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A B S T R A C T 

In this work, carbon nanowalls (CNW) were coated with zinc oxide (ZnO) for use as supercapacitor electrodes. The ZnO layers of different thicknesses were 
deposited using pulsed laser ablation in oxygen reactive atmosphere. The performance of the CNW-ZnO electrodes was found to be dependent on the 
thickness of ZnO deposit, which in turn influences the specific capacitance and capacitance retention of the CNW-ZnO electrodes. The areal capacitance of the 
CNW-ZnO measured in mild electrolyte of 1 M KCl was as high as 4.3 mF·cm−2 at a current density of 0.2 mA·cm−2 and 1.41 mF·cm−2 at a scan rate of 10 mV·s−1 

with an enhanced capacitance stability over 26,000 cycles. Such results demonstrate the potential use of ZnO nanostructures for low cost and high performance 
material for electrochemical capacitors. 

 
1. Introduction 

Electrochemical capacitors (ECs), also called supercapacitors, have 
attracted considerable attention due to their high power density, fast charge-
discharge ability, long cycle life and environment-friendly merit compared to 
Li-ions batteries [1–4]. Super-capacitors are widely employed in various 
systems, including hybrid electric vehicles, memory back-up and renewable 
energy devices [5,6]. According to the known charge storage mechanism, 
supercapacitors can be classified into two categories: electrochemical double 
layer capacitors (EDLCs) and pseudo-capacitors. The charge could be stored by 
EDLCs (mainly restricted to carbon based materials) using charge 
accumulation of ions and electrons on the surface of the electrode without 
redox reactions [7,8]. The pseudo-capacitors, however, rely on the fast and 
reversible faradaic reactions of pseudo-capacitive materials, which are mainly 
transition metal oxides such as RuO2 [9], VO2 [10,11] and MnO2 [7,8,12–15]. 
Indeed, transition metal oxides are considered as promising electrode 
materials for supercapacitors due to their higher specific capacitance 
compared to that of EDLCs [8,16]. Among those transition-metal oxides, zinc 
oxide (ZnO) has been studied with the attempt to use it as active material for 
ECs application thanks to its good electrochemical reactivity, eco-friendly 
nature [17], low cost and abundance [18,19]. However, its low specific 
capacitance, poor electrical conductivity as well as its moderate cyclic 
instability are the main obstacles for its wide application in the field of ECs 
[20]. These limitations could be overcome by using a template with high 
surface area and good electrical conductivity such as carbon nanostructures 
with the aim at improving the ZnO electrical conductivity and enhancing its 
surface area [1,2,16,17,20,21]. For example, Xiao et al. have fabricated 
ZnO/carbon sphere composites with an enhanced capacitive behavior, better 
reversible charging/discharging ability and higher capacitance values [1]. 
Furthermore, ZnO/graphene [2], ZnO/carbon nanofibers [16], ZnO/activated 
carbon [17] and ZnO/activated carbon nanofiber [20] have also been reported 
as ZnO@carbon composites for EC application with good capacitance and 
improved cycling life. 

Carbon nanowalls (CNW) are emerging materials consisting of graphene 
nanodomains, vertically aligned and assembled in sheets on a substrate 
[22,23]. The large surface area of CNW and their good 

electrical conductivity made them attractive for electrochemical applications. 
Therefore, coupling ZnO with CNW may offer benefits, such as enhanced 
faradaic capacitance and electrical conductivity of the composite made of the 
metal oxide and CNW. Furthermore, the double layer capacitance of the CNW 
with a large specific surface area can be added to that of ZnO. 

In this work, we report the synthesis and electrochemical investigation of 
carbon nanowall coated with ZnO as electrodes for supercapacitors. The ZnO 
deposits of different thicknesses were grown on CNW by laser ablation in 
oxygen reactive atmosphere. The areal capacitance of ZnO was enhanced up 
to 23 times compared to that of CNW, in mild electrolyte of 1 M KCl with an 
enhanced cycling stability up to 26,000 cycles. ZnO is already used in solar cells 
[24] light-emitting diodes [25] and lasing [26]. Therefore, our results pave the 
road towards the extension of ZnO application for use as promising material 
for ECs.  

 

2. Experimental 

2.1. Synthesis of CNW films 

CNW films were grown on (100) silicon substrates by expanding radio 
frequency (RF) plasma beam. The Ar plasma beam (carrying gas) was injected 
with acetylene (precursor gas) in the presence of hydrogen (active gas). The 
ratio of Ar/H2/C2H2 was fixed at 1050/25/1 sccm at a pressure of about 100 Pa 
and RF power of 300 W. During CNW growth, the temperature of the substrate 
holder was kept at 700 °C. The deposition time was fixed at 10 min in order to 
obtain CNW films with a thickness of about 500 nm. More experimental details 
about CNW deposition can be found elsewhere [27]. 

2.2. Deposition of ZnO on the CNWs 

ZnO thin films were deposited on CNW by pulsed laser ablation of Zn target 
in oxygen reactive atmosphere. The oxygen pressure during irradiation was set 
at 10−2 mbar. During the deposition, the temperature was fixed at 300 °C and 
the distance target-substrate was kept at 4 cm. More details about the 



procedure of ZnO deposition can be found in reference [28]. The resulting 
composite nanostructured electrodes (CNW-ZnO) are referred to 400 nm, 800 
nm and 1200 nm ZnO according to the thickness measured on flat silicon 
substrates acting as reference samples to calibrate our deposition process. 

2.3. Sample characterization 

2.3.1. Structural and surface characterization 
 
The samples were characterized using scanning electron microscopy (SEM; 

JEOL JSM 7500F) at an accelerating voltage of 5 kV. The structural 
characterization of the samples was performed by X-ray diffraction (XRD) using 
an X-ray diffractometer D5000 MOXTEK with (Cu Kα) radiation (λ = 0.154 nm) 
in the θ–2θ Bragg Brentano configuration. For surface chemical analysis, XPS 
measurements were carried out on K-Alpha (Thermo Scientific, East Grinstead, 
England) using a monochromatic (Al Kα) X-ray beam, on a 300 × 300 μm2 spot 
area in a spectrometer equipped with a flood gun for charge compensation. 
The C1s line at 284.4 eV was used as a reference to correct the binding energies 
for charge energy shift. A Shirley background was subtracted from the spectra 
and the symmetric Gaussian functions were used during peak-fitting 
procedure. 

2.3.2. Electrochemical characterization 
 
Electrochemical studies of CNW-ZnO electrodes were carried out using a 

potentiostat/galvanostat PGSTAT128N at room temperature in a typical three-
electrode electrochemical cell. The cell is composed of two parts screwed one 
in each other, one has a copper current collector and the other in Teflon filled 
with the electrolyte and has a hole at the bottom to enable the contact 
between the electrode and the electrolyte. The CNW-ZnO samples were used 
as working electrode, Ag/AgCl as reference electrode and Pt foil as counter 
electrode. In this cell, only the side coated with CNW-ZnO was in contact with 
the electrolyte (S = 0.5 cm2) and the other side was in contact with the current 
collector by using silver paste to ensure a good contact. The electrodes are 
characterized by cyclic voltammetry (CV), Galvanostatic ChargeDischarge 
(GCD) and electrochemical Impedance Spectroscopy (EIS) in KCl (1 M) aqueous 
solution. Electrochemical Impedance Spectroscopy (EIS) measurements are 
also carried out at −0.11, 0.03 and 0.07 V vs Ag/AgCl with a signal amplitude V 
= 10 mV in a frequency range [100 kHz–1 mHz]. Capacitance C of the samples 
was calculated from cyclic voltammetry and galvanostatic charge-discharge 
using the following Eqs. (1)–(2) [29,6]: 

 

where C is the capacitance, ∆i the average of the intensity difference between 
the upper and the lower part of the cyclic voltammetry curve and v the scan 
rate. I is the applied current, dV is the potential difference and dt is the 
discharge time. 

3. Results and discussion 

The surface morphologies of the CNW and ZnO deposits of different 
thicknesses (400, 800 and 1200 nm) deposited on CNW are illustrated by SEM 
images in Fig. 1a–d, respectively. Fig. 1a shows the top view SEM image of 
CNW layer deposited on a silicon wafer with vertical growth of the carbon 
sheets and honeycomb structure. Fig. 1b–d reveals that the ZnO deposits are 
anchored to CNW uniformly on the whole surface. It can be also noticed that 
the space between walls covered with ZnO decreases when the thickness of 
ZnO deposit increases (Fig. 1d). In other words, the apparent surface area 
decreases especially in the case of ZnO deposits with a thickness of 1200 nm. 
Such results are expected to have an impact on the specific capacitance of 
CNW-ZnO electrodes. In our case, the nanostructures are deposited on silicon 
substrates, which means that material quantity available is very low, and 
therefore, in contrast to powder, the Brunauer-Emmett-Teller (BET) analysis is 
not possible. The only possible way to estimate the surface area is from SEM 
images. 

XRD patterns of the CNW-ZnO electrodes with different ZnO thicknesses 
are displayed in Fig. 2. All the peaks of the ZnO deposits can be indexed to the 
wurtzite single phase ZnO (ASTM No.00-001-1136, a = b = 3.242 Å, c = 5.176 Å, 
Space group: P63mc, No.186). The distinct peaks can be assigned to (002) and 
(101) planes of pure ZnO [30]. In the case of ZnO deposited on CNW with 
thicknesses of 400 and 800 nm, a shift of diffraction peaks position towards 
lower angles is observed compared to the peaks related to CNW-ZnO with a 
thickness of 1200 nm. Such a shift towards lower angles, as the thickness of 
ZnO decreases, can be attributed to stress relaxation in ZnO [30]. 

The chemical composition and bonding state of the ZnO deposits were 
investigated by XPS analyses (Fig. 3). The XPS survey spectrum of CNW-ZnO 
(800 nm thick) indicates the presence of C, O and Zn elements, which confirms 
the formation of ZnO on the CNW surface (Fig. 3a). The high-resolution XPS 
spectrum of the Zn2p is presented in (Fig. 3b). It comprises two symmetric 
peaks at 1021.75 and 1044.65 eV corresponding to Zn2p3/2 and Zn2p1/2, 
respectively [1,31–33]. The peak separation between Zn2p3/2 and Zn2p1/2 is 23.0 
eV, in agreement with the previous report for zinc bonded to oxygen [1]. Fig. 
3c depicts the high resolution XPS spectrum of the O1s region. It can be 
deconvoluted into three peaks. The peak at 530.8 eV was attributed to the 
wurtzite structure of hexagonal Zn2+ ion of the metal oxide [31]. The other 
peaks at 531.7 and 532.5 eV are related to adsorbed oxygen ions in the 



 
Fig. 1. Top view SEM images of (a) CNWs, (b) CNW-ZnO (with 400 nm thick), (c) CNW-ZnO (with 800 nm thick) and (d) CNW-ZnO (with 1200 nm thick). 

Fig. 2. XRD patterns of CNW-ZnO electrodes with different ZnO thicknesses. 
 

deficient regions [1] and oxygen chemisorbed Oc, respectively [33]. It 
should be noted that the ZnO deposits contain a large amount of oxygen 
vacancies compared to oxygen bonded to Zn2+ ions, which may also have 
an implication on the electrochemical behavior of the electrodes. 

The electrochemical performance of prepared CNW-ZnO electrodes 
was evaluated in a three-electrode configuration by using cyclic 
voltammetry (CV), galvanostatic charge-discharge (GCD) and 
electrochemical impedance spectroscopy (EIS) in 1 M KCl aqueous 
electrolyte. To make a meaningful comparison, the CVs of the CNW and 
CNW-ZnO electrodes with a thickness of 800 nm were measured at the 
same scan rate of 50 mV·s−1. They both exhibit the typical rectangular 
shape, indicating quasi ideal capacitor (Fig. 4a). The comparison of the CVs 
of CNW and CNW-ZnO with 800 nm thick ZnO clearly shows that the 
capacitance current is enhanced in the case of the CNW-ZnO electrode. 

The areal capacitance of CNW at 50 mV·s−1is measured to be 0.19 versus 
1.42 mF·cm−2 for CNW-ZnO electrode. Charge-discharge plots at a current 
density of 40 μA·cm−2 are displayed in Fig. 4b; they show a symmetric 
triangular shape, revealing good capacitive behavior of ZnO/CNW 
electrode, which is consistent with the CV results. ZnO-CNW specific 
capacitance should be always higher than pristine CNW film without ZnO 
deposition. This is because ZnO store charges as pseudocapacitive material 
while CNWs store charges as EDLC materials.

    The CV curves of CNW-ZnO electrodes obtained at various scan 

 
Fig. 3. XPS spectra of ZnO/CNW electrode 800 nm: survey spectrum (a) and high resolution spectra of the Zn2p (b) and O1s (c). 



Fig. 4. (a) CV curves of CNW and ZnO-CNW (800 nm thick) electrodes at a scan rate of 50 mV·s−1. (b) Galvanostatic charge-discharge curves at a current density of 
40 μA·cm−2. 

rates exhibit quasi-rectangular shapes (Fig. 5a–c). The shapes of these curves 
remain unchanged with increasing the scan rate from 10 to 1000 mVs−1, 
indicating good capacitive behavior even at high scan rate of 1000 mV·s−1. The 
CVs curves, however, become more distorted at higher scan rates when the 
thickness of the ZnO deposit increases. This is more noticeable in the case of 
CNW-ZnO with a 1200 nm thick layer of ZnO. This indicates that the electrode 
resistivity increases when the thickness of ZnO increases. 

Galvanostatic charge-discharge curves of different CNW-ZnO electrodes 
with ZnO of different thicknesses at a current density of 40 μA·cm−2 are 
presented in Fig. 6. It can be seen that CNW-ZnO (400–800 nm) electrodes 
display a small IR drop of 0.01 and 0.009 V, respectively, indicating the superior 
electrical conductivity of CNWZnO (400–800 nm). Furthermore, CNW and 
CNW-ZnO 1200 nm electrodes present an IR drop of 0.061 and 0.072 V, 
respectively, due to the internal resistance of the carbon material and the thick 
layer of ZnO film (the space between walls narrows when the thickness of ZnO 
increases) (Fig. 1d). 

The areal capacitances of the CNW-ZnO electrodes are calculated from the 
charge-discharge curves using the Eq. (2); they are found to be 2.35, 3.75 and 
0.18 mF·cm−2 at a current density of 40 μA·cm−2 for CNW-ZnO 400, 800 and 
1200 nm, respectively. The CNW electrode exhibits a capacitance of 0.16 
mF·cm−2. Thus when compared to CNWZnO (800 nm thick) (3.75 mF·cm−2) at a 
current density of 40 μA·cm−2, it is obvious that the capacitance is really 
enhanced by around 23 fold. These results confirm the superior capacitive 
behavior of the CNW-ZnO nanostructured electrode compared to pristine 
CNW electrode. Moreover, when compared to other electrodes made of ZnO 
nanostructures that are reported in literature, the areal capacitance of 4.3 
mF·cm−2 is higher than or comparable to that of Ref [34] (in the range of 35 
μF·cm−2), Ref [35] (in the range of 2.6 mF·cm−2), and much higher  

 

 
 
 

 
Fig. 6. Galvanostatic charge-discharge curves at a current density of 40 μA·cm−2. 

than the corresponding ZnO films, with different thicknesses, deposited on flat 
silicon substrates as shown in Fig. S1 (in the supporting information). 

Fig. 7 depicts the variation of the areal capacitance versus scan rate and 
current density. It can be seen that the capacitance decreases with increasing 
the scan rate and current density, suggesting that parts of the surface are 
inaccessible at high scan and charging-discharging rates. Indeed, as the scan 
rate increases, the diffusion of electrolyte ion into electrode internal structure 
and pore become difficult (diffusion

 
Fig. 5. CV curves at various scan rates. (a) CNW-ZnO400 nm, (b) CNW-ZnO800 nm, (c) CNW-ZnO1200 nm. 



 
Fig. 7. Variation of areal capacitance: (a) at different scan rates, (b) at different current densities. 

 
limitation) and ineffective interaction between the electrolyte and electrode 
materials occurs, therefore, the specific capacitance decreases. At low scan 
rates, there is enough time for ions to penetrate deeply into pores producing 
high charges and higher specific capacitance. Furthermore, it is clear that the 
CNW-ZnO (800 nm thick) electrode has the highest capacitance followed by 
CNW-ZnO (400 nm) and CNW-ZnO (1200 nm); such a behavior can be related 
to the amounts of ZnO deposits and the surface area of different electrodes, 
as observed in the SEM images. 

EIS measurement were conducted in 1 M KCl aqueous solution at the 
frequency range of [10 kHz–1 mHz]. Fig. 8 shows the typical Nyquist plots of 
CNW-ZnO electrodes. A semicircle arc and a straight line are observed. The 
high frequency arc is attributed to the charge transfer resistance and the 
double layer capacitance at the interface electrode–electrolyte. The low 
frequency straight line is due to the diffusion of ions at the electrode–
electrolyte interface. The charge transfer resistance (Rct) is calculated from the 
diameter of high frequency arc to be about 96 Ω, 153 Ω and 505 Ω for CNW-
ZnO 400,800 and 1200 nm electrodes respectively. The EIS results are in a good 
agreement with the CV data presented above for the different electrodes and 
which indicate that the electrodes become more resistive as the thickness of 
the ZnO deposit increases. 

The cyclic stability is an important parameter in ECs. The cycling stability 
measurements (Fig. 9) reveal that the areal capacitance of the 

 

Fig. 8. Nyquist impedance plots for CNW-ZnO (400, 800 and 1200 nm) electrodes. 
 

Fig. 9. Evolution of the capacitance for CNW-ZnO800 nm electrode during 26,000 
consecutive cycles at scan rate of 100 mV·s−1. 

CNW-ZnO electrode (800 nm) increases even after long cycling of 26,000 
cycles. To understand this increase in capacity, SEM imaging (Fig. 10) is 
performed to check the changes on the surface of the electrode after 26,000 
cycles. As expected, the surface porosity, of ZnO has been increase after 
cycling, indicating the dissolution of ZnO; this dissolution is not important since 
nanowalls remain covered after cycling. The increase in capacity can be 
explained by the increase of the surface porosity, which leads to the increase 
of the specific area thus the increase of the specific capacitance [36]. Similar 
to the present case, in our previous report [37], we have reported the increase 
of ZnO porosity after cycling due to ZnO dissolution. Indeed, dissolution of the 
ZnO material happens in both acidic and alkaline baths. The oxygen evolution 
reaction (Eq. (3)) is supposed to be expected, leading to a localized increase in 
the proton concentration in the vicinity of the ZnO electrode. This may 
facilitate the chemical dissolution of the ZnO film via Eq. (5). Thus, there are 
two competing reactions involving ZnO film dissolution, as described below 
[38–40]. 

 
 
 
 



 

 

4. Conclusion 

In summary, we reported the synthesis of CNW-ZnO electrodes using 
expanding radio frequency plasma and laser ablation in oxygen reactive 
atmosphere. Scanning electron microscopy (SEM) analysis showed that CNW-
ZnO samples display a porous honeycombed structure which is advantageous 
for easy electrolyte access and enhanced charge transfer rate in large area of 
active electrode materials. Under optimized conditions, the CNW-ZnO (800 
nm) electrode exhibits a high areal capacitance of 4.3 mF·cm−2 at a current 
density of 0.2 mA·cm−2 and 1.41 mF·cm−2 at a scan rate of 10 mV·s−1 with an 
enhanced capacitance over 26.000 cycles in mild electrolyte of 1 M KCl. The 
obtained results suggest that CNW-ZnO can be considered as a promising low 
cost material for electrochemical capacitors. 
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