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a b s t r a c t

A binder-free nanocomposite consisting of ZnO nanoparticles (NPs) grown directly on graphene sheets
by electrospraying was fabricated for use as an electrode material in supercapacitors. The optimal
concentrations of graphene and ZnO NPs were determined from the capacitive characteristics of the
composite. Scanning electron microscopy confirmed that the ZnO NPs grew in a uniformly distributed
manner on the graphene sheets and that they exhibited negligible agglomeration. Further, X-ray
diffraction analysis confirmed that ZnO growth was preferentially oriented along (100) plane in the ZnO/
graphene composite. A symmetric supercapacitor fabricated using this composite exhibited an energy
density of 67mWh$cm�3 and power density of 6000mW$cm�3. The composite also showed good long-
term cycling performance, retaining 90% of its capacitance after 1000 galvanostatic charge/discharge
cycles.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Increase in the demand for renewable energy resources as well
as devices for storing the generated energy have propelled the
development of energy conversion and storage devices such as
batteries, fuel cells, and supercapacitors (SCs) [1e3] SCs, also
known as electrochemical supercapacitors, are being explored as
alternatives to batteries owing to their high charge/discharge rate,
high power density, and long cycling lifetime and are expected to
find use in awide range of applications [4e6]. Based on their charge
storage mechanism, SCs can be categorized as electrical double-
layer capacitors (EDLCs) and pseudocapacitors. EDLCs, such as
those fabricated using carbon-based materials, store charge
through electrostatic adsorption at the electrode/electrolyte inter-
face. On the other hand, pseudocapacitors store charge through fast
reversible faradaic (redox) reactions that occur in the electrode
material and involve the transport of charge across a double layer,
in a manner similar to that seen in batteries [7e9]. Transition metal
oxides/hydroxides and conducting polymers are known to show
pseudocapacitance.

Inorganic oxide materials such as SnO2 [10], MnO2 [11,12], RuO2
[13], NiO [14], and ZnO [15e17] have received significant attention
as materials for forming SC electrodes as they undergo fast and
reversible redox reactions [18]. Nanostructures of these materials
show improved performance due to their higher surface-to-volume
ratio and a shorter ion diffusion path length. In addition, they allow
for the control of electron and ion transport, resulting in a greater
number of electrochemically active sites for charge transfer. ZnO
nanoparticles (NPs) are particularly attractive for use as an elec-
trode material in SCs because of their high electrochemical activity,
nontoxicity, ease of synthesis, low cost, and desirable morpholog-
ical features [19,20]. However, a major challenge with using ZnO is
its capacity decay with long-term cycling owing to its poor elec-
tronic conductivity as well as the agglomeration of ZnO NPs.

A straightforward strategy for overcoming the above-
mentioned inadequacies of ZnO NPs is to fabricate composites of
the NPs with carbon-based materials such as carbon nanotubes
(CNTs; 1D) and graphene, to improve the conductivity of ZnO and
reduce the agglomeration of the ZnO NPs. Furthermore, graphene,
which consists of 2D carbon monolayers, is highly suited for use in
SCs. Few-layered graphene contains a large number of ion
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Table 1
Precursor composition.

Case Graphene (wt%)

ZG -1 0.06
ZG -2 0.13
ZG -3 0.18

Bold indicates the best case of this work.
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adsorption sites owing to its high surface area [21,22]. However,
graphene does not exhibit a high capacitance when used alone in
SCs, as the van derWaals interactions result in the restacking of the
graphene sheets, and hence a decrease in the capacitance [23,24].
Creating a composite of graphene and NPs of a material such as ZnO
can prevent the restacking of the graphene sheets while simulta-
neously increasing the conductivity of the ZnO NPs. Attractive in-
teractions between the graphene sheets and ZnO NPs can be
controlled to produce a uniform dispersion of the NPs over the
graphene surface, resulting in a composite that has a controlled
morphology and exhibits reduced particle agglomeration. Through
these synergistic effects, ZnO/graphene composites are expected to
show improved electrochemical properties in SCs.

Several methods have been proposed for synthesizing ZnO/
graphene composites, such as the solvothermal method [25], spray
pyrolysis [26] and microwave-assisted synthesis [27], among
others. However, these methods are multistep processes in which
particles of the synthesized composite must be purified by centri-
fugation (or another method) to remove the byproducts formed
during the synthesis reaction. The electrodes are then prepared by
coating a paste of a conducting agent, a binder, and the active
material on the collector substrate. The binders used for preparing
the electrode remains as a residual impurity and may adversely
affect the electrochemical properties of the active material. Arvinda
et al. [20] fabricated a ZnO/CNT-based binder-free SC electrode by
vacuum-based DC magnetron sputtering, which is a relatively
expensive technique. Further, most methods for forming ZnO
nanostructures are complex or require the use of high vacuum.
Thus, a facile and low-cost process for preparing ZnO/carbon
composites that show improved electrode performance could be of
significant value.

The sol-gel method [28], electrodeposition [29], chemical bath
deposition [30], and electrospraying [31] are all low-cost non-
vacuum-based techniques. Of these, electrospray deposition (ESD)
is one of the most economical ones and is used widely for pro-
ducing a range of devices such as solar cells, water splitting devices,
and gas sensors, to name a few [31,32]. During ESD, a high potential
is maintained at the nozzle dispensing the liquid over the grounded
substrate, resulting in the elongation of the meniscus and the for-
mation of a cone jet. Very fine monodisperse droplets ranging from
a few micrometers to a few nanometers in size can be produced,
resulting in a uniform coating. The size of the droplets can be
controlled readily by altering the voltage applied at the capillary
nozzle and the flow rate of the liquid. In addition, ESD can be
performed under ambient conditions. Typically, the deposition ef-
ficiency is high and the material consumption rate is low, because
the droplets accelerated towards the grounded substrate where
nearly all of them are collected.

In this study, we employed ESD onto a nickel foil to create a thin
film composite consisting of binder-free ZnO NPs decorated on
graphene. When these composite electrodes were used in SCs, the
ZnO NPs anchored on the graphene sheets increased the number of
electrochemically active sites while also forming a 3D conducting
network for electron transfer during the charge/discharge process.
The cyclic voltammograms (CVs) and galvanostatic charge/
discharge curves of the composite were measured using a three-
electrode cell and a symmetric cell, respectively, in the presence
of a neutral aqueous electrolyte (1M Na2SO4).

2. Materials and methods

2.1. Synthesis of ZnO/graphene composite by ESD

The precursor solutions for the ZnO/graphene composite were
prepared using zinc acetate dihydrate (ZnAc, Zn (CH3COO)2$2H2O,
Oriental Chemical Industries) and graphene (N002-PDR, Angstron
Materials) as the source materials. The concentration of ZnAc was
fixed at 75mM while that of graphene was varied to produce
weight ratios of 0.06, 0.13, and 0.18wt% with respect to the total
solution mass, as listed in Table 1. The samples formed using the
different graphene concentrations are labeled as ZG-1, ZG-2, and
ZG-3, respectively. During a typical synthesis process, a suitable
amount of graphene was dispersed in ethanol to form a homoge-
neous dispersion. Further, ZnAc (75mM) was dissolved in propyl-
ene glycol (PG, C3H8O2, Reagents Duksan) by stirring at room
temperature. Next, the graphene dispersionwas added to the ZnAc-
PG solution and the mixture was subjected to ultrasonication for
90min, so that the ZnAc solution was coated uniformly over the
exfoliated graphene sheets. Then, a potassium hydroxide (KOH,
0.25M, Sigma-Aldrich) solution was added to this mixture in a
dropwise manner. The dispersion was then subjected to ultra-
sonication for another 20min. This resulted in the growth of ZnO
NPs on the graphene sheets. In addition, a ZnO NP dispersion free of
graphene was also formed using a PG/ethanol solution. This
graphene-free ZnO NP dispersion as well as the different ZnO NP/
graphene dispersions were used for ESD on nickel foil.

Fig. 1a and b shows the procedure for preparing the precursor
solutions as well as a schematic of the ESD setup, which consisted
of a syringe, a nozzle, a grounded collector, and a high-voltage
supply. The pristine ZnO NP dispersion and the ZnO NP/graphene
dispersions were electrosprayed on pieces of pre-cleaned nickel foil
heated to 90 �C. The voltage applied to the nozzle was 11 kV, and
the distance between the substrate and the nozzle was 6 cm. The
fabricated samples were heated to 300 �C in argon at a heating rate
of 3�/min then annealed at that temperature for 30min. Fig. 1 (c)
shows the surface morphologies of the electrosprayed films formed
using the pure ZnO NP dispersion and using the ZnO NP/graphene
dispersions.

The synthesized electrodes were characterized using a range of
techniques to evaluate the properties of the composite material. X-
ray diffraction (XRD) analysis (D/max-2500, Rigaku, Japan) was
used to study the crystal structures of the samples. A Raman
spectrometer (NRS-3100, Jasco) was used to analyze the structural
changes in the samples. The samples were imaged using field-
emission scanning electron microscopy (FE-SEM, S-5000, Hitachi,
Ltd.) and transmission electron microscopy (TEM, JEM 2100 F, JEOL
Inc.). X-ray photoelectron spectroscopy (XPS, Theta Probe Base
System, Thermo Fisher Scientific Co.) was performed to determine
the chemical states of the constituent elements of the composite
samples.

2.2. Electrochemical measurements

Electrochemical measurements including cyclic voltammetry
and electrochemical impedance spectroscopy (EIS) were performed
with a potentiostat (VersaSTAT-3, Princeton Applied Research,
USA). The ZnO/graphene composite electrodes were tested using a
three-electrode cell consisting of a Ag/AgCl reference electrode,
platinum counter electrode, and the ZnO/graphene composite as
the working electrode. AC impedance measurements were per-
formed for frequencies of 0.1e105 Hz. Symmetric coin cells



Fig. 1. ZnO/graphene composite: (a) precursor solution preparation, (b) schematic of electrospraying setup used for deposition, and (c) morphologies of a pure ZnO NP film and a
ZnO NP/graphene composite film (ZG).
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(CR2032) were used for the galvanostatic charge/discharge mea-
surements, which were performed with a WBCS3000 battery
testing system (WonATech, Seoul, South Korea). The coin cells were
prepared using two ZnO/graphene electrodes (14mm in diameter),
which were electrically isolated using a polymer separator (Celgard
3501, Celgard, Chungbuk, South Korea). All the electrochemical
measurements were carried out in a 1M Na2SO4 solution as the
electrolyte.
Fig. 2. X-ray diffraction patterns of graphene, ZnO NPs, and ZnO/graphene composite
sample ZG-2.
3. Results and discussion

3.1. Structural analysis

Fig. 2 shows the XRD patterns of graphene, the pristine ZnO NPs,
and the ZnO/graphene composite (ZG-2). The pristine graphene
(bulk) shows a broad peak between 20 and 30� with hump at 24.5�.
This peak slightly shifted to higher diffraction angle in the com-
posite film, as marked by ‘A’. Peaks observed at 2q values of 31.78,
34.40, 36.26, 47.58, 56.65, 62.89, 67.7, 68.9 and 76.9� correspond to
the (100), (002), (101), (102), (110), (103), (112), (201) and (202)
planes, respectively, in the hexagonal wurtzite structure of ZnO
(JCPDS Card No. 80e0075). A few minor peaks attributable to
Zn(OH)2 (JCPDS Card No. 38e0356) are also observed, as marked
with solid circle (C). The presence of this impurity phase may be
due to low post treatment temperature. Further, the crystallite size
of the NPs was estimated using the Debye-Scherrer equation (Eq.
(1)) and the XRD data:

D ¼ 0:9l=b$cos q (1)

where D is the crystallite size, l is the wavelength of the X-rays, b is
the full width at half maximum, and q is the diffraction angle.

The average crystallite sizes for the pristine ZnO NPs and those
in the composite were found to be approximately 18 and 14 nm,
respectively. The XRD pattern of ZG-2 shows lower-intensity and
slightly broadened ZnO peaks compared to the pure ZnO sample,
reflecting the decrease in crystallite size of ZnO NPs in the presence
of graphene. Furthermore, to test for preferential orientation of the
ZnO NPs, the textural coefficient (TC) of ZnO NP and ZG-2 was
calculated (see Table S1), as shown in supporting information, for
diffraction planes of (100), (002) and (101). The resulting TC indi-
cated that the film of ZnO NPs have (002) as a preferred orientation.
However, for ZG-2, (100) orientation was slightly preferred. This is
consistent with qualitative observations of the relative intensities
of the three peaks in Fig. 2. This change in preferred orientation
illustrates the strong interaction between the graphene sheets and
ZnO NPs, which is expected to improve their performance in SCs.

The Raman spectra of graphene, the ZnO NPs, and the ZnO/
graphene composite samples containing graphene at different
concentrations are shown in Fig. 3. Wurtzite ZnO exhibits Raman
active phonon modes E2 (low and high frequencies), A1 (transverse
optic (TO) and longitudinal optic (LO)), and E1 (TO and LO). These
modes were observed in the ZnO NP film and all the composites, as
shown in Fig. 3a. Nonpolar phonon modes with symmetry, such as
the E2 mode, have two frequencies; E2-high is associated with the
vibrations of O2 atoms, while E2-low is associated with the vibra-
tions of the Zn sublattice [33]. The peaks observed at 430, 538, and
1078 cm�1 correspond to the non-polar optical phonon E2 (high), E1



Fig. 3. Raman spectra of various ZnO/graphene composites showing (a) phonon modes of ZnO and (b) D and G bands of graphene.
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(LO), and A1 (LO) modes of wurtzite ZnO. The longitudinal optical
phononmodes E1 (LO) and A1 symmetry (A1 (LO)) are related to the
non-stoichiometric defects present in ZnO.

Raman scattering is also usedwidely for analyzing graphene and
its defects. The presence of defects in the graphene part of the
composite samples was confirmed by an analysis of the D and G
bands, as shown in Fig. 3b. Pure graphene exhibits two sharp peaks,
at ~1343 cm�1 and ~1597 cm�1, respectively; these correspond to
Table 2
Raman peaks and their intensity ratio for various composites.

Case D peak [cm�1] G peak [cm�1] ID/IG

ZG -1 1346 1588 1.17
ZG -2 1342 1590 1.30
ZG -3 1343 1584 1.39
Graphene 1347 1597 1.61

Bold indicates the best case of this work.

Fig. 4. SEM images of ZnO NPs an
the D and G bands, respectively, of graphene. The D band at
approximately 1343 cm�1 corresponds to disordered carbon, while
the G band at 1596 cm�1 is related to the phonon vibrations of sp2-
hybridized carbon. The ID/IG ratio is a measure of the concentration
of defects in graphene [34]. The changes in the positions of the D
and G bands and the ID/IG ratio are presented in Table 2. The in-
crease in the ID/IG ratio from 1.17 for ZG-1 to 1.39 for ZG-3 indicates
that the number of defects increased with an increase in the gra-
phene concentration. The trend toward increasing defect concen-
tration with higher graphene content is consistent with
observations for pure graphene with ID/IG ratio of 1.61.
3.2. Morphological analysis

The morphologies of the pristine ZnO NPs and the ZnO/gra-
phene composites were evaluated using SEM as presented in Fig. 4.
The SEM images were also processed using MATLAB to enhance
d ZnO/graphene composites.
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their contrast by converting the grayscale range into a colormap
(see supporting information Fig. S1). Figure 4a shows that large ZnO
NPs were deposited over the nickel foil and that they aggregated
and coalesced. The large size of the coalesced NPs is even more
evident in the lower resolution image in Fig. S2. The agglomeration
phenomenon may be attributable to the strong intermolecular
forces between the NPs in the absence of carbon or a surfactant,
which allowed them to increase in size and combine with the other
growing particles through physical or chemical adsorption. How-
ever, the agglomeration of the ZnO NPs was restricted to a certain
degree in ZnO/G composites because of the following three factors:
a) the uniform coating of the ZnAc solution over graphene resulted
in a controlled reaction with KOH, leading to heterogeneous
nucleation of a high density of NPs on the graphene support; b) the
growth of the ZnO particles was primarily along the (100) plane, as
confirmed by XRD analysis (Fig. 2), because graphene and ZnO have
similar hexagonal structures; and c) owing to the exfoliation of
graphene and its use in the appropriate concentration, the ZnO NPs
were well distributed on the surfaces of the graphene sheets, as
confirmed by the SEM images of ZG-1, ZG-2, and ZG-3 in Fig. 4. The
growth of the ZnO NPs on graphene can be explained as follows.
The Zn2þ ions are adsorbed onto graphene via electrostatic
Fig. 5. (a) TEM image, (b) SAED pattern, (c) HRTEM image, and (d) ele
interactions. The graphene sheets act as nucleation centers for the
Zn ions, leading to the formation of a seed layer a few nanometers
in size; these seeds grow further into spherical ZnO NPs. In the SEM
image of ZG-1 (Fig. 4), one can see that the graphene sheets are
exfoliated. This restricted the number of NPs that could grow, as the
concentration of graphene was low. However, the presence of a
lower amount of graphene in ZG-1 meant that the relative con-
centration of ZnAc was higher than those in the cases of ZG-2 and
ZG-3. Therefore, the size of the ZnO NPs was larger in many loca-
tions (i.e., at the bright spots and regions, which are mostly
observed at the edges of the graphene sheets). In contrast, in the
case of ZG-3 (see Fig. 4), although the degree of agglomeration was
lower (fewer bright spots), the graphene sheets were more crum-
pled than the exfoliated ones. Thus, the total number of electro-
chemically active sites for ion adsorptionwas lower as compared to
the number of sites for the redox reactions responsible for the
pseudocapacitance. In the case of ZG-2, an appropriate number of
ZnO NPs were decorated on the graphene sheets, resulting in the
formation of a suitable path for ion transport and hence an
improvement in electrochemical activity.

Fig. 5a shows a TEM image of the ZnO/graphene composite ZG-
2. It shows that the ZnO NPs are uniformly decorated on the
mental maps of Zn, O, and C for ZnO/graphene composite (ZG-2).
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graphene sheets, as also indicated by the SEM images. Fig. 5b shows
the selected area electron diffraction (SAED) pattern of the com-
posite. The diffraction ring pattern confirms the crystallinity of the
NPs, and the rings can be indexed to the (100), (002), (101), (102),
and (110) planes of wurtzite ZnO. Fig. 5c shows a high-resolution
TEM (HRTEM) image of the surface region of the ZnO-loaded gra-
phene composite. The lattice fringes in the HRTEM image corre-
spond to the (100) plane of hexagonal ZnO and have a spacing of
0.28 nm. It also shows regions where the (002) and (101) planes of
ZnO are visible, with spacing of 0.26 and 0.24 nm, as expected from
the SAED and XRD analysis. Elemental maps for Zn, C, and O shown
in Fig. 5d further confirm that the ZnO NPs were distributed ho-
mogeneously on the graphene sheets.

3.3. XPS analysis

The chemical states of the constituent elements present in the
ZnO/graphene composite were examined by XPS. Fig. 6a shows the
XPS survey spectrum of the ZnO/graphene composite (ZG-2). The
spectrum exhibits peaks characteristic of Zn, O, and C. The high
resolution core level XPS spectra for Zn, O, and C are shown in
Fig. 6bed. The two peaks observed at binding energies of 1022 and
1045 eV in the core level Zn2p spectrum correspond to the 2p3/2
and 2p1/2 orbitals, respectively. The spin-orbit splitting of 23 eV
between the peaks corresponds to the Zn2þ state. Moreover, the
absence of a peak at 1021.5 eV confirmed that Zn was present only
in the oxidized state. No peaks related to metallic Znwere observed
[35]. The O1s peak of the ZnO/graphene composite could be
deconvoluted into three peaks, which appear at 530.0, 531.2, and
532.2 eV. The peak at the lower binding energy (530 eV) corre-
sponds to O atoms in the wurtzite structure of hexagonal ZnO. The
second peak, which appears at 531.2 eV, can be assigned to the Ox�

ions (O�and O2�ions) in oxygen-deficient regions within the ZnO
Fig. 6. (a) XPS survey spectrum of ZnO/graphene composite ZG-2. Co
matrix. Finally, the third peak, which appears at a binding energy at
532.2 eV, represents adsorbed oxygen or OH�. These results sup-
port the conclusion that ZnO NPs were formed in a uniformmanner
on the surfaces of the graphene sheets. The core level C1s spectrum
of the ZnO/graphene composite is shown in Fig. 6d. The deconvo-
luted spectrum of the composite exhibits three distinct peaks,
which are located at 284.5 (CeC bonds), 285.5 (CeO bonds), and
289.4 eV (OeC]O bonds). The intensity of the peaks corresponding
to the oxygen functional groups is lower than that for the peak
related to the CeC bond, implying that the concentration of defects
in graphene due to oxidation is negligible [36].

3.4. Electrochemical measurements

Fig. 7 shows the CV curves of the ZnO/graphene composite
electrodes over a potential range from �0.6 to 0.3 V. Their elec-
trochemical performance was characterized at scan rates of
10e300mV s�1. As stated above, the number of ZnO NPs formed
increased with increasing graphene concentration. The variations
in the intensities of the D and G bands in the Raman spectra (Fig. 3)
as well as the surface morphologies of the composite samples as
observed by SEM (Fig. 4) confirmed the formation of a larger
number of ZnO NPs for a higher graphene concentration. This
phenomenon was attributable to the large surface area of the
exfoliated graphene sheets providing more hosting sites for the
growth of the ZnO NPs. Therefore, we expected that the ZnO/gra-
phene electrodes would show better electrochemical performance
owing to the following factors: a) their improved conductivity and
EDL capacitance (attributable to graphene) and b) their higher
redox reactivity (attributable to the formation of a large number of
ZnO NPs), which would result in an increase in their
pseudocapacitance.

The CVs for all the ZnO/graphene composites were quasi-
re level (b) Zn2p, (c) C1s, and (d) O1s spectra of the composite.



Fig. 7. CV curves of ZnO/graphene composite electrodes at different scan rates: (a) ZG-1, (b) ZG-2, and (c) ZG-3 for scan rates of 10e300mV s�1 and (d) combined plot for all three
electrodes at scan rate of 300mV s�1.
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rectangular. However, in the cases of ZG-2 and ZG-3, redox peaks
were observed at approximately�0.15 and�0.28 V, respectively, in
the cathodic section. On the other hand, the corresponding anodic
redox peaks were present at�0.05 and�0.15 V in the cases of ZG-2
and ZG-3, respectively. These redox peaks were related to the direct
adhesion of the colloidal NPs on the Ni foil. Furthermore, several
reports have suggested that the pseudocapacitive redox peaks of
ZnO are suppressed because of their superposition with those
related to the EDL capacitance of graphene. Fig. 7aec shows that
the electrodes exhibited capacitive characteristics over the inves-
tigated potential range, both at low scan rates (10mV s�1) and very
high scan rates (300mV s�1). In addition, the CVs of the electrodes
obtained at the different scan rate were similar, indicating that the
electrodes underwent reversible redox reactions. Further, with an
increase in the scan rate, the integrated area under the CV increased
owing to an increase in the electrochemical response in terms of
the current output [37]. This behavior can be explained as follows:
the electrolytic ions diffuse deep within the electrode material,
with partial trapping occurring at low scan rates. On the other hand,
at higher scan rates, the potential difference between the anodic
and cathodic peaks increases owing to the polarization of the
electrode [38]. For comparison, the CV curve of pure Ni, graphene
and ZnO NP on Ni foil are shown in Fig. S3.

The synergistic effect of the ZnO NPs and graphene is likely the
primary cause for the observed enhancement in the electro-
chemical properties. However, when the ratio of ZnAc to graphene
was varied from the optimal one, which was 0.75:0.13 (i.e., that
corresponding to ZG-2), to 0.75:0.06 (ZG-1) or 0.75:0.18 (ZG-3), the
corresponding composites showed inferior electrochemical per-
formance. In the case of ZG-1, while the graphene sheets were
exfoliated, the number of ZnO NPs formed was low, as shown in
Fig. 4. On the other hand, in the case of ZG-3, the number of ZnO
NPs formed was high but the graphene sheets were not exfoliated
to the desired degree (see Fig. 4) owing to the higher concentration
of graphene. As explained above, based on the morphological
analysis, at a lower graphene concentration (ZG-1), the formation
of fewer ZnO NPs on the graphene sheets led to their restacking in
the presence of the electrolyte during the electrochemical tests.
Thus, owing to the restacking of the graphene sheets, the ZG-1-
based electrode had fewer accessible electrochemically active
sites. On the other hand, in the case of the composite with a higher
graphene concentration (ZG-3), the graphene sheets were not
adequately exfoliated, but were crumpled, and the ZnO NPs
agglomerated in several places, as confirmed by the SEM images.
Thus, the presence of a greater number of ZnO NPs and crumpled
graphene limited ion/electron transport in the corresponding
electrode, leading to relatively poorer electrochemical perfor-
mance. For these reasons, ZG-2 showed superior electrochemical
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performance as compared to ZG-1 and ZG-3, as shown in Fig. 7d.
The areal capacitance estimated from CV curves, presented in
Fig. S4, clearly shows the higher capacitance of ZG-2. Thus, the
performance of ZG-2 can be attributed to optimal ZnO NP growth
on well-exfoliated graphene sheets, owing to which enough elec-
trochemically active sites were present for ion diffusion as well as
for efficient ion and charge transfer during the electrochemical
redox reaction. The reversible redox reaction between the ZnO NPs
and the electrolyte (1M Na2SO4), which leads to pseudocapaci-
tance, can be described as follows:

ZnOþ Naþþe�4ZnONa (2)

Fig. 8 a-c show the galvanostatic charge/discharge curves of the
ZG-1, ZG-2, and ZG-3 electrodes at current densities of 1e4mA$cm-

2 for a potential difference between the electrodes in a symmetric
cell of 0e0.9 V. For all the current densities, the curves are trian-
gular and almost symmetrical, with no clear voltage drop being
observed for any of the electrodes. This indicates that all the elec-
trodes underwent a capacitive faradaic redox reaction at the elec-
trode/electrolyte interface. The figures also show that the charging
and discharging time of ZG-2 is higher than those of ZG-1, and ZG-
3, indicating that ZG-2 had a higher capacitance. The capacitances
of ZG-1, ZG-2, and ZG-3 as obtained from their charge/discharge
Fig. 8. Galvanostatic charge/discharge curves of (a) ZG-1, (b) ZG-2, and (c) ZG
curves at the different current densities are presented in Fig. 8d.
The capacitance was calculated using the following equation:

Ca ¼ I$Dt
DV$A

(3)

where I, Dt, DV, and A are the discharge current (A), discharge time
(s), discharge voltage (V), and total area (cm2), respectively. To
highlight the superior electrochemical performance of the com-
posite electrodes fabricated in this study, their areal capacitances
were compared with those of similar electrodes reported previ-
ously (see Table 3). This comparison clearly shows that the areal
capacitances of the electrodes fabricated in this study are higher
than those of the other ZnO-based SC electrodes.

Further, we investigated the long-term cycling performance of
the ZG-2 electrode through galvanostatic charge/discharge mea-
surements performed at a current density 1.5mA$cm-2 for 1000
cycles, as shown in Fig. 9a. The inset of Fig. 9a shows the charge/
discharge curves corresponding to the first and last three cycles.
The galvanostatic curves remain almost unchanged even after 1000
cycles, confirming the stability of the electrode. The retention rate
of the electrode was approximately 90% after 1000 cycles of
charging/discharging at 1.5mA$cm-2. Fig. 9b shows the perfor-
mance of the ZG-2 electrode in the form of a Ragone plot (energy
-3 and (d) their areal specific capacitances at different current densities.



Table 3
Comparison of specific capacitance of composite electrode fabricated in this study and those of other electrode materials reported previously (aPVA/LiCl gel, bNa2SO4,c PMMA-
PCeLiClO4 gel, and dNaNO3) (R3-6).

Materials Capacitance [mF$cm�2] Current density [mA$cm�2] Potential window [V] Electrolyte Ref.

ZnO@amorphous ZnO-doped MnO2 138 1 0e0.8 a [3]
ZnO Nanorod 31.3 0.02 �0.2e0.6 e [6]
ZnO Nanowire 49 1 0e0.5 0.5M b [8]
Graphene/ZnO 2.6 0.2 0e1.6 c [9]
ZnO/MnO 1.8 2mV s�1 �0.4e1.2 0.1M b [15]
ZnO/PPy 2 10mV s�1 �0.25e0.75 0.5M d [16]
ZnO Nanorods 29.4 5mV s�1 �1e0 1M b [17]
ZnO NPs/Graphene 89 1 0e0.9 1M b Present

Bold indicates the best case of this work.

Fig. 9. (a) Capacitance retention vs. number of cycles and (b) Ragone plot of ZG-2 in comparison to previously-reported ZnO-based electrodes.

Fig. 10. Nyquist plots of ZnO/graphene composite samples: (a) ZG-1, (b) ZG-2, and (c)
ZG-3.
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density vs. power density); the values for similar electrodes re-
ported previously are also shown for comparison [3,39e41]. The
ZG-2 electrode exhibited energy and power densities of
67mWh$cm�3 and 6000mW$cm-2, respectively, at a low current
density (1mA$cm-2). At 4mA$cm�2, ZG-2 showed energy and po-
wer densities of 53mWh$cm�3 and 24000 mA$cm-2, respectively.
The energy and power densities were calculated using the
following equations [41].

E ¼ 1
2
$Cs$DV2

h
mW$h$cm�3

i
(4)

P ¼ E
Dt

h
mW$cm�3

i
(5)

where E is the energy density, Cs is the specific capacitance, DV is
the potential window, Dt is the discharge time, and P is the power
density.

The high energy density of the electrode at a low current density
can be attributed to the enhanced pseudocapacitance of the elec-
trode because of efficient electrolyte ion diffusion in the active
material during the faradaic redox reaction. In addition, at a higher
current density, the composite electrode showed better power-
handling performance (see Fig. 9b).

To study charge transport and ionic diffusion at the electrode/
electrolyte interface in greater depth, EIS was performed on all
three ZnO/graphene composite electrodes. Fig. 10 shows the
Nyquist plots for the different ZnO/graphene composite samples.
The plots for ZG-2 and ZG-3 exhibit a semicircle in the high-
frequency region and a straight line in the low-frequency region.
On the other hand, ZG-1 does not exhibit a complete semicircular
arc, probably owing to its lower graphene concentration; this
probably resulted in fewer electrochemically active sites being
present. However, for all three cases, a straight line can be seen in
the mid-to-low frequency region, confirming that the diffusion of
ions from the electrolyte to the electrode occurred readily. This



Table 4
Parameters calculated from Nyquist plot.

Sample ZG-1 ZG-2 ZG-3

Rs (U) 6.8 4.3 8.6
C (F) 9.5� 10�5 3.4� 10�5 2� 10�5

Rct (U) 48 48.5 29
CPE 6.5� 10�4 1.2� 10�4 6.8� 10�4
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straight line in the mid-to-low frequency regime in the real
impedance versus imaginary impedance curve represents the
Warburg impedance. Further, the semicircle observed in the low
real-impedance region indicated that the solution resistance (Rs)
was low and that efficient charge transfer occurred during the
electrochemical reaction. The intercept of the semicircle on the x-
axis indicates the bulk solution impedance or the solution resis-
tance. Further, the charge transfer resistance (Rct) arising at the
electrode/electrolyte interface can be calculated by measuring the
diameter of the semicircle at the x-axis. That the diameter was
small in all the cases indicated that the ZnO NPs were well bonded
to the graphene sheets, allowing efficient charge transfer between
ZnO and graphene.

The parameters calculated by fitting the above-described
Nyquist plots (Fig. 10) are listed in Table 4. The lower series resis-
tance between the electrode and the electrolyte in the case of ZG-2
contributed significantly to its improved capacitance. The CPE is the
constant phase element and is related to the capacitance at the
electrode/electrolyte interface. The value of Rct for ZG-3 was lower
than that for the other composites, owing to the higher graphene
concentration of the former. However, the morphological struc-
tures of the various composite samples, shown in Fig. 4d, suggest
that the ZnO NPs in ZG-3 underwent agglomeration, which
inhibited the diffusion of electrolyte ions, and that the graphene
surface area was reduced, owing to the inadequate exfoliation of
the graphene sheets. The latter phenomenonmay be attributable to
the use of low amounts of PG and ethanol. The above-stated factors
explain why ZG-3 exhibited relatively poorer electrochemical per-
formance, as can be observed from Figs. 7d and 8d.

4. Conclusions

A non-vacuum-based ESD technique was employed for the first
time in the synthesis of a binder-free ZnO/graphene composite for
use as an electrode material in SCs. In contrast to other methods for
producing such composites, the proposed method does not involve
multiple steps for electrode preparation. The optimized ZnO/gra-
phene composite electrode, ZG-2, exhibited a typical pseudo-
rectangular CV. This was indicative of its good capacitive perfor-
mance, with the electrode showing a specific capacitance of
89mF$cm�2 at a current density of 1mA$cm�2. Moreover, a sym-
metric cell based on this composite electrode showed volumetric
energy and power densities of 67mWh$cm�3 and 6000mW$cm�3,
respectively, at 1mA$cm�2. Further, after being charged/discharged
for 1000 cycles, the symmetric cell retained 90% of its original
capacitance. This confirmed that the electrode was highly electro-
chemically stable. The superior electrochemical performance of the
electrode can be attributed to the uniform distribution of the ZnO
NPs on the graphene sheets, which hindered the agglomeration of
the NPs and prevented the restacking of the graphene sheets.
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