
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 
 

Mesoporous ZnCo2O4 nanoflakes grown on nickel foam as 

electrodes for high performance supercapacitors 

Jinbing Cheng,†a,b Yang Lu,†a,b,c Kangwen Qiu,†a,b Hailong Yan,a,b Xiaoyi Hou,a,b 

Jinyou Xu,a,b Lei Han,a Xianming Liu,d Jang-Kyo Kime and Yongsong Luo∗a,b 

a
School of Physics and Electronic Engineering, Xinyang Normal University, Xinyang 464000, P. R. 

China.  

b
Key Laboratory of Advanced Micro/Nano Functional Materials, Xinyang Normal University, 

Xinyang 464000, P. R. China. 

c
School of Material Science and Engineering, Hebei University of Technology, Tianjin 300130, P. 

R. China.  

d
College of Chemistry and Chemical Engineering, Luoyang Normal University, Luoyang 471022, 

P. R. China. 

e
Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science 

and Technology, Clear Water Bay, Kowloon, Hong Kong, P. R. China. 

Abstract: ZnCo2O4 nanoflakes are grown on a cellular nickel foam using a cost 

effective hydrothermal procedure as electrodes for supercapacitors. The mesoporous 

ZnCo2O4 nanoflakes have large electroactive surface areas with strong adhesion with 

the Ni foam, allowing fast ion and electron transport. The nanoarchitecture electrodes 

deliver an excellent specific capacitance of 1220 F g-1 at a current density of 2 A g-1 in 

a 2 M KOH aqueous solution and a long-term cyclic stability of 94.2% capacitance 
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retention after 5000 cycles. The fabrication strategy is facile, cost-effective, and can 

offer great promise for large-scale supercapacitor applications. 

Key words: Spinel zinc cobaltate, mesoporous, nanoflake, supercapacitor  

1. Introduction 

As energy storage devices with properties intermediate to those of batteries and 

electrostatic capacitors, electrochemical supercapacitors (SCs) possess many desirable 

properties. They include high power densities of ten times higher than batteries, 

extremely fast charging time within seconds, excellent cyclic stability, small size and 

low mass, making SCs one of the most promising candidates for next-generation 

power devices.1-7 With characteristics complementary to those of rechargeable 

batteries and fuel cells, SCs have been used in many applications, such as power 

back-up, pacemakers, air bags and electrical vehicles.8 The electrode material is a key 

component that determines the SC’s functional performance. An excellent electrode 

material for pseudocapacitors is RuOx, due to an ideal capacitive behavior, a large 

specific area, high conductivity and electrochemical stability.9 However, the hydrated 

RuOx is expensive and toxic, which limits its practical applications for SCs.10 

Therefore, alternative materials with superior pseudocapacitive characteristics need to 

be identified. Inexpensive transitional metal oxides, such as ZnO,11 Co3O4,
12,13 

MnO2,
14,15 NiO,16,17 and SnO2,

18 have thus far been studied as the electrode material 

for pseudocapacitors. The exploration of electrode materials with higher power 

performance and longer cyclic life for pseudocapacitors is still in great need.19 

Many research efforts have recently been directed towards preparation of binary 
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compounds for SCs.20-23 Spinel cobaltite ZnCo2O4 is known be efficient for oxygen 

reduction when used as an electrode, and is low cost, abundant and environment 

friendly.24 ZnCo2O4 has been developed for applications in Li-ion batteries,25,26 

electrocatalysts27,28 and SCs,29-31 demonstrating its multi-functionalities. It was 

revealed that both the NiCo2O4 and ZnCo2O4 electrodes delivered superior capacitive 

performance to Co3O4 because of their stronger electrochemical activities and richer 

redox reactions than the latter.32-34 

Herein, we demonstrate a simple yet high efficiency approach for preparing porous 

hexagonal ZnCo2O4 nanoflakes using a one-step hydrothermal method coupled with 

an annealing treatment. The ZnCo2O4 nanoflakes grown directly on a nickel foam can 

avoid the use of polymer binders and conducting additives, thus excellent mechanical 

adhesion and electrical connection are ensured. Through electrochemical 

measurements, the ZnCo2O4 nanoflakes are found to be a promising pseudocapacitive 

material with a high specific capacitance and excellent rate capability.  

2. Experimental 

2.1 Synthesis of mesoporous ZnCo2O4 nanoflakes 

All the reagents were analytical grade and directly used without further purification. 

Prior to deposition, nickel foams of 1.5 cm × 4.0 cm in rectangular shape were 

cleaned by sonication in acetone, 1 M HCl solution, deionized (DI) water, and ethanol 

for 15 min each. Nanoflakes were grown on the nickel foam via a simple one-pot 

hydrothermal process. 1 mmol (0.30 g) of Zn(NO3)2·6H2O and 2 mmol (0.58 g) of 

Co(NO3)2·6H2O were dissolved into 35 mL of DI water and 5 mL of ethanol absolute, 
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followed by the addition of 15 mmol (0.90 g) of urea and 6 mmol (0.22 g) of NH4F at 

room temperature, and the mixture was stirred to form a clear pink solution. Then the 

mixture was transferred to a 50 mL Teflon-lined stainless steel autoclave. The cleaned 

Ni foam was immersed in the mixture, and the autoclave was kept at 120 oC for 6 h. 

After cooling down to room temperature, the Ni foam was taken out and washed with 

DI water and ethanol several times to obtain Zn-Co hydroxide precursor on its surface. 

The as-prepared precursor was annealed at 400 oC in air for 2 h at a ramping rate of 1 

oC min-1 to obtain hexagon-shaped ZnCo2O4 nanoflakes. For comparison, Co3O4 was 

also prepared using Co(NO3)2·6H2O as the reactant under the same procedure.  

2.2 Materials characterization 

The crystalline structure and phase purity of the products were identified by X-ray 

diffraction (XRD) analysis on a D8 Advance (Bruker) automated X-ray diffractometer 

system with Cu-Kα (λ = 1.5418 Å) radiation at 40 kV and 40 mA, and 2θ ranging 

from 10° to 80° at room temperature. Raman spectroscopy was carried out using an 

INVIA Raman microprobe (Renishaw Instruments) with a 532 nm laser source and a 

50×objective lens. The morphologies and structures were examined on a field 

emission scanning electron microscope (FESEM, JEOL S-4800) and a transmission 

electron microscope (TEM, JEOL JEM-2010). The elemental analysis was carried out 

using an energy-dispersive X-ray spectroscope (EDS, Bruker-QUANTAX) attached to 

the FESEM. The Brunauer-Emmett-Teller (BET) surface areas of the electrode 

materials of 45 mg in weight were determined using the nitrogen sorption/desorption 

isotherms obtained at 77K from a surface area and porosity analyzer (Quadrasorb 
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SI-MP, Quantachrome). The chemical elements of the electrodes were analyzed on a 

X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5600 XPS system). 

2.3 Electrochemical measurements 

The electrochemical properties of the products were studied based on cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) tests and 

galvanostatic charge/discharge (GCD) curves using three-electrode cells on a 

electrochemical workstation (CHI 660E). The three-electrode cell contained a Pt foil 

as the counter electrode, a standard calomel electrode (SCE) as the reference electrode,  

ZnCo2O4 nanoflakes (m≈ 10 mg) and as-prepared Co3O4 (m≈ 8 mg) grown on a nickel 

foam as the working electrode, with a solution of 2 M KOH as the electrolyte. The 

CV analysis was performed between 0 and 0.6 V vs. SCE at scan rates ranging from 5 

to 50 mV s-1. The GCD tests were conducted in a stable potential window between 0 

and 0.6 V at different current densities of 2-10 A g-1 on a LAND battery 

program-control test system. The EIS measurements were made by applying an AC 

voltage with 10 mV amplitude in a frequency range from 0.01 Hz to 100 kHz. The 

nominal area of these electrodes immersed into the electrolyte was controlled to be 

around 1.0 cm × 3.0 cm. The specific capacitance, C (F g-1), was calculated according 

to the following equation: 

                                                                (1) 

where I (mA) represents the discharge current, and M (mg), ∆V (v) and ∆t (s) refer to 

the mass of active material, potential drop during discharge and total discharge time, 

respectively.  
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3. Results and discussion 

3.1 Morphology and structure of ZnCo2O4 

Fig. 1 illustrates the design and synthesis strategy of ZnCo2O4 on a Ni foam as an 

electrode material. The whole process involved two steps: firstly, the Zn-Co 

hydroxide precursor in the form of nanoflake coating was uniformly grown on the Ni 

foam via a facile, hydrothermal process; and secondly, ZnCo2O4 was obtained after 

annealing in air while maintaining the hexagonal structure.  

Fig. 2 shows the XRD patterns of the mesoporous ZnCo2O4 nanoflakes and Co3O4 

supported on a Ni foam. Except for the peaks originating from the Ni foam substrate, 

all the diffraction peaks can be indexed to a cubic phase of ZnCo2O4 (JCPDS card No. 

01-1149).28 The composition and structure of the ZnCo2O4 were further confirmed by 

the Raman analysis, as shown in Fig. S1. Four prominent peaks were observed at 183, 

481.2, 523.4 and 625.7 cm-1, which are assigned to F2g, Eg, F2g and A1g models of 

ZnCo2O4, respectively. Only the Co-O and Zn-O vibrations were detected and signals 

from the OH group were absent, indicating that the precursor cobalt/zinc metallic 

carbonate hydroxide salts were completely decomposed after calcination at 400 oC. 

These results are consistent with those reported previously.35 Fig. S2 gives the 

thermogravimetric and differential thermal analysis (TG-DTA) curves of the Zn-Co 

hydroxide precursor in air, showing the beginning of decomposition at ~208 oC after 

the evaporation of water and other small molecular species. In the DTA curve, there 

was a strong heat absorption peak at ~394 oC, originating from the decomposition of 

Zn-Co hydroxide to ZnCo2O4. These observations demonstrate that the annealing 
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temperature, 400 oC, chosen in this study was appropriate.  

The SEM images of ZnCo2O4 taken at increasingly higher magnifications are 

shown in Fig. 3. The nanoflakes were grown over the whole Ni foam skeleton to form 

a large-scale, uniform coating (Fig. 3a). The higher magnification SEM image (Fig. 

3b) shows that the products are highly compact and intertwined in a cluster, 

resembling blooming flowers. Fig. 3c, d display that the nanoflakes lie aslant to the Ni 

foam support and are interconnected with each other, forming a highly open 

nanochannel. Thus, most of the nanoflake surfaces are accessible by the electrolyte 

when used as an electrode for SCs. Of particular note is that the diameter of 

as-synthesized ZnCo2O4 nanoflakes is approximately 6-7 µm. For comparison, the 

SEM images of the Co3O4 composed of many overlapping nanosheets are also shown 

in Fig. S3.  

More detailed information about the morphological and structural features of the 

as-synthesized ZnCo2O4 nanoflakes is gained by TEM, HRTEM and selected-area 

electron diffraction (SAED). Fig. 4a, b display a bundle of nanoflakes with hexagon 

profiles. The selected-area electron diffraction (SAED) pattern (the inset in Fig. 4a) 

shows well-defined rings with polycrystalline characteristics, which are readily 

indexed to the (111), (220) and (311) planes of the cubic ZnCo2O4 phase, respectively, 

consistent with the above XRD results. The HRTEM image (Fig. 4c) presents that the 

lattice fringes were ∼0.249 and 0.482 nm, corresponding to the (311) and (111) planes 

of spinel structured ZnCo2O4, respectively.36 The EDS spectrum (Fig. 4d) presents O, 

Co and Zn elements with the atomic ratio of Co to Zn being approximately 2:1. 
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The XPS general spectrum (Fig. 5a) indicates the presence of Zn, Co and O 

elements in the ZnCo2O4 nanoflakes. The Zn 2p deconvoluted spectrum (Fig. 5b) 

presents strong peaks at 1020.2 and 1044.4 eV, attributed to Zn 2p1/2 and Zn 2p3/2, 

respectively. Two major peaks at binding energies of 780.3 and 795.7 eV were 

observed from the complex Co 2p spectrum (Fig. 5c), arising from the Co 2p3/2 and 

Co 2p1/2 spin-orbit peaks, respectively. The O 1s detailed spectrum (Fig. 5d) was 

resolved into two components, centered at 530.4 and 531.8 eV, which are attributed to 

the O2- forming oxide with Co and Zn elements, and OH-, respectively,. 

The porous structure of ZnCo2O4 nanoflakes needs a special mention because of the 

importance of pores and surface area in electrodes for SCs. The porous structure 

enables facile transport of the electrolyte to the surface of ZnCo2O4 nanoflakes, 

resulting in rapid charge transfer reactions due to the shortened ion diffusion paths. It 

is thought that the annealing process helped the formation of pores within the 

nanoflake clusters when the gas was released during the decomposition of the Zn-Co 

hydroxide precursor. Fig. S4 shows type IV adsorption/desorption isotherms with type 

H3 hysteresis loops according to the IUPAC (International Union of Pure and Applied 

Chemistry) classifications of hysteresis loops,37 a reflection of a typical mesoporous 

microstructure.38,39 After a steady increase, the adsorbed nitrogen volume surged at a 

relative pressure close to unity, implying the existence of large interconnected voids 

or void space within the nanoflakes. The pore size distribution (PSD) data (inset of 

Fig. S4) show that the majority of the pores fell in the range of 6-10 nm, which is 

known to be optimal for SC applications. The mesoporous structure gave rise to a 
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high porosity of 0.22 cm3 g-1 and a large BET specific surface area of 117 m2 g-1.  

3.2 Electrochemical behavior of ZnCo2O4 nanoflakes 

Fig. 6a shows the CV of the ZnCo2O4 nanoflake electrode in comparison with those 

of the Co3O4 and neat Ni foam electrodes determined at a scan rate of 30 mV s-1. The 

signal from the Ni foam electrode was negligible compared to the other CVs. The area 

integrated from the current-potential curve of the ZnCo2O4 electrode was significantly 

larger than that of the Co3O4 electrode, indicating stronger electrochemical reaction 

activities of the former. Fig. 6b presents the cyclic voltammograms of the ZnCo2O4 

electrode within the potential range of 0 to 0.6 V (vs. SCE) at various scan rates from 

5 to 50 mV s-1. Clearly, when the scan rate was 5 mV s-1, a distinct pair of redox 

peaks were observed, indicating that the energy storage mechanism of the ZnCo2O4 

electrode originated mainly from faradaic redox reactions assigned to the 

Co(OH)2/CoOOH redox couple prior to the onset of oxygen evolution.40,41 When the 

scan rate increased from 5 to 50 mV s-1, the corresponding current enhanced while the 

shape of the CV curves remained largely unchanged, except for the shifts of the peak 

positions. The galvanostatic charge/discharge curves (Fig. 6c) had nearly symmetrical, 

nonlinear triangular shapes, confirming a high and reversible charge storage capacity 

of the electrode.42 The ZnCo2O4 nanoflake electrode showed remarkable specific 

capacitances of 1220 F g-1 (2 A g-1), 1142 F g-1 (4 A g-1), 1074 F g-1 (6 A g-1), 973 F 

g-1 (8 A g-1) and 881 F g-1 (10 A g-1), respectively, which are compared with the 

corresponding values of the Co3O4  electrode, as shown in Fig. 6d. It is obvious that 

the specific capacitances of the former electrode were about 500 F g-1 higher than 
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those of the latter electrode for a given current density. The comparison of the 

capacitances between the current study and similar metal oxide electrodes taken from 

the literature is shown in Table S1. The capacitance delivered by the ZnCo2O4 

nanoflake electrode in this study is proven to be among the best, confirming that the 

design of ZnCo2O4 nanoflakes with a mesoporous structure is efficient for SC 

applications. 

The long-term cyclic stability of SCs is another critical issue in practical use. 

Cyclic tests were carried out for over 5000 cycles at 2 A g-1. Fig. 7a presents that the 

ZnCo2O4 nanoflake electrode exhibited an excellent long-term stability with only 5.8% 

capacitance loss after 5000 cycles, which is much better than 13.4% capacitance loss 

by the Co3O4 electrode. After charging/discharging 5000 cycles, the ZnCo2O4 

nanoflakes showed little structural changes (as shown in Fig. S5). High rate 

capabilities were measured at progressively increasing current densities, as shown in 

Fig. 7b. In the first 300 cycles at 2 A g-1, the specific capacitance of the ZnCo2O4 

electrode slightly dropped from 1220 to 1208 F g-1 and then stabilized. Even after 

sudden upward changes in current density, the ZnCo2O4 electrode delivered very 

stable specific capacitances. Upon reverting to 2 A g-1 after 1500 charge/discharge 

cycles, the ZnCo2O4 electrode sustained exceptional 98% of the initial capacitance, 

which is well compared with 91% of the Co3O4 electrode. 

The ion diffusion and electron transfer in the two electrode materials were 

evaluated using the EIS measurements (Fig. 7c). The two impedance spectra were 

similar, all composed of one semicircle component at a high frequency range and a 

linear component at a low frequency range. The internal resistance (Rs) is the sum of 
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the ionic resistance of electrolyte, the intrinsic resistance of active materials and the 

contact resistance at the active material/current collector interface,43 and can be 

obtained from the intercept of the plots on the real axis. The semicircle of Nyquist 

plot corresponds to the Faradic reactions and its diameter represents the interfacial 

charge transfer resistance (Rct). The inset of Fig. 7c showed an equivalent circuit used 

to fit the EIS curves to measure Rs and Rct, where Zw and CPE are the Warburg 

impendence and the constant phase element, respectively.44 The fitting results are 

shown in Table S2, confirming much lower Rs and Rct values of the ZnCo2O4 

electrode than the Co3O4 electrode. Furthermore, the ZnCo2O4 electrode presented a 

higher slope and a shorter line in the low frequency region, suggesting a faster OH- 

diffusion rate and a smaller variation of diffusion paths. The Rct increased by only 0.8 

Ω after 5000 cycles confirming that the ZnCo2O4 nanoflake structure was well 

preserved, consistent with the very stable cyclic performance (Fig. 7a). The excellent 

electrochemical performance of ZnCo2O4 nanoflakes may be attributed to their unique 

microstructures. First, the nanoflakes were intertwined with each other and directly 

attached to the substrate, which increased the effective contact area between electrode 

and electrolyte and improved the utilization of active materials. Second, the unique 

porous structure of nanoflakes further increased the electroactive sites for the Faradic 

reactions, and shortened the distance of OH- ion/electron transformation, which led to 

faster kinetics and enhanced the electrochemical performance. The direct growth of 

ZnCo2O4 nanoflakes onto the highly conductive Ni foam substrate means participation 

of the majority of the highly porous electrode materials in the ultrafast 

electrochemical reaction, as schematically shown in Fig. 7d. These findings 

demonstrate that the combination of fast ion diffusion and low electron transfer 

resistance resulted in enhanced electrochemical performance. In addition, the 

Page 11 of 23 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



12 
 

interconnected network of ZnCo2O4 nanoflakes directly grown on a Ni foam substrate 

assured good mechanical adhesion to the underneath current collector and excellent 

electrical conductivities.45 Along with these ameliorating structural features, the 

freestanding nature of the electrode allowed fast electron/ion transport without the 

needs of conductive additives or polymer binder which usually add extra interfacial 

resistance. 

4. Conclusions 

In summary, this paper presents a facile and highly-efficient hydrothermal method 

for direct growth of mosoporous hexagonal ZnCo2O4 coatings on a Ni foam substrate. 

The synthesis route was robust and scalable so that the technique may be extended to 

fabricate other nanostructures for various applications in electrochemical energy 

storage devices. Several unique structural features and ameliorating properties are 

considered responsible for the excellent electrochemical performance of the ZnCo2O4 

electrode. (i) The direct growth of freestanding ZnCo2O4 nanoflakes on a highly 

conductive Ni foam substrate means total elimination of polymer binders and 

conductive additives, substantially reducing the “dead volume” in the electrode. (ii) 

The direct growth also ensured outstanding mechanical adhesion and electrical 

conduction to the current collector. (iii) The unique three dimensional mesoporous 

nanoflake architecture with a very large surface area and porosity offered faster 

ion/electron transfer, an improved reactivity and an enhanced electrochemical 

kinetics.  
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Figure captions 

Fig. 1 Schematic illustrating the fabrication processes of ZnCo2O4 nanoflakes. 

Fig. 2 X-ray diffraction patterns of ZnCo2O4 and Co3O4. 

Fig. 3 (a-d) SEM images of ZnCo2O4 nanoflakes grown on a Ni foam. 

Fig. 4 (a-c) TEM images of ZnCo2O4 nanoflakes and the corresponding SAED pattern 

in the inset of (a); and (d) energy-dispersive X-ray spectrum of the elements Co, Zn 

and O. 

Fig. 5 (a) XPS spectra of ZnCo2O4 nanoflakes; and (b-d) XPS deconvoluted scans of 

Zn 2p, Co 2p and O 1s. 

Fig. 6 (a) CV curves for ZnCo2O4, Co3O4 and neat Ni foam electrodes, recorded at a 

scan of 30 mV s-1; (b, c) CV and galvanostatic charge/discharge curves of the 

ZnCo2O4 electrode at different scan rates and different current densities in 2 M KOH 

aqueous solution, respectively; (d) specific capacitances of the ZnCo2O4 nanoflake 

and as-prepared Co3O4 electrodes as a function of current density.  

Fig. 7 (a) Cycling performance of the ZnCo2O4 nanoflake and as-prepared Co3O4 

electrodes at a current density of 2 A g-1; (b) rate performance of the ZnCo2O4 and 

Co3O4 electrodes at step-wisely increased current densities; (c) Nyquist plots of the 

ZnCo2O4 and Co3O4 electrodes, with the equivalent circuit in the inset; and (d) 

schematic representation of rechargeable supercapacitive electrode made from 

ZnCo2O4 nanoflakes on a Ni foam. 
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