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a  b  s  t  r a  c t

Copper  oxide  (CuO)  nanoparticles  have  been synthesized  through  a sonochemical  assisted  precipita-

tion followed  by  thermal  treatment. As prepared  CuO nanoparticles  have  been  anchored  on surface  of

graphene  oxide  (GO)  nanosheets  through  a  simple  electrostatic coprecipitation.  Prepared  samples  have

been characterized  using X-ray  diffraction  (XRD),  Fourier transform  infrared  (FTIR),  Raman  spectroscopy,

X-ray  photoelectron  spectroscopy  (XPS),  and energy  dispersive  X-ray  analysis  (EDX). Morphology of  the

samples  has  been  characterized by  field-emission  scanning electron  microscopy  (FESEM)  and  transmis-

sion  electron  microscopy  (TEM). Symmetric  supercapacitors  have been  assembled in real two-electrode

configurations.  Different  symmetric  configurations including CuO,  GO,  layer-by-layer coated CuO on GO

network (GO/CuO), and composite  (COMP) electrodes  have been  prepared.  Their  electrochemical  behav-

ior and  supercapacitive  performances  have been investigated  and  compared  with  each other  using various

electrochemical  methods including cyclic voltammetry, electrochemical  impedance  spectroscopy,  and

chronopotentiometric  charge/discharge  cycles.  The composite  material  shows better  electrochemical

supercapacitive  behavior  and  lower charge  transfer  resistance compared  to other  samples.  It also  shows

better  specific  capacitance (245 F  g−1) at  current  density of 0.1 A  g−1 compared  to  the  pure components

(125  F  g−1 for  CuO  and 120 F  g−1 for  GO) and  the  layer-by-layer  coated  electrodes  (155  F  g−1).  Conducting

charge/discharge  measurements  for  1000  cycles  and  in different current  densities,  it  has  been  found  that

the composite material  is  a promising  candidate for  supercapacitor  application,  in terms of cycle ability

and  rate  capability.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Depletion of fossil fuels and undesirable consequences of burn-

ing them including air  pollution and increasing greenhouse gases

are the main motivation for the great research and attempts done

in  recent years toward development of alternative energy stor-

age/conversion devices. Among different types of energy storage

systems and devices, pseudocapacitors have attracted more atten-

tion due to their higher power densities and longer cycle life  than

that of secondary batteries and greater energy densities than that

of physical dielectric capacitors [1].  Combination of non-Faradaic

electrostatic charge storage originated from ion adsorption at the

electrode/electrolyte interface (electrical double-layer capacitance,
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EDLC) and Faradaic redox reactions in pseudocapacitors, is  the main

reason behind their high capacitance [2].

High electrical conductivity, fast cation diffusion process and

high specific surface area are the main factors for pseudocapaci-

tors to achieve high energy and high power densities. Ruthenium

oxides have been previously demonstrated to  show excellent pseu-

docapacitive behavior with a high specific capacitance of 1300 F g−1

[3].  However, the high cost limits their application and many

researchers have tried to introduce some alternates with reason-

able features. MnO2 [4],  NiO [5],  Co3O4 [6], and VOx [7] were later

considered and extensively studied as supercapacitor materials.

Among these metal oxides, CuO can be promising candidate due

to  low cost, abundant resources, non-toxicity, and easy prepara-

tion in various shapes of nanosized dimensions. It  has been widely

investigated as electrode material for rechargeable Li-ion batter-

ies [8–11] and showed high Li-ion storage capacities, suggesting

that it can attain high charge storage capacity through a redox

reaction. However, a  few works have investigated the CuO appli-

cation as pseudocapacitor electrodes [12–15],  may  be due to its
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low electrical conductivity and rapid capacity decay. These short-

comings stem mainly from destruction of CuO crystal structure

during ion insertion-extraction process. Controlled nanostructur-

ing of the material and utilizing synergistic effects in composite

materials may  help to  overcome these problems.

Recently, graphene oxide (GO) and its reduced state (rGO) have

been demonstrated to be promising candidates in supercapacitor

applications [16–18].  Graphene oxide is  one of the most crucial

derivatives of graphene which is characterized by  a  layered struc-

ture with oxygen functional groups on the basal planes and edges

[17,19]. Combining unique properties of graphene or its derivatives

with interesting properties of nanostructured materials of having

high specific surface area and fast ion diffusion process in such

structures, graphene based nanocomposites have attracted great

attention in energy conversion and storage [17,20,21].

CuO/graphene composite has been already synthesized through

in situ chemical synthesis approach [22] and extensively stud-

ied for application in Li-ion batteries [23–29],  showing improved

charge storage capacity and cycle performance. However, to the

best of our knowledge, applicability of the composite material as

pseudocapacitor electrode has not been explored. Following our

previous works on synthesis and utilization of different nanostruc-

tured materials in  various electrochemical energy storage systems

such as polyaniline batteries [30–32],  lithium and Li-ion batteries

[33,34], supercapacitors [35],  and hybrid systems [36,37],  herein,

utilization of CuO nanocomposite with graphene oxide as pseu-

docapacitive materials has been investigated. Considering the fact

that sonochemical methods have been already shown to  be very

promising in preparation of nanomaterials, CuO nanoparticles were

synthesized through a  sonochemical assisted precipitation fol-

lowed by thermal treatment [38–40].  In fact, this method benefits

from simply hybridization of the metal oxide with GO sheets

regardless of the synthesis route of the metal oxide. Then, CuO

nanoparticles were anchored on GO nanosheets via  a simple elec-

trostatic coprecipitation method. The prepared nanocomposite

materials were used to fabricate real two-electrode symmetric

cells and were evaluated as supercapacitors. The obtained results

showed that the composite material has much higher capacitance

than the individual components and also than the layer-by-layer

coated CuO on GO network. Combining the properties of both the

components in a  synergistic way, the composite showed an excel-

lent rate capability and cycle performance, compared to the other

electrodes.

2.  Experimental

2.1. Synthesis of copper oxide nanoparticles

Copper oxide nanoparticles were synthesized using a sono-

chemical assisted precipitation followed by  thermal treatment.

In a typical synthesis, 2.416 g of copper nitrate trihydrate

(Cu(NO3)2·3H2O; Merck) was dissolved in 100 mL  doubly distilled

water. Then, 100 mL  of 0.2  M NaOH solution was slightly added to

the Cu(NO3)2 solution and the mixture was subjected to  ultrasonic

radiation for 1 h.  A multiwave ultrasonic generator (Sonicator-

3000; Misonix, Inc., Farmingdale, NY, USA), equipped with a

converter/transducer and titanium oscillator (horn), 12.5 mm in

diameter, operating at 20 kHz with a maximum power output

of 600 W,  was employed for the ultrasonic irradiation. The tem-

perature of the reaction was adjusted in  60 ◦C using a  circulator

bath (Optima, Japan). The resulting dark green precipitation was

centrifuged and washed several times, and then dried in 80 ◦C

overnight. In order to obtain final dark brown product of copper

oxide nanoparticles, the obtained precipitation was  annealed in

300 ◦C for 1 h, using an electrical furnace (Paragon E10, USA).

2.2. Synthesis of graphene oxide nanosheets

GO was prepared from natural graphite by using a modified

Hummers’ method [41]. In a typical preparation, 10 g of  graphite

was added into 230 mL  of cooled sulfuric acid (placed in an ice

bath). Then, 30 g of KMnO4 and 5 g of NaNO3 were added gradually

with stirring and cooling so that the temperature of the mixture

was maintained at 10–15 ◦C. The mixture was then heated and

stirred at 35 ◦C for 30 min. The temperature was raised to 90 ◦C after

250 mL  of doubly distilled water was  slowly added. The mixture

was stirred at 90 ◦C for 30 min. To stop the oxidation reaction, an

additional 500 mL  of deionized water and 50 mL of 30%  hydrogen

peroxide solution (H2O2), were added sequentially to reduce the

excess KMnO4. The obtained sample was  filtered and washed with

100 mL  of deionized water. The filtrate was resuspended in  deion-

ized water again, and followed by ultrasonic treatment for 15  min.

The solid product was  separated by centrifugation and then dried

in  a  vacuum oven at 60 ◦C for 24 h.

2.3. Fabrication of anchored CuO  nanoparticles on GO nanosheets

CuO nanoparticles were anchored on GO sheets through an

electrostatic coprecipitation method. Typically, 10 mL  of dispersed

GO sheets in doubly distilled water (10 mg mL−1) was mixed with

10 mL of colloidal dispersion of CuO in water (15 mg mL−1)  under

ultrasonic radiation using a  Sono Swiss bath (SW3H). Mixtures with

pH adjusted between 3 and 9 were prepared and maintained for

2 h. Scheme 1 shows the procedure of electrostatic coprecipitation

accompanied by a  digital photograph of the mixtures of GO  and

CuO dispersions in different pH values. The pH of the mixtures was

adjusted using 1 M NaOH and 1 M HCl  solutions. The resulting pre-

cipitated composite was washed and centrifuged several times and

then dried in 80 ◦C overnight.

2.4. Characterization

Prepared samples were characterized using X-ray powder

diffraction (XRD, Philips X’pert diffractometer with Cu  K� radi-

ation (� =  0.154 nm)  generated at 40 kV and 30 mA  with a  step

size of 0.04◦ s−1), Fourier transform infrared (FTIR), Raman spec-

troscopy (Bruker, Germany), X-ray photoelectron spectroscopy

(XPS, VG Microtech, Twin anode, XR3E2 X-ray source, using

Al K� = 1486.6 eV), and energy dispersive X-ray (EDX) analysis. The

morphologies of the samples were characterized by field-emission

scanning electron microscopy (FESEM, Philips) and transmission

electron microscopy (TEM, Philips EM 208, the Netherlands). The

point of zero charge (PZC) was measured using acid–base titrations

explained elsewhere [42].

2.5. Electrochemical measurements

Symmetric supercapacitor cells comprised of a real two-

electrode configuration have been assembled and sealed using a

card laminating machine. The electrodes were prepared by mix-

ing active material, activated carbon, and polyvinylidene fluoride

(PVDF) (10% water-based solution from SUTECH, Iran) with a  mass

ratio of 85:10:5. A 5% solution of the mixture in  acetone was pre-

pared and sprayed on heat-treated copper foil (250 ◦C for 1 h)

and then dried in 90 ◦C for 2 h.  Synthesized CuO, GO, and COMP

samples were used as active materials to fabricate the electrodes.

For comparison, some electrodes were also fabricated by spray-

ing CuO nanoparticles on a  GO network. In  a  typical fabrication,

copper foil was  covered thoroughly by spraying synthesized GO.

After drying, the surface of this electrode was  sprayed by  CuO

nanoparticles. These electrodes denoted as GO/CuO. Two  electrodes

were cut in  a  flag-shaped, placed in front of each other and after
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Scheme 1. Schematic depiction of assembling CuO nanoparticles and graphene oxide sheets through electrostatic coprecipitation (top side), and digital photograph of

mixture  of GO and CuO dispersions in different pH (bottom side).

locating a cellulose acetate separator between them, were sealed

by laminating. One molar Na2SO4 solution was  injected to the

prepared cells as the electrolyte. Autolab PGSTAT30 was used to

measure the electrochemical properties of the samples at ambient

temperature. Solartron battery tester equipped with Cell Test soft-

ware (version 3.5.0) was used for galvanostatic charge/discharge

investigations.

3.  Results and discussion

3.1. Characterization of samples

XRD was used for investigation the structure of the synthesized

samples. Fig. 1A shows the XRD pattern of CuO sample. The XRD

pattern of the calcined sample can be well indexed as the mono-

clinic copper oxide (CuO) phase with lattice parameters of a  =  4.688,

b = 3.423, and c =  5.132 (JCPDS card, no. 48-1548). Moreover, no

characteristic peaks assigned to impurities such as Cu(OH)2 or Cu2O

were detected.

For GO sample, the peaks at about 2� =  13.1◦ and 26.4◦ (Fig. 1B)

corresponds to the (0 0 2) reflection of the stacked GO sheets with

d-spacing of 6.76 Å and 3.39 Å, respectively, far larger than that

of natural graphite (3.34 Å) which suggests the introduction of

oxygen-containing groups on GO sheets [16,43]. Fig. 1.  XRD pattern of CuO (A) and GO (B) samples.
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Fig. 2. Acid–base titration curves for the solution in the absence of oxides (S1), in

the presence of GO (S2),  and in the presence of CuO (S3); inset: XRD pattern of the

anchored GO with CuO nanoparticles (COMP).

In order to find the conditions in which the surface charges of

CuO and GO are opposite and therefore an electrostatic attraction

can be expected to induce the coprecipitation, PZC of the oxides

was measured using the potentiometric-mass-titration method,

explained elsewhere in detail [42]. In this method, the PZC is  the

pH of aqueous solution at which the sum of all the surface posi-

tive charges balances the sum of all the surface negative charges,

so the net surface charge is zero. Fig. 2 shows the titration curves

for the solutions in the absence of oxides (S1), in the presence of

GO (S2), and in the presence of CuO (S3). The S1 solution only con-

sists of 0.1 M KNO3 which then 1.0 mL  of 0.01 M  KOH was  added.

Titrating the S1 solution with 0.01 M  HNO3, the s-shaped curve

corresponding to strong acid–base titration is appeared. The pro-

cedure for the S2 and S3 solutions is the same except that  the

titrating solutions include 50 mg  of GO and CuO, respectively. Plot-

ting the curves on a  same graph, the intersection point of the curve

for S1 solution with the one for each oxide (S2 or S3) reveals its

PZC. Therefore, the obtained PZC for the GO and CuO are about 3

and 9, respectively. Considering the fact that the surface charge

of the oxide is positive at solution pH values lower than that

required for attaining the PZC and vice versa, it can be  expected

that in pHs between 3 and 9,  the surface of the GO is  negatively

charged while the one that of the CuO is  positively charged. The

electrostatic interaction governing the fabrication of anchored CuO

nanoparticles on GO nanosheets (hereafter denoted as COMP) has

been investigated by  varying the pH of the synthesis solution. As

it is depicted in Scheme 1, the pH of the mixtures of GO and

CuO dispersion solutions was adjusted between their PZCs, using

1 M NaOH and 1 M  HCl solutions. It can be  seen from the photo-

graph that in pH = 6, the two compounds were attracted to each

other upon their opposite surface charges and a  fine precipita-

tion was obtained after allowing the mixture to stand at room

temperature for 2 h.  This may  be attributed to the maximal dif-

ference of the surface charges of GO sheets and CuO nanoparticles

in pH = 6.

XRD pattern of the resultant composite of GO  and CuO was

depicted in the inset of Fig. 2.  Remarkably, all of the diffraction

peaks of this sample were perfectly indexed to the monoclinic

CuO, except the small peak at 2� =  26.4◦ which can be related to

small stacking of graphene oxide sheets. The broad, relatively weak

diffraction peak of GO in the composite material suggests lower

face-to-face stacking due to  hybridization [44,45].

Raman spectroscopy, as a  non-destructive technique, plays a

critical role in characterization of graphene materials [46] and

Fig. 3. Raman (A) and FTIR spectra (B) of CuO, GO, and their composite (COMP).

has been employed here to gain  information about structure and

defects of the GO sheets in the composite and the precursor phase.

The Raman spectra for the CuO, GO, and COMP are presented in

Fig.  3A. Two intense bands are clearly seen in both GO and COMP

samples at 1335 (D-band) and 1594 cm−1 (G-band), respectively.

The D-band is  associated with in-plane bond stretching motion of

the pairs of C sp2 atoms (the E2g phonons) and shows defects of

the sp2 domain, while the G-band is related to breathing modes of

rings or �-point phonons of A1g symmetry [47].  The ID/IG ratio has

been found to  decrease from 1.27 in the GO to 1.11 in the compos-

ite. This suggests that  the defects concentration in the GO reduced

during the synthesis process of the composite material. Therefore, it

can be expected that the COMP with lower concentration of  defect

sites is more electrically conductive [26].  The inset in Fig. 3A shows

the Raman spectrum of CuO nanoparticles. CuO belongs to the C6
2h

space group and has three Raman active optical phonons (Ag + 2Bg).

The Raman analysis of the CuO sample confirmed three well known

bands at 295, 335, and 615 cm−1, which is  in  good agreement with

previous reported work [48,49].  As  it can be seen, the three peaks

of monoclinic CuO have been also appeared in the COMP sample as

a consequence of hybridization.

In order to further characterization of the samples and under-

stand the nature of functional groups on their surface, FTIR

measurements were conducted. Fig. 3B shows FTIR spectra of  all

the samples. For  GO, the peak at 3444.5 cm−1 corresponds to  O H

stretching vibration. The vibration of carboxyl group was observed

at 1737.2 cm−1. The peak 1624.0 cm−1 is  attributed to  C C stretch-

ing vibration [19]. The adsorptions at 513.3 and 592.7 cm−1 are
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Fig. 4. Wide-scan XPS spectrum of GO sheets (A) and COMP (B). High-resolution C 1s  spectra of GO (C)  and COMP (D). O 1s  spectra of the samples (E): GO (a) and COMP (b).

High-resolution scan of Cu 2p (F).

the characteristic stretching vibrations of Cu O bond in monoclinic

CuO [15,50].  The adsorption at 3442.3 cm−1 indicates the presence

of hydroxyl group. The other adsorption peaks may  be due to  O H

bending vibrations of some constitutional water incorporated in

the  copper oxide structure. From spectrum of the composite mate-

rial, characteristic peaks of both components can be seen. As is  seen

the intensity of peaks has been reduced in composite material com-

paring the individual components. This can be attributed to the fact

that the concentration of components of composite is  lower than

the pure samples. Thus, the FTIR results confirm the anchoring of

CuO nanoparticles on the surface of GO sheets.

XPS analysis was carried out in  order to investigate the oxidation

level and chemical bonding nature in the GO and COMP. Fig. 4A and

B shows wide-scan XPS spectrum of the GO and COMP, respectively.

As is seen, C 1s and O 1s peaks have been appeared in  both  sam-

ples. The high-resolution C 1s spectra of the samples can be clearly

deconvoluted into five components corresponding to carbon atoms

in different functional groups (Fig. 4C and D): (A) non-oxygenated

C at 284.60 eV, (B) carbon in C–O at about 285.73 eV, (C) carbon of

epoxy at about 286.23 eV, (D)  carbonyl carbon at 287.36 eV, and (E)

carbon in the C C O  at 289.1 eV. These values are  in good agree-

ment with those of previous works [24,51].  Compared to that of

GO, the C 1s spectrum of the COMP shows decreased peaks cor-

responding to  oxygen-containing groups (Fig. 4D). As is  seen, the

peak associated with C OH species is  weakened, indicating that

the functional groups of GO react with the surface-adsorbed oxy-

gen of the transition metal oxide via the dehydration reaction and

the sheets and CuO particles are bonded together [51].  Also, it is

possible that some of the functional groups to  be  reduced due to

strong NaOH solution used for pH adjustment during the formation

of composite. Moreover, any remaining oxygen functional groups

may  form hydrogen-bonding with the remaining surface oxygen

groups of the CuO nanoparticles. Fig. 4E  shows O  1s spectra for GO

and COMP samples, displaying an obvious peak shift of  about 0.5 eV,

which is  due to the existence of O2− species in  the composite [52].

The high-resolution Cu 2p spectrum has been depicted in  Fig. 4F.

The Cu 2p3/2 peak lies at about 932.8 eV with a shake-up satellite at

about 9 eV higher in binding energy than that  of the main peak.
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Fig. 5. FESEM images of CuO nanoparticles in different magnifications (A: 30,000×,  B: 60,000×), TEM image of graphene oxide nanosheets (C), TEM image of COMP (anchored

CuO  nanoparticles on  the surface of GO sheets) (D), size distribution of CuO nanoparticles (E), and EDX spectrum from the surface of the COMP material (F).

The peak at 953.07 eV is  assigned to Cu 2p1/2. The gap between

these levels is about 20 eV which is  in agreement with the standard

spectrum of CuO [48].

The morphology of GO, CuO, and COMP was investigated using

TEM and FESEM. As is seen from Fig. 5A, the CuO sample is consisted

of globular shaped nanoparticles with almost uniform morphol-

ogy in such a wide scene (magnification of 30,000×).  Moving to a

close-up in Fig. 5B (magnification of 60,000×), it can be seen that

these nanoparticles are definitely separated with clear boundaries.

Further investigations, using the Measurement software, indicated

that the synthesized sample is  comprised particles with average

size  of 44.5 ± 0.52 (RSD) nm.  Size distribution of the nanoparti-

cles has been shown in Fig. 5E. The TEM image (Fig. 5C) of dried

GO  sheets showed the planar flaky forms, which seemed to be a

wrinkled thin paper. Fig. 5D shows the morphology of the COMP,

in which the edges of the GO sheet can be still observed and the

body of the sheet is appeared as a  shadowlike substrate. As is seen,

nonaggregated CuO nanoparticles were spread across the sheet

with intimate contact, which is important for improving electri-

cal conductivity. EDX analysis was employed to determine the CuO

nanoparticles on the surface of GO  nanosheets. The EDX  spectrum

of the COMP sample has been depicted in Fig.  5F.  As  is seen, C, O,

and Cu are the only elements which were detected, revealing that

the anchored particles on GO sheets are composed of Cu and O.

Based on the obtained results, the atomic weight ratio of Cu and O

is  20.38% and 34.55%, respectively.

3.2. Electrochemical properties

The capacitive performance of CuO, GO, GO/CuO, and COMP

were evaluated using CV and galvanostatic charge/discharge tech-

niques in 1 M  Na2SO4 solution. The electrochemical cells were
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Fig. 6. Digital photograph of the symmetric supercapacitor comprised of laminated

electrodes.

fabricated by laminating two electrodes as depicted in  Fig. 6. The

working cell potential range for the samples was  obtained as

0.0–0.8 V  using CV  measurements. The measured currents were

normalized with the electrode mass. Fig.  7 depicts CV profile of the

synthesized samples in different scan rates from 5 to 100 mV s−1.

Theoretically, an ideal CV curve of a  supercapacitor would be of

standard rectangular shape due to the capacitance C (C = i/m�, i is

the current, and m is the mass of active material) would keep con-

stant at a linear charging/discharging rate (�  =  dE/dt =  constant, E

is the potential window of charge/discharge, and t is  the time of

charge/discharge) [53].  Fig. 7A shows the CV curves of CuO at dif-

ferent scan rates. At lower scan rates, two pairs of redox peaks are

appeared which can be related to  the sequential transitions of Cu2+

to Cu+, and Cu. The main pseudocapacitance behavior of the sample

can be attributed to  the following quasi-reversible redox transition

of Cu2+ to Cu+ (0.46 V)  and vice versa (0.52 V), in agreement with

previous report [14].

2CuO + 2H+
+ 2e−

↔ Cu2O  +  H2O (1)

It can be seen that increasing the scan rate, the system shows more

irreversibility and also the current was delayed to  reach a  hori-

zontal value after the reversal of the potential sweep, indicating

the increasing resistance. As is seen from Fig. 7B, GO exhibited a

quasi-rectangle shape with slightly redox peaks resulting from the

reversible oxidation and reduction of functional groups on the sur-

face of GO sheets [16]. Spraying CuO nanoparticles on a network

of GO, previously sprayed on the substrate, the maximum current

density of the CVs has been increased while a combination of redox

transitions of both  systems is appeared (Fig. 7C). CV curves of the

synthesized composite of GO  and CuO are  shown in Fig. 7D, which

exhibited relatively rectangle shapes with small redox peaks with

high current densities, the typical behaviors of the combination

of EDLC of GO and pseudocapacitance from the redox reaction of

CuO. On  the basis of the CV curves, it can be concluded that cover-

ing the CuO nanoparticles on the GO network can introduce new

paths for electron transfer and therefore improve the conductivity

and capacitance behavior of the electrodes. Providing intact contact

between the thin graphene oxide sheets and the CuO nanoparti-

cles in a  molecular scale, the composite material showed higher

capacitance at a  constant scan rate than those of pure GO, CuO, and

GO/CuO samples.

The capacity and cycle performance of the prepared elec-

trodes were evaluated by chronopotentiometric measurements.

The galvanostatic charge/discharge profiles of the samples in  1 M

Na2SO4 and different current densities (0.10–2.00 A  g−1)  were

shown in Fig. 8. All the curves exhibited an almost equilateral tri-

angle shape except the CuO sample (Fig. 8A), indicating the good

efficiency of the charge/discharge process. At the same current den-

sity, the CuO electrode exhibited a  more pronounced cell potential

drop (IR drop) at the beginning of the discharge process and there-

fore the sample suffers from poor charge efficiency. The IR drop is

attributed to  the internal resistance of the electrode associated with

the electrical connection resistance, bulk solution resistance, and

resistance of ion migration in electrode materials. As it can be seen,

the cell potential drop in GO  sample is remarkably lower than CuO

(Fig.  8B); spraying the CuO nanoparticles on GO network, cell poten-

tial of the GO/CuO sample (Fig. 8C) decreases gently, compared to

the pure CuO electrode. Fig. 8D shows the charge/discharge curves

of the composite material at various current densities. It can be

seen that  this sample has the highest capacitance among all of the

examined electrodes and shows good rate capability. Better capac-

itance behavior and lower IR drop in  the GO/CuO sample may  be

attributed to  the improved electrical connection of GO with the sub-

strate and the fact that GO  can provide a conductive network for

the CuO nanoparticles in  electron transfer process. Hence, it is  not

surprising that  dispersing the CuO nanoparticles on the surface of

GO  sheets, the composite material shows higher and better capaci-

tance behavior than the sample in which CuO just macroscopically

sprayed on the surface of GO electrode.

On the basis of the charge/discharge curve, the specific capac-

itance can be calculated by using the following equation in  a

two-electrode symmetric configuration:

Csp = 4

(

i�t

M�V

)

(2)

where i in  A  is the discharge current, �t in s is the discharge time,

M in g is  the total mass of the electrodes in the cell, and �V  in

volts is the cell potential range of discharge after IR drop. The mul-

tiple 4 in  the equation originates from the fact that M is  the mass

of both electrodes and also the series-connection capacitors from

both electrodes should be considered. According to  the obtained

results, a  specific capacitance of 245 F g−1 for COMP was achieved

at the current density of 0.1  A g−1, higher than 155 F g−1 for GO/CuO

(58% improvement), 120 F g−1 for GO (104% improvement), and

125 F g−1 for CuO (96% improvement). Recent studies [17] have

shown that decorating of the metal oxides on graphene based mate-

rials can enhance the capacitive performance. These improvements

may originate from the contributions of the high electrical conduc-

tivity of graphene based materials and the pseudocapacitance of

metal oxides. In the present work, the remarkable enhancement

in  the specific capacitance of the composite material can be simi-

larly attributed to  the contributions of both components. Anchoring

of the CuO nanoparticles on the GO sheets effectively prevent the

latter agglomeration, thus facilitating ion transport in the elec-

trode material, and eventually improving the electric double-layer

capacitance. The effective charge transfer in  the electrode played

an important role in  enhancing the specific capacitance and rate

capability. For COMP sample, the intact assembly between the CuO
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Fig. 7. Cyclic voltammograms of CuO (A), GO (B), GO/CuO (C), and COMP (D) in 1 M Na2SO4 solution at different scan rates in a  two-electrode configuration.

Fig. 8. Charge–discharge curves of CuO (A), GO (B),  GO/CuO (C), and COMP (D) at different current densities in a two-electrode configuration.
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Fig. 9. Comparison of rate performance of CuO (�),  GO (�), GO/CuO (�),  and COMP

(�).

nanoparticles and the GO  sheets with improved electrical conduc-

tivity after hybridization, results in an intimate interaction of both

components, enhancing charge transfer between the two compo-

nents and leading to rapid redox reactions of the CuO nanoparticles.

The rate performance of the samples was evaluated by compar-

ing the specific capacitances at different current densities, and the

results were shown in Fig. 9. It is  interesting to note that CuO sample

performed similarly to that of GO at low current density. However,

GO performed much better with increasing current density. At the

current density of 2 A g−1,  the specific capacitance of GO (27 F g−1)

is about two times that of CuO (15 F g−1). This phenomenon can

be  attributed to  different charge storage mechanisms in  two elec-

trode materials. The charge storage in CuO was mainly based on

the Faradaic reaction of copper oxide according to a  pseudocapaci-

tive mechanism [15].  At the low current density, low concentration

polarization allows the charging process to  reach completion after a

long time. Ions in the vicinity of the electrode–electrolyte interface

would be enough, thus improving the redox transitions of copper

oxide, so leading to a  high capacitance. In the GO sample, the capac-

itance mainly originates from EDLC and therefore its capacitance

shows less dependency to the current density compared to  the CuO

sample.

It can be seen from Fig. 9 that the GO/CuO sample shows bet-

ter rate capability than pure material-based supercapacitors while

the capacitance is  decreased even more gently in COMP sample

by increasing the discharge current densities compared to  the

layer-by-layer coated CuO nanoparticles on GO network. This can

be attributed to the fact that CuO electrode shows better capac-

itive performances in low current densities while the GO sample

act much better in  high current densities due to their different

charge storage mechanisms, so it is not surprising that the situ-

ation could be  greatly enhanced by  the combination of EDLC from

GO sheets and pseudocapacitance from CuO nanoparticles. The bet-

ter rate capability of the COMP sample than the GO/CuO one may

mainly originates from the microscopically attachment of the CuO

nanoparticles on GO nanosheets as well as the synergistic effects

of the composite material. Indeed, the enhanced capacities are

obtained by the incorporation of GO and CuO nanoparticles. The

specific capacitance of COMP (110 F g−1) was more than five times

that of CuO (20 F g−1)  at the current density of 2 A g−1. The higher

capacitance retention of over 40% for the composite material was

obtained compared to that of GO/CuO (29%) and CuO (only 12%),

when the current density was increased by 20 times (from 0.1 A g−1

to 2 A g−1). The enhanced capacitances at high rate would result

from the low resistance because the synergic effect of the GO and

Fig. 10. Comparison of cycle performance of CuO (�),  GO  (�),  GO/CuO (�), and COMP

(�).

CuO  nanoparticles which provide facile ion and charge transfer in

electrode materials.

In  order to evaluate cycle performance of the samples,

charge/discharge profiles have been conducted for 1000 cycles

at the current density of 0.25 A g−1, which the results have been

depicted in Fig. 10.  As is  expected, the capacitive retention for

CuO sample was only 49% probably due to agglomeration of the

nanoparticles. Similar trend was  observed for GO and it showed

about 58% capacitive retention after 1000 cycles. It  is  interesting

to  note that spraying the CuO nanoparticles on GO  network has

remarkably increased the initial capacitance of the supercapacitors,

but the specific capacitances fall down after nearly 200 cycles to  the

values similar to that  of obtained for GO  electrodes. This may  be

due to that  the sprayed CuO nanoparticles on GO matrix have been

gradually lost its electrical connection from GO supporting material

over cycling, so that they have been mainly segregated and capaci-

tance reached to the values of individual GO. As shown in  this figure,

the capacitive retention of the composite material was about 79%

after 1000 cycles, indicating a  good cycling ability. Anchoring the

CuO nanoparticles on the surfaces of GO nanosheets resulted in

enhanced mechanical strength of the material and prevents them

from agglomeration and therefore long charge/discharge cycling

ability was obtained.

For more investigating that why  the composite electrodes

exhibit such a better electrochemical performance compared to

bare CuO, GO, and their layer by layer (GO/CuO) electrodes, AC

impedance measurements were performed. It should be noted that

the Nyquist plot of an ideal supercapacitor is comprised of a ver-

tical line, while appearing a  semicircle at high frequency region is

indicative of interfacial charge transfer resistance. Larger semicir-

cle shows poor electrical conductivity of the material. Based on the

Nyquist plots (Fig. 11), the equivalent series resistance (ESR) of CuO,

GO, GO/CuO, and COMP obtained from the intersection point of the

curves with the axis of real impedance is 5.90 �,  2.96 �,  3.37 �, and

3.03 �,  respectively. The difference in  the ESR of electrodes can be

attributed to the different conductance of electrode materials. The

low conductivity of CuO resulted in the significant charge transfer

resistance among its particles. In contrary, GO has the smallest ESR

because of its better conductivity. The ESR of GO/CuO was between

the values of the pure materials, suggesting the increased charge

transfer in  CuO nanoparticles supported by conductive GO network.

As is  seen, the ESR of the COMP material is  much lower than the

layered GO/CuO sample, and is very close to the GO, indicating good

conductivity of the material may  be due to intact contact between

the CuO nanoparticles and GO  nanosheets. The semicircle in the
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Fig. 11. Nyquist plots of CuO (�),  GO (�), GO/CuO (�), and COMP (�)  electrodes

obtained by applying a sine wave with amplitude of 5.0 mV  over the frequency

range 100 kHz–0.01 Hz.

high frequency range is  corresponded to the charge transfer resis-

tance and it can be seen from the Nyquist plots that  the one for

the composite material has the smallest diameter among all of the

other materials, revealing the reason of its lower charge transfer

resistance. Obstruction of ion movement or  increased ion diffusion

path lengths will result in  increased impedance in low frequency

range. It can be seen that the straight line of the composite material

is more vertical and has less imaginary part compared to the other

materials, more closely to an ideal capacitor. These observations

may  be attributed to that all of the other samples have high charge

density at the electrolyte solution which results in high resistance

of ion transfer and therefore low capacitance. This is while that the

composite material shows low resistance in capacitive part due to

the  compensation of opposite charges of the components by for-

mation of the composite. All the above mentioned reasons, the

composite material showed much better supercapacitive perfor-

mance compared to other electrodes.

4. Conclusion

In summary, copper oxide nanoparticles were anchored on

graphene oxide nanosheets through a simple electrostatic copre-

cipitation. Electrochemical behavior of the prepared nanocompos-

ite was evaluated as supercapacitor. Importantly, the composite

material showed enhanced specific capacitance (245 F g−1) than

those of pure CuO (125 F g−1) and GO (120 F g−1), attributing to

the contributions of good electrical conductivity of graphene-based

sheets and pseudocapacitance of the CuO nanoparticles. Addition-

ally, about 79% of the original capacitance was retained after 1000

cycles at 0.25 A g−1,  showing better cycle stability of the composite

materials than that of pure CuO (49%) and GO  (58%) samples.
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