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Abstract

Increasing the specific electrical capacitance of supercapacitors has been received great attention
from both researchers and industry. Herein, how to achieve this by coating the surface of reduced
graphene oxide (rGO) with copper(Il) oxide (CuO) and zinc oxide (ZnO) is reported. The CuO/rGO and
ZnO/rGO hybrid layers were prepared via chemical reactions between graphene oxide (GO) and salts of
copper and zinc, respectively. The crystallographic structures and surface morphologies of composite
materials were studied by using X-ray diffraction (XRD) and scanning electron microscopy (SEM),
respectively. Cyclic voltammetry (CV) and electrical capacitance measurements were used to analyze the
electrochemical properties of the composites. The results show that CuO and ZnO increased the specific
electrical capacitance of rGO, while the composite CuO/rGO and ZnO/rGO materials have good chemical
stability with a higher specific electrical capacity (465.73 F-g') than CuO/rGO (167.52 F-g™"), ZnO/rGO
(185.48 F-g "), rtGO (113.50 F-g "), and annealed graphite (53.12 F-g ). The mechanism of increasing the
specific capacitance depending on whether the composite CuO/rGO and ZnO/rGO materials act as a
pseudocapacitor and/or an electrical double-layer capacitor is elucidated.

Keywords: Reduced graphene oxide, Copper(Il) oxide/reduced graphene oxide, Zinc oxide/reduced
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Introduction

An electrochemical capacitor, also known as a supercapacitor, is an energy storage mechanism that
is usable and highly secure. It can be used in a variety of ways, such as memory backup in electric cars,
backup power for batteries, renewable energy applications, etc. [1]. Several materials used to develop
efficient supercapacitors have been studied. Porous carbon, transition metal oxides, and conducting
polymers have shown lower potential than composite materials [2]. Transition metal oxides and
conducting polymers can improve electrical capacitance based on two mechanisms: Electrical double-
layer capacitance (EDLC) and pseudocapacitance. In the former, materials with a high specific surface
area store electrostatic charge in the superconductor, while in the latter, the materials create the charge
electrochemically [3]. Hybrid electrochemical capacitors have both characteristics. For instance, Zhang et
al. [4] reported the fabrication of composite materials able to produce higher electrical capacitance and
energy than when using just one material.

Graphene comprises carbon atoms with a single-layer sp® arrangement that has been studied for
many years due to its excellent potential in both fundamental principles and technological applications
[2]. Theoretically, the high specific surface area of graphene (2675 m*g ') bestows its EDLC property.
Graphene oxide (GO) and reduced GO (rGO), along with other carbon materials such as activated carbon,
carbon aerogels, and carbon nanotubes, have been utilized as electrodes in supercapacitors as they show
good EDLC, high specific surface area, and chemically stable properties [5].

The processes of charge transfer and EDLC can result in higher capacitance and energy density
improvement of EDLC. For example, polymer and metal oxide such as nickel(Il) oxide (NiO) [6],
ruthenium(IV) oxide (RuO,) [7], manganese(IV) oxide (MnO,) [8], cobalt(Il, III) oxide (Co;04) [9], and
vanadium(V) oxide (V,0s) [10]. Copper(Il) oxide (CuO) and zinc oxide (ZnO) both have the
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pseudocapacitive characteristic, and so combining them with a carbon-based material with the EDLC
property produces a hybrid with both types of capacitance and both faradaic and non-faradaic properties.
These materials with improved electrochemical properties can be applied to charging and storage
applications. ZnO is currently used in several optoelectronic devices, such as photovoltaic cells, gas
sensors, and light-emitting diodes due to its combination of electrical and optical properties [11]. CuO is a
p-type semiconductor with a narrow bandgap, the antiferromagnetic property, excellent chemical
stability, and low cost, and is abundant [12]. It is considered to be an effective electrode material for
many applications, including supercapacitors.

In this research, composite materials comprising rGO and either CuO or ZnO were prepared by
growing the crystals of CuO and ZnO onto GO plates, followed by applying a reducing chemical reaction
to form the CuO/rGO and ZnO/rGO composite materials. They were then coated onto stainless steel
electrodes to measure the electrochemical properties of the prototype.

Materials and methods

Synthesis of GO and rGO

GO was prepared by using Hummer’s method. In brief, 3 g of graphite powder (20 pm; 99.99 %
purity; Lianyungang Jinli Carbon) was heated at 300 °C in an oven for 2 h to remove contaminants. After
that, the graphite was rinsed with 69 mL concentrated sulfuric acid (H,SO4) and placed in a mixture of 1.5
g of sodium nitrate (NaNO;) and 9 g of potassium permanganate (KMnQOy) in an ice bath (below 20 °C),
which produced a gray sediment. The mixture was stirred in a 1,000 mL beaker to which 420 mL of
deionized water was added and the temperature raised to 50 °C. Following this, the mixture was stirred at
room temperature for 30 min, after which 3 mL of 30 % H,O, was slowly added while stirring until the
solution turned yellow-brown. This was then set aside for a moment to allow precipitation to occur. The
yellow-brown solution was removed with a pipette and then filtrated and washed with deionized water
until the pH of the eluate was around 7 to afford GO.

The GO was then used to prepare rGO. The 36 g of GO were mixed with hydrazine monohydrate
(NH,NH,-H,0) at a ratio of 3 mg/mL. (GO: NH,NH,-H,0) in a 500 mL round bottom flask, and then
stirred at 80 °C for 12 h using a reflux method. Finally, the black rGO precipitate was filtered out and
washed several times with deionized water until the pH of the eluate was around 7. Finally, the rGO was
dried at 80 °C for 6 h.

Synthesis of CuO/rGO

The 36 mg of dried GO powder was dissolved in 30 mL of deionized water, to which 0.2 M CuCl,
was added. Afterward, 30 mL of 0.1 M sodium hydroxide (NaOH) were carefully added dropwise into the
mixture at a constant rate of 50 drops/min while stirred quickly until the mixture was homogeneous. Next,
12 mL of NH,NH,-H,O was added, followed by ultrasonication for 10 min and then heating at 80 °C for 30
min. The precipitate was filtered with deionized water several times until the pH of the eluate was close to
7. Finally, the CuO/rGO powder obtained was dried at 80 °C for 2 h in ambient air.

Synthesis of ZnO/rGO

GO at a concentration of 2.5 mg/mL was mixed with 30 mL 0.05 M NaOH added dropwise at 20
drops/min using a burette. On the other side of the beaker, 20 mL of 0.5 M ZnCl, solution was added while
stirred quickly at 700 cycles/min at 70 °C for 20 min, which was then allowed to cool. The sediment was
then filtered out and leached with deionized water until the pH of the eluate was close to 7.

Spectroscopic measurements

The composite materials GO, rGO, CuO/rGO, and ZnO/rGO were dropped onto glass slide substrates
and then dried on a hotplate before characterization. Field emission SEM (FESEM, Hitachi, s-4700) was
used to study the surfaces of the materials. XRD (Bruker D8 Advance diffractometry with Cu Ko
radiation) with a low scan rate of 0.021 °/s was used to study the structure of the composite materials.
Functional groups in the composite materials were identified by using Fourier-transform spectroscopy
(FTIR, Thermo) by mixing them with 0.02 g of potassium bromide (KBr) powder and scanning at
wavenumbers from 4,000 - 1,000 cm .

Electrochemical measurements
These were carried out at 2 mol-L™" using a 2-electrode system in which the composite material had a
surface area of 1x1 cm? with potassium hydroxide (KOH) as the electrolyte. The electrochemical properties
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of the material preparation were measured by using cyclic voltammetry (CV) and the galvanostatic charge-
discharge (GCD) technique on a Versastat3 galvanostatic workstation. The materials (GO, rGO, CuO/rGO,
and ZnO/rGO) were first coated onto the electrode to afford an active material weight of around 0.25 mg.

Results and discussion

Characteristics of CuO and ZnO on rGO

The SEM image of a thin GO film, Figure 1(a), shows that it comprises very thin regions of
graphene platelets, appearing as dark portions and also thicker regions that are folded and wrinkled,
appearing as bright regions. Higher magnification views of the thin and thick regions are given in Figure
1(b); the thin regions show smooth areas while the thick regions show folded mass and aggregates [13].
Figure 1(c) and (d) show the CuO and ZnO crystals on the rGO sheets, respectively. The particle
distribution sizes of CuO and ZnO averaged from 100 particles by using the Imagej software program were
66.48 £ 11.23 and 85.15 £ 5.25 nm, respectively. The CuO granules were randomly distributed on the
surface of the rGO sheets due to rGO having a large density of oxygen-based functional groups.

Figure 1 SEM analysis: (a) low-resolution, (b) high-resolution SEM images of GO, SEM image of (c)
CuO/rGO and (d) ZnO/rGO.
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Figure 2 FTIR spectra of GO, rGO, CuO, ZnO, CuO/rGO, and ZnO/rGO.
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Figure 2 illustrates that the FTIR analysis identified various functional groups in GO, rGO, CuO,
Zn0, CuO/rGO, and ZnO/rGO. C=0OH, OH, C=00H, and C=C bonds produced by the synthesis process
were found in the FTIR spectrum for GO, which were not present in that of rGO. Meanwhile, vibrations of
C-C and C-O bonds present in the CuO/rGO composite spectrum were produced by Cu®" being oxidized to
CuO and then adhering by static electricity to the rGO plates during the chemical preparation. Notice also
that OH oscillation appeared at 3,464 cm'. The FTIR spectrum ZnO/rGO shows that rGO reacting with Zn
led to the formation of OH, C=0, C=O0H, and C=C groups [14].
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Figure 3 XRD patterns for GO, rGO, CuO, ZnO, CuO/rGO, and ZnO/rGO.

The XRD pattern for GO in Figure 3 shows a major peak at 20 = 12. This is absent in the XRD
pattern for amorphous rGO, which instead, has a wide peak at 20 = 25.5. The diffraction peaks in the XRD
pattern for ZnO/rGO corresponded to the hexagonal wurtzite structure of ZnO (ICSD No. 98-002-7781)
[10]. When GO reacts with ZnCl, and NaOH, it forms colloids of zinc hydroxide hexahydrate
(Zn(OH),-6H,0). These can dissolve to produce Zn>" and OH™ during the reduction reaction between OH"
and Zn*" (Eq. (1)) [21]. This caused ZnO nuclei to grow on the surface of the GO sheets.

ZnCly(aq) + 2NaOH(aq) = Zn(OH),(aq) +2NaCl(aq) )
Zn(OH),(s) = ZnO(s) +H,0O(1) 2)
The diffraction peaks in the XRD pattern of the CuO/rGO composite preparation corresponded to the
hexagonal structure of CuQ, as confirmed via JCPDS No. 05-0661 [16]. When GO reacts with CuCl, and
NaOH, it forms the colloids of copper(Il) hydroxide hexahydrate (Cu(OH),-6H,0). These can dissolve to
produce Cu”" and CI" during the reduction reaction between OH™ and Cu** (Eq. (3)) [22]. This caused CuO
nuclei to grow on the surfaces of the GO sheets.

CuCly(aq) + 2NaOH(aq) = 2NaCl(aq) + Cu(OH),(aq) 3)

Cu(OH)s(s) > CuO(s)+H,0(1) @)
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Electrochemical applications
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Figure 4 CV curves of (a) GO, rGO, CuO, ZnO, CuO/rGO, and ZnO/rGO at a constant scan rate at 50
mV/s in 2 M KOH electrolyte and (b) the CuO/rGO and ZnO/rGO hybrid materials over 20 cycles at 50
mV/s in 2 M KOH electrolyte. Charge-discharge curves at various current densities for the supercapacitor
prototype fabricated with the CuO/rGO and ZnO/rGO hybrid materials according to (a) potential and (d)
specific capacitance.

Figure 4(a) shows CV curves for the various materials under optimal conditions. The ZnO/rGO
prototype displayed better electrochemical behavior than the CuO/rGO prototype due to the surface of the
ZnO/rGO material being higher. This makes it more active over a short time and allows the electrolyte to
penetrate the surface faster. Moreover, the ZnO nanoparticles eliminate defects in the inner rGO plate that
cause high resistance. All of these factors increase the electrical conductivity of ZnO/rGO. CuO/rGO can
promote redox reactions due to the different oxidation states of Cu. For instance, Cu’ in the form of CuO
increases the specific electrical capacity of the nano-composite material. The pseudocapacitance
characteristic of CuO complements the electrical properties of the EDLC of rGO [17]. Moreover, the high
specific capacitance of the rGO sheet surface with the interaction between the CuO nanostructures
provides ions for the electrolyte solution, which can improve the efficiency of movement and makes it
easier for K™ from the KOH solution to be inserted in the electrode material [18]. Figure 4(b) displays the
CV cycling stability testing of the ZnO/rGO and CuO/rGO materials over 20 cycles, which confirms their
excellent stability and reversibility [19]. This could be due to the excellent integration of the ZnO and
CuO nanoparticles with the rGO sheets. Figure 4(c) shows the potential according to the charge-
discharge characteristics of the CuO/rGO and ZnO/rGO prototypes under various current density values.
The specific capacitance of the prototype can be calculated from a charge-discharge curve as follows

[15];

I xAt -1
C. = F-
s Ame( )

©)

where / is the discharge current (A), AV is the potential window (V), m is the mass of the active material
(mg), and At is the charge-discharge time.

The specific capacitance is inversely proportional to the magnitude of the current due to the increase
in the potential voltage falls when the current density is increased [20]. Figure 4(d) shows the specific
capacitance according to charge-discharge time over 5,000 charge/discharge cycles at a scan rate of 15
mVs; those of CuO/rGO, rGO/ZnO, and rGO/ZnO-CuO/rGO were 167.52, 185.48, and 465.73 F~g71,
respectively.
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Conclusions

CuO/rGO and ZnO/rGO hybrid composites can improve the performances of supercapacitors. The
specific capacitance of the CuO/rGO-ZnO/rGO prototype was 465.73 F-g~' over 5,000 charge-discharge
cycles. Combining these 2 composites with the pseudocapacitance property and rGO with the EDLC
property immensely improved the overall capacitance performance. These excellent properties of the
CuO/rGO and ZnO/rGO hybrid materials used as electrodes markedly increased the capacitance of the
supercapacitor prototype.
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