for the stability of the desired 
supply grid based on renewable energies will be controlling and 

suppressing these fluctuations [7–9]. So far, electro-catalysis of water 
and supercapacitors is considered a potential technology to get con-
version and storing energy. Firstly, the supercapacitor is one of the 
current devices for energy storage due to its low fabricating cost, long 
cycle stability, high power density, and distinctive rate capacity 
[10–13]. Secondly, electro-catalytic water splitting is a globally 
approachable way of creating oxygen and hydrogen for the source of 
clean fuels, which could lessen the energy emergency [14–19]. The 
water-splitting procedure is organized into two processes: hydrogen 
evolution reaction (HER) and oxygen evolution reaction (OER) [20,21]. 
Nevertheless, water splitting reactions are affected by slow kinetics, 
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considerable over-potential, and inadequate energy efficiency rising 
from difficult courses of electrons/ions transport in OER and HER [22]. 
It is broadly recognized that the OER course, which has a significant 
energy barrier, is more kinetically slow than HER and thus extremely 
restricts the suitable employment of general water splitting [23]. 
Furthermore, oxygen evolution reaction plays a critical part in several 
other energy-storing techniques like fuel cells, and metal-air batteries 
[24]. To date, electro-catalysts have been used to promote OER kinetics 
[25]. These catalysts decrease the over-potential needed for water 
splitting. Some precious metals, e.g., Ir, Pt, and Ru have been used as 
electro-catalysts in the water-splitting process owing to their high ac-
tivity, super durability, and low over-potential values [26]. But, their 
high price, limited obtainability, and instability in basic media at high 
current density considerably inhibit their significant industrial appli-
cations [27,28]. These drawbacks can be raised above by using a 
high-performance OER electro-catalyst of non-precious metals with low 
price, distinguished effectiveness, and stability [29,30]. In these situa-
tions, notable achievements have been attained in transition 
metal-based OER electro-catalysts, particularly Fe, Co, Ni [31,32], and 
their oxides [33,34], and selenides [35,36], sulfides [37,38], nitrides 
[39,40], borides [41,42], carbides [43,44], and organometallic com-
pounds [45,46]. 

Presently, the supercapacitor contains two electrodes, an electrolyte 
(aqueous, organic, ionic liquid, or solid), and a separator that can be 
used as an effective energy storage device. The electrodes either be the 
same for the symmetric supercapacitor (SCs) or dissimilar for asym-
metric supercapacitors (ASCs) [47]. There are two classes of super-
capacitors: electrical double-layer capacitors (EDLCs) and 
pseudocapacitors [48,49]. In the first one, EDLCs, the energy is stored 
across the collection of the charges on the boundary between the elec-
trode and electrolyte. In the second type, pseudocapacitors, the energy is 
stored throughout a rapid and reversible faradaic redox reaction [50, 
51]. Generally, the pseudocapacitor submits a higher energy density 
than that double-layer capacitor due to the transportation of a large 
quantity of the charges in the faradaic process [52]. Currently, the 
modest energy density is the bottleneck of supercapacitors [53,54]. 
Therefore, the researchers try to improve a supercapacitor’s energy 
density by expanding the potential window and employing an electrode 
material with high capacitance [55,56]. 

As the core parts of the two technologies mentioned above, the 
design and improvement of cheap, very active, and durable materials are 
central to supporting the reasonable use of electro-catalytic water 
splitting and supercapacitors [57]. 

The presented literature states that mixed transition metal oxides 
such as ferrites and vanadates comparable to the analogous mono-
metallic oxides have better electrochemical activity due to the multiple 
valence states and a considerable quantity of active sites, especially 
when they are present in nanosized states [58,59]. Mn2V2O7, as one of 
these transition metal vanadates, has low conductivity; therefore, to be 
used in supercapacitors and electro-catalytic applications, they should 
be modified by adding a high conductive material such as graphene and 
its derivatives. This study synthesized and studied the electro-catalytic 
and supercapacitors’ efficiency of nano-Mn2V2O7 and its composite 
with rGO. 

2. Experimental 

2.1. Materials 

Ammonium monovanadate extra pure (NH4VO3) (Oxford, India), 
manganese chloride tetrahydrate extra pure (MnCl2.4H2O) (Oxford, 
India), and Ethanol (C2H5OH) 99% (Adwic Pharmaceutical and Chem-
icals Company, Egypt). Activated carbon (AC) with a surface area of 
1100 m2/g was supplied from Jiangsu Zhuxi Activated Carbon Co., Ltd. 
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (99.9%, 3M) was 
employed as an electrolyte and supplied from Sigma Aldrich, USA. All 

the other materials are of analytical grade and were used as received. 

2.2. Preparation of rGO 

Graphene Oxide (GO) was firstly synthesized by oxidizing graphite 
powders according to the Hummer method [60]. Graphite powder (5 g) 
was mixed with concentrated sulfuric acid (H2SO4, 115 ml, 98 wt%, in a 
500 ml glass beaker putting in an ice bath). Then 2.5 g of NaNO3 was 
inserted into the solution, and 20 g of KMnO4 was gradually added with 
continuous vigorous stirring for 2 h at temperatures below 10 ◦C, fol-
lowed by 1 h at 35 ◦C. After that, 250 ml of de-ionized water was added 
to the reaction. After ending the effervescence, the suspended solution 
was heated up to 98 ◦C and kept for 10 min before cooling it to room 
temperature. After that, 50 ml of H2O2 were inserted into the suspended 
solution, heated up to 90 ◦C, and kept for half an hour. The suspension 
was filtered and washed five times with a large quantity of boiling water 
until the supernatant water approached neutral pH. Lastly, the produced 
GO was dried at 60 ◦C for 24 h. To prepare rGO, 0.2 g of the dry GO was 
dispersed in 100 ml de-ionized water and sonicated for 40 min, then 
heated up to 98 ◦C by adding 6 ml hydrazine hydrate and kept at 98 ◦C 
for 24 h. The resultant black product was gathered by centrifugation at 
4000 r/s, washed with distilled water five times to eliminate the excess 
hydrazine, and dried at 120 ◦C for 24 h. 

2.3. Preparation of manganese vanadate 

9.6 mmol manganese chloride (1.899 g) was dissolved into 160 ml of 
de-ionized water. 9.6 mmol ammonium monovanadate (1.123 g) was 
dissolved into 80 ml of de-ionized water at 60 ◦C and added slowly to the 
manganese chloride solution under continuous vigorous stirring for 15 
min. After the additive was completed, the resultant suspension was put 
in a 300  ml Teflon-lined stainless autoclave and kept at 210 ◦C for 24 h, 
followed by cooling down to room temperature. The suspended solution 
was then centrifuged at 4000 r/s, and the produced powder was washed 
five times with de-ionized water and ethanol, then dried at 75 ◦C for six 
hours. The powder produced was calcined at 450 ◦C for three hours in 
the air and labeled as MVO. 

2.4. Preparation of rGO@MVO nanocomposite 

1.05 g of the synthesized rGO was inserted into 125 ml de-ionized 
water and dispersed by sonication for one hour; then, 2 g MVO was 
inserted into the suspension with stirring for two hours. The suspended 
solution was then put into a 250-ml Teflon-lined autoclave and heated to 
125 ◦C for seven hours. Lastly, the autoclave was set aside to cool to 
25 ◦C, and the produced powder was washed 5 times with bi-distilled 
water, dried, and denoted as rGO@MVO. 

2.5. Characterization 

The investigated samples’ X-ray diffraction (XRD) patterns were 
measured using Bruker AXS D8 Advance X-ray diffractometer with Cu 
radiation (λ = 1.5406 Å). All the samples were exposed to the radiation 
with step scan 0.02 in 2 h in the range of 2θ = 5–80o with a primary 
beam power of 40 kV and 35 mA. The constituent elements and the 
elemental ratio were analyzed using X-ray fluorescence (XRF) Bruker; 
model: S4 PIONEER). The samples were ground into a fine powder, and 
a pressed pellet was prepared using boric acid as a binder under a hy-
draulic pressure of 10 metric tons before analysis. The morphology of 
the samples was analyzed using scanning electron microscopy (SEM) 
JSM-IT200. Further examination of morphology was accomplished 
through TEM images taken by the JEOL-2010 TEM instrument, func-
tioning at the accelerating voltage of 120 kV. TEM samples were pre-
pared by crushing a sample in an agate mortar in ethanol and depositing 
the obtained suspension on a copper carbon holey grid. The surface 
properties were analyzed via N2 adsorption/desorption at 77 K by the 
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volumetric technique via Belsorp-mini II (Japan) surface area analyzer. 
The pores size was calculated using BJH (Barrett-Joyner- Halenda) 
method from the adsorption isotherms. X-ray photoelectron spectros-
copy XPS was carried out on an ultra-high-vacuum K-ALPHA (Thermo 
Fisher Scientific, USA) spectrometer. Non-monochromatized Al Ka 
exciting X-ray radiation was used. For the experimental setup, the 
emission was at 10 mA, the anode (HT) was 15 kV, and the pressure for 
the analysis chamber was 5 × 10− 9 torr. 

2.6. Electrochemical and electro-catalyst measurements 

Electrochemical measurements were carried out in a typical three- 
electrode cell using an electrolyte of 1M of LiClO4 in propylene car-
bonate solution, using Pt square foil (area=0.59 cm2) as a counter 
electrode, and saturated calomel as a reference electrode. The working 
electrodes were made by mixing 8 mg of the investigated samples, 1 mg 
of acetylene black, and 1 mg of polytetrafluorethylene (5% wt) to form a 
homogeneous slurry; coated onto FTO glass. The one mm formed a thick 
layer of vanadate materials was covered with Nafion membrane (ob-
tained by dissolving a commercial Nafion solution 9/1 v/v in ethanol) to 
prevent the material’s degradation into the electrolyte solution. The 
electrode was then dried for 3 h at RT. The loading amounts of catalysts 
range between 0.21–0.25 mg cm− 2. The electrochemical activity of the 
prepared electrodes was analyzed on an electrochemical workstation 
(CHI 660e) using the CV and GCD measurements. The EIS analysis was 
skillfully guided through an open-circuit potential at frequencies 
ranging from 10− 2 to 105 Hz. The electrochemical characterizations of 
an asymmetric supercapacitor (ASC) consisting of rGO@MVO as a 
positive electrode and activated carbon (AC) as a negative electrode was 
studied using a two-electrode pneumatic coin cell. The circular elec-
trodes (1 cm2) were pressed together in the coin cell and separated by an 
electrolyte membrane of LiTFSi-soaked PTFE. 

In water-splitting experiments, 1 M KOH aqueous solution was 
employed as the electrolyte, a platinum wire as the counter electrode, 
and catalyst-coated Glassy carbon electrodes (GCEs) with a diameter of 
5 mm as the working electrode. Firstly, the GCE was mechanical pol-
ished with leather containing 0.05 µm Al2O3 and then washed in ethanol 
and distilled water. The GCE was then sonicated in de-ionized water for 
15 min to remove alumina adsorbed on the electrode surface. Inks of the 
synthesized catalytic materials ((MVO or rGO@MVO) were prepared by 
sonicating dispersed solutions composed of 5 mg of the catalyst, 1 ml 
mixed solution of de-ionized water, and ethanol (1:1 in volume ratio), 
and 15 μL 6 wt% Nafion solution. 10 μL of the prepared ink was then 
pipetted on top of GCE. Finally, the catalyst-coated GCE was dried in air 
at RT. The electrochemical cell was purged with O2 for 20 min to 

saturate the electrolyte, and the O2 flow was continued over the solution 
during the test. Electro-catalytic measurements were performed using 
the linear sweep voltammetry (LSV) technique within a potential range 
from 1.22 V to 1.85 V vs. RHE and a sweep rate of 10 mV min− 1. All the 
measured potentials were changed to the scale of reversible hydrogen 
electrode (RHE) using the equation: ERHE = ESCE + 0.242 + 0.059 pH 
[61]. The over-potential (η) for the OER was calculated using the 
equation: η = ERHE − 1.23. The stability of the electrode was examined 
by chronopotentiometry at a current density of 10 mA/cm2+. Electro-
chemical impedance spectroscopy (EIS) was done in the frequency range 
between 10− 1 to 103 Hz with an applied AC amplitude of 10 mV. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

Fig. 1 shows XRD peaks characterized for the investigated materials. 
The reduced graphene oxide (rGO) demonstrates broad reflection peaks 
at 2θ = ~ 24◦ and 42◦, matching d-spaces of 0.37 and 0.21 nm, sug-
gestive of restacking to produce a defectively ordered graphite-like 
material [62]. Mn2V2O7 shows a monoclinic phase structure according 
to JCPDS 22-436. The XRD of the binary system rGO@MVO shows peaks 
agreeing with the XRD data of all the constituent materials. The peak 
emerging at 42.71◦ corresponding to the (100) plane of rGO authorizes 
its presence in the binary system. Moreover, a decrease observed in the 
peak intensities of MVO in the spectrum of rGO@MVO refers to coating 
rGO on the MVO surface. Moreover, the angles of the peaks character-
ized for MVO phases (021) and (-201) are slightly shifted, referring to 
some interactions between rGO and MVO. 

3.2. XPS analysis 

The XPS technique was employed to examine the sample purity and 
to establish the quantitative constitution. The scan XPS for the 
MVO@rGO sample is illustrated in Fig. 2a, which shows the main ele-
ments of the sample (Mn, V, C, O), besides traces of the N elements. The 
XPS analysis results showed the atomic ratio of 1: 1:1 MVO for Mn:V: C, 
which matches with XRF data and the composition of the starting ma-
terials. The N element is produced through the reduction process of GO 
to rGO by hydrazine hydrate [63]. As the binding energy of the core 
levels of the elements present in the sample depends on the element’s 
oxidation state, high XPS resolution spectra for V, Mn, C, and O were 
analyzed to detect the different oxidation states present in the sample. 
The results obtained are given in Fig. 2 b-e. The high-resolution XPS 
spectrum of the Mn 2p peak, Fig b., shows the presence of spin-orbit 

Fig. 1. XRD of the investigated samples.  
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splitting in two possible states, 3/2 and 1/2, with different binding en-
ergies, at 642.1 eV and 654.1 eV, respectively [64], matching with 
binding energies of Mn2+ and Mn3+ species [65]. The V 2p peaks 
appearing at 516.8 eV and 524.5 eV, Fig 2c., are assigned to 2p3/2 and 
2p1/2 electronic states of V ions, respectively [66,67]. The oxidation 
state of the vanadium ion can be decided by the difference in binding 
energy (Δ) between the O1s and V2p3/2 levels [67]. Our work’s acquired 
Δ (V2p3/2-O1s) value is 13.9 eV, which coincides with the registered 
value of V4+ compounds in the literature [68]. 

The O 1s XPS signal is divided into three peaks for MVO at 529.9, 
530.7, 531.9 eV, Fig. 2d. Nonetheless, the accurate appointment of the 
higher binding energy peaks is not easy and contentious as several 
factors such as surface defects, impurities, or chemisorbed oxygen spe-
cies could cause the development of the shoulder peaks [69,70]. The 

investigation of carbon states (Fig. 5b) demonstrates the existence of 
four modes of carbon bonds that is C–V (282.1 eV), C–C (284.7 eV), 
C– O (287.9 eV), and COO (288.7 eV). 

3.3. Surface study 

It is well known that the high specific surface area and the uniform 
mesoporous structure of the materials play significant roles in devel-
oping their electrical properties and electrochemical applications [71]. 
Therefore, the textural properties of the investigated samples were 
studied by N2 adsorption/desorption isotherm measurements performed 
at 77 K, and the acquired outcomes are represented in Fig. 3. The figure 
shows that all samples have hysteresis loops with capillary condensation 
at P/P◦ > 0.45 for rGO and P/P◦ > 0.85 for Mn2V2O7 and 

Fig. 2. XPS spectra of rGO@Mn2V2O7 a survey spectrum, (b) high-resolution Mn 2p, (c) high-resolution V 2p, (d) high resolution O1s and high resolution C 1s.  

Fig. 3. N2 adsorption-desorption isotherm of the investigated materials.  
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rGO@Mn2V2O7. The observed hysteresis loops of the rGO match with 
adsorption of type V with H3 characteristics according to the IUPAC 
classification and refer to the mesoporous structures. The adsorption is 
attached to a weak interaction between the adsorbate and the adsorbent 
materials with the aggregates of the plate-like particles accumulated 
into slit-like pores. Conversely, the hysteresis loops of Mn2V2O7 and 
rGO@MnV2O7 samples can be better described by the type V with H1 
distinguishing for a high degree of pore size uniformity. The specific 
surface area (SBET) calculated by the BET equation [72] and the average 
Barrett–Joyner–Halenda pore size (dBJH) using the desorption data are 
listed in Table 1. The table demonstrates that the SBET of the investigated 
materials increases in the order: of rGO > rGO@Mn2V2O7 > Mn2V2O7. 
Whereas the dBJH increases according to rGO@Mn2V2O7 > rGO >
Mn2V2O7 (Table 2). 

3.4. SEM and TEM analysis 

The SEM and TEM micrographs of the investigated samples are 
shown in Fig. 4. The SEM (Fig. 4a) and TEM (Fig. 4d) images of rGO 
show fiber structures with average diameters of 10 nm. The SEM 
(Fig. 4b) and TEM (Fig.4 e) images of MVO demonstrate rod shapes. The 
images of the binary system rGO@Mn2V2O7 (Fig. 4c and f) demonstrate 
covering Mn2V2O7 nanorods by sheets of rGO nanofiber accompanied by 
a considerable shrinkage in the fiber lengths. 

3.5. Supercapacitance 

The supercapacitor characteristics of rGO, Mn2V2O7, and 
rGO@Mn2V2O7 electrodes were studied using CV, GCD, and EIS tech-
niques in 1M LiClO4 electrolyte within a potential range (-0.2–1.0 V vs. 
SCE). The CV voltammograms of all samples at a scan rate of 10 mV s− 1 

are demonstrated in Fig. 5a. The CV curve of rGO displays nearly rect-
angular cyclic voltammograms referring to an electrochemical behavior 
of the EDL supercapacitor [73]. The CV plot of the pure Mn2V2O7 shows 
two peaks generated by reversible redox reaction, recommending a 
pseudocapacitance behavior generated from the redox reaction of 
several vanadium oxidation states. The CV voltammogram of the 
rGO@Mn2V2O7 electrode demonstrates inadequate symmetry with 
modest redox peaks, which comprise surface adsorption and the elec-
trolyte cations incorporation [74]. 

The specific capacitances (CSP) of the working electrodes were 
computed from CV curves using Eq. (1) [75]. 

Csp =
1

2mvΔV

∫+V

− V

iVdV (1)  

where i is the response current (A), ΔV is the potential window (V), m is 
the mass of the active material (g), and ν is the potential scan rate 
(mVs− 1). The obtained values are listed in Table 3, which demonstrates 
that the Csp of the rGO@Mn2V2O7 composite is higher than that of its 
constituent. Therefore, the CV of the composite sample is investigated at 
several scan rates and the curves obtained are shown in Fig. 5b, which 
illustrates that the shapes of the CV plots did not change at the high scan 

rate, indicating the outstanding stability and charge storing character-
istics for the electrodes still at the highspeed charge-transfer course. 
Fig. 5b also shows that the currents increase with the rise in the scan rate 
[76]. However, the Csp values decreased by increasing the scan rate. This 
behavior can be interpreted by simple diffusion and fast mobility of the 
Li+ ions towards the active electrode material. At the lower scan rate, 
the Li+ ions of the electrolyte can utilize the most accessible sites on the 
surface of the electrode because the Li+ has sufficient time to diffuse into 
all the sites producing higher capacitance. On the contrary, at the higher 
scan rates, the Li+ ions meet problems catching all the reachable loca-
tions on the active electrode surface owing to their limited transfer rate 
in the electrolyte. Subsequently, at higher scan rates, several active di-
visions of the electrode surface areas become inaccessible for charge 
storage. 

The performance in capacitance of composite material (Table 3) may 
be attributed to the presence of a large quantity of the rGO with a high 
surface area, a high number of mesopores, and a high conducting 
network. The presence of rGO during the preparation of the composite 
sample can provide sites for minute crystal growth of MVO without any 
aggregation. The small size guarantees the appropriate activation of 
active materials during reactions. Moreover, such a framework structure 
would enable electrolytes to access the internal surface and enhance the 
electron transference for the period of the charge and discharge pro-
gresses, consequently developing the electrical conductivity and charge 
transfer paths generated in pure Mn2V2O7. The non-rectangular cate-
gory of the CV voltammograms and the display of peaks at higher scan 
rates inform the departure from the ideal trend and the meaningful 
participation of pseudocapacitance to the total specific capacitance. This 
performance may be ascribed to that the Li+ ions do not have sufficient 
time to introduce the multilayered body of the electrode and generate a 
collection of charges at the interface [77]. 

The GCD studies of the studied electrodes conducted at a current 
density of 1 A/g are presented in Fig. 5c. Contrary to the rGO electrode, 
the discharge plots of Mn2V2O7 and binary composite electrodes show a 
deviation from linearity due to their pseudo-capacitance behavior. All 
discharge plots have an internal resistance drop (IR-drop) recognized as 
the equivalent series resistance (ESR), which contains all the resistances 
of the cell (electrode, electrolyte, contact resistance) [78]. The ESR 
values follow the order of MVO > rGO@MVO > rGO. The decrease in 
the ESR value of the composite to that of Mn2V2O7 has been attributed to 
the existence of conducting rGO in the composite, which forms a speedy 
electron transportation path in the composite electrode. The specific 
capacitances of the electrodes were computed from the discharge plot 
using Eq. (2)  [79] 

Csp =
IΔt

mΔV
(2)  

where Δt is the discharge time (s). The outcomes demonstrate that the 
rGO@MVO electrode has higher capacitance than the other electrodes, 
as shown in Table 3. This can be attributed, as mentioned above, to the 
existence of the high conducting rGO in the composite electrode beside 
the synergistic effect produced from the constituent materials. The 
carbon atoms present in rGO allowed higher conductivity from carbon 
π-electron bonds. Also, the large quantity of oxygen with high electro-
negativity makes sure that the rGO is a highly conductive material. In 
conclusion, the existence of polar species in rGO and Mn2V2O7 

Table 1 
XRD, TEM, and N2 adsorption data of the investigated samples.  

Sample DXRD 

(nm) 
DTEM (nm) Surface area 

m2/g 
Pore 
Size nm 

rGO 7.2 nanosheet with a diameter of, 10 nm 312.7 4.1 

MVO 30 rods with average diameters of 20 and 

lengths of 120 nm 

16.5 3.9 

rGO@MVO 22 nanofiber rGO sheets covered MVO 

nanorods 

(aver. diameter of rGO 7 nm and rods 

(aver., diameters 8 nm and lengths 50 

nm) 

277.8 4.3  

Table 2 
Binding energies (eV) of the elements of Mn2V2O7@rGO.  

Mn 2p3/2 642.4 
2p1/2 645.1 

V 2p3/2 516.7 
2p1/2 524.5 

C 1s 284.4, 285.9, 288.7 
O 1s 530.5, 532.5, 531.4  
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supported the materials inertly bonded by effective intermolecular 
dipole-dipole forces. As a result of these properties, improved specific 
capacitance and minimalized redox reactions were attained by 
rGO@Mn2V2O7 nanocomposite. 

The electrochemical performance of the rGO@MVO electrode, which 
has the highest capacitance of all the electrodes investigated, was 
studied at several current densities. The obtained outcomes are given in 
Fig. 5d and Table 3, illustrating a high capacitance at lower discharging 
current rates. This is attributed to that at the lower current densities, the 
inner active sites of the rGO@MVO electrode can be wholly employed 
owing to the low ohmic drop, which provides sufficient time for redox. 
On the other hand, at the high current densities, a predictable time 

Fig. 4. SEM of rGO (a), Mn2V2O7 (b), rGO@Mn2V2O7 and TEM of rGO (d), Mn2V2O7 (e), rGO@Mn2V2O7 (f).  

Fig. 5. CV of the investigated samples (a), CV of rGO@MVO at several scan rates (b), GCD plots of the investigated samples at 1 A/g (d), GCD plots of rGO@MVO at 
different current densities (d), stability of rGO@MVO electrode (e), and Nyquist plots of investigated samples (f). 

Table 3 
Specific capacitance of the investigated samples using CV and GCD techniques.  

samples CV (F/g) GCD (F/g)  

1 
mV/s 

5 
mV/s 

10 
mV/s 

20 
mV/s 

1A/ 
g 

2A/ 
g 

5A/ 
g 

10 
A/g 

rGO 132 121 117 107 120 116 111 103 
MVO 250 240 235 223 235 229 225 222 
rGO@MVO 350 335 329 318 330 326 318 308  
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limitation for the redox process makes it difficult to provide high ca-
pacities [78,80]. 

The stability test for the rGO@MVO electrode was carried out up to 
8000 cycles of GCD at a current density of 10 A g− 1. The result is 
illustrated in Fig. 5(e), which demonstrated 89% retention in the ca-
pacity after 8000 cycles. The long-term stability of the rGO@MVO 
electrode might be attached to the synergistic effects amongst the con-
stituents of the binary system. This could be ascribed to that the rGO 
makes several mechanical deformations during the redox course of 
Mn2V2O7 particles to become more stable by rGO, which organizes as a 
protecting layer; all of these collectively backing in developing the 
electrochemical stability. 

3.5.1. Electrochemical impedance study of single electrodes 
All the investigated electrodes were also analyzed by EIS at a fre-

quency range between 10− 2 and 105 Hz. The acquired data were rep-
resented as Nyquist plots in Fig. 5f. The figure shows semicircles at 
higher frequencies. The intercept of the semicircle with Z/-axis at the 
high-frequency region corresponds to the charge transfer resistance 
(RCT) and solution resistance (Rs). At the same time, the almost straight 
line in the low-frequency range relates to the Warburg resistance (WD). 
The MVO electrode demonstrates the largest semicircle, indicating its 
highly resistive property. In contrast, the small loops of rGO and 
rGO@MVO indicate their low electrical resistance. The ESR-value was 
determined from the first Z/-intercept and slope of the Nyquist plot and 
found to be 0.51, 4.81, and 6.12 ohm for rGO, rGO@MVO, and MVO, 
respectively. The lower ESR value of the rGO@MVO compared to that of 
MVO is due to the covering of conducting rGO on the MVO surface. 
Fig. 5 f also shows that in the low-frequency region, rGO/MVO has more 
slope than the other electrodes, referring that the composite electrode 
has better capacitance than the others, which agrees with the CV results 
and GCD. 

3.5.2. Asymmetric supercapacitor 
The possibility of using the rGO@MVO electrode, with the highest 

capacity, in practical applications was ensured by fabricating an asym-
metric supercapacitor cell consisting of rGO@MVO as a positive elec-
trode, activated carbon as a negative electrode, and a LiTFSi-soaked 
PTFE electrolyte membrane. The capacitance of the AC- negative elec-
trode was studied within a potential window of − 1 to 0 V (versus SCE) at 
a scan rate of 10 mV/s, and the acquired outcomes are illustrated in 
Fig. 6a. The Figure shows a rectangular shape characterizing the electric 
double-layer capacitance. The Csp value of the AC electrode computed 
using Eq (2) is 190 F/g, which matches well with that found in the 
literature for commercial AC electrodes [81]. 

Grounded on the separate potential window of AC and rGO@MVO 
electrodes (Figs. 5a and 6a), the assembled ASC of rGO@MVO// AC can 
perform with an ideal capacitive characteristic at 2.0-V work voltage. 
For better performance ASC, the charge balance of the two electrodes 
should be equal, i.e., q+ = q− . Accordingly, the mass balance between 
the positive and negative electrodes will follow Eq. (3) [47] 

m−

m+
=

C+
m

C−
m
×

V+

V −
(3) 

Where m is the mass of the electrode, c is the specific capacitance, ΔV 
is the potential window, and the superscripts “+” and “− ” are the pos-
itive and negative electrodes, respectively. For the investigated ASC, the 
m−

m+ = 2.21 
Fig. 6b demonstrates the CV plots of the rGO@MVO//AC asymmetric 

supercapacitor at several scan rates. The CV shapes display the combi-
nation of the battery-type (rGO@MVO) and the EDLC-like (AC) mate-
rials validating the asymmetric nature. It was evident that all the curves 
have no noticeable change by changing the scan rate from 1 to 50 mV 
s− 1, manifesting the super electrochemical reversibility and rapid 
charge-discharge process. 

The GCD of the ASC was also studied at several current densities 
between 1 and 10 A g− 1, and the results are demonstrated in 6c. The 
Figure shows that the charge and discharge portions of the GCD plots are 
nearly symmetry and exhibit a small internal resistance drop. The GCD 
plots were applied to calculate the corresponding specific capacity of the 

Fig. 6. Specific capacitance of rGO at 10 mV/s (a), Specific capacitance of rGO@MVO//AC asymmetric cell at several scan rates (b), GCD plot of rGO@MVO//AC 
asymmetric cell at different current densities (c), stability of rGO@MVO//AC asymmetric cell (d), Nyquist plot of rGO@MVO//AC asymmetric cell (e), and Ragone 
plot of the asymmetric cell (f). 
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ASC at different specific currents using Eq. (4) [82,83] 

Ccell =
IΔt

MΔV
(4)  

where M is the whole mass of the active materials in both electrodes, and 
dV/dt is the slope of the discharge part. The specific capacitance 
calculated is 120, 118, 114, and 112 Fg− 1, respectively, at 1, 2, 5, and 10 
Ag− 1. The capacitance of the ASC still retains 90.7% with a current 
density 10-fold increase, revealing a good capability rate. This can be 
attributed to the exceptional nanostructure properties with great surface 
area and high electrical conductivity of AC, which cause overflowing 
adsorption of ions besides an effective ion intercalation/deintercalation. 

The cycling life of the ASC cell tested at a current density of 10 A g− 1 

demonstrates high stability for the device, Fig. 6d. The cell only loses 
13.4% of its initial capacitance value after 8000 cycles. The electro-
chemical behavior of the ASC was also studied using the EIS technique at 
a frequency ranging between 10− 2 and 105 Hz. The acquired data ob-
tained are illustrated as a Nyquist plot in Fig. 6e. The Figure shows a 
depressed semicircle at higher frequencies followed by an almost 
straight line at lower frequencies, revealing a very low Rs-value of 0.83 
Ω and the Rct-value of only 1.60 Ω. 

The energy density (Ed, Wh kg− 1) and power density (Pd, kW kg− 1) 
were usually used to evaluate the performance of ASCs. They can be 
assessed by Eqs. (4) and (5) [84] 

Ed = Ccell(ΔV)
2/7.2 (4)  

Pd = 3600Ed/Δt (5) 

All symbols are mentioned above. The data obtained at different 
current densities are represented as a Ragon plot in 6f, which showed the 
highest- value of 66.6 Wh/Kg and the highest Pd-value of 19478 W/kg. 
For comparison, Ragone data for other similar systems are listed in 
Table 4 [80–88]. 

3.6. Electro-catalyst for oxygen evolution reaction 

The electro-catalytic activity of rGO@MVO and MVO electrodes for 
OER was studied using the conventional electrochemical linear sweep 
voltammetry (LSV) besides the above-mentioned electrochemical tech-
niques in 1 M KOH solution. Fig 7a illustrates the LSV curves of the 
rGO@MVO electrode and MVO and CC for comparison. The results 
showed that the overpotentials at a current density of 10 mA/cm2 for 
rGO@MVO, MVO, and CC are 225, 338, and 496 mV, respectively. 
Furthermore, the onset potentials obtained for the MVO and rGO@MVO 
are 1.465 V ~ and 1.435 V, respectively, lower than that of the tradi-
tional noble metal base electro-catalyst for OER (IrO2, ~1.51 V), refer-
ring to their lower potential resistance for OER. 

The Tafel slope values give a vision of the kinetics of the OER 
mechanism. The electrode with a lower Tafel slope has normal high- 

speed reaction kinetics that improves OER activity. The Tafel slopes of 
rGO@MVO, MVO, and CC were calculated from the corresponding Tafel 
plots, Fig. 7b. The rGO@MVO electrode exhibited a Tafel slope of 54 
mV/dec, which is lower than the other electrodes: 57 mV/dec for MVO 
and 130 mV/dec for CC. All these outcomes approve that the rGO@MVO 
electrode has a better electro-catalytic activity for OER than other 
recently reported noble-metal-free OER catalysts such as A-CoS4.6O0.6 
(290 mV) [37], Fe3O4@Co9S8 (320 mV) [94] CoTe2 nanofleeces (357 
mV) [95] Co3S4 nanosheets (363 mV) [96] and Ni2P (290 mV) [97], 
signifying the favorable electro-catalytic reaction kinetics of the 
rGO@MVO. 

Electrochemical impedance spectroscopy (EIS) was recorded for 
rGO@MVO and MVO samples to further ratify the electrode kinetics. 
The data obtained are represented as Nyquist plots in Fig. 7(c). At the 
lower frequency region, the figure shows a semicircle for each one of the 
electro-catalysts, which is credited to the electron transfer resistance 
(Rct) of the catalyst for OER. The semicircle diameter of rGO@MVO is 
(1.2 Ω) smaller than that of MVO (16.5 Ω), denoting a fast electron 
transfer of OER, i.e., faster OER kinetics; this might be attributed to the 
good connection between the GCE and the ultrathin nanofilms of 
rGO@MVO. 

The stability of the investigated electrodes in 4 M KOH solution was 
examined using the chronopotentiometry technique at the constant 
current density of 10 mAcm− 2 for a period of 50 h. The results obtained 
are represented as potential versus time, Fig. 7d. The percentage change 
in the measured potential during 50 h is 1.5% for rGO@MVO, and 3.3% 
for MVO; referring to the stability of the investigated electrodes in the 
alkaline medium. 

In general, the electrochemical active surface area (ECSA) is 
considered one of the determining factors behind the electrocatalytic 
activity of any material. The ECSA is proportional to the catalyst’s 
electrochemical double-layer capacitance (Cdl) [21]. The Cdl of the 
investigated catalyst was fixed by measuring the CV in the non-Faradaic 
region at scan rates between 10 and 100 mV/s, Fig. 7 e,f. The Cdl value of 
rGO@MVO is 12.8 mF cm− 2 higher than that of 11.7 mF cm− 2 found for 
MVO. The excellent overall water splitting performance of the 
rGO@MVO electro-catalyst could be attributed to its structure with high 
surface area and the sufficient contact between the electrode and elec-
trolyte to facilitate the electrolyte diffusion and ionic transport. 

4. Conclusions 

Manganese vanadate (MVO) and rGO have been synthesized for 
supercapacitors and electrocatalytic applications. The single electrodes 
of the investigated samples showed a specific capacitance of 120, 235, 
and 330 F/g for rGO, MVO, and rGO@MVO, respectively, in an elec-
trolyte of 1M of LiClO4 in propylene carbonate solution. An asymmetric 
supercapacitor (ASC) of rGO@MVO composite as a positive electrode 
and activated carbon (AC) as a negative electrode delivers a high energy 
density of 66.6 Wh kg− 1 at a power density of 19478 W kg− 1. It has 
reasonable cycle stability with 89% capacitance retention over 8000 
cycles. The MVO and rGO@Mn2V2O7 catalyst hold an overpotential of 
225 and 338 mV, respectively, for oxygen evolution reaction at 10 mA 
cm− 2. 
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Table 4 
A comparison between electrochemical data of some asymmetric super-
capacitors configuration found in literature and the data of the present work.  

Material Ed (Wh/kg) Pd (W/kg) Ref. 

MnCo2O4 //AC 10.04 5000.2 [85] 
NiCoFe2O4//AC 4.79 1426.23 [86] 
NiCuFe2O4//AC 4.62 1001.29 [86] 
ZnCo2O4//FeCo2O4 25.45 3620 [87] 
CuCoFe2O4 //AC 7.9 1711.95 [86] 
NiMoO4//AC 48.5 212.5 [88] 
Co3O4 -NiO/GO//AC 50.2 825 [89] 
MnCo2O4.5-40GQDs//rGO 46 66 [90] 
CoMoO4@CoS//AC 59.5 799.8 [91] 
CuCo2S4//NG 32.7 794 [92] 
α-LiFe5O8//NiO 30 794 [93] 
rGO@Mn2V2O7//AC 66.6 19478 This work  
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