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ABSTRACT 
Ni/ZnO nano-sponges have been successfully synthesized through optimized annealing of Ni/Zn-based organic framework 
(Ni/Zn-MOF). The annealed MOF provides the stable carbon structure with 3D interconnection and prevents structural collapse 
during the charging and discharging process. The annealing causes the incorporation of intrinsic Ni3+ in the surface of NiO 
nanoparticles, providing more reaction active sites. The oxygen vacancies in ZnO and heterostructure interfaces between NiO and 
ZnO promote the charge transformation. Based on the aforementioned advantages, the Ni/ZnO nanocomposites exhibit excellent 
electrocatalytic performances for supercapacitors. The specific capacitance can reach to 807 F·g−1 at 1 A·g−1 in the studied 
electrodes. After 5,000 cycles at 10 A·g−1, the cyclic stability remains excellent at 86% of the initial capacitance. Moreover, the 
as-prepared asymmetric supercapacitor exhibits a high energy density of 30.6 W·h·kg−1 at power density of 398 W·kg−1. This study 
is expected to provide new insights into exploring the potential mechanism of catalyst action. 
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1 Introduction 
Efficient and eco-friendly energy harvesting and storage 
devices have garnered a tremendous amount of attention due 
to the depletion of fossil fuels and drastic deterioration of the 
environment [1–3]. As an energy storage device, a supercapacitor 
also known as ultracapacitor provides high power density, 
excellent cycling durability, and wide operating temperature 
range, it is considered to be a promising technology for the next- 
generation energy storage [4, 5]. In general, supercapacitor can 
be typically categorized into electric double-layer capacitor 
(EDLCs) and pseudocapacitor, which store energy by electrostatic 
accumulation and reversible Faraday redox reaction, respectively 
[6, 7]. Although great progress has been achieved in the past 
few decades, low energy density remains a concern in future 
applications [8, 9]. The overall properties of supercapacitors 
are governed by electrodes, separators, and electrolytes, but the 
electrode is a critical factor that determines the performance 
of supercapacitors [10]. Therefore, designing novel electrode 
materials through material engineering that can meet the 
requirements of supercapacitors and sustainable energy 
development is a challenge. In recent years, researchers have 
focused on studying transition metal oxides due to their strong 
electrochemical activities and rich redox reactions [11]. 

Among various transition metal oxides, zinc oxide (ZnO), a 
semiconductor material with piezoelectric properties, good 
photoelectric chemical activity, and mechanical stability, has 
been widely applied in sensors, electronics, and photocatalysts 
[12, 13]. Additionally, ZnO has become a prospective electrode  

material for supercapacitors because of its high specific energy 
density, good electrochemical activity, low cost, and non-toxicity 
[14]. However, pure ZnO shows slow Faraday redox kinetics 
and low electrical conductivity, which lead to poor capacitance 
and cycling stability of the electrode during rapid charging 
and discharging process [10]. Various strategies have been 
implemented to develop electrode materials with rapid charge 
transfer ability and long cyclic life. In general, coupling ZnO 
with carbon materials (such as activated carbon, graphene, and 
carbon nanotubes) and transition oxides with high specific 
capacitance was used as electrode materials. NiO is a promising 
battery-type material due to its high theoretical specific 
capacitance [15–17], and it is logical to improve the properties 
of electrode materials by doping NiO. In such carbon 
nanostructure-metal oxide composite electrodes, a synergistic 
effect could be expected and the materials cost can be reduced 
[18]. The deliberately incorporating defects into the lattice 
structure of host materials is considered as a new “intrinsic” 
strategy to increase electrical conductivity [19]. Recent inves-
tigations demonstrate that deficient transition metal oxides, 
such as ZnO, Co3O4, TiO2, MnO2, and V2O5, with high donor 
density can improve intrinsic conductivity and promote 
pseudocapacitive charge storage kinetics [20–22]. Sun et al. 
[23] reported single-crystalline ultrathin Co3O4 nanosheets 
with massive vacancy defects by mild solvothermal reduction. 
Electrochemical evidence indicated that this promoted perfor-
mance was due to the larger electrochemical surface area, more 
favorable kinetics, and better electrical conductivity. Thus, 
inducing oxygen vacancies in ZnO and coupling with carbon  
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and NiO should be feasible for improving the electrochemical 
performance of ZnO-based hybrids. 

Metal-organic framework (MOF) is a new porous material 
composed of metal ions and organic ligands [24, 25]. Structural 
tunability and flexible choice of elements make MOF a promising 
material widely used in many fields [26]. To date, various 
nanostructures have been successfully prepared using MOFs 
as precursors for energy storage and conversion devices [27]. 
High-temperature annealing of MOF materials is expected to 
induce surface defects in the nanostructure, thereby facilitating 
electron transfer. Jiao et al. [28] reported Ni/NiO micro- 
particles with subtle lattice distortions by annealing Ni-MOF. 
The as-synthesized Ni/NiO nanoparticles exhibit specific 
capacitance of 684.4 mF·cm−2 at 1 mA·cm−2. Furthermore, carbon 
and metal oxide can be obtained simultaneously by annealing 
the MOF precursor in an inert atmosphere. However, to date, 
studies on the ZnO-based hybrids derived from MOF with 
abundant surface defects for supercapacitors are limited. The 
mechanism or certain effects of reaction or conductivity are 
not sufficiently clear. 

In this study, we prepared Ni/Zn-based organic framework 
followed by a thermal decomposition process to produce the 
ZnO/Ni/NiO nanocomposite dispersed in carbon material with 
the interconnected 3D structure. We aim to explore the possible 
mechanism of catalyst reaction, and studied the crystal structure 
of ZnO and micro structures of Ni and NiO in the studied 
samples. The Ni/ZnO-600 (sample annealed at 600 °C) electrode 
shows the superior specific capacitance, rate capability, and 
long-term cycling stability. Present work might provide a new 
strategy to synthesize ZnO-based nanocomposites, which can 
be widely used to improve the electrochemical properties of 
supercapacitors. 

2 Experimental 

2.1 Synthesis of Ni-MOF precursor 

All chemicals used are directly purchased without further 
purification. Typically, 0.3 g of nickel nitrate hexahydrate (Ni 
(NO3)2. 6H2O) and 0.1 g of 1,4-benzenedicarboxylic acid (PTA) 
were dissolved in 30 mL of N, N-dimethylformamide (DMF) 
and 10 mL of ethylene glycol, the mixture was stirred at room 
temperature for 30 min. The solution was transferred to a 50 mL 
Teflon-lined autoclave and was sealed at 130 °C for 4 h. After 
reaction, the green product was washed several times with 
anhydrous ethanol and DMF, and dried at 70 °C overnight to 
obtain Ni-MOF. 

2.2 Synthesis of Ni/ZnO-X (X = 400, 500, and 600) 

Based on a previous report [26], 2D Zn-Hexamine coordination 
framework (Zn-HMT) was prepared by modified method. 
The previously as-prepared 60 mg of Ni-MOF and 0.5 g of 
hexamethylenetetramine were dissolved in 25 mL of absolute 
ethanol with vigorous stirring for 30 min; this is labeled as   
A solution. Then, 1 g of zinc nitrate hexahydrate (Zn(NO3)2. 
6H2O) was dissolved in 15 mL of absolute ethanol; this is 
labeled as B solution. Thereafter, the B solution was slowly 
poured into the A solution, and a pale green precipitate was 
formed immediately. After standing for 30 min, the precipitate 
was centrifuged and washed with ethanol several times. 
Thereafter, the sample was dried at 70 °C overnight. Finally, 
the as-synthesized Ni/Zn-MOF was annealed at 400, 500, and 
600 °C for 2 h with the heating speed of 5 °C·min−1 under 
nitrogen current. The samples were labeled as Ni/ZnO-400, 
Ni/ZnO-500, and Ni/ZnO-600 to simplify the description. 

2.3 Characterization  

The phase structure of the samples was characterized by X-ray 
diffraction (XRD, Rigaku D/Max-2550 with Cu Kα radiation), 
and the scanning angle range is from 10° to 80° of 2θ with 
0.02°/step. Raman spectroscopy was conducted on the samples 
using a JY-HR800 micro-Raman spectrometer with 532 nm 
excitation light. The morphological features were obtained 
through transmission electron microscopy (TEM, FEI Tecnai 
G2 F20) and field-emission scanning electron microscopy 
(FE-SEM, Zeiss Supra55 Sapphire) equipped with electron 
dispersive X-ray spectroscopy (EDS). The specific surface area 
(SSA) of the studied samples was measured using nitrogen 
cryosorption Micromeritics QuadraSorb Station 1. In addition, 
X-ray photoelectron spectroscopy (XPS) detection is performed 
on a Kratos Axis Supra.   

2.4 Electrochemical measurement 

Cyclic voltammetry (CV), galvanostatic charge and discharge 
(GCD), and electrochemical impedance spectroscopy (EIS)  
of all samples are conducted in a standard three-electrode 
configuration at room temperature using a CHI 660E electro-
chemical workstation. The mercury oxide electrode (Hg/HgO), 
platinum plate, and Ni/ZnO-X samples are invoked as the 
reference, counter, and working electrodes, respectively. The 
Ni/ZnO-X active material, acetylene black, and polyte-
trafluoroethylene (PTFE) are mixed in anhydrous ethanol at a 
mass ratio of 80:10:10 and ground carefully in an agate mortar. 
The resulting mixtures lightly coated on nickel foam have an 
effective area of 1 cm × 1 cm. Then, nickel foam was pressed 
into thin sheets, cleaned with anhydrous ethanol, and dried 
overnight in a vacuum oven at 80 °C. 

The asymmetric supercapacitor (ASC) used Ni/ZnO-600 and 
commercial activated carbon as positive and negative electrodes, 
respectively. The two electrodes and separator form a sandwich 
structure to assemble the CR2032 coin-type cell with 3 M KOH 
electrolyte. The electrodes should be fully immersed in the 
electrolyte before testing. 

3 Results and discussion 

3.1 Sample preparation 

Ni/ZnO-X (X = 400, 500, and 600) was synthesized following 
the process shown in Scheme 1. First, Ni-MOF nanospheres 
were prepared by hydrothermal method. Then, the Zn-HMT 
nanosheet was synthesized and coated with Ni-MOF to form a 
flower-like Ni/Zn-MOF. Finally, the precursors were annealed 
at different temperatures (400, 500, and 600 °C) under nitrogen 
atmosphere to obtain the target samples.  

 
Scheme 1 Schematic illustration of preparation of Ni/ZnO-X. 
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3.2 XRD analysis 

The XRD analysis was employed to confirm the crystallinity 
and crystal structures of the studied samples. As shown in  
Fig. 1, the sharp and highly intense diffraction peaks indicate 
high crystallinity of ZnO-based samples. The dominant 
diffraction peaks can be readily indexed to the hexagonal 
wurtzite structure of ZnO (JCPDS No. 36-1451, space group 
P63 mc). From the intensity and half width of ZnO peaks, the 
crystallization of ZnO nanoparticles increases with the increase 
of annealing temperature. The highly crystalline ZnO is 
expected to improve electrochemical performance [29]. The unit 
cell parameters of ZnO are reported in Table 1. The obtained 
ZnO cell dimensions are generally constant over the temperature 
range from 400 to 600 °C. All of the cell dimensions closely 
follow the lattice constants of hexagonal wurtzite structure  
(a = 3.2498 Å, c = 5.2066 Å) and a cell volume of 47.6 Å3 [30]. 
The a/c value ratios remain the same in all the annealed samples, 
which means that ZnO maintains a stable structure after 
annealing. However, the cell volume of ZnO in Ni/ZnO-600 
still increases by 0.5% compared with Ni/ZnO-400. 

The average crystallite size of the ZnO nanoparticles is 
calculated on the basis of Debye–Scherrer formula (Table 1). 
The sample crystallite size increases with the increase of 
annealing temperature. The growth of nanoparticles is a thermal 
dependent process through the migration and diffusion of 
atoms. During high temperature annealing, crystal atoms gain 
energy to overcome the barriers between grains and move freely 
through the lattice by diffusion [31, 32]. At 600 °C, the process 
of coalescence might cause major grain growth, which small 
crystallites coalesce together to make larger crystallites [33]. 
The increase of crystal size can be attributed to the decrease 
of surface potential energy [34]. And the sudden increase of 
Ni/ZnO-600 crystal size was observed. Compared with those 
reported in other studies [29], the nanoparticles of ZnO in our 
work are relatively small. This condition is due to the presence 
of carbon structure originating from MOF materials, which 
prevents particles from agglomerating. 

In addition, although no clear diffraction peaks are shown in 
Fig. 1, the amorphous carbon still exists in the studied samples, 

 
Figure 1 Comparison of XRD patterns of Ni/ZnO nanocomposites to 
PDF of bare ZnO and Ni. 

Table 1 Unit cell parameters of ZnO as a function of annealing temperature 
of synthesized samples 

Sample a/b 
(Å) 

c 
(Å) a/c Cell volume 

(Å3) 
Crystal 

size (nm)
Ni/ZnO-400 3.2487 5.2090 0.62 47.61 12.4 
Ni/ZnO-500 3.2501 5.2084 0.62 47.64 19.8 
Ni/ZnO-600 3.2571 5.2110 0.62 47.87 48.1 

 

which can be confirmed by the following XPS and Raman 
analysis. The carbon materials can improve conductivity and 
provide a stable structure for the nanocomposites. The ZnO- 
carbon electrode with enhanced capacitive behavior and 
improved cycling life has been confirmed in previous studies 
[35, 36]. 

Moreover, a distinct bulge of approximately 43° is observed 
in Ni/ZnO-400, which corresponds to the (200) plane of NiO 
(JCPDS No. 47-1049). The spectral line broadening of NiO 
may be due to the low crystallinity. However, no obvious signals 
can be seen in Ni/ZnO-500 and Ni/ZnO-600. According to 
the subsequent Raman spectrum and X-ray photoelectron 
spectrum results, we believe that NiO still exists in Ni/ 
ZnO-500 and Ni/ ZnO-600, but it cannot be reflected in the 
XRD pattern because of its low content and low crystallinity. 
Ni nanoparticles exist in all studied samples, as revealed by its 
XRD profile where the peaks at 44.3°, 51.7°, and 76° can be 
assigned to the (111), (200), and (220) planes of the Ni substrate 
(JCPDS No.89-7128), respectively. Furthermore, Fig. 1 shows 
that more NiO is converted into Ni at high temperature. This 
condition can be attributed to the reduction reaction of NiO 
to form Ni in higher annealing temperature. Different valence 
states of nickel in the samples may further influence the 
structure and electrochemical properties, as discussed in the 
following sections. 

3.3 Raman analysis 

Raman spectroscopy is an effective method for studying the 
metal-oxygen bond vibrations and structural defects of nano-
composite [37]. As shown in Fig. 2, Raman scattering spectra 
of the Ni/ZnO-X ranging from wavenumber 200 to 2,000 cm−1 
were observed at room temperature. The Raman peaks of the 
samples after high-temperature annealing may shift and overlap. 
To facilitate the analysis, we used Gaussian function to separate 
and fit the Raman peaks. 

 
Figure 2 (a) Raman spectra of Ni/ZnO-X at room temperature (λexc = 
325 nm) and (b) Gaussian curve fitting of Raman spectra of Ni/ZnO-X 
in the range of 200–700 cm−1. 
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According to group theory, the ZnO with a hexagonal 
Wurtzite structure is classified as P63 mc, which predicts the 
optical phonons A1 + 2B1 + E1 + 2E2 [38]. B1(low) and B1(high) 
modes are Raman inactive. Both A1 and E1 are split into 
longitudinal (LO) and transverse (TO), which are related to 
the propagation perpendicular to the C axis of symmetry [37]. 
The Raman-active modes appear in all of the studied samples, 
similar to those commonly reported for ZnO [37–39]. 

As shown in Fig. 2, the bands observed at 320, 380, and  
428 cm−1 are attributed to the E2H–E2L, A1(TO), and E2 (high) 
Raman active phonon modes of ZnO [38]. In general, the E2 
(high) vibration mode is dominant in the Raman spectrum of 
hexagon wurtzite structure, but its intensity is sharply weakened 
after doping. The Raman peak located at 643 cm−1 indicates 
the vibration of 2 (3E2H–E2L). The broad bands in the range of 
950–1,200 cm−1 (except 1,100 cm−1) correspond to a combination 
of TO and LO modes of ZnO [40]. 

The photon mode at 578 cm−1, which is labeled as E1 (LO) 
vibrational mode, is related to oxygen vacancies. The stronger 
intensity and broadening of the mode suggest that the oxygen 
vacancy concentration has increased in the studied samples 
with the increased in annealing temperature, and similar results 
were observed in previous research [41]. The oxygen vacancies 
can promote charge transport and ion diffusion [42, 43]. 

According to the results presented in Fig. 2, the vibration 
mode of NiO is also selected in addition to that of ZnO. The 
two peaks at 486 and 554 cm−1 can be assigned to the first- 
order transverse and longitudinal optical phonon modes [44]. 
Meanwhile, the bands centered at 740, 918, and 1,100 cm−1 are 
attributed to the 2TO, TO+LO, and 2LO vibrational bands. 
The peak at 1,490 cm−1 is classified as two-magnon excitation 
(2M). Compared with Ni/ZnO-400, the two other samples 
show a significantly decreased intensity of the TO mode. This 
result may be related to the NiO reduction. 

Although the LO scattering is Raman inactive in the perfect 
NiO crystal structure, weak lattice distortion or the presence 
of defects make it visible [45]. The intensity of the LO Raman 
mode is closely related to the stoichiometric ratio of the 
elements and increases with the Ni vacancy concentration 
in the crystal lattice [46]. As shown in Fig. 2(b), an increase in 
the first LO vibration mode is observed with the increase of 
annealing temperature. The high intensity of LO mode in 
Ni/ZnO-600 indicates the presence of abundant nickel vacancies. 
The nickel vacancies introduced in NiO can provide more 

electrochemical active sites and improve supercapacitive 
performance of the nanocomposite [28]. 

However, anomalous Raman modes at 247 and 537 cm−1 
are identified from all of the annealed samples, which do not 
correspond to the first-order or second-order active modes of 
ZnO and NiO. To date, their origin remains unclear, as previous 
studies provide inconsistent interpretations. Kaschner et al. [47] 
showed that the anomalous peaks were associated with N-related 
local vibrational modes. Some studies have also reported this 
phenomenon in N-doped ZnO samples [48, 49]. However, 
Manjón et al. [50] pointed out that the anomalous peaks were 
due to silent ZnO Raman modes (B1 (low) and 2B1 (low)) 
allowed by the breakdown of the translational crystal symmetry 
induced by defects and impurities. In addition, the Raman peak 
at 537 cm−1 can be derived from surface optical (SO) phonon 
mode of NiO. In general, a first-order magnon background 
exists over the first-order phonon mode, so the SO mode is 
indistinguishable and rarely reported [46]. The appearance of 
SO mode suggests that the nanoparticles are imperfect [45]. 

In addition, the two characteristic peaks of D-band 
(approximately 1,350 cm−1) and G-band (approximately  
1,590 cm−1) are clearly visible, confirming the presence of 
carbon. The G band is associated with graphite carbon with sp2 
hybridized carbon [51]. The intensity ratio (ID/IG) is typically 
used to measure the graphitic order of carbon materials [52]. 
The ID/IG value of Ni/ZnO-400, Ni/ZnO-500, and Ni/ZnO-600 
are calculated to be approximately 1.79, 1.55, and 1.48, respectively 
(as shown in Fig. S1 in the Electronic Supplementary Material 
(ESM)). Obviously, the graphitization degree of carbon materials 
is related to the annealing temperature. The lower ID/IG value of 
Ni/ZnO-600 demonstrates a high graphitization degree, which 
inevitably results in good electrical conductivity [51]. No 
vibration mode of nickel nanoparticles can be observed in the 
shape of the Raman spectra. 

3.4 SEM and TEM analysis 

Morphological analysis of the obtained samples was performed 
using SEM and TEM. Figure 3 shows a typical SEM image of 
the as-prepared samples. The Ni-MOF presents a smooth 
spherical structure with a diameter of approximately 300 nm 
(Fig. S2 in the ESM). The Zn/Ni-MOF precursor has a unique 
interconnected 3D structure and a flower-like shape that is 
evident at high magnification (as shown in the bottom-right 
inset in Fig. 3(a)). Apparently, nanosphere Ni-MOF plays an 

 
Figure 3 SEM images of (a) Zn/Ni-MOF, (b) Ni/ZnO-400, (c) Ni/ZnO-500, and (d) Ni/ZnO-600 at different magnifications, (e) TEM image of 
Ni/ZnO-600, and (f) corresponding HRTEM and SAED image of Ni/ZnO-600. 
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important role in the construction of 3D networks. Interestingly, 
the morphology of the precursor changes greatly after annealing. 
All of the studied samples show a stable 3D framework structure 
with nanoscale and microscale porosity. Figure 3(b) displays 
the SEM images of the Ni/ZnO-400, and ZnO nanoparticles 
are connected with staggered nanospheres. Based on XRD 
analysis, NiO is reduced to metal Ni after annealing, which 
results in the destruction of the nanospheres. This condition can 
be confirmed in the pictures of Ni/ZnO-500 and Ni/ZnO-600, 
as shown in Figs. 3(c) and 3(d)), both of which indicate a 
bread-like sponge structure. 

A closer look shows that as the annealing temperature 
increases, the size of ZnO nanoparticles also grows. According 
to thermodynamics, higher annealing temperature provides 
more thermal energy to the system. The diffusion and collision 
rates of the particles are increased, thereby facilitating the 
particle aggregation.  

High-temperature annealing provides defect-free interfacial 
contacts between carbon and ZnO. Nanostructured surfaces 
of carbon and ZnO can increase the effective surface area for 
more reaction sites [29]. As shown in Fig. S3 in the ESM, EDS 
analysis was carried out to determine the elemental composition 
of the studied samples. The elemental mapping spectra of 
Ni/ZnO-600 show in Figs. S3(d)–S3(g) in the ESM, diagrams 
of Zn, O Ni, and C show uniform distribution of elements on 
the sample surface. By comparing EDS of annealed samples 
(Figs. S3(a)–S3(c) in the ESM) at different temperatures, a 
nonstoichiometric oxygen deficiency is observed, indicating 
the formation of oxygen vacancies within the nanocrystals 
under high temperature anoxic annealing [29]. Although EDS 
is a qualitative analysis tool and might not be sufficient for 
element quantification. Raman and XPS analyses (Figs. 2 and 
4(c)) also confirm the variation of oxygen deficiency in the 
samples. 

In addition, TEM images of Ni/ZnO-600 are shown in Fig. 3(e). 
The sample consists of tightly connected and well-crystallized 
ZnO grains. The TEM results of the other two samples are 
presented in Figs. S4(a) and S4(b) in the ESM. In Figs. S4(e)– 
S4(g) in the ESM, by evaluating the sizes of particles from a 
closer inspection of the TEM micrographs, the size distributions 
were obtained. An increase in grain size with increasing 

annealing temperature is also observed. The average particle 
size of Ni/ ZnO-400, Ni/ ZnO-500, and Ni/ ZnO-600 are 13.3, 
21.1, and 45.2 nm, respectively. High-resolution transmission 
electron microscopy (HRTEM) imaging confirmed that 
these samples are highly crystalline. As shown in Fig. 3(f), 
Ni/ZnO-600 presents characteristic spacings of 0.28 and 0.26 nm 
for the (100) and (002) lattice planes of hexagonal ZnO. The 
expected spacing of 0.20 nm is on the (111) plane of Ni. The 
selected area electronic diffraction (SAED) analysis shows that 
the sample has a polycrystalline structure. According to the 
HRTEM of Ni/ZnO-400 and Ni/ZnO-500 (Figs. S4(c) and 
S4(d) in the ESM), the lattice fringe of ZnO and NiO can be 
observed in Ni/ZnO-400, ZnO, and Ni present in Ni/ZnO-500. 
The preceding analyses are consistent with the XRD results. 

The nitrogen adsorption and desorption isotherm curves 
of samples annealed at different temperatures of 400, 500, 
and 600 °C are shown in Fig. S5 in the ESM. According to the 
IUPAC nomenclature, all of them can be classified as type IV 
isotherms with type H3 hysteresis loop at the relative high 
pressures, which is a characteristic of mesopores [32]. The 
SSA of Ni/ZnO-400, Ni/ZnO-500, and Ni/ZnO-600 are 53.8, 
42.5, and 40.3 m2/g, respectively. The surface area decreased 
at higher annealing temperatures may be related to particle 
size growth. High temperature annealing makes nano-
particles agglomerate and the specific surface area decreases 
correspondingly [53, 54]. 

3.5 XPS analysis 

The elemental composition and surface chemical state of the 
samples were characterized by XPS. Figure 4(a) shows the wide 
scans of the studied samples, which indicate the existence of 
Zn, O, Ni, and C. As shown in Figs. 4(d)–4(f), the dominant 
peaks of the binding energies at 856 and 873.6 eV correspond 
to the Ni 2p3/2 and Ni 2p1/2 signals of Ni3+, while the binding 
energies at 853.5 and 871.1 eV are attributed to the Ni 2p3/2 
and Ni 2p1/2 signals of Ni2+. XPS studies confirm the coexistence 
of Ni3+ and Ni2+. The predominance of Ni3+ suggests that  
vacancies of Ni are successfully introduced into the lattice of 
Ni/NiO during annealing. Ni2+ is oxidized to Ni3+ to maintain 
electrostatic balance near surface Ni vacancies. These results 
are in good agreement with the Raman spectrum. The area ratio 

 
Figure 4 (a) XPS survey scan spectra of Ni/ZnO-X, and their corresponding high-resolution spectra of (b) Zn 2p, (c) O 1s, and (d)–(f) Ni 2p of 
Ni/ZnO-X (400, 500, and 600). 
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of the fitting peak corresponds to its content ratio. The area 
proportion of fitted peaks of Ni3+ in Ni/ZnO-400, Ni/ZnO-500, 
and Ni/ZnO-600 are 68.9%, 76.2%, and 79.2%, respectively 
(Table S1 in the ESM). It can be seen that nickel vacancy 
concentration in Ni/ZnO-600 is higher than that of other 
samples. The electrochemical performance of 3d transition 
metal-based electrocatalysts highly depends on the occupancy 
of eg orbitals. Transition metal oxides with extremely low or 
extremely high eg occupancy (0 or 2) result in unsatisfactory 
water-splitting properties [55]. In general, bulk NiO is caused 
by t2g

6eg
2 electronic configuration. The abundance of nickel 

vacancies in Ni/ZnO is expected to produce Ni3+ sites (t2g
6eg

1) 
and generate a local lopsided Coulomb force [28, 55]. The 
subtle distortion in the NiO lattice can provide additional active 
sites for the electrochemical reaction. 

Furthermore, the two fitting peaks at 852.2 and 869.4 eV 
belong to Ni0 and an increase of Ni0 component is observed at 
higher annealing temperatures. The presence of metal Ni can 
effectively improve the electrical conductivity and corrosion 
resistance of the electrode materials. 

The core-level spectra of the O 1s peak are used to 
investigate the oxygen vacancies in the samples. As illustrated 
in Fig. 4(c), the asymmetric O 1s peak is deconvoluted into four 
Gaussian peaks, namely, 529 eV in Ni–O, 530.5 eV in Zn–O, 
531.7 eV in O–deficient regions, and 532.7 eV corresponding 
to O in OH–, H2O, and the chemisorption peaks. The results 
show that a large number of surface O vacancies are produced 
during annealing in N2 atmosphere. The area proportion of 
fitted peaks of oxygen vacancy (Vo) for Ni/ZnO-400, Ni/ZnO-500, 
and Ni/ZnO-600 are 30.1%, 31.4%, and 32.9%, respectively 
(Table S2 in the ESM). An increase in O deficiencies in the 
samples is also observed with an increase in the annealing 
temperature.  

Oxygen vacancy also can play a crucial role in improving 
the photo/electrochemical performance of metal oxides. Recent 
studies [22, 23, 29, 55] have reported that O vacancy in ZnO, 
TiO2, V2O5, and Co3O4 increases donor density, thereby 
intrinsically enhancing the conductivity.  

We also capture some variations in the energy spectrum of 
Zn 2p (Fig. 4(b)). A pair of strong peaks in Ni/ZnO-400 with 
binding energies of 1,022 and 1,045.1 eV are visible, which are 

classified as Zn 2p3/2 and Zn 2p1/2, respectively. The spin-orbit 
splitting of 23.1 eV demonstrates the presence of divalent zinc. 
However, in the core-level Zn 2p spectrum of Ni/ZnO-600, 
these characteristic peaks are located at 1,021.6 and 1,044.7 eV. 
Obviously, a negative shift in the binding energy of Zn2+ can 
be found, indicating that the electron density of Zn2+ increased 
[56]. This result can be attributed to the formation of oxygen 
vacancies during annealing. Similarly, to keep the charge balance 
around the formed oxygen vacancies, the electron density of 
surface Zn2+ is increased. ZnO may draw electrons from NiO, 
this unique electronic structure of Ni/ZnO with the predominance 
of Ni3+ and Vo results in high electrical conductivity and facilitates 
efficient charge transfer [55]. Moreover, C 1s spectrum (Fig. S6 in 
the ESM) is divided into four peaks at 284.8, 286.1, 288.5,  
and 289.2 eV, which can be allotted to C=C/C–C, C–N, C=O, 
and π–π*. 

3.6 Electrochemical characterization of Ni/ZnO-X 

The electrochemical properties of the as-prepared Ni/ZnO-400, 
Ni/ZnO-500, and Ni/ZnO-600 are evaluated using a three- 
electrode system in 3 M KOH electrolyte. As shown in     
Fig. 5(a), the CV results at scan rate of 50 mV·s−1 are within 
the potential range of 0–0.7 V. All the CV curves are similar in 
shape, and a pair of obvious redox peaks indicate the main 
pseudocapacitance behavior. 

The possible Faraday processes in our experiment are as 
follows: 

ZnO OH ZnOOH e- -+ « +            (1) 

NiO OH NiOOH e- -+ « +              (2) 
The transformations of 2 3Zn Zn+ +«  and 2 3Ni Ni+ +«  

proceed during the charge and discharge processes. Obviously, 
the CV curve of Ni/ZnO-600 sweeps the largest area within the 
same voltage window, revealing higher-charge storage levels 
and better electrochemical behavior. As presented in Fig. 5(b), 
the voltage platform of each GCD curve corresponds to the 
redox peak in the CV curve. Based on the GCD, the specific 
capacitances of Ni/ZnO-400, Ni/ZnO-500, and Ni/ZnO-600 at 
a current density of 1 A·g−1 are calculated to be 315, 515, and 
807 F·g−1, respectively. 

 
Figure 5 (a) CV curves of Ni/ZnO-X collected at 50 mV·s−1, (b) GCD curves of Ni/ZnO-X, (c) CV curves of Ni/ZnO-600 at different scan rates, and (d) 
GCD curves of Ni/ZnO-600 at various current densities. 
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As the Ni/ZnO-600 electrode has the best supercapacitor 
performance, it has to be discussed in detail. The CV responses 
of Ni/ZnO-600 at different scanning rates between 5 and   
50 mV·s−1 are presented in Fig. 5(c). All of the CV curves 
maintain a similar shape. Even at the high scanning rate of  
50 mV·s−1, the shape of the CV curve does not change 
significantly, which demonstrates that the Ni/ZnO-600 electrode 
has good kinetic reversibility. Due to the increase of the internal 
diffusion resistance and polarization of the electrode material, 
the peak current increases with rising scan rates. The CV 
curves of Ni/ZnO-400 and Ni/ZnO-500 are also presented in 
Figs. S7(a) and 7(b) in the ESM. In addition, the constant 
current discharge curves of Ni/ZnO-600 under various current 
densities are reported in Fig. 5(d). The calculated gravimetric 
capacitances are 807, 770, 755, 708, 627, and 508 F·g−1 at 
different current densities in the range of 1–20 A·g−1. The GCD 
of the other two samples are also shown in Figs. S7(c) and S7(d) 
in the ESM.  

The decrease of capacitance of the electrode at higher current 
density may contribute to high ionic diffusion resistance, 
slow electrolyte penetration, and insufficient reversible redox 
reaction of active materials [57, 58]. To show the advantages of 
the Ni/ZnO-600, we compare the performance of ZnO-based 
electrodes in the supercapacitor in Table 2. For instance, 
Ni/ZnO-600 exhibits excellent specific capacitance in lower- 
concentration KOH electrolyte compared with ZnO nano-
membranes (NMs) [35]; this condition also shows a slightly 
wider operating voltage than ZnO/NiO [60] when tested in  
3 M KOH. 

Furthermore, the relationship between the specific capacitance 
and current density of Ni/ZnO-X electrodes is shown in  
Fig. 6(a). At a high current density of 20 A·g−1, Ni/ZnO-400, 
Ni/ZnO-500, and Ni/ZnO-600 maintain a specific capacitance 
of 38%, 56%, and 63%, respectively. The Ni/ZnO-600 reveals 
an outstanding rate capability, which is an important property 
of supercapacitors. Figure 6(b) demonstrates the cycle per-
formance of the electrodes. After 5,000 cycles at a current 
density of 10 A·g−1 in 3 M KOH solution, Ni/ZnO-600 maintains 
86% of its initial capacitance, which is superior to that of the 

Ni/ZnO-400 (78%) and Ni/ZnO-500 (82%) electrodes.  
The EIS was used to further analyze the conductivity and 

capacitive behavior of the electrode material. The corresponding 
Nyquist diagram is displayed in Fig. 6(c). In the low-frequency 
region, the slope of the curve is related to the diffusion  
process. In the high-frequency region, it contributes to the 
Faradic reactions and its diameter represents the Faradaic 
charge-transfer resistance at the electrolyte–electrode interface. 
When the high-frequency region of the Ni/ZnO-600 is magnified, 
no semicircle is observed, which indicates that the charge 
transfer resistance is relatively small. The low-charge transfer 
resistance is related to the sufficient and efficient electrochemical 
reaction sites. Moreover, compared with the other two electrodes, 
the slope of Ni/ZnO-600 in the low-frequency region is larger, 
indicating its low diffusion resistance.  

The low diffusion resistance can promote the ion diffusion 
in the redox reaction process. The preceding results confirm 
that the effective electron transfer and fast ion diffusion are 
responsible for the outstanding electrochemical performance 
of the Ni/ZnO-600. 

To further demonstrate whether the promoted specific 
capacitance of Ni/ZnO-600 is contributed by pure NiO or its 
own special structure, we annealed Ni-MOF and Zn-HMT at 
600 °C in an N2 atmosphere for 2 h to obtain NiO and ZnO, 
respectively. The CV and GCD tests of pure NiO and ZnO are 
conducted in a standard three-electrode configuration at room 
temperature. The CV responses of ZnO and NiO at different 
scanning rates between 5 and 50 mV·s−1 are presented in   
Figs. S8(a) and S8(b) in the ESM. A pair of distinct redox peaks 
can be seen in the CV curves of ZnO and NiO. By comparing 
the redox peak position of ZnO, NiO, and Ni/ZnO-X, it can 
be found that the peak position of ZnO is very close to that of 
Ni/ZnO-X. And the redox peak position of pure NiO shifted 
to low voltage obviously. Figures S8(c) and S8(d) in the ESM 
show the GCD curves of pure ZnO and NiO under various 
current densities. The calculated capacitances of pure ZnO are 
290, 266, 253, 237, 213, and 188 F·g−1 at different current densities 
in the range of 1–20 A·g−1. And the calculated capacitances  
of pure NiO are 438, 414, 398, 377, 342, and 300 F·g−1. The 

Table 2 Comparison of electrochemical performance of Ni/ZnO-600 with reported ZnO-based electrodes in supercapacitor 

Sample Current density (A·g−1) Specific capacitance (F·g−1) Electrolyte Voltage window (V) Ref. 
Ni/ZnO-600 1.0 807 3 M KOH 0–0.6 This work

ZnO-Au 2.0 205.7 2 M KOH  0–0.58 [59] 
ZnO NMs 1.0 846 6 M KOH 0–0.6 [35] 
ZnO/NiO 1.0  435.1 3 M KOH 0–0.5 [60] 

ZnO/nitrogen-doped hierarchically  
porous carbon (NOHPC) 

1.0 720 6 M KOH 0–0.5 [61] 

ZnO/CeO2 3.0 495.4 3 M KOH 0–0.4 [57] 
ZnO/MnOx 1.0 556 1 M Na2SO4 0–0.9 [62] 
Al2O3-ZnO 1.0 463.7  1 M Na2SO4 0–0.6 [63] 

 
Figure 6 (a) Specific capacitances of Ni/ZnO-X at different current densities, (b) cycling stability of Ni/ZnO-X after 5,000 cycles at 10 A·g−1 in 3 M KOH 
solution, and (c) Nyquist plots of Ni/ZnO-X. 
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specific capacitance of NiO is expected to be slightly higher 
than that of ZnO. However, compared with Ni/ZnO-600  
(807 F·g−1), the specific capacitance of pure NiO and ZnO are 
much smaller.  

Based on the preceding results, the better electrochemical 
performance of the Ni/ZnO-600 can be attributed to the following 
factors: (1) The unique 3D framework structure shortens the 
way of ion transport. (2) Carbon and metal oxides derived from 
MOF materials produce a synergistic effect. (3) The presence of 
nickel nanoparticles can effectively improve the conductivity 
and corrosion resistance of the electrode material, thereby 
improving the specific capacitance and cycling performance. 
(4) Abundant Ni3+ sites exist in the form of NiOOH, providing 
more electrochemical active sites for redox reactions. (5) Oxygen 
vacancies in ZnO significantly improve the charge-transfer 
efficiency by improving the donor density.  

3.7 Electrochemical performance of ASC (Ni/ZnO-600) 

To further evaluate the prospect of Ni/ZnO-600 in practical 
application, an asymmetric supercapacitor device is assembled 
by employing Ni/ZnO-600 as the positive electrode, activated 
carbon as the negative electrode, and 3 M KOH as the electrolyte. 
Meanwhile, the storage charge between the two electrodes 
should be balanced, the load mass of the positive and negative 
electrodes is determined by Eq. (3):  

m C V
m C V

+ - -

- + +

´D
=

´D
               (3) 

where m is the mass of the positive and negative electrodes. 
C and V denote the specific capacitance and potential windows 
of the two electrodes. 

As shown in Fig. 7(a), the CV curves of the device are tested 

between 0 and 1.6 V at different scanning rates in the range 
of 5–50 mV·s−1. The final shape is contributed by the Faraday 
pseudo-capacitor and EDLC capacitor simultaneously. Based 
on the GCD curves (Fig. 7(b)), the specific capacity calculated 
at different current densities (1–10 A·g−1) are 97.6, 79.3, 67.8, 
58.5, 54.6, and 23.2 F·g−1, respectively. Moreover, the energy 
density (E) and power density (P), as important characteristics 
of energy storage equipment, can be calculated based on   
Eqs. (4) and (5): 

20.5 ( )
3.6

C VE D
=                (4) 

3,600EP
t

=
D

                    (5) 

where C (F·g−1), Δt (s), and ΔV (V) are identical to those in 
present work. 

The corresponding Ragone plot of the ASC and several 
other ZnO-based hybrid materials reported in the literature 
are presented in Fig. 7(d) [62–68]. The device reaches a high 
energy density of 30.6 W·h·kg−1 at a power density of 398 W·kg−1, 
and even maintains 10.1 W·h·kg−1 at a high-power density of 
8,000 W·kg−1. The cycling performance of the Ni/ZnO-600//AC 
asymmetric supercapacitors is evaluated at a high current 
density of 5 A·g−1 (Fig. 7(e)). After 5,000 cycles, the device 
maintained 89% of its original performance. 

4 Conclusions 
We successfully designed and fabricated Ni/ZnO nanocomposites 
for high-performance supercapacitors. The Ni/ZnO-600 
electrode shows specific capacitance of 807 F·g−1 at 1 A·g−1. 
The electrode also exhibits excellent cyclic stability, and 86% 

 
Figure 7 (a) CV curves of Ni/ZnO-600//AC at different scan rates, (b) GCD curves of device at different current densities, (c) specific capacitance at
different current densities and Coulomb efficiency of the device at a current density in the range of 0.5–10 A·g−1, (d) Ragone plots of the device and other 
hybrid materials reported in the literature, and (e) cycling stability of the device tested after 5,000 cycles at 5 A·g−1. 
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capacitance retention after 5,000 cycles at 10 A·g−1. The energy 
densities of the asymmetric device are 30.6 and 10.1 W·h·kg−1 
at power densities of 400 and 8,000 W·kg−1, respectively.  

Therefore, we suggest that the greatly improved electrochemical 
properties of the Ni/ZnO nano-sponges are attributed to the 
synergistic effects: (i) well-crystallized ZnO NPs and stable 3D 
porous carbon structure; (ii) synergistic effect between carbon 
materials and NiO/ZnO; (iii) high conductivity of carbon and 
metal Ni, which improves the charge transport; and (iv) 
annealing that induces oxygen and nickel deficiencies in ZnO 
and NiO to improve the charge transport and provide additional 
electrochemical active sites. 

The ZnO-based nanocomposite with remarkable 
electrochemical properties is a potential material for high- 
performance energy storage systems. Other metal oxide-based 
nanocomposites with high surface defects can also be obtained 
by using a similar synthetic strategy. 
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