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CoxNi1-xO-NiCo2O4/rGO Synergistic Bifunctional Electrocatalysts 
for High-Rate Rechargeable Zinc-Air Battery  

Zixuan Huang,a Mai Thanh Nguyen,*a Wei Jian Sim,a Masayuki Takahashi,a Soorathep Kheawhomb 
and Tetsu Yonezawa*a 

Bifunctional catalysts containing spinel NiCo2O4 and CoxNi1-xO bimetallic oxide nanoparticles embedded on reduced 

graphene oxides (rGO), CoNi/rGO, were obtained by thermal decomposition of metal nitrates and graphene oxides (GO). 

For the first time, we report the correlation of the catalytic activities in oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER) at low current density (< 30 mA·cm-2) and zinc-air battery (ZAB) performance at high current density 

of 100 mA·cm-2 with the structures of CoNi/rGO catalysts of different Co:Ni molar ratio and metal loading. A layer of 2-3 nm 

NiCo2O4 and Co-rich CoxNi1-xO nanoparticles on rGO exhibited synergistic ORR catalytic effect. In contrast, NiO and big sized 

Ni-rich CoxNi1-xO nanoparticles (10-20 nm) exhibited poor ORR and OER performance at low current density. No synergetic 

effect of Co and Ni oxides were found in OER at low current density of electrochemical test. The battery test at high current 

density revealed the best cycle stability of CoNi/rGO-5/5 with equimolar of Co and Ni and medium metal loading. This is 

owing to the synergetic OER performance with the lowest charge voltage at high current density and the best ORR activity 

with the highest electron transfer numbers of 3.63. This is related to the highest Co:Ni ratio of the small sized CoxNi1-xO 

bimetallic oxide and high amount of spinel NiCo2O4 nanoparticles. Corrosion during charging was found to be the limiting 

factor of the long-term cycle stability at high current density. 

1. Introduction 

“Affordable, reliable, sustainable, and modern energy” for all is 

the 7th of 17 sustainable development goals (SDGs) in the urgent 

call from the United Nation for action by all countries.1 With the 

growing demand of energy, depletion of fossil fuels, and 

heading towards net zero emission, the development of green 

rechargeable batteries, which can couple with fast conversion 

and storage of renewable energy resources, has been 

demanded.2 For that purpose, rechargeable aqueous zinc-air 

batteries (ZABs) with high theoretical energy density of 1086 

W·h·kg-1, environmental friendliness, abundant materials 

resource, low cost, and safety have attracted much attention.3-6 

ZABs present a great prospect as an energy storage device on a 

large scale.4 

A typical ZAB contains negative electrode (Zn anode), 

electrolyte, and positive electrode which is the air cathode with 

catalyst, current collector, and gas diffusion layer (GDL). On the 

air cathode of rechargeable ZAB, oxygen reduction reaction 

(ORR) and oxygen evolution reaction (OER) occurs when 

discharging and charging, respectively.7-9 Because of the 

sluggish reaction kinetics of both ORR and OER, they are the 

rate determining steps of the whole electrochemical reaction in 

ZABs. Besides, high overpotential of OER (over 2.0 V vs. RHE) 

can cause corrosion of the cathode.10 Hence, bifunctional 

electrocatalyst with high catalytic activities and stability is 

needed.11,12  

Recently, electrocatalysts based on non-precious and earth-

abundant transition metal oxides of low cost have been studied 

for replacing the high-cost and scarce conventional Pt and IrO2 

catalysts.12-17 Moreover, some studies suggested that bimetallic 

oxide catalysts, such as binary oxides of Co, Fe, and Ni, 

performed better than monometallic oxides in ORR and 

OER.18-22 For example, NiOx-based compounds are promising 

ORR/OER catalysts in alkaline media and Co-doped NiOx 

catalysts exhibit synergistic effect.20 Cui prepared a core-ring 

hexagonal structure Co-rich spinel NiCo2O4, which exhibited an 

OER overpotential of 0.315 V (vs. SCE) in alkaline electrolyte at 

a current density of 100 mA·cm-2, better than Co3O4.21 Prabu 

reported a one-dimensional NiCo2O4 catalyst by using 

electrospinning, which showed an electrocatalytic activity with 
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ORR onset potential of 0.93 V and OER potential of 1.62 V at 10 

mA·cm-2 (vs. RHE), better than the noble metal catalyst.22 

However, so far, the stability and performance evaluation of 

binary oxide catalysts in charging and discharging of ZABs have 

been carried out at relatively low current density (≤ 30 

mA·cm-2)23-25 and typically in short charge/discharge time (< 60 

min).26-34 Furthermore, recently we found that the gap between 

bifunctional catalytic performance from electrochemical test 

(polarization) and battery performance at low current densities 

does not allow for a direct judgment and prediction of the ZAB 

performance in terms of capacity and cycle stability at higher 

current densities from the existing literature.35 Moreover, our 

finding indicates that the loading of mixed CoFe2O4 and CoO on 

rGO as catalysts for ZAB evaluated at current density of 100 

mA·cm-2 for 60 min charge and 60 min discharge per cycle 

impact the battery performance. In new direction of ZAB 

operating at such extreme conditions, not only the stability of 

the battery but also understanding the role of each catalyst 

components and their contributions to the battery performance 

are demanded.35 

In this work, we aimed at evaluating ZAB performance at 

high current density of 100 mA·cm-2 in each 60 min charge and 

60 min discharge per cycle, which are severe conditions, for the 

first time. Such a high current density can allow for high-rate 

charge/discharge which enables high efficient energy 

storage/conversion for harvesting renewable energies in large-

scale or for grid applications. However, poor electron 

conductivity hinders the catalytic activity of bimetallic oxides in 

electrochemical reactions. Graphene oxides (GO), derived from 

graphite, with structural defects and various types of oxygen 

functional groups can provides large specific surface area to 

improve the dispersion and electron tunnels of metal oxides. 

After reduction, reduced GO (rGO) is a good electrically 

conductive substrate with high electron conductivity. A series of 

bifunctional ORR/OER electrocatalysts for ZAB was prepared 

using a single-step thermal decomposition of Co and Ni nitrate 

and graphene oxide (GO). The formed hybrid materials, binary 

CoNi oxide on reduced GO (rGO), are called CoNi/rGO. We 

chose to synthesize CoNi/rGO to take advantages of electron 

conductive rGO sheets, their capability of dispersing the 

nonconductive CoNi oxide, and the synergetic effect of forming 

binary CoNi oxides.19,36 

In our work, the molar ratio of Co:Ni and CoNi loading 

amount on GO were varied. The formed catalysts were 

examined for their morphological and crystal structures, 

electrochemical catalytic properties in ORR and OER, and ZAB 

discharge-charge cycle performance at the air cathode. Our 

results elucidated the effect of the composition, crystal 

structure, size, and dispersion on rGO of the CoNi oxide 

catalysts on ORR/OER electrochemical catalytic performance, 

and on long-term discharge-charge battery cycle stability. It was 

found that large nanoparticles of Ni-rich CoxNi1-xO bimetallic 

oxides and small nanoparticles of spinel NiCo2O4 and Co-rich 

CoxNi1-xO bimetallic oxides uniformly anchored on the rGO 

sheets (CoNi/rGO) wherein spinel is a minor phase. ORR activity 

was found to correlate with Co-rich CoxNi1-xO bimetallic oxides 

and spinel NiCo2O4 whereas the OER activity of CoO and Co-rich 

oxide was higher than NiO. The binary CoNi oxide on rGO 

revealed synergetic ORR activity compared to rGO, only Co 

oxide, and only Ni oxide in electrochemical test. We did not 

observe the synergetic OER activity at low current density (≤ 20 

mA·cm-2). In battery test, however, the synergetic OER activity 

of binary CoNi/rGO was evident based on the lower charge 

voltage over cycles and the improved cycle stability. The ZAB 

cells containing CoNi/rGO catalysts with equimolar ratio of Co 

to Ni displayed the highest cycling stability of 31 consecutive 

cycles (1 h charge and 1 h discharge each cycle) at 100 mA·cm-2 

and the lowest charging potentials over cycles among other 

CoNi/rGO catalysts. This came from the ideal metal loading, the 

abundant Co-rich bimetallic oxides (Co:Ni nearly 2:1 mol/mol), 

and spinel oxides well dispersed on rGO. Our results 

demonstrated promising application of CoNi/rGO as air cathode 

catalyst in rechargeable ZABs under high current density. 

2. Experimental 

2.1 Chemicals and Materials 

All chemicals were analytical grade and used without further 

purification. Graphite powder, potassium hydroxide (KOH, 

85 %), sulfuric acid (H2SO4, 98 %), cobalt(II) nitrate hexahydrate 

(Co(NO3)2·6H2O, 98%), and 5wt% platinum-activated carbon 

(Pt/C, 5 % Pt) as the reference catalyst were purchased from 

Wako (Japan). Hydrogen peroxide (H2O2, 35 %), sodium nitrate 

(NaNO3, 99.0 %), and potassium permanganate (KMnO4, 99.3 %) 

were purchased from Junsei Chemical Co., Ltd. (Japan). 

Hydrochloric acid (HCl, 35-37 %), nickel(II) nitrate hexahydrate 

(Ni(NO3)2·6H2O, 98 %) and zinc chloride (ZnCl2, 98.0 %) were 

purchased from Kanto Chemical Co., Inc. (Japan). Nafion 

perfluorinated resin solution (5 %) was purchased from Sigma-

Aldrich (USA). Expanded polytetrafluoroethylene (ePTFE, SEF-

010(HB)) was purchased from Chukoh Chemical Industries, Ltd. 

(Japan). Zn plates (>99 %, 3 mm, Standard Test Piece K.K) were 

used as anodes. Nickel foams (Celmet #8, Sumitomo Electric 

Industries Ltd., Japan) were used for making air cathode. 

Sigracet 22 BB purchased from SGL CARBON GmbH (Germany) 

was used as the GDL. Water was purified using Organo Puric 

System (> 18 MΩ). 

 

2.2 Synthesis of GO 

The synthesis of GO was performed using the modified 

Hummers’ method according to Fu et al.37 Graphite powder (2.0 

g) was mixed with NaNO3 (1.0 g) and concentrated H2SO4 (100 

mL) for 30 min at 0 °C, and then KMnO4 (8.0 g) was added to the 

mixture and stirred for 3 h at 35 °C. 200 mL of pure water was 

then added to the mixture and maintained at 98 °C for 1 h. The 

resulting mixture was washed by H2O2, HCl, and DI water 

subsequently to obtain a neutral pH. Then the mixture was 

dried in vacuum at 60 °C for 24 h and GO was obtained. 

 

2.3 Synthesis of CoNi/rGO catalyst 

Figure 1 illustrates the synthesis of CoNi/rGO and the quantities 

of the materials used are tabulated in Table 1. 
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Figure 1. Schematic illustration of the synthesis of CoNi/rGO catalysts. 

Initially, 200 mg of GO was added into 20 mL pure water and 

sonicated for 2 h to obtain the GO dispersion. Co(NO3)2·6H2O 

and Ni(NO3)2·6H2O were added in to 20 mL of pure water and 

stirred for 1 h to obtain metal nitrate (M(NO3)2) solution. Then 

the solution of metal nitrates was added into GO dispersion 

under vigorous stirring. The resulting mixture was then stirred 

for 24 h to obtain a homogeneous mixture and subsequently 

dried in a vacuum oven at 60 °C. After that, the dried sample 

was put into a tube furnace and kept at room temperature (RT) 

for 30 min under N2 flow. Then it was calcined under N2 flow 

(0.5 L·min-1). The heating speeds were 5 °C·min-1 from RT to 

120 °C, 0.5 °C·min-1 from 120 to 200 °C, and 5 °C·min-1 from 200 

to 350 °C. The sample was kept under 350 °C for 4 h to obtain 

CoNi/rGO before it was cooled down to RT naturally. The 

temperature profile of the synthesis was recorded (Figure S1). 

 

2.4 Materials Characterization 

The crystal structure of the as-prepared samples was 

investigated by X-ray diffraction (XRD) conducted on a Rigaku 

MiniFlex II Desktop X-ray diffractometer with Cu-Kα radiation at 

scanning speed of 5 °·min-1. The material morphology was 

observed using a scanning electron microscope (SEM, JEOL JSM-

6701F, 15 kV) and a transmission electron microscope (TEM, 

JEOL JEM-2000FX, 200 kV). Selected area electron diffraction 

(SAED) patterns of the samples were collected using TEM. A 

spherical aberration corrected scanning TEM (STEM, JEOL JEM-

ARM200F, 200 kV) equipped with energy dispersive X-ray 

spectrometer (EDS) was used for the analysis of the fine 

structure and elemental composition of the samples. High-

annular dark field (HAADF) images of the samples were 

obtained using STEM. Thermogravimetric analysis and 

differential thermal analysis (TGA-DTA) of the metal nitrates in 

GO were conducted using CoNi/rGO-10/0, 5/5 and 0/10 under 

N2 gas at flow rate of 100 mL·min-1 from RT to 350 °C. 

 

2.5 Electrochemical Test 

Electrochemical tests were carried out using HZ-Pro S4 (Hokuto 

Denko, Japan) multi electrochemical measurement system at 

25 °C. A conventional three-electrode system was employed to 

investigate the electrocatalytic performance of the as-prepared 

catalysts. The working electrode was a rotating disk electrode 

(RDE) with a glassy carbon (GC) disk (electrode area: 0.1962 

cm2). The loading amount of the catalyst was 0.5 mg·cm-2. The 

catalyst ink was prepared by dispersing 5 mg of the as-prepared 

catalysts into 1 mL of 0.5 wt% Nafion-IPA solution. Then catalyst 

ink (20 µL) was dropcasted onto the glassy-carbon disk of the 

RDE. 1 M KOH aqueous solution was used as the electrolyte. 

Table 1. Quantities of materials used in all CoNi/rGO catalysts.

Samples mCo (mg) mNi (mg) 
Co(NO3)2·6H2O 

(mmol) 

Ni(NO3)2·6H2O 

(mmol) 

Co:Ni 

(mol/mol) 
mGO (mg) CoNi wt%d  

CoNi/rGO-i/ja        

10/0 200.00  0.00  3.39  0.00  10:0 

200 50 

8/2 160.13  39.87  2.72  0.68  8:2 

6/4 120.20  79.80  2.04  1.36  6:4 

5/5c 100.20  99.80  1.70  1.70  5:5 

4/6 80.20  119.80  1.36  2.04  4:6 

2/8 40.13  159.87  0.68  2.72  2:8 

0/10 0.00  200.00  0.00  3.41  0:10 

CoNi/rGO-w 

wt%b 
       

0 wt% - 200 0 

20 wt% 25.0  25.0  0.43  0.43  

5:5 
 

20 

40 wt% 66.7  66.7  1.13  1.13  40 

50 wt%c 100.0  100.0  1.70  1.70  50 

60 wt% 150.0  150.0  2.55  2.55  60 

80 wt% 400.0  400.0  6.80  6.80  80 

100 wt% 100.0  100.0  1.70  1.70  0 100 

aSamples of CoNi oxide with molar ratio varied in rGO were labeled as CoNi/rGO-i/j with Co:Ni = i:j (mol/mol); bsamples with different metal loadings were labeled as 

CoNi/rGO-w wt% where “w” is the metal loading; cCoNi/rGO-5/5 and CoNi/rGO-50% are the same sample; d𝐶𝑜𝑁𝑖 𝑤𝑡% =
𝑚𝐶𝑜+𝑚𝑁𝑖

𝑚𝐺𝑂+𝑚𝐶𝑜+𝑚𝑁𝑖
    (𝐸𝑞. 1) 
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Hg/HgO and Pt wire were used as the reference electrode 

and the counter electrode, respectively. Before electrochemical 

tests for ORR, the electrolyte was purged with Ar (Ar bubbling) 

for 30 min and then the electrode was electrochemically 

cleaned for 30 cycles between 0.4 and 1.1 V (vs RHE) at scan 

rate of 50 mV·s-1. The electrolyte was then bubbled with O2 for 

30 min to achieve O2-saturated electrolyte solution. After 

electrode cleaning, cyclic voltammetry (CV) was carried out in 

both Ar-saturated and O2-saturated electrolytes at a scan speed 

of 50 mV·s-1. Linear sweep voltammetry (LSV) was conducted in 

O2-saturated electrolyte at various rotation speeds of 400, 900, 

1225, 1600, 2025 and 2500 rpm of the RDE at a scan rate of 5 

mV·s-1. Using the same electrochemically cleaned electrode 

from ORR tests, OER test was carried out by LSV in Ar-saturated 

electrolyte at a rotation speed of 1600 rpm and a scan rate of 5 

mV·s-1 from 0.8 to 1.9 V (vs RHE). 

 

2.6 ZAB Test 

The rechargeable ZABs were prepared using lab-scale acrylic 

electrochemical cells (Figure S2). A solution of 6 M KOH mixed 

with 0.2 M ZnCl2 was used as the electrolyte. Zn plates (3.5 cm 

× 5 cm × 0.3 cm) were used as the anodes. The air cathode was 

composed of a Ni foam with catalyst, gas diffusion layer, and an 

ePTFE film. The catalyst ink was prepared by dispersing 1 mg of 

as-prepared catalysts into 100 µL of 0.5 wt% Nafion-IPA solution 

and sonicated for 30 min. Then the ink was dripped slowly onto 

the Ni foam and dried. The area of the cathode in contact with 

the electrolyte was 1 cm2. The loading of the catalyst on the 

cathode was 1 mg·cm-2. Discharge-charge cycle performance of 

ZABs was tested by using a Neware BTS4000 series battery 

testing system. The current density was set at 100 mA·cm-2 with 

1 h discharging and 1 h charging for each cycle. 

3. Results and Discussion 

3.1 Structure of the CoNi/rGO Catalysts 

 
Figure 2. XRD patterns of the CoNi/rGO-i/j samples of 50 wt% metal loading and different 

Co:Ni molar ratios (from the top pattern to the 7th pattern downwards) of 0/10 (cyan), 

2/8 (violet), 4/6 (blue), 5/5 (green), 6/4 (orange), 8/2 (red), and 10/0 (purple). The 

standard patterns of NiCo2O4 (JCPDS No. 00-020-0781, black), CoO (JCPDS No. 00-048-

1719, violet), NiO (JCPDS No. 00-047-1049, cyan) and Ni2O3 (JCPDS No. 00-014-0481, 

green) are shown at the bottom of the graph. 

XRD was used to determine the crystalline structure and to 

estimate the mass ratio of different phases present in the as-

prepared catalysts. As shown in Figure 2, CoNi/rGO-10/0 (only 

Co oxide sample) showed only characteristic peaks 

corresponding to CoO. In CoNi/rGO-0/10 sample (only Ni oxide 

sample), the peak at 43.3 ° in 2θ corresponded to NiO as the 

major phase. Small peaks located at 44.8 and 51.6 ° in 2θ 

corresponded to the (200) and (112) planes, respectively, of 

Ni2O3 as the minor phase. In Co rich sample, i.e., CoNi/rGO-8/2, 

XRD peaks matched well with spinel NiCo2O4; the characteristic 

peaks of NiCo2O4, which are not overlap with the XRD peaks of 

other mono-oxides, at 31.2, 59, and 65 ° in 2θ were observed.  

In spinel NiCo2O4, Ni and Co occupy tetragonal and octahedral 

sites, respectively; the two octahedral sites share an edge while 

octahedral and tetragonal sites share a vertex. In the precursors, 

the feeding ratio of Co:Ni = 8:2 (mol/mol) is higher than the 

stoichiometric ratio of Co:Ni = 2:1 (mol/mol) in stoichiometric 

NiCo2O4. Thus, the resulting CoNi/rGO-8/2 catalyst can contain 

non-stoichiometric spinel structure (Co rich) wherein some Co 

can also occupy tetragonal site of the spinel lattice. Moreover, 

different from monometallic oxide catalysts wherein CoNi/rGO-

10/0 matched with CoO and CoNi/rGO-0/10 contained mainly 

NiO and the minor Ni2O3 phase, a part of Co atoms in spinel 

structure of CoNi/rGO-8/2 exists as Co(III) (Co2O3) while Ni 

atoms have a valence of 2 (NiO). As Ni molar ratio further 

increased, i.e., for sample CoNi/rGO-6/4, the XRD peaks 

belonging to spinel NiCo2O4 decreased; only the peak at 44.6 ° 

in 2θ for the (400) plane of spinel NiCo2O4 remained visible 

without overlapping with other monometallic oxides. 

Meanwhile, the XRD peaks belonging to CoO and NiO in the 

form of bimetallic oxide, CoxNi1-xO where 0≤x≤1, increased 

and CoxNi1-xO became the main phase. The positions of three 

main diffraction peaks of CoNi/rGO-6/4 at about 37.2, 43.2, and 

63.0 ° in 2θ were in between the reference peaks of CoO and 

NiO corresponding to the (111), (200), and (220) planes. This 

suggests that Co and Ni are in randomly mixed state in the 

CoxNi1-xO bimetallic oxide lattice. When Ni ratio increased, that 

is, Co:Ni (mol/mol) ratio decreased from 6:4 (Co rich) to 2:8 (Ni 

rich), CoxNi1-xO bimetallic oxides were still the major phase and 

their peaks shifted from that of CoO to NiO. This result further 

indicates that the metal oxides existed in a form of CoxNi1-xO 

bimetallic oxides instead of a physical mixture of CoO and NiO. 

Vegard’s law38, 39 was used to calculate the "x” value in CoxNi1-

xO bimetallic oxides (Table 2) for CoNi/rGO-6/4, 5/5, 4/6, and 

2/8 samples (details in SI) based on the (200) peak position of 

the samples between that of CoO (42.388 °) and NiO (43.280 °).  

The results (Table 2) indicate that in CoNi/rGO-6/4, 5/5, 4/6, 

and 2/8, the Co:Ni ratios in CoxNi1-xO bimetallic oxides are 

slightly lower than the feeding ratios (5-15 % lower). Thus, a 

part of Co atoms that did not incorporate in the bimetallic 

oxides, exist in spinel NiCo2O4. Because the molar ratios of Co:Ni 

in CoxNi1-xO were of 5-15 % lower than that in the feeding ratios 

and the CoxNi1-xO presented as the main phase in the XRD 

patterns of samples CoNi/rGO-6/4, 5/5, 4/6, and 2/8, it is 

expected that the minor spinel NiCo2O4 phase existed in 

stoichiometric form.  
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Table 2. The amount of different phases of metal oxides calculated from XRD 

Samples 

CoNi/rGO-i/j 

Feeding ratio  2θ(200) of  

CoxNi1-xO (°) 

“x” in CoxNi1-xOa % Co deficiencyb  Calculated molar ratios 

Co Ni CoxNi1-xO NiCo2O4 NiCo2O4 mol. % 

10/0 10 0 42.380 1  1  1c 0 0 

8/2 8 2 NA NA NA 0 1d 100d 

6/4 6 4 42.785 0.57 5 6.896 1.034 13 

5/5 5 5 42.905 0.43 14 7.042 0.986 12 

4/6 4 6 42.965 0.37 8 8.989 0.337 4 

2/8 2 8 43.136 0.17 15 9.396 0.201 2 

0/10 0 10 43.265 ~0  ~0  1e 0 0 

acalculated from (200) peak position of CoxNi1-xO based on Vegard law; bdeficient Co (in %) in CoxNi1-xO compared with in the feeding ratio; conly CoO; dCo-rich 

nonstoichiometric spinel NiCo2O4; emostly NiO with minor Ni2O3; NA: not applicable 

Using this assumption and based on the obtained “x” value 

of CoxNi1-xO and the feeding ratio of Co and Ni, the molar ratios 

of CoxNi1-xO bimetallic oxide and the stoichiometric spinel 

NiCo2O4 phases were estimated (see SI for details) and shown 

in Table 2. The molar percentages of spinel NiCo2O4 (Table 2) in 

Co-rich samples CoNi/rGO-6/4 and 5/5 are of 13 and 12 %, 

respectively, which are higher than that in Ni-rich samples: 

CoNi/rGO-4/6 (4%) and CoNi/rGO-2/8 (2%). Note that 100 % 

spinel NiCo2O4 in Co-rich sample (CoNi/rGO-4/6) written in 

Table 2 refers to Co-rich nonstoichiometric spinel NiCo2O4 

whereas zero % spinel is for samples of monometallic oxides 

according to XRD results. 

XRD results of samples with equimolar metal ratio and 

different metal loadings were shown in Figure S3. At low metal 

loadings of 40 wt% or less (samples CoNi/rGO-0, 20, and 40 

wt%), a feature broad XRD peak around 25° from the (002) 

plane of the graphitic carbon was observed.40 Meanwhile, XRD 

peaks from metal oxides were not observed due to high content 

of rGO and low metal loadings. The crystal structures of these 

samples were analyzed with TEM-SAED (Figure S4), which 

revealed the presence of CoxNi1-xO and spinel NiCo2O4. At high 

metal loadings, CoNi/rGO-50, 60, and 80 wt% displayed the 

characteristic XRD peaks belonging to CoxNi1-xO bimetallic 

oxides and spinel NiCo2O4. As metal loading increased, the XRD 

peaks intensity of both CoxNi1-xO and NiCo2O4 became stronger 

relatively to that of the broad peak corresponding to rGO. The 

relative ratios of spinel NiCo2O4 and CoxNi1-xO changed with the 

metal loading from 50 to 80 wt%, that is, the highest ratio was 

observed for CoNi/rGO-60 wt% and the lowest one was for 

CoNi/rGO-80 wt% based on XRD peak intensity of (400) NiCo2O4 

(42-43°) and (200) CoxNi1-xO (44-45°). Without using GO in 

calcination, XRD peaks of CoNi/rGO-100 wt% (only metal oxides) 

matched well with the standard patterns of NiCo2O4 (major 

phase) and NiO (minor phase). This suggests an important role 

of rGO in supporting the formation of CoxNi1-xO bimetallic oxide 

as major phase. 

The morphology, size, and composition distribution of the 

catalyst samples were investigated using SEM, TEM, and EDS. 

Figure 3a shows the SEM image and SEM-EDS mapping results 

of sample CoNi/rGO-5/5, wherein O, Co, and Ni dispersed 

uniformly on the rGO sheets. Large nanoparticles with the 

average size of 13.9 ± 3.1 nm on rGO sheets were observed in 

TEM (Figure 3b). The particle size and size distribution did not 

vary significantly when varying the Co:Ni metal ratio, that is, 

14.9 ± 2.6, 18.1 ± 3.4, 15.3 ± 2.9, and 17.9 ± 3.5 nm for samples 

CoNi/rGO-2/8, 4/6, 6/4, and 8/2, respectively (Figure S5). Small 

oxide nanoparticles on rGO could be present but were not 

resolved with normal TEM due to the limitation of the machine 

resolution and little difference in the contrast between rGO and 

small oxide nanoparticles. The SAED pattern of CoNi/rGO-5/5 

(Figure 3c) displayed diffraction rings from the (111) plane of 

NiCo2O4 and (200) plane from CoxNi1-xO. This result agreed well 

with the XRD result. SAED patterns of catalysts of other metal 

ratios are shown in Figure S5. Separated large nanoparticles 

could not be observed in the TEM images of CoNi/rGO-10/0 and 

0/10, which were the monometallic oxide catalysts. Particles in 

these two samples were small and dispersed uniformly on the 

rGO sheets. Thus, only when both Co and Ni existed in the 

catalysts, the large nanoparticles were formed.  

Varying the metal loading (0-100 wt%) in GO did not affect 

the particle sizes (10-16 nm on average) but it showed a clear 

impact on the particle number density and aggregation state 

(Figure S4). For the CoNi/rGO-100%, the sample without rGO, 

the metal oxides particles aggregated together. The number of 

large nanoparticles (10-20 nm) and particle accumulation at the 

edge of the rGO sheets decreased as the metal loading amount 

decreased. This reveals the role of rGO sheets as the matrix in 

dispersing metal oxide nanoparticles. 
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Figure 3. (a) SEM and SEM-EDS mapping images of O K, Co K, and Ni K, (b) TEM image, 

and (c) SAED pattern of CoNi/rGO-5/5. Inset of (c) showing the indices for the obtained 

SAED pattern. 

 

Figure 4. STEM-HAADF images of CoNi/rGO-5/5 catalyst. (b) STEM- HAADF image of a 

large nanoparticle at the top-left corner of (a), (c) STEM image of small nanoparticles, 

and (d) EDS elemental line profile of O K (blue), Co K (red), and Ni K (green) along the red 

line cross through two big nanoparticles in the HAADF image. Indices, measured d-

spacing, and assignment for CoxNi1-xO and for NiCo2O4 are written in yellow and brown 

in (b) and (c). 

STEM-HAADF was employed to investigate the fine 

structure of the sample. Based on the contrast in Figure 4a, 

large nanoparticles around 15 nm and uniformly distributed, 

small nanoparticles of 2-3 nm on rGO were observed. The large 

nanoparticles in the STEM-HAADF image are consistent with 

that in TEM images. The small nanoparticles, which were not 

resolved clearly in the normal TEM due to their low-density 

contrast, were clearly visible in STEM-HAADF image. The large 

nanoparticles (Figure 4b) displayed a clear spacing of 2.10 Å, 

which corresponded to the (200) plane of CoxNi1-xO. Lattice 

spacings of small nanoparticles (Figure 4c) were measured to be 

2.04 Å and 2.49 Å, corresponding to the (400) plane of NiCo2O4 

and (111) plane of CoxNi1-xO bimetallic oxides, respectively. This 

agrees with the results of XRD patterns and SAED patterns in the 

existence of both NiCo2O4 and CoxNi1-xO. Figure 4d displayed the 

EDS elemental line profiles of the large nanoparticles in 

CoNi/rGO-5/5. The content of Ni was higher than Co in the 

CoxNi1-xO large nanoparticles, that is, on average Co:Ni = 5:10 

(mol/mol).  

As shown in Table 3, in the large nanoparticles (10-20 nm) 

of all other catalysts with different Co:Ni feeding ratios, Ni 

content was always higher than Co and Co:Ni molar ratio was 

lower than the feeding molar ratio. Furthermore, the Co:Ni 

ratios of large CoxNi1-xO nanoparticles measured using STEM-

EDS (Table 3) were also lower than that estimated for CoxNi1-xO 

using the XRD peak position (Table 2). This means that small 

CoxNi1-xO nanoparticles contain more Co. The molar ratios of 

Co:Ni in small nanoparticles measured by STEM-EDS for all 

catalysts (Table 3) confirmed that small nanoparticles contained 

more Co than the feeding ratio. Among binary CoNi/rGO-i/j 

catalysts, CoNi/rGO-2/8 has both big and small nanoparticles 

with Ni-rich oxides. Other catalysts of CoNi/rGO-4/6, 5/5, 6/4, 

and 8/2 contain Ni-rich (molar ratio, Co:Ni = 0.5-0.7) in big 

CoxNi1-xO nanoparticles and Co-rich (molar ratio, Co:Ni = 1.6-

5.4) in small nanoparticles of CoxNi1-xO and spinel NiCo2O4. 

In summary, Co-rich non-stoichiometric spinel NiCo2O4 oxide 

was the main phase in CoNi/rGO-8/2 catalyst whereas CoxNi1-xO 

bimetallic oxide and spinel NiCo2O4 were the main and minor 

phase, respectively, in CoNi/rGO-6/4, 5/5, 4/6, and 2/8 catalysts. 

The CoxNi1-xO bimetallic oxides with large particle size (10-20 

nm) were Ni-rich nanoparticles (Co:Ni (mol/mol) ≤ 0.5). The 

CoxNi1-xO bimetallic oxides with small particle size (2-3 nm) were 

Co-rich nanoparticles (Co:Ni (mol/mol) ≥ 1.6) in CoNi/rGO-6/4, 

5/5, and 4/6 catalysts. Meanwhile, spinel NiCo2O4 was also 

formed in small nanoparticles (2-3 nm). The mol% of spinel (as 

stoichiometric spinel) were of 2-13 % and decreased with the 

increase of Ni in the order of Co:Ni = 6/4 (13%), 5/5 (12%), 4/6 

(4%), and 2/8 (2%). Ni-rich oxides presented in both small and 

big CoxNi1-xO bimetallic oxides nanoparticles and small spinel 

nanoparticles of CoNi/rGO-2/8. 

The formation of large sized Ni-rich CoxNi1-xO nanoparticles 

and small sized Co-rich nanoparticles of CoxNi1-xO and spinel 

NiCo2O4 was studied by analyzing the thermal decomposition of 

Co(NO3)2·6H2O/GO, Ni(NO3)2·6H2O/GO, and equimolar Co-Ni 

nitrate/GO by TG-DTA. It is found that Co(NO3)2 started to 

decompose at around 145 °C to form Co3O4 and ~ 250 °C to form 

CoO whereas Ni(NO3)2 started to decompose at 235 °C to form 

NiO (Figure S6).41, 42 When both metal nitrates existed in the 

synthesis of catalysts, upon heating Co(NO3)2 could form Co3O4 

first, which nucleated on the GO and/or rGO sheets with more 

anchoring sites and grew to form small oxide nanoparticles. As 

the temperature increased, Ni(NO3)2 decomposed. Part of Ni2+ 

replaced Co2+ in Co3O4 and became NiCo2O4 small particles 

because of lower crystal field stabilization energy. The other 

Ni2+ anchored on the GO sheets with less unoccupied anchoring 

sites at high temperature and formed large NiO nanoparticles 

(200-250 °C). Loss of oxygen functional groups on GO sheets 

with temperature further increasing led to the reduction and 

decomposition of NiCo2O4.  
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Table 3. STEM-EDS compositions of nanoparticles in CoNi/rGO-i/j catalysts 

Sample CoNi/rGO-i/j 8/2 6/4 5/5 4/6 2/8 

Co:Ni 

(mol/mol) 

Feeding ratio 8:2 (= 4) 6:4 (= 1.5) 5:5 (= 1) 4:6 (= 0.7) 2:8 (= 0.25) 

Big nanoparticles  

(9-18 nm) 

8:12.04 

(= 0.7) 

6:13.18 

(= 0.5) 

5:10.40 

(= 0.5) 

4:8.64 

(= 0.5) 

2:10.45 

(= 0.2) 

Small nanoparticles (2-3 nm) 8:1.49 (= 5.4) 6:3.45 (= 1.7) 5:2.65 (= 1.9) 4:2.54 (= 1.6) 2:7.82 (= 0.3) 

 

Figure 5. Formation of large sized Ni-rich CoxNi1-xO nanoparticles and small sized Co-rich CoxNi1-xO and NiCo2O4 nanoparticles. 

CoxNi1-xO derived from NiCo2O4 has small particle size with 

higher Co amount because of higher amount of Co in NiCo2O4. 

And the other decomposed CoO joined NiO large particles and 

formed CoxNi1-xO large particles with Ni-rich. However, there 

was still NiCo2O4 remaining because the temperature was not 

high enough for the reduction of the metal oxides (>400 °C). The 

formation mechanism is illustrated in Figure 5. 

 

3.2. Electrochemical Test Results 

3.2.1. ORR Catalytic Activity of CoNi/rGO Catalysts CV test was 

conducted to investigate the catalytic activity in Ar- and O2- 

saturated 1 M KOH electrolyte with a stationary RDE. Figure 6a 

is CV for CoNi/rGO-5/5 catalyst and Figure S7 contains CV 

results of catalysts with other Co:Ni molar ratios. A typical 

oxygen reduction peak in the CV curve of the CoNi/rGO-5/5 

catalyst was detected at ~1 mA·cm-2 with the onset potential, 

Eonset-CV, at 0.72 V (Figure 6a). The ORR onset potential of 

CoNi/rGO-5/5 was slightly higher than that of catalysts (Table 4) 

of other Co:Ni molar ratios (0.68-0.70 V). The ORR onset 

potentials of all samples were lower than that of Pt/C reference 

catalyst (0.86 V, Figure S8). 

ORR activity was further evaluated by LSV in O2-saturated 1 

M KOH electrolyte at different rotation speeds of the RDE. 

Figures 6b, S7, S8 and S9 plotted the LSV results of CoNi/rGO-

5/5, catalyst of other Co:Ni molar ratios, commercial Pt/C 

reference ORR catalyst and CoNiMix/rGO, respectively, at 1600 

rpm. CoNiMix/rGO was obtained by physically mixing 

CoNi/rGO-10/0 and CoNi/rGO-0/10 1:1 (wt/wt). The results 

including onset potential, Eonset-LSV1600rpm at -0.2 mA·cm-2, and 

halfway potential, E1/2-LSV1600rpm, were summarized in Table 4.  

 

Figure 6. Electrochemical test results of CoNi/rGO-5/5: (a) CV curves in Ar-saturated 

electrolyte (black, dashed curve) and in O2-saturated electrolyte (yellow, solid curve), (b) 

LSV curves at rotation speeds from 400 to 2500 rpm, and (c) K-L plots. 

CoNi/rGO-5/5 and CoNiMix/rGO both had the highest Eonset-

LSV1600rpm (0.66 V) and E1/2-LSV1600rpm (0.63 V) among CoNi/rGO 

catalysts with different metal ratios. However, Eonset-LSV1600rpm 

and E1/2-LSV1600rpm of CoNi/rGO-i/j catalysts were of 0.62-0.66 V 

and 0.61-0.63 V, respectively, without significant difference 

among them. They were lower compared with the Pt/C 

reference catalyst (Eonset-LSV1600rpm = 0.87 V, E1/2-LSV1600rpm = 0.81 

V). Thus, at low current density (<1 mA·cm-2), there was no 

obvious difference in ORR performance in terms of onset and 

halfway potentials among catalysts of different Co:Ni molar 

ratios. 

Furthermore, LSV with different rotation speeds from 400 to 

2500 rpm was conducted to evaluate the electron-transfer 

reaction mechanism in ORR of the CoNi/rGO-i/j catalysts and 

Pt/C reference (Figures 6b, S7, S8 and S9). Koutecky-Levich (K-

L) plots for CoNi/rGO-5/5 catalyst revealed a linear relationship 

between diffusion limited current density with the rotation 

speed, implying ORR is a kinetic-controlled process. According 

to the K-L plots, the electron-transfer numbers, n, were of 3.44 

~ 3.87 (average: n = 3.63), which is slightly lower than that of 

the Pt/C of 3.68 ~ 3.87 (average: n = 3.77). Thus, a nearly four-

electron reaction pathway can be considered for CoNi/rGO-5/5, 
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exhibiting a good ORR performance.43-45 On the other hand, 

CoNiMix/rGO and other catalysts displayed lower electron-

transfer numbers (average: n = 2.45-3.26), suggesting a mixed 

2- and 4- electron reaction pathway (Table 4). CoNi/rGO-0/10 

(only NiO) and Ni-rich catalyst, CoNi/rGO-2/8, performed worse 

(n = 2.45-2.46), which was followed by CoNi/rGO-10/0 (only 

CoO, n = 2.74), whereas other CoNi/rGO-8/2 to 4/6 had better 

electron transfer numbers (n ~ 2.77-3.63). For CoNiMix/rGO 

(mixture of NiO and CoO single metal oxides on rGO sheets), 

though it achieved the same Eonset and E1/2-1600rpm with 

CoNi/rGO-5/5, the electron transfer number was much lower 

(2.65-2.89). This suggests the synergetic effect of the formation 

of binary oxide nanoparticles in enhancing the electron-transfer 

number comparing to the single metal catalysts and physical 

mixture of these two single metal oxides. Moreover, Ni-rich 

catalyst, CoNi/rGO-2/8, contained both big and small 

nanoparticles with Ni-rich oxides whereas other CoNi/rGO-8/2 

to 4/6 contained Ni-rich CoxNi1-xO big nanoparticles and small 

Co-rich nanoparticles of CoxNi1-xO and spinel (Table 3). Results 

of ORR performance and structure-composition characteristics 

revealed that the NiO and Ni-rich oxides delivered lower ORR 

electron-transfer number than CoO and Co-rich oxides. 

Furthermore, since big nanoparticles are Ni-rich CoxNi1-xO 

bimetallic oxides (Table 3), we can expect that the small 

nanoparticles of Co-rich oxides in CoNi/rGO-8/2 to 4/6 are 

responsible for the enhanced catalytic ORR performance in 

CoNi/rGO via affording high electron-transfer number. 

CoNi/rGO-8/2 catalyst was composed of non-stoichiometric 

spinel whereas CoNi/rGO-6/4 to 4/6 composed of both 

CoxNi1-xO bimetallic oxides and spinel NiCo2O4 (13-4 mol%) 

wherein spinel mol % decreases with increasing Ni ratio. Judging 

from the crystal structure/composition and ORR 

electrochemical performance of the catalyst, it can be 

considered that both small Co-rich CoxNi1-xO bimetallic oxides 

and spinel are active in ORR. However, since the best ORR 

performance belonged to CoNi/rGO-5/5 of only 12 mol% of 

spinel, we suspected that the Co-rich CoxNi1-xO bimetallic oxides 

are more important in ORR performance of CoNi/rGO-i/j (50 

wt% loading) compared with spinel NiCo2O4. The highest ORR 

performance may be related to the highest Co:Ni in bimetallic 

oxides in small nanoparticles (nearly 2:1 (mol/mol)) and large 

amount of spinel NiCo2O4 in CoNi/rGO-5/5. 

When varying the metal loadings, CV and LSV tests for 

evaluating the ORR catalytic activity (Figure S10) showed similar 

Eonset-CV, Eonset-LSV1600rpm, and E1/2-LSV1600rpm for metal loadings 

ratios of 20-80 wt% (Table 4). The values are similar to that of 

CoNi/rGO-5/5. It is worth noting that only rGO also had good 

Eonset-CV due to the contribution of non-Faradaic current from 

adsorption of O2 to its high surface area for ORR. The high 

surface area of rGO was consistent with the largest 

electrochemical surface area observed in CV scan in Ar-

saturated electrolyte of rGO compared with other CoNi/rGO 

catalysts (Figure S10). The electron-transfer numbers of catalyst 

with 50 and 60 wt% metal loadings were of 3.63 and 3.50, 

respectively, suggesting ORR with a close 4-electron transfer 

pathway. They are higher than that with 40 and 80 wt% metal 

loadings, that is, 2.73 and 2.45, respectively, wherein ORR with 

mixed 2- and 4-electron transfer pathway was likely to have 

occurred. These results indicate that in catalysts containing rGO, 

medium metal loadings of 50-60 wt% allow the highest electron 

transfer wherein too low or too high metal loadings reduce that 

number. This can be caused by weak ORR activity of rGO when 

it is abundant (≤ 40 wt%) and severe aggregation of catalyst at 

high metal loading (80 wt%). In contrast, CoNi/rGO-100 wt% (no 

rGO, only metal oxides) displayed a highest Eonset-CV (0.85 V), 

Eonset-LSV1600rpm (0.7 V), E1/2-LSV1600rpm (0.64 V), and electron-

transfer number (3.85) (Table 4). The Eonset-CV and electron-

transfer number values were similar to that of the reference 

Pt/C (Table 4). While the reason for this is not clear, it is possibly 

due to the existence of a significant amount of stoichiometric 

spinel NiCo2O4 with high ORR performance in the sample. 

3.2.2. OER Catalytic Activity of CoNi/rGO Catalysts OER 

catalytic activity is an important property in evaluating 

bifunctional catalytic performance when applying the catalyst 

in rechargeable ZAB (Figure 7). 

Table 4. Summary of electrochemical test results of catalysts with different Co:Ni molar 

ratios (CoNi/rGO-i/j), metal loadings (CoNi/rGO-w wt%), Pt/C reference catalysts and 

CoNiMix/rGO. 

Samples 

 

Eonset-

CV 

(V) 

Eonset-

LSV1600rpm  

(V) 

E1/2-

LSV1600rpm 

(V) 

Electron transfer number 

0.40

0 V 

0.45

0 V 

0.47

5 V 

Avera

ge  

CoNi/rG

O-i/j 
       

10/0 0.69 0.64 0.61 2.89 2.65 2.67 2.74 

8/2 0.70 0.64 0.62 3.15 2.85 2.84 2.95 

6/4 0.70 0.62 0.61 2.72 2.84 2.75 2.77 

5/5 0.72 0.66 0.63 3.87 3.57 3.44 3.63 

4/6 0.69 0.63 0.61 3.19 3.38 3.20 3.26 

2/8 0.68 0.63 0.62 2.45 2.54 2.38 2.46 

0/10 0.70 0.64 0.61 2.54 2.39 2.43 2.45 

Ref: Pt/C  0.86 0.87 0.81 3.87 3.76 3.68 3.77 

CoNiMix

/rGO 
0.71 0.66 0.63 2.89 2.65 2.67 2.74 

CoNi/rG

O-w wt% 
       

0 wt% 0.8 0.77 0.69 NA NA NA NA 

20 wt% 0.77 0.68 0.66 NA NA NA NA 

40 wt% 0.71 0.65 0.63 2.89 2.65 2.67 2.73 

50 wt% 0.72 0.66 0.63 3.87 3.57 3.44 3.63 

60 wt% 0.69 0.65 0.63 3.61 3.63 3.26 3.50 

80 wt% 0.69 0.65 0.62 2.64 2.33 2.39 2.45 

100 wt% 0.85 0.70 0.64 3.98 3.83 3.74 3.85 

 

LSV were collected for CoNi/rGO catalysts of 3 

representative Co:Ni ratios, that is, 10/0 (only CoO), 5/5 (CoxNi1-

xO bimetallic oxide and spinel NiCo2O4), and 0/10 (mainly NiO). 

The results showed increasing OER onset potential in the order 

of CoNi/rGO-10/0, CoNi/rGO-5/5, and CoNi/rGO-0/10. This 

indicates that in OER activity, CoO is better than NiO and there 

is no synergistic effect by making Ni and Co oxides in bimetallic 

or spinel structures for current densities of 0-22 mA·cm-2. This 

is different from the obvious synergetic effect of CoNi bimetallic 

oxides in ORR. This suggests that there is an optimal ratio of Co 

and Ni when CoNi/rGO is used as bifunctional ORR/ORR catalyst. 
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However, though it was just the mixture of CoNi/rGO-10/0 and 

0/10, CoNiMix/rGO displayed a lower OER catalytic activity than 

both single metal catalysts, which indicated the OER catalytic 

property of binary metal oxides.  

 

Figure 7. LSV curves of CoNi/rGO-10/0, 5/5, 0/10, 100 wt%, CoNiMix/rGO and rGO 

measured in 1 M KOH at 1600 rpm for the study of OER activities of the catalysts. 

In terms of OER performance, the CoNi/rGO-10/0 and 5/5 

displayed a low OER potentials of 1.654 and 1.672 V, 

respectively, at the current density of 10 mA·cm-2, which were 

comparable to that of Ir/C (1.61 V) and Ru/C (1.62 V) as 

traditional noble metal catalysts (Table 5).46 

Furthermore, only rGO (metal loading of 0 wt%) showed 

severe corrosion in OER with the highest OER onset potential 

among all tested samples. This clearly shows that the OER 

catalytic effect comes from metal oxides. Moreover, we 

expected that rGO is not able to maintain cycle stability in 

rechargeable ZABs when it is used as bifunctional catalyst. In 

terms of the impact of the metal loading on OER performance, 

it is interesting to note that at a very low current densities (< 5 

mA·cm-2), CoNi/rGO-100 wt% (only metal oxides) displayed the 

lowest potential compared with CoNi/rGO-0 wt% (only rGO) 

and CoNi/rGO-50 wt%. However, as the current density 

increased, the OER potential of CoNi/rGO-100 wt% increased 

way faster than the other catalysts with both metal oxides and 

rGO (e.g., CoNi/rGO-50 wt%, CoNi/rGO-10/0). Over 20 mA·cm-2, 

CoNi/rGO-100 wt% displayed the highest OER potential (lowest 

OER catalytic activity) among CoNi/rGO samples. This indicated 

that the bimetallic oxides catalyst without rGO would have a 

poor OER performance at high current density (100 mA·cm-2) 

used in our ZAB battery test. Thus, we can expect that this 

catalyst with the best ORR performance (highest Eonset-CV, Eonset-

LSV1600rpm, and n) may still deliver bad cycle performance in ZABs 

at high current density for their poor OER activity (highest OER 

Eonset-LSV1600rpm). 

The catalysts were further evaluated for bifunctional 

ORR/OER catalytic activity by taking the voltage difference (∆E) 

between the OER potential at current density of 10 mA·cm-2 

(EOER10) and the half-wave potential of ORR (E1/2-LSV1600rpm).32,47 

For electrochemical devices, current density is of practical 

importance, for which the smaller the difference between the 

ORR and OER potentials, the better does the catalyst perform in 

bifunctional ORR/OER application.46,48,49 The ∆E of the catalysts 

were listed in Table 5. The bifunctional character of CoNi/rGO-

5/5 was the best among the catalysts with the smallest ∆E of 

1.042 V (Table 5). 

Table 5. Comparison of bifunctional ORR/OER activities among catalysts 

Samples 
EOER0.5  

(V)a 

EOER5  

(V)a 

EOER10  

(V)a 

EOER20  

(V)a 
∆E (V)b 

CoNi/rGO-10/0 1.499 1.621 1.654 1.696 1.044 

CoNi/rGO-5/5 

(CoNi/rGO-50 wt%) 
1.558 1.637 1.672 1.713 1.042 

CoNiMix/rGOc 1.548 1.679 1.719 1.770 1.059 

CoNi/rGO-0/10 1.575 1.674 1.709 1.753 1.099 

CoNi/rGO-100 wt% 

(only CoNi oxides) 
1.471 1.631 1.694 1.762 1.054 

CoNi/rGO-0wt% 

(only rGO) 
1.240 1.732 1.792 1.886 1.102 

20 wt% Ir/C46   1.61   

20 wt% Ru/C46   1.62   

aEOER0.5, EOER5, EOER10, and EOER20 were measured at 0.5, 5, 10, and 20 mA·cm-2, 

respectively, in LSV anodic scan (OER) at 1600 rpm in Ar-saturated electrolyte; b∆V 

= VOER10 - V1/2-LSV1600rpm. 

At such a low current density, the synergetic effect of two 

metal oxides does not manifest in terms of bifunctional 

characteristics. CoNi/rGO-0 wt% (only rGO) possessed a higher 

initial OER current density, in which case the EOER0.5 was lower 

than the others. However, as the current density increased, the 

potential became larger than that of CoNi/rGO catalysts, 

causing poor bifunctional performance. CoNi/rGO-100 wt% 

possessed the smallest difference between ORR and OER 

resulting from the high ORR catalytic activity. However, as 

mentioned above, the current densities driven from ORR and 

OER test with CV and LSV are much lower than our target of 100 

mA·cm-2, and for CoNi/rGO-100 wt% OER activity becomes the 

worst at higher current densities. Thus, it is necessary to 

examine this sample in ZAB to have a solid conclusion of its 

actual performance at high current density. 

 

3.3. Battery Performance 

CoNi/rGO catalysts with different metal molar ratio and 

different metal loading amount were used as the ORR/OER 

catalysts in air cathode in lab-scale ZABs. The battery tests were 

carried out for comparative cycle stability, evaluated at a 

current density of 100 mA·cm-2 with 1 h discharging and 1 h 

charging as one full cycle. 1 h discharging and charging was 

chosen based on preliminary analysis of the discharge profile 

(Figure S11). Figure 8 shows voltage, current density, and 

discharge capacity of a battery using CoNi/rGO-5/5 catalyst for 

40 cycles, which provided the best battery performance among 

all the catalysts. Current density of 100 mA·cm-2 started to 

decrease after cycle 12, with a further decrease at cycle 31, and 

initial discharge current could not be maintained at 100 mA·cm-2 

after 31 cycles (Figure 8b). This reflected in the fading of 

discharge capacity (Figure 8c).  
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Figure 8. Discharge-charge cycle test results of a ZAB at 100 mA·cm-2 using CoNi/rGO-5/5 

catalyst for air cathode: (a) voltage profile, (b) current density profile, and (c) discharge 

capacity over cycle. 

Charging current density was maintained at 100 mA·cm-2 

over all cycles (Figure 8b). Thus, the cycle stability was 

compared among the catalysts by counting the number of 

cycles with discharging capacity over 95 and 90 mAh (95 and 

90%, respectively, of the maximum discharge capacity). For 31 

continuous cycles (62 h), the battery using CoNi/rGO-5/5 

catalyst maintained its activity with 90 mAh discharge capacity 

(Figure 8c). This implies excellent cycling stability under high 

current density. 

The average cycle numbers of more than 95 and 90 mAh 

discharge capacity for samples with different metal molar ratio 

were plotted in Figure 9a and 9b, respectively, in which each 

catalyst was applied to 8 cells in the cycling test. CoNi/rGO-10/0 

and CoNi/rGO-0/10 displayed poor stability performance, 

implying the poor stability and catalytic activity of monometallic 

oxide catalysts. For both 95 and 90 mAh discharge capacity, 

ZABs using CoNi/rGO-10/0 catalysts delivered more cycle 

numbers than those using CoNi/rGO-0/10. ZABs using Co-rich 

catalyst, i.e., CoNi/rGO-8/2, performed much better than those 

using Ni-rich catalyst, i.e., CoNi/rGO-2/8. These results agree 

well with better ORR (i.e., electron-transfer number) and OER 

(i.e., potential) activities of CoO compared with NiO and Ni-rich 

CoxNi1-xO obtained in the previous section. As for the discharge 

capacity over 95 mAh (Figure 9a) of catalysts containing both Co 

and Ni, the cycle numbers for ZABs using CoNi/rGO-i/j from 8/2 

to 4/6 showed no significant difference (13 to 16 cycles). Under 

the condition of discharge capacity over 90 mAh, CoNi/rGO-5/5 

displayed the best cycle stability of 25 continuous cycles (~50 h). 

ZABs with CoNi/rGO-8/2 and 6/4 catalysts had slightly lower 

cycle numbers of 23. ZABs with CoNi/rGO-4/6 catalyst run for 

less than 20 cycles. Moreover, Figure S12 shows the discharge 

and charge polarization curves at different current densities of 

ZAB with CoNi/rGO-10/0, 5/5, and 0/10. As observed, the 

discharge voltage loss with the increase of current density on 

CoNi/rGO-5/5 was smaller than CoNi/rGO-10/0 and 0/10. The 

charge polarizations of ZAB using CoNi/rGO-5/5 and 10/0 also 

showed higher operating current density than that of 

CoNi/rGO-0/10. Thus, the results indicated the better recharge-

ability for CoNi/rGO-5/5.27 These results again confirmed that 

better cycle performance was associated with catalysts of Co-

rich CoNi/rGO with pivotal role of small nanoparticles of Co-rich 

CoxNi1-xO bimetallic oxides and spinel. 

 
Figure 9. Average cycle numbers of samples with different Co:Ni ratios at 50% metal 

loading maintaining (a) 95% and (b) 90% discharge capacity. The error bars represent the 

minimum and the maximum number of cycles that ZABs using the catalysts performed 

in the cycle test. 8 ZABs were used in the cycle test for each catalyst. 

 

Figure 10. (a) Charge voltage at the end of each cycle using CoNi/rGO catalysts with 

different Co:Ni molar ratios, i.e., 10/0 (purple), 8/2 (red),  6/4 (orange), 5/5 (green), 4/6 

(light blue), 2/8 (violet), and 0/10 (cyan),  and (b) discharge voltage 5 min after the start 

of each cycle using catalysts CoNi/rGO-10/0 (purple), -5/5 (green) and -0/10 (cyan) in 

long-term cycle stability test of ZABs. 

In electrochemical test with CV and LSV (at low current 

density), the synergetic effect of binary oxide catalysts 

compared with monometallic oxide catalysts were observed in 

ORR (i.e., enhanced electron-transfer number in CoNi/rGO-5/5), 

but not in OER (OER potential increased in the order of 

CoNi/rGO-0/10 < CoNi/rGO-5/5 < CoNi/rGO-10/0), and 

ORR/OER bifunctionality. In contrast, at high current density, 

the synergetic effect by making binary oxide catalysts was also 

observed in the charge process where OER occurs. Figure 10a 

showed the charge voltage of ZABs using CoNi/rGO-i/j over 

cycles. CoNi/rGO-5/5 with lower charge voltage compared with 

CoNi/rGO-10/0 and 0/10 (monometallic oxides) suggests the 

synergetic effect of binary oxide catalyst at high current density 

operation. The lower the charge voltage, the less severe the 

carbon corrosion which causes catalyst removal (from the 
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electrode chemically and physically) and electrode 

decomposition. Consequently, more catalysts on stable 

cathodes can continue working in the discharge process. As for 

the discharge voltage displayed in Figure 10b, CoNi/rGO-5/5 

showed the highest discharge voltage among the three samples, 

implying good ORR property and cycle stability under high 

current density. This agrees with the ORR electrochemical test 

results. Besides, the discharge voltage of each cycle of 

CoNi/rGO-5/5 remained at high voltage within 25 cycles, and 

the discharge voltage for each cycle at 1, 5, 10, and 30 min 

showed no big difference (Figure S13). This also indicates the 

high stability of CoNi/rGO-5/5 maintaining stable discharge 

voltage under high current density during each cycle. Thus, the 

ZABs can maintain its discharge/charge performance for longer 

run at high current density. Moreover, the discharge voltage of 

CoNi/rGO-10/0 and 0/10 decreased after 15 and 5 cycles 

separately, which was the cycle test result maintaining over 90% 

of maximum discharge capacity of each sample. This could be 

related to the carbon corrosion during the charging process 

which damaged the carbon materials in catalysts. In which case, 

the deactivated catalysts may cause the 2-electron ORR 

reaction pathway to be preferred during discharging, which led 

to the decrease in discharge potential. 

 

Figure 11. Average cycle numbers of ZABs using CoNi/rGO catalysts with different metal 

loadings maintaining (a) 95% and (b) 90% discharge capacity. The error bars represent 

the minimum and the maximum number of cycles of different ZAB cells using same 

catalysts. 

Overall, the charge voltage of ZABs using CoNi/rGO-5/5 

catalyst was the lowest among ZABs using different Co:Ni molar 

ratios. This suggests that at high current density, small Co-rich 

bimetallic oxides and spinel in CoNi/rGO-5/5 are not only the 

best in ORR performance but also good for OER activity. 

Furthermore, the highest charge voltage of ZABs using 

CoNi/rGO-0/10 (NiO) catalyst was consistent with their worst 

cycle stability. 

Figure 11 shows the summary of the discharge-charge cycle 

test results of ZABs using catalysts with different metal loadings 

and same ratio of Co:Ni = 5:5 (mol/mol), in which each catalyst 

was applied to 2 cells in the cycling test. The details of cycle test 

results are in Figure S14. ZAB with rGO lasted only 4 cycles (8 h) 

for 95 and 90 % discharge capacity because of the low OER 

catalytic activity of the bare rGO, which caused severe electrode 

corrosion (C corrosion) in charge process and, thus, destroyed 

the electrode. The highest charge voltage of ZAB using rGO 

catalyst compared with other CoNi/rGO catalysts was observed 

(Figure S15). Similar issue was thought to cause the drop of 

discharge capacity to below 95 % in few subsequent cycles of 

ZABs using catalysts 20 and 40 wt% loadings. Using only CoNi 

oxide catalyst without rGO (CoNi/rGO-100 wt%), ZAB displayed 

a longer average stability of 9 and 14.5 cycles over 95 and 90% 

discharge capacity, respectively, compared with that of ZAB 

using the bare rGO catalyst. This implies the catalytic property 

of the oxides in improving both the ORR and OER performance, 

particularly, the stoichiometric spinel NiCo2O4. This is because 

the bare oxide catalyst contained stoichiometric NiCo2O4 and 

NiO (Figure S3). However, as mentioned previously NiO is not 

good for both ORR and OER (Tables 3 and 4). Moreover, 

samples with both CoxNi1-xO bimetallic oxides and NiCo2O4 

embedded on rGO exhibited higher stability of over 16 cycles 

for 90%, which were more than CoNi/rGO-100 wt%. This 

indicates the role of Co-rich bimetallic oxides and spinel NiCo2O4 

in lowering the OER potential and improving the ORR electron-

transfer number examined at high current density. Thus, the 

ORR/OER bifunctionality which was not observed at low current 

density in electrochemical test, clearly presented in high current 

density cycle test of ZAB. The stability performance of ZABs 

using catalysts with loadings from CoNi/rGO-40 wt% to 80 wt% 

showed no significant difference in obtaining 90 % discharge 

capacity whereas catalysts without rGO or without CoNi oxides 

exhibited bad cycle stabilities. The role of rGO as the dispersion 

substrate prevented metal oxide nanoparticles from 

agglomerating and contributed to the stability of the oxide 

catalyst over cycles. 

Conclusions 

CoNi/rGO as bifunctional ORR/OER electrocatalysts have been 

successfully prepared by a simple thermal decomposition of 

metal nitrates in GO. The CoNi/rGO catalysts were found to be 

composed of CoxNi1-xO bimetallic oxide and spinel NiCo2O4 

nanoparticles uniformly dispersed on rGO. It was found that in 

CoNi/rGO-8/2, 6/4, 5/5, and 4/6 catalysts, Ni-rich bimetallic 

oxide formed large nanoparticles (10-20 nm) while Co-rich 

bimetallic oxide and spinel existed in small nanoparticles (2-3 

nm). In CoNi/rGO-2/8, however, there were only Ni-rich 

nanoparticles. Electrochemical test revealed that the CoO and 

Co-rich bimetallic oxides were more active in both ORR and OER 

than NiO and Ni-rich oxides. Furthermore, small nanoparticles 

of Co-rich CoxNi1-xO bimetallic oxide and spinel NiCo2O4 were 

active in ORR/OER. At low current densities in electrochemical 

tests (ORR: ≤ 1 mA·cm-2, OER: < 20 mA·cm-2), binary oxides 

exhibited synergetic effect in terms of improving ORR electron-

transfer number whereas the synergetic effect was not 

observed in OER activity wherein OER performance decreased 

from CoNi/rGO-0/10 to CoNi/rGO-5/5 and CoNi/rGO-0/10. At 

high current density of 100 mA·cm-2 in ZAB test, synergistic 

effect of binary CoNi oxides and of co-existence of CoNi-oxide 

and rGO in CoNi/rGO-5/5 was also evidenced for lowering 

charge voltage (OER process), which resulted in the best ZAB 

cycle performance of 31 cycles (62h) maintaining more than 

90% capacity. The results from varying the metal loadings on 

rGO revealed that CoxNi1-xO and NiCo2O4 provided ORR/OER 

bifunctional catalytic activity while the rGO sheets was 
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beneficial for electron transport and dispersion of catalysts for 

stable performance. Cycle stability was found to be limited by 

the charging process, in which C corrosion was an issue. 
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