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ZnO nanorods/nitrogen-doped graphene (ZnO@NG) composite networks were prepared by a 

convenient hydrothermal method from zinc acetate and graphene oxide (GO) using ethylene glycol as 

the reducing agent. ZnO nanorods were observed to be homogeneously supported on the NG networks 

with a length and diameter of 1–2 μm and 50–100 nm, respectively. High specific capacity (237.18 F/g, 

0.5 A/g) can be obtained by integrating porous NG networks and ZnO nanorods as ultracapacitance 

electrodes. ZnO@NG also exhibits an excellent electrochemical stability of 90.8% for 2000 cycles at 

0.5 A/g. In this study, a new method is proposed for the preparation of heteroatom-doped graphene and 

metal oxide composite for high-performance supercapacitors. 
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1. INTRODUCTION 

The demand for environment-friendly and sustainable energy resources has been increasing due 

to the depletion of traditional fossil fuels and related ecological problems [1]. Therefore, it is essential 

to conduct in-depth studies on advanced energy storage devices. Among all types of energy storage 

devices, supercapacitors (SCs) have drawn increasingly more attention because of their high power 

density, high charging and discharging speed, and long cycling life [2, 3].  

 Carbon-based materials such as graphene are ideal materials for electrodes because of their 

large specific surface area and high electron conductivity [4–6]. Moreover, the incorporation of 

heteroatoms such as nitrogen, boron, iodine, sulfur, and phosphorus into graphene sheets is effective 

for improving the capacitive performance of electrodes because of the formation of active sites in 

electrochemical process [7, 8]. Besides, the incorporation of heteroatoms into carbon lattices can 

enhance the charge density and electrode wettability, thus boosting the capacitive performance. 

http://www.electrochemsci.org/
mailto:binhuang_ecit@163.com
mailto:sphinxjtx@ecit.edu.cn


Int. J. Electrochem. Sci., Vol. 15, 2020 

  

766 

However, because of the agglomeration of graphene, its specific surface area is relatively low, which is 

not conducive to obtain a high specific capacitance (Cs) [9]. In view of this shortcoming, 

transition-metal oxides (TMOs) can be introduced into the system to fabricate hybrid capacitors, 

because TMOs can greatly enhance the Cs and energy density of carbon-based electrodes [10, 11].  

TMOs including MnO2, Co3O4, Fe2O3, SnO2, and CuO are low cost, high electroactive, and 

environment-friendly pseudocapacitor materials [12–16]. Nowadays, zinc and its compounds are 

extensively applied in electrochemical sensors, capacitors, and organic chemical catalysts [17–19]. 

Among the existing TMOs, ZnO is one of the most widely used materials because of its simple 

synthesis, diverse morphology, and high electrochemical activity. ZnO can be used as an 

electrochemical active material, and its energy density can reach 650 Wh/g [20]. 

Although studies are reported on the use of ZnO/carbon as SC electrode, the synthesis of 

ZnO/carbon is still rigorous, and its Cs is relatively low. To solve these problems, we propose a 

convenient strategy to fabricate ZnO/nitrogen-doped graphene nanocomposites as SC electrodes. The 

nanocomposites were prepared using a simple hydrothermal method, and their morphologies were 

characterized by SEM and XRD analyses. The morphologies of nanocomposites showed that ZnO 

nanorods are efficiently fixed on the surface of NG. SC electrodes were fabricated from these 

nanocomposite materials. The electrochemical measurements show that the performance of 

as-prepared hybrid ZnO@NG electrodes is much better than that of electrodes composed of a single 

component. Considering the convenient fabrication procedure and excellent synergistic effect, the 

ZnO@NG electrode material is a potential candidate for high-performance SCs. 

 

 

 

2. EXPERIMENTAL  

2.1. Chemicals 

Zinc nitrate hexahydrate, urea, and ethylene glycol were obtained from Sigma-Aldrich. KMnO4, 

KOH, NaNO3, 98% H2SO4, 30% H2O2, and graphite powder were obtained from China Medicine Co. 

All the reagents were of analytical grade. 

 

2.2. Preparation of ZnO@NG 

Graphene oxide (GO) was synthesized using a modified Hummer’s method [21,22] using 

graphite powder as the starting material. First, 10 mg GO, 20 mg zinc nitrate hexahydrate, and 10 mg 

urea were mixed in 50 mL distilled water. Then, 10 mL ethylene glycol was dropped into the stirred 

solution to obtain a gray slurry. After 60 min of stirring, the mixture was moved into a 200-mL 

Teflon-lined autoclave and kept at 150 C overnight. After being cooled to 20–30 C, the final mixture 

was centrifuged and washed with deionized water and ethanol repeatedly and dried at 60 C for 24 h. 

Finally, the solid sample was heated at 800 °C for 3 h under argon flow. For comparison, the NG was 

prepared in the absence of zinc nitrate hexahydrate, and free ZnO was prepared in the absence of GO 

and urea following the same procedure. 
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2.3. Electrochemical Characterization 

All the electrochemical measurements were performed using a CHI 660E electrochemical cell 

equipped with a 3-electrode system in a 6 M KOH solution. A saturated calomel electrode (SCE) and 

Pt wire served as the reference and counter electrodes, respectively. The working electrode was 

fabricated by mixing the as-prepared nanomaterials (85 wt%) with PTFE (5 wt%) and carbon black 

(CB, 10 wt%) and then pressed onto a Ni foam (1 cm × 1.5 cm) and dried under vacuum. The 

electrochemical properties of ZnO@NG electrode were tested by cyclic voltammetry (CV) and 

galvanostatic charging/discharging (GCD) techniques. The Cs was calculated from the GCD curves 

using Eq. (1). 

                               C
I t

m U


=


    (1) 

where I is the discharge current, t is the discharge time, m is the mass of ZnO@NG composites, 

and ΔU is the voltage window (here, ΔU = 1.0 V).  

 

2.4. Characterization of materials  

SEM observation was performed using a field-emission SEM (FE-SEM, Hitachi S-4800) at 

5–10 kV. The structure of materials was investigated by XRD analysis (Shimadzu, X-6000, Cu K 

radiation). XPS analyses were performed using a Thermo Fisher X-ray photoelectron spectrometer (Al 

Kα radiation).  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Morphologies and Structure of NG and ZnO@NG  

        
 

Figure 1. SEM images of NG (A) and ZnO@NG (B) 

 

The micromorphology of as-prepared NG was observed by SEM, as shown in Fig. 1A. The NG 
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exhibits a fluffy, distinct crumpled, and highly porous three-dimensional (3D) network structure with 

pore sizes ranging from submicron to several microns. The NG nanosheets are randomly stacked and 

compact, exhibiting a laminar feature like crumpled silk or veil. This morphology can be assigned to 

the defective structures caused by the nitrogen dopant atoms.  

Fig. 1B shows that ZnO nanorods were uniformly supported on the porous network of NG. The 

diameters of individual rods are in the range of 50–100 nm, and their lengths are 1–2 μm. The ZnO 

nanorods act as spacers between graphene sheets to prevent their stacking. This ensures a high specific 

surface area of the electrode material, providing more electroactive sites for the Faradic reaction and 

improving the ion diffusion rate.  
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Figure 2. XRD patterns: (A) GO and NG, (B) free ZnO and ZnO@NG. 

 

The structures of as-obtained GO and NG were analyzed by XRD, as shown in Fig. 2A. The 

GO pattern shows a single sharp diffraction peak centered at 10.4° corresponding to an interlayer 

distance of 0.80 nm, indicating the complete oxidation of graphite to GO. NG exhibited a broad peak C 

(002) at 26.2° corresponding to an interlayer space of 0.34 nm. The interlayer space of NG 

decreased, because the oxygen-based functional groups on the basal plane of GO were removed. Fig. 

2B shows the XRD patterns of free ZnO and ZnO@NG composite. The diffraction peaks of ZnO are 

consistent with the hexagonal wurtzite structure (JCPDS NO. 01-080-0075) for both pristine and 

composite samples. The nano-ZnO crystal phase was observed at 31.7°, 34.4°, 36.2°, 47.4°, 56.5°, and 

62.9°, corresponding to the (100), (002), (101), (102), (110), and (103) planes. Besides, a small peak 

appeared at 26.2°, corresponding to the (002) plane of NG. The small and weak C (002) peak was 

caused by the low amount and low diffraction intensity of NG. 

The relevant structural modification, chemical composition, and doped-bonding configurations 

of ZnO@NG were characterized by XPS analyses (Fig. 3). The peaks of XPS survey spectrum at 285, 

400, 532, and 1022–1045 eV correspond to the carbon, nitrogen, oxygen, and zinc elements, 

respectively. The high-resolution XPS spectrum of Zn2p (Fig. 3A1) exhibited two strong peaks at 

1021.80 and 1044.95 eV, corresponding to Zn2p3/2 and Zn2p1/2, respectively[23]. 

The high-resolution N 1s spectrum of composites is shown in Fig. 3B. N 1s spectrum was fitted 
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with three different component peaks, corresponding to pyridinic-N (398.2 eV), pyrrolic-N (399.8 eV), 

and graphitic-N (401 eV), consistent with other N-doped carbon materials. As expected, a large 

proportion of pyrrolic-N and pyridinic-N within ZnO@NG are beneficial for boosting 

pseudocapacitance by redox reactions, while graphitic-N can improve the electroconductivity of 

carbon-based materials [24]. 
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Figure 3. (A) XPS survey spectra of ZnO@NG, (A1) high-resolution XPS spectra of Zn2p region and 

(B) N 1s region. 

 

3.2. Electrochemical Performance 
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Figure 4. (A) CV curves of ZnO nanorods, NG and ZnO@NG measured at a scan rate of 20 mV/s. (B) 

CV profiles of ZnO@NG measured at different scan rates of 10–100 mV/s. 

 

The electrochemical properties of ZnO nanorods, NG, and ZnO@NG composites are shown in 

Fig. 4A. The ZnO@NG electrode exhibits a larger enclosed area in the CV curves, indicating that the 

capacitance of ZnO@NG materials is much higher than that of free ZnO nanorods and NG [25]. This 

can be attributed to the high electrochemical capacity of coated ZnO nanorods because of its reversible 

redox reaction, which is crucial to obtain good electrochemical performance [26]. Figure 4B shows the 

CV profiles of ZnO@NG composite in the potential range 0.0−1.0 V at a sweep speed of 10−100 mV/s. 
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The shapes of CV have near-rectangular characteristics, indicating that the materials have excellent 

capacitive behavior. With an increase in sweep speed, the current response increases accordingly. 

Moreover, the CV profiles remain quasi-rectangular at a high scan rate of 100 mV/s without drastic 

change, indicating a good rate performance. 
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Figure 5. (A) GCD curves of free ZnO nanorods, NG, and ZnO@NG at 0.5 A/g. (B) GCD curves of 

ZnO@NG at various current densities from 0.5 to 10 A/g, (C) Cs calculated from GCD curves. 

 

 

The GCD curves of free ZnO nanorods, NG, and ZnO@NG electrodes were measured at 0.5 

A/g, as shown in Fig. 5A. The three curves have an isosceles triangle shape. The Cs of ZnO@NG 

(237.18 F/g) is much larger than those of NG (91.10 F/g) and free ZnO (31.75 F/g) at the same current 

density. The integration of graphene and ZnO could effectively enhance the overall Cs comparing with 

pristine metal oxides and NG[26]. The enhancement of capacitive performance of ZnO@NG 

composites can certainly be attributed to two aspects: (1) NG is used as a highly conductive network in 

the nanocomposites; this is beneficial for fast electron transport and eventually leads to better 

electrochemical properties. (2) ZnO nanorods, which are electrochemically active sites with a high 

surface area, induce the surface Faradic process as follows: 

 ZnO + OH− ZnOOH + e− 

http://dict.youdao.com/w/eng/three%20aspects/?spc=three%20aspects#keyfrom=dict.typo


Int. J. Electrochem. Sci., Vol. 15, 2020 

  

771 

 

For more details, GCD tests of ZnO@NG hybrids were carried out (Fig. 5B). The linear and 

symmetrical curves at different current densities from 0.5 to 10 A/g are demonstrated within a potential 

window of −1.0 to 0 V, indicating stable electrochemical reversibility. Based on the GCD curves, the 

values of Cs at different current densities were calculated using Eq. (1) 

As expected, the current density increases with the slight decrease in Cs value. This is because 

the ion-accessible electroactive surface area decreases when the scan rate increases. The Cs of 

as-prepared ZnO@NG hybrids can reach up to 237.18 F/g at 0.5 A/g, and it also exhibits an admirable 

rate capability (150 F/g retained at 10 A/g).  

Long electrochemical cycle life is a crucial requirement in the daily application of electrode 

materials for energy storage devices. A cycle stability measurement was carried out by generating 

2000 continuous CV cycling for ZnO@NG; the variation in Cs as a function of cycle number is shown 

in Fig. 6. The inset presents the CV plots of the first cycle and the 2000th cycle. The Cs of ZnO@NG is 

maintained at 215.36 F/g with 90.8% retention after 2000 cycles. Besides, almost no obvious change 

was observed between the CV plots before and after the long-term cycling measurement (inset of Fig. 

6), indicating an outstanding cycle stability performance. 
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Figure 6. Cycle stability of ZnO@NG electrode in 6 M KOH electrolyte. 

 

 

In addition, we further compared the as-prepared electrode material with other ZnO-based 

materials in literature; the results are shown in Table 1. Obviously, the ZnO@NG electrode reported in 

this study exhibits a higher Cs than other ZnO-based materials. The ZnO@NG electrode materials 

have good electrochemical properties; this can be ascribed to three aspects: First, the hierarchical 

structures favor the rapid diffusion of electrolyte ions throughout the ZnO@NG electrodes. Second, 

the NG serves as a matrix with excellent electroconductivity and specific surface area to ensure fast 

Faradaic reactions of ZnO nanorods. Finally, the ZnO nanorod is used as spacers to prevent NG from 

agglomeration. This structure can provide more inner active sites that contribute to the Cs [34]. 
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Table 1. Partial list of reported carbon-based materials for Cs  

 

ZnO-based materials Electrolyte Cs (F/g) Reference 

Boron-doped ZnO/RGO 6 M KOH 230.50 (5 mV/s) [25] 

Graphene-ZnO 6 M KOH 122.4 (5 mV/s) [26] 

ZnO nanoflowers/rGO 3.5 M KOH 203 (1 A/g) [27] 

Sandwich-type 

ZnO/rGO/ZnO 
1 M KCl 60.63 (5 mV/s) [28] 

ZnO/activated carbon 1 M Na2SO4 155 (0.5A/g) [29] 

ZnO-Au nanocomposites 2 M KOH 205 (20 mV/s) [29] 

ZnO flowers 2 M KOH 89 (20 mV/s) [30] 

ZnO/RGO composite 1 M Na2SO4 60.2 (10 mV/s) [31] 

ZnO@NG 6 M KOH 237.18 (0.5 A/g) this study 

RGO or rGO: Chemically-reduced graphene oxide 

 

  

4. CONCLUSIONS 

In this study, we successfully fabricated ZnO nanorods/NG composite networks using a simple 

hydrothermal process. ZnO nanorods were supported on NG networks homogeneously with a length 

and diameter of 1–2 μm and 50–100 nm, respectively. The as-obtained ZnO@NG composite exhibits 

excellent electrochemical performance including a high Cs (237.18 F/g at a current density of 0.5 A/g), 

good rate capability (150 F/g retained at a high current density of 10 A/g), and long-term stability 

(90.8% of the initial capacitance remained after 2000 charge/discharge cycles). This study could open 

a new way to fabricate heteroatom-doped graphene and metal oxide composites for high-performance 

SC applications. 
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