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Abstract- In recent years, electrochemical supercapacitors have received considerable
attention from many researchers. Metal oxides such as chromium oxide with high redox
activity, high specific capacity, and excellent reversibility are suitable alternatives to ruthenium
oxide in supercapacitor applications. In this study, first, graphene oxide (GO) was synthesized
by the modified Hummers method. The synthesized GO was reduced using hydrazine hydrate
(HH.rGO) and thermal reduction (Th.rGO). Also, chromium oxide (Cr203) was synthesized
using a simple method. The synthesized compounds were characterized using the scanning
electron microscope, infrared spectroscopy, and X-ray diffraction methods. Then Cr203 and
reduced GO were mixed in N-methyl pyrrolidone at a ratio of 20:80. Electrochemical
properties of HH.rGO/Cr203 and Th.rGO/Cr203 nanocomposites were evaluated by cyclic
voltammetry, electrochemical impedance spectroscopy, and chronopotentiometry methods.
The supercapacitor studies show that the nanocomposites have excellent reversible
supercapacitor behavior and suitable electrochemical performance. The specific capacity of
HH.rGO/Cr203 and Th.rGO/Cr203 electrodes were 101 F/g and 151 F/g, respectively at the
scan rate of 2 mV/s. These results indicate that the composition of Cr203 with GO increases
the specific capacity of supercapacitor due to the synergistic effect of GO and metal oxide.
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1. INTRODUCTION

Supercapacitors, batteries, and fuel cells are the most important alternative energy sources
for fossil fuels that do not have the environmental pollution caused by non-renewable fuels.
Today, to achieve clean energy and use it in different industries, different countries are looking
for this alternative energy and have considered it as one of their national development
programs. Supercapacitors have several advantages compared to batteries. For example, the
power density of batteries is 150 W kg! while the power density of supercapacitors is 10 kW
kg!. Longer lifetime, low energy dissipation in the discharge cycle, and about 95% efficiency,
better biocompatibility, and its application in a wide range of temperatures are among the
advantages of supercapacitors over batteries [1-4].

What influences the performance of supercapacitors are the electrodes and active electrode
materials which play an important role in the mechanism of energy storage in supercapacitors.
Based on the mechanism of energy storage, the supercapacitors are divided into three
categories which are electric double-layer capacitors, pseudocapacitors, and hybrid capacitors.
Carbon materials, transition metal oxides, conductive polymers, and conductive polymer
composites are used as electrode materials in supercapacitors [5-7]. Nanoparticles and carbon
nanomaterials which have various applications in electrochemistry, photocatalysts, drug
delivery, adsorption, and pollutant degradation are also widely used in supercapacitors.
Nowadays many articles have been published with the subject of the application of
nanotechnology in supercapacitors.

One of the most important carbon materials used in the construction of supercapacitor
electrodes is the reduced graphene oxide (rGO). The high-capacity supercapacitors have been
made due to the extraordinary surface area of rGO (The capacity of the single-layer rGO is
about 21 uFcm™) [8-12]. Since there is a relatively low electrical conductivity of rGO due to
oxygenated group and structural defects, the GO should be reduced. The reduction of GO have
challenges due to toxicity and corrosiveness. Some problems in the production of rGO are
complicated chemical production and purification methods, the high volume of and low pore
density [13-19]. One of the reduced GO preparation methods is the reduction of rGO with
chemical or thermal treatment. In this work, rGO was prepared by both reduction methods.

Also, various carbon electrodes modified by metal oxides, nanowires, carbon nanotubes,
hydrogels, Metal-organic frameworks (MOFs), sulfides, and carbonates have been reported as
supercapacitors. The supercapacitors with high capacitance are produced by a combination of
rGO with these materials that cover a wide range of semiconductor materials, conductors and
insulators. Metal oxides provide high capacitance at low resistances. This good feature of metal
oxides accompanied by the fast and reversible redox reaction has led to the use of them in the
construction of various supercapacitor electrodes. Metal oxides named quasi-capacitors include
ruthenium, nickel, manganese, iron, vanadium, chromium, and other metal oxides. Among

these, ruthenium has the highest capacity, but other metal oxides are used instead due to the
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high cost of ruthenium and lack of biocompatibility. However, metal oxides have less
conductivity and weaker performance than carbon materials. One way to increase the efficiency
of metal oxides is to prepare supercapacitors based on metal oxide composites with carbon
materials. This improves rapid capacity loss after several cycles which is the most important
disadvantageous of metal oxides. Therefore, in this work GO is first synthesized and then
reduced by thermal (Th) and chemical (Hydrazine hydrate (HH)) reduction methods. Then,
nanocomposite was prepared by mixing chromium oxide (Cr203) and rGO. Their
supercapacitor properties were investigated. Here, the capacitance of each electrode was

investigated by charge and discharge technique.

2. EXPERIMENTAL
2.1. Chemicals

Graphite (99.9%), sulfuric acid (98%), phosphoric acid (85%), potassium permanganate
(299%), N-methyl pyrrolidone (NMP, 99.5%), hydrogen peroxide (30%), hydrochloric acid
(37%), hydrazine hydrate (35%), ethanol (absolute), chromium (VI) oxide (CrOs, >98.0%),
and other reagents were purchased from Merck and Sigma Aldrich Co. Ascorbic acid and other

solutions were prepared in deionized water.

2.2. Synthesis of GO

Improved Hummers method was used to synthesize GO. In this method, 3 g of graphite
(1% wt) was first dispersed in a solvent consisting of 360 mL sulfuric acid (98%) and 40 mL
of phosphoric acid (85%) under ultra-sonication for 1 h. Then, 18 g of potassium permanganate
(6% wt) was added during 30 min, the solution was then allowed to stir at 50 °C for 24 h. The
reaction vessel was placed in an ice-bath and 150 mL of water as well as 4 mL of hydrogen
peroxide (30%) was added dropwise until the color of the solution turned. The sediment was
separated by centrifugation and then washed three times with 5% hydrochloric acid and five
times with distilled water and finally dried in an oven at 60 °C. The obtained powder was

named as GO.

2.3. Reduction of GO using hydrazine hydrate

100 mg of GO was initially dispersed in 100 mL of distilled water under ultrasonication for
30 min. 1 mL of HH was then added to the solution. The solution was then refluxed at 90 °C
for 24 hours until the color of the solution changed from brown to black. Finally, the black
sediment was freeze-dried and washed with distilled water and methanol. Finally, it was dried

in an oven at 70 °C. The resulting powder was named as HH.rGO.
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2.4. Reduction of GO by a thermal method

In this method, 100 mg of GO was placed in an oven at 300 °C for 1 h which its temperature
increased by 2 °C min™'. The obtained black powder was named as Th.rGO.

2.5. Synthesis of Cr203

10 g CrOs and 5.03 g of absolute ethanol were transferred to a beaker consisting of 120 mL
distilled water. After homogenizing the mixture using a magnetic stirrer, it was transferred to
an autoclave and placed at 190 °C for 1 h. The resulting brown gel was washed several times
with distilled water and dried at 60 °C. The resulting samples were calcined at 500 °C and its

color changed to dark green.

2.6. Characterization instrumentation

The crystallographic investigations of the mentioned materials were performed by a Philips
XRD instrument model PW-1730 that was equipped with radiation of Cu Ka in k = 0.15406
nm. Also, a Zeiss SIGMA field-emission scanning electron microscope, the VP model was

applied for studying nanomaterials' structural morphology.

2.7. Electrochemical studies

To prepare the electrodes, a piece of nickel foam was cut at a ratio of 2 cm x1 cm. The cut
foams were washed several times with water and acetone and then they were dried. Initially,
the active material of Cr20s3-graphene binary composite was mixed in NMP solvent (with a
ratio of 20:80) using ultrasonication for 30 min. The obtained suspension was sprayed onto the
nickel foam substrate to deposit the substrate completely. Different conditions including the
distance of spray with the substrate, the hot plate temperature, and also the speed of the spraying
process were optimized to make the spraying process repeatable. During the film deposition,
nickel foam substrates were placed on a heater at 100 °C to evaporate the sprayed solvent. The
mass of the electrodes was measured before and after film deposition, and thus the mass
deposited was obtained in the range of 1 to 2 mg.

EIS (electrochemical impedance spectroscopy) and CV (cyclic voltammetry) experiments
were performed using an Autolab 302N electrochemical workplace containing 3 electrodes,
SCE, platinum foil and the modified electrodes with HH.rGO/Cr203 and Th.rGO/Cr203
nanocomposite as a reference, counter and the working electrodes, respectively. The
measurements were done in a 6 M KOH electrolyte at room temperature. CV experiments were
performed at a potential range of -0.05 to 0.45 V (versus SCE) at different scan rates. The EIS
electrochemical analysis was obtained in the frequency range of 100 kHz to 0.01 Hz at open

circuit potential. In the EIS tests, a perturbation with a value of 10 mV AC was applied.
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According to the resulted data of CV tests, the SC (special capacity) of the nanocomposite in

the structure of working electrodes can be estimated by the given equation:

_ J1av

SC p— (1)

where current density is / (A), the mass of the electroactive material is m (g), scan rate and the
potential are v (V s™) and V (V).

The SC of the electroactive nanocomposite in this study can also be estimated through the
resulted data from charge/discharge process by the following equation:

_IAt

SC = (2)

I, At and V' represent current, discharge time and the discharge potential in the charge/discharge
process in terms of Ampere, the second and Volt, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization

FT-IR is a suitable technique for identifying functional groups and the structure of different
compounds [20-26].
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Fig. 1. FTIR spectra of (a) GO, (b) HH.rGO and (c) Th.rGO

Fig. 1a shows the FT-IR spectrum of the synthesized GO. The peaks that appeared in the FT-IR
spectrum indicate the presence of oxygen-containing functional groups in the composition. The
peaks in the 3384 cm™!, 1735 cm™!, and 1048 cm™! regions are related to the -OH group, C—OH and

C—0 bonds, respectively. Given the existence of these groups in the composition, it can be said that
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graphite is well-converted to GO. Fig. 1b shows the FT-IR spectrum of HH.rGO. As it is clear, the
peaks in the FT-IR spectrum of GO which belonged to oxygen-containing groups have become
much weaker or disappeared in this spectrum. This indicates that the GO has been well reduced to
graphene. Fig. 1c shows the FT-IR spectrum of rGO prepared by the thermal method. The peaks

show that the oxygen-containing groups are well reduced indicating the successful synthesis of tGO.
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Fig. 2. SEM image of (a) GO, (b) HH.rGO and (¢) Th.rGO

Fig. 2a shows the SEM images of the synthesized GO. As it is clear, the layers of GO are
completely stacked together. Fig 2b shows the SEM images of HH.rGO at different
magnifications. This figure shows that the product consists of the layer with a low thickness
which indicates the layered GO stacked together. Fig 2c shows the SEM images of Th.rGO at
various magnifications. As it is clear, the product consists of separate layers with low thickness.

XRD is a powerful technique for identifying the structure of crystalline compounds [27-
29]. Fig 3a and b show the XRD patterns of the pristine graphite and the synthesized GO. Also,
the standard patterns are given in the corner of figures. In the XRD pattern of the GO, the
disappearance of the characteristic peak of graphite in the 25-30 ° region and appearance of
strong peak an angle of 10 ° and a weak peak in the range of 40 °-45 ° indicate the successful
synthesis of GO. Figure 3 ¢ and d also show the XRD patterns of HH.rGO and Th.rGO. Two
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weak peaks appeared in regions of 20°-30° and 40°-50° indicate that the GO has been well
converted to graphene.
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Fig. 3. XRD patterns of (a) graphite, (b) GO, (¢) HH.rGO and (d) Th.rGO
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Fig 4. (a) FT-IR spectrum, (b) XRD pattern, (¢) SEM images and (d) particle size distribution
diagram of Cr203 nanoparticles



Anal. Bioanal. Electrochem., Vol. 12, No. 7, 2020, 931-943 938

Fig. 4a shows the FT-IR spectrum of Cr203 nanoparticles synthesized and calcined at 500
°C. The peaks in the region 500-700 cm ' indicate the oxide-metal bond. The appeared peak at
560 cm™! is related to Cr—O bending vibration and peak at 624 cm™! is attributed to the Cr203
phase [74]. Fig. 4b shows the XRD pattern of the calcined Cr203 at 500 °C. The obtained
pattern corresponds to the standard card No. 01-85-0730 of Cr203 and confirms the FT-IR
results. Fig. 4c shows the SEM images of the nanostructured Cr203 that calcinated at 500 °C.
It is clear from these images that the synthesized nanostructure is spherical nanoparticles. The

average particle size obtained using digimizer software is 45 nm (Fig. 4d).

3.2. Electrochemical studies

The CV test was performed at HH.rGO/Cr203 and Th.rGO/Cr20s3 electrode surfaces in the
potential window of -0.05 to 0.45 V at the scan rates of 10 to 200 mV s™'. According to the
results (shown in . 5 a-c), a pair of the oxidation-reduction peak is observed which is related to
the conversion between the different oxidation-reduction states of chromium. This pair of the
oxidation-reduction peak is observed at about 0.23 V and 0.34 V at a scan rate of 10 mV s! is
mainly due to Faraday’s reactions between Cr’* and Cr*". Faraday’s reversible reactions can
be done as follows:

Cr,03 + 20H ~ + H,0 — 2CrO(OH), + e~ (3)
CrO(OH), + OH = - CrO(OH); + e~ 4)

The anodic peak becomes more positive and the cathodic peak becomes more negative with
the increase in the scan rate which can be attributed to the electrode polarization effects at high
scan rates. Besides, the trend of all shapes is maintained even at scan rates of above 200 mV/s
but they are slightly disappeared at the higher scan rates. To further investigate, the CV curve
at the scan rate of 50 mV s was plotted for two composite samples of Cr203 -graphene and
are shown in Fig. 5c. This figure indicates the better performance of the composite of Cr203
with graphene reduced by a thermal method.

Fig. 6 a and b show the charge-discharge curves of two composite of HH.rGO/Cr203 and
Th.rGO/Cr203 at various current densities 1-20 A g'. As expected, the discharge time
decreases, and the ohmic drop in the system increases with an increase in the discharge current
density. The discharge capacity obtained for HH.rGO/Cr203 and Th.rGO/Cr20s3 at a current
density of 1 A g!' are 104.6 and 151.7 F g!, respectively. Accordingly, the special capacity
versus current density is plotted in Fig 6¢ which indicates the superiority of the HH.rGO/Cr203
and Th.rGO/Cr20s electrode.
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Fig. 5. CV plots of (a) HH.rGO/Cr203 and Th.rGO/Cr203 based electrode at different scan
rates, (c) HH.rGO/Cr203 and Th.rGO/Cr20; based electrodes, at 50 mV s in 6.0 M KOH as
an aqueous electrolyte and (d) specific capacitance as a function of the scan rates for the
electrodes constructed with HH.rGO/Cr203 and Th.rGO/Cr203 nanomaterials
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Table 1 summarizes a comparison of HH.rGO/Cr203 and Th.rGO/Cr203 supercapacitors
with those of other previously reported rGO or Cr203 composites on different substrates in the
literature. This comparison clearly shows that the specific capacitance at the prepared
rGO/Cr20s3 is higher than other electrodes.

Table 1. Comparison of the specific capacitance of HH.rGO/Cr203 and Th.rGO/Cr203 with

other

Electrode Electrolyte Specific capacitance References
(F/g)
graphene/MnO, NaSO4 150 [36]
MnO/graphene/nickel Na,SOq4 126 [37]
foam
Cr,0s/MWCNTs KOH 147 [38]
Cr,03/GO NaSO4 100 [39]
Cr;0; KOH 140 [40]
HH.rGO/Cr,03 KOH 104 This work
Th.rGO/Cr,03 KOH 151 This work
10 F
9 --a *
/) |
P Ca
b § W ||
. b
a 6+ /o /}/D | | Cp
= 54 &
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1L ﬁ ——Cr,0,/T1GO
0 -

Z'(Q)

Fig. 7. Impedance spectra at a 10 mV amplitude of AC and in 6.0 M KOH electrolyte for
HH.rGO/Cr203 and Th.rGO/Cr203 based electrodes

The Nyquist curve of binary composites has been plotted in Fig 7 a and b. Obtained
results are indicated the lower charge transfer resistance of Th.rGO/Cr203 relative to

Th.rGO/Cr203. Moreover, Warburg slope in the low-frequency range which is the
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important factor for charge transfer between electrode and electrolyte. The higher slope
of Th.rGO/Cr203 indicating the better electrochemical performance of the Cr203
nanocomposite with thermally reduced GO [30-35].

4. CONCLUSION

The construction and development of clean energy storage devices have been increased
attention over the past few years due to overcoming the problems such as population growth,
consequently limited energy supply and environmental problems such as global warming and
air pollution. One type of these devices is the supercapacitor. Various electrode materials such
as ruthenium oxide and iridium oxide in the metal-oxide family have been used for the
development of supercapacitors. Metal oxides such as nickel oxide, manganese oxide, etc. have
been introduced as a suitable and low-cost alternative for application in electrochemical
supercapacitors compared to expensive ruthenium oxides. In this study, supercapacitors were
developed based on composites of Cr203 and rGO. The results showed that the maximum
capacity with the value of 151.7 F g'! was obtained by binary composite based on Cr203 and
thermally reduced GO.
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