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Abstract. With the purpose of the enhancement of supercapacitor behaviour, a CuZnAl-layered double hydroxide/graphene (CuZnAl-LDH/GO) nanohybrid was synthesized via facile method. The layered structures of GO and
CuZnAl-LDH lead to create favourable conditions for energy storage capacity. The prepared CuZnAl/GO nanohybrid was
characterized by X-ray diffraction, inductively coupled plasma optical emission spectrometry analysis, field-emission
scanning electron microscopy and energy dispersive X-ray spectroscopy, N2 adsorption/desorption analysis measurements. The electrochemical behaviour of prepared nanohybrid was evaluated by conventional cyclic voltammetry, galvanostatic charge–discharge and electrochemical impedance spectroscopy techniques. As a supercapacitor, the prepared
CuZnAl/GO nanohybrid electrode revealed higher specific capacitance (3.87 F cm-2) than CuZnAl-LDHs (1.37 F cm-2).
The CuZnAl/GO nanohybrid exhibited good stability, with high specific capacitance for over 1000 charge–discharge
cycles. The obtained results can be justified by enhancing electrochemically active areas provided by layered structures of
LDH and preventing effect of GO in the aggregation of LDH sheets. Moreover, the GO increase the electrical conductivity
in nanohybrid. The facile synthesis and high electrochemical performance of CuZnAl/GO nanohybrid showed that this
hybrid material can be suitable as an electrode material for energy storage and supercapacitor devices.
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Introduction

The fast reduction of fossil fuels sources and environmental challenges owing to the excessive consumption of
them increase the demand for renewable energy, leading
to an important subject during the recent decade [1].
Electrochemical capacitors (ECs) are the promising
energy storage devices for cell cameras, phones, aerospace applications, hybrid electric carrier, etc., requiring a
rapid transfer of power. This means that ECs, known as
supercapacitors, should possess fast charge–discharge rate,
high power density and long lifespan [2–9]. The performance of ECs, i.e., high power density, flexibility,

lifespan and fast charge–discharge rate, completely
depend on the electrode constituents [10–13]. Based on
the essential charge–discharge mechanism, ECs include
carbon-based electrical double-layer capacitors and conducting polymer or metal oxide/hydroxide-based pseudocapacitors. Actually, faradaic redox reactions occur during
charge/discharge processes, while pseudocapacitors and
electrical double-layer capacitors utilizes opposite charge
separation at the interface of electrode/electrolyte [14,15].
The electrical double-layer capacitors possess faster
kinetics, whereas a pseudocapacitor accumulates much
greater amount of charge as the bulk of the material
reacts.
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Recently, layered double hydroxides (LDHs) with
hierarchical structures have attracted remarkable attention
for various applications [16,17]. LDHs are anionic brucitelike materials consisting of M2? cations, which have been
replaced isomorphously by M3? cations generating positively charged layers. The positive charge of layers is satisfied by counter ions between the layers [18–22]. The
LDHs have the general formula:
ix
 II
xþ h m
M1x MIII
Xx=m  nH2 O ;
x ðOHÞ2
where MII and MIII are divalent and trivalent metal ions,
respectively, and Xm– the compensating inorganic and
organic anions with charge m, and n is the number of water
molecules [23]. There are different methods for synthesis of
LDHs, such as hydrothermal, co-precipitation, anion
exchange and calcination-rehydration methods. Among
them, co-precipitation method is facile, biocompatible and
energy-saving. Because of the ion exchange capability and
tuning the cations composition, LDHs obtain various
applications in such as adsorbents, catalysis, catalyst support, photocatalysis and drug delivery due to their unique
properties [24]. The distinctive feature of LDHs is their high
specific surface area, which can facilitate rapid ion transfer.
Therefore, LDHs can offer a great advantage in electrochemical fields as promising electrode materials. Some of
the layered double materials such as NiAl LDH, CoAl LDH,
CoNi LDH and NiMn LDH have been reported as electrode
materials for supercapacitors [22–26]. Three-dimensional
(3D) structures based on carbon materials, e.g., graphene
oxide (GO), possess stability, high conductivity, large surface, rich porosity and consequently, have been widely
utilized in energy storage systems [27,28]. The assembly of
LDH with 3D carbon-based materials can have excellent
potential to remarkably enhance the electrochemical performance. GO can be used as suitable carriers to load LDHs
for the formation of new kinds of electrode material to their
supercapacitive performance [26–28]. In addition, other
composite materials based on LDH with polymer, fibres,
carbon nanotubes and reduced graphene oxide (rGO) have
been reported for supercapacitors [29–31]. In this study, in
order to combine the special properties of LDHs with GO to
achieve more excellent electrochemical performance, we
prepared CuZnAl/GO nanohybrid with facile co-precipitation method because Cu has high theoretical capacitance
value, easy oxidation and two oxidation states which effect
on capacitance performance.

2.
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was added to 40 ml of deionized water and sonicated for 30
min. The suspension was poured into a one-necked roundbottom flask. Then, copper (II) chloride (CuCl26H2O
(0.001 mol)), zinc chloride (ZnCl26H2nO (0.001 mol)) and
aluminium chloride (AlCl36H2O (0.002 mol)), with the
3þ
molar ratio of M
¼ 12, were dissolved in the GO suspension
M2þ
under stirring. Then, the pH of solution was adjusted to 10
by dropwise adding of sodium bicarbonate solution
(1 N). The aqueous suspension was kept at 70°C for 72 h
in a homemade oil bath. After 72 h, the flask was cooled
to 25°C. The obtained precipitates were separated from
solution by centrifuging and washed with deionized water
for three times. The obtained CuZnAl/GO nanohybrid
was dried at 40°C in oven for a night. Similarly,
CuZnAl-LDH was synthesized by the same procedure
without GO.
2.2 Electrode fabrication and electrochemical
measurements
To obtain the supercapacitor electrode, the CuZnAl/GO was
deposited onto a fluorine-doped tin oxide glass (FTO, 2 9 2
cm) to form nanohybrid film by electrophoretic deposition
(EPD). For EPD process, 0.15 g CuZnAl/GO nanohybrid
with 0.08 g Mg(NO3)26H2O was poured in 30 ml of
ethanol and sonicated for 20 min at room temperature.
Then, dispersed particles were deposited in one cycle for 1
min by applying constant current density of 0.4 mA cm-2
(which corresponded to *28 V at an electrode distance of 1
cm). The obtained film on FTO was immersed in deionized
water for 30 s and finally dried at 40°C for 2 h.
The three-electrode cell containing 6 M KOH was used
for investigating the electrochemical performance of
obtained electrode on a VersaSTAT-450, PAR, USA
potentiostat analyzer at room temperature. The reference
and counter electrodes were Ag/AgCl electrode and Ptmesh, respectively. Cyclic voltagramms were achieved at a
scan rate of 10 mV s-1 over a potential range of –0.3 to 0.50
V. The charge–discharge tests were conducted at various
current densities, with cut-off voltage of –0.3 to 0.5 V vs.
Ag/AgCl at 10 mA cm-2 current density. Electrochemical
impedance spectroscopy (EIS) was performed by exerting
an AC voltage of 5 mV in 100–0.01 kHz frequency range.
The ZSimTM 3.22 software was used to perform the analysis of EIS data results.
The specific capacitance (CT, F cm-2) of the prepared
electrode was calculated from the charge/discharge plots by
the following equation:

Experimental
CT ¼

2.1

Synthesis of CuZnAl/GO nanohybrid

GO was synthesized according to the procedure reported in
literature [32]. The CuZnAl/GO nanohybrid was prepared
using the co-precipitation method. Typically, GO (20 mg)

IDt
;
ADV

ð1Þ

where I (A) and Dt (s) are the constant current and time of
discharging, respectively. Also, DV (V) is the potential
window applied for charge/discharge tests, and A (cm2) is
the electrode surface area [33]. Moreover, the specific
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capacitance can be measured from the CV curves on the
basis of equation (2):
1
C¼
mDV

ZVa

I ðV ÞdV;

ð2Þ

Vc

where m is scan rate (V s-1), (Va - Vc) is the sweep
potential and other symbols are the same as explained in
equation (1) [34].

2.3

Instruments

X-ray diffraction (XRD) patterns of the samples were
recorded by diffractometer (Bruker AXS, D8, Germany)
with Cu Ka radiation (k = 1.54187 Å) at 40 kV and 35 mA.
The pH of solutions were measured with Eutech Instruments pH meter 510. The field emission scanning electron
microscopy images (FESEM) were obtained to survey the
morphology of samples by Carl Zeiss MST AG microscope
(ULTRA55, Germany). The pore structure and surface area
of samples are tested with N2 adsorption/desorption isotherm measurements by the Quantachrome Chem. BET.
The electrochemical impedance spectroscopy and other
electrochemical characterizations were carried out by an
electrochemical workstation (VersaSTAT-450, PAR, USA).
The metal contents of the prepared LDH and nanohybrid
were determined by inductively coupled plasma spectroscopy (ICP; Jobin Yvon JY24).

3.
3.1

Results and discussion
Structure characterization

The XRD patterns of GO, CuZnAl-LDH and CuZnAl/GO
nanohybrid are shown in figure 1. The diffraction peaks of
CuZnAl-LDH 11.44°, 22.77°, 34.16°, 60.3° and 61.5° are
observed, which are the indexes of the (003), (006), (012),
(015) and (110) planes of LDH hydrotalcite structure,
respectively [35]. The LDH characteristic diffraction peaks
are observable CuZnAl/GO, although their intensity
decreased considerably compared with CuZnAl-LDH. The
(001) diffraction peak at 12.08° of GO overlaps with (003)
peak of LDH. These results confirm that CuZnAl/GO
nanohybrid well-formed and the GO incorporates into the
LDHs network. Moreover, the basal reflection (003) of
LDH in CuZnAl/GO nanohybrid transferred to lower 2h
angles and subsequently the basal spacing expanded to
0.782 nm, which indicates a slight increase compared to the
pristine CuZnAl-LDH (003 = 0.751 nm). The unit cell of
CuZnAl/GO nanohybrid is similar to CuZnAl-LDH,
implying the formation of LDH structure beside the GO.
The Cu, Zn, Al contents of the prepared LDHs were
investigated by using ICP measurements and by CHNSO
analyzer. The mole percentage of an element in each sample

Figure 1. XRD patterns of the synthesized (a) CuZnAl-LDH,
(b) GO and (c) CuZnAl/GO nanohybrid.

has been measured by dividing the mass percentage to the
related atomic mass (table 1). Table 2 gives the experimental molar ratios of elements determined by ICP. The
ICP results confirm the molar ratio of Cu2?/Zn2? and
(Cu2? ? Zn2?)/Al3? are equal to initial solution. The
N2 adsorption/desorption measurements were investigated
to determine the pore volume and specific surface of
CuZnAl-LDH and CuZnAl/GO nanohybrids.
The pore size and surface area are important factors in
anticipating electrochemical performance. The pore structure and surface area of CuZnAl-LDH and CuZnAl/GO
nanohybrids are tested with N2 adsorption/desorption isotherm measurements. It is observed that the CuZnAl/GO
nanohybrid has a larger surface area (44.23 m2 g-1) than
CuZnAl-LDH (33.02 m2 g-1). As plotted in figure 2, both
the prepared samples exhibited IV isotherms with distinguished hysteresis loops, which is characteristic of
Table 1.

Elemental analyses of samples.
% Element

Sample
CuZnAl-LDH
CuZnAl/GO nanohybrid

Cu

Zn

Al

C

19.65
19.21

19.4
18.96

8.6
8.45

—
3.26
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Theoretical and measured mole ratios of metals.
Mole ratios: theoretical (found)

Sample

Cu:Zn

Cu:Al

Zn:Al

1.0 (0.99)
1.0 (1.0)

1.0 (1.01)
1.0 (1.01)

1.0 (1.0)
1.0 (1.0)

nanohybrid, which
applications.

3.2
CuZnAl-LDH
CuZnAl/GO nanohybrid

mesoporous structure. The CuZnAl-LDH shows H3 hysteresis loops, but CuZnAl/GO nanohybrid reveals H2 hysteresis loops. The H3 type refers to the aggregation of platelike particles with split-shaped pores, while H2 type
explains a mesoporous structure with well-ordered and
narrow pores [36]. Therefore, it can be concluded that the
aggregation of CuZnAl-LDH decreased with the introduction of GO to LDH. In another hand, the high porosity
causes the ions of the electrolyte easily access the internal
surfaces of electroactive materials. That is advantageous to
the kinetics of electrochemical reactions and improvement
of energy storage potential, resulting in an increase in
energy storage in supercapacitors.
The surface morphology of the prepared CuZnAl-LDH
and CuZnAl/GO nanohybrids was investigated by SEM
images (figure 3). The SEM images show that CuZnAlLDH has been prepared with sheet shape and LDH sheets
have nearly smooth textures. These LDHs nanosheets seem
to be assembled together. The SEM image of CuZnAl/GO
nanohybrid is similar to pristine CuZnAl-LDH and the
boundary between CuZnAl-LDH and GO is indistinguishable. Supplementary figure S1 demonstrates energy dispersive X-ray (EDX) analysis and elemental mapping
results. The EDX analysis confirmed the consistent elements of CuZnAl-LDH and CuZnAl/GO nanohybrids. The
roughly regular distributions of Cu, Zn, Al and C in
CuZnAl/GO were observed nanohybrid, implying that the
GO graphene sheets are incorporated with CuZnAl-LDH
along with a homogeneous distribution. As a result, faster
electronic and ionic conduction occurred in the CuZnAl/GO

Figure 2. N2 adsorption/desorption isotherm plots of CuZnAlLDH and CuZnAl/GO nanohybrids.

is

suitable

for

supercapacitor

Electrochemical performance evaluation

To investigate the electrochemical behaviour of CuZnAlLDH and CuZnAl/GO nanohybrids as the electrode materials for supercapacitor cyclic voltammetry (CV), galvanostatic charge–discharge measurements and electrochemical
impedance spectroscopy (EIS) were performed.
Figure 4 shows CV of the CuZnAl-LDH and CuZnAl/GO
nanohybrids within a potential window of –0.3 to 0.5 V (vs.
Ag/Ag) in KOH aqueous electrolyte. The results show that
the capacitance in CuZnAl-LDH is negligible, while the
area of CV curves of CuZnAl/GO nanohybrid is considerably larger than that of CuZnAl-LDH demonstrating the
good capacitive performance of the electrode. The conductivity of nanohybrid increased with the presence of GO
and also, GO may participate in redox reactions due to the
presence of carboxyl, hydroxyl groups and also epoxy
bridges.
The CV curve of CuZnAl/GO nanohybrid demonstrated a
pair of redox peaks, which can be related to reversible redox
mechanism of Cu(I)/Cu(II). The mechanism of redox
reactions of CuZnAl/GO nanohybrid can be explained by
the following reaction:
CuðOHÞ2 þ OH $ CuOOH þ H2 O þ e

ð3Þ

So, it is significant that the CuZnAl/GO nanohybrid
illustrated excellent electrochemical performance in consecutive cycles. The curve shape is steady and consequently
the electrochemical stability of the prepared electrode is
acceptable.
Figure 5 illustrates the galvanostatic charge/discharge
curves of CuZnAl-LDH and CuZnAl/GO nanohybrids. Due
to proceeding faradaic reaction during the processes, the
charge–discharge curves are not seen linear. The discharge
time of CuZnAl/GO nanohybrid is longer than CuZnAlLDH. This result means that the charge storage performance
of CuZnAl/GO nanohybrid is better than CuZnAl-LDH.
The specific capacitances of CuZnAl-LDH and CuZnAl/GO
nanohybrids were obtained as 1.378 and 3.87 F cm-2,
respectively, at a current density of 10 mA cm-2 by equation (1). As mentioned in CV results explanation, the
presence of GO in LDH structure leads to prevent the
aggregation of CuZnAl-LDH, increase the electrode specific surface area and facilitate charge transfer during the
redox reaction.
Electrochemical stability is an important issue in real
applications of energy storage device. For this reason,
charge/discharge measurement were repeated for 1000
cycles to evaluate the electrochemical stability of prepared
nanohybrid. Figure 6 exhibited the cycle-life curves of
CuZnAl-LDH and CuZnAl/GO nanohybrids vs. cycle
number at a constant current of 10 mA cm-2 and in the

Bull. Mater. Sci. (2021)44:61

Figure 3.

Page 5 of 7

61

SEM images of (a) CuZnAl-LDH and (b) CuZnAl/GO nanohybrids.

Figure 4. Cyclic voltammetry (CV) curves of the CuZnAl-LDH
and CuZnAl/GO nanohybrids.

voltage ranges of –0.3 to 0.5 V in 6 M KOH electrolyte. The
slight decrease occurred in the specific capacitance of
CuZnAl-LDH and CuZnAl/GO nanohybrids, which after
1000 cycles preserved 86.64 and 98.87% of their initial
specific capacitance, respectively. Also, the results exhibited that the CuZnAl/GO nanohybrid has a better long-term
recycling capability.
The resistance characteristics of CuZnAl-LDH and
CuZnAl/GO nanohybrid electrodes were investigated by
EIS measurements in the frequency range 100–0.01 KHz.
Figure 7 shows Nyquist plots of the prepared electrodes.
The plot of two samples has semicircle in the high-frequency range that is the characteristic of double-layer
capacitance. The absence of the Warburg region is due to

the lack of concentration gradient. The solution resistance
(Rs) was measured as about 1.08 and 0.92 X for CuZnAlLDH and CuZnAl/GO nanohybrid electrodes, respectively,
by intercepts of the Nyquist plots on the real axis, resulting
in the low internal resistance and suitable conductivity of
the electrolyte. Moreover, the charge transfer resistance
(Rct) at the electrochemical reaction between the electrode
and electrolyte is specified by semicircle diameter. Regularly, smaller diameter related to smaller charge transfer
resistance. As shown in the Nyquist plots of figure 7, the
diameter of the semicircle of CuZnAl/GO nanohybrid is
smaller than CuZnAl-LDH and as a result, the CuZnAl/GO
electrode has faster electron transfer that leads to better
capacitive behaviour and higher capacitance.
The equivalent-circuit model for the prepared CuZnAl/
GO nanohybrid is shown in supplementary figure S2. In this
circuit model, double-layer capacitor is indicated as a
constant phase element Cdl and indicates the double-layer
charging and discharging process at CuZnAl/GO nanohybrid/electrolyte interface. The constant phase element (CF)
signifies the faradaic pseudocapacitors [30]. Cdl is a doublelayer capacitance and is in parallel with charge-transfer
resistor (Rct1). CF is in parallel with a resistor (Rct2) of
electron transfer reaction. Rs implies the intrinsic resistance
of the active material.
The values of electrical parameters from impedance plots
are given in supplementary table S1.
The real capacitance of CuZnAl/GO nanohybrid from
a semicircle model was measured as 3.1 and 0.78 F
cm-2, which is very much better than CuZnAl-LDH.
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Galvanostatic charge–discharge curves of CuZnAl-LDH and CuZnAl/GO nanohybrids.

The results demonstrate that the obtained values of
experimental data have good overlap with values of
EIS study.
4.

Figure 6. Cycle-life curves of CuZnAl-LDH and CuZnAl/GO
nanohybrids.

Conclusion

In this study, CuZnAl/GO nanohybrid was successfully
synthesized by facile co-precipitation method. The prepared CuZnAl/GO nanohybrid displayed considerable
electrochemical behaviour with good charge/discharge
property, high specific capacitance, stability and long
cycle life without an evident capacitance decrease after
1000 cycles. The excellent electrochemical behaviour can
be explained by the special and porous-layered structure
of CuZnAl/GO nanohybrid and the effective interaction
between GO sheets and CuZnAl-LDH nanosheets. On the
other hand, GO prevents the aggregation of CuZnAl-LDH
that increases the surface area. These results propose
large applicability of the CuZnAl/GO nanohybrid electrode materials in energy storage and supercapacitor
devices.
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