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A series of NiO modified CozO, composites were synthesized by the citrate method. The optimal
composite is of the Co/Ni atomic ratio of 9:1. The maximum power density achieved by zinc-air
battery using this composite is 100.1 mW cm™ at the current density of 148.3 mA cm™. The zinc-air
batteries have discharge capacities 493.0 and 579.5 mAh g with the composite with the Co/Ni atomic
ratio of 9:1 as catalyst at a constant current density of 30 and 50 mA cm™, respectively.
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1. INTRODUCTION

The concept of sustainability and low-carbon economy urge the people trend to use renewable
energy and develop electrical vehicles (EVs) [1]. Recently, zinc-air batteries (ZABs) have caused
increasing attention due to their environmentally benign, high specific energy and low operation risks
[2]. However, their weak durability, high cost, and sluggish oxygen reduction reaction (ORR) stop
their large-scale commercial applications [3]. Thus, ZABs have promoted the development of air
electrode on optimizing of new non-noble metal catalyst.

Transition metal oxides such as perovskites [4-6], pyrochlores [7, 8], spinels [9, 10], individual
oxides [11], and their mixtures [12, 13] could be used to improve the performance of ZABs.
Especially, Co/Co-based oxides and its doped [14-19] were developed to achieve the aim of low cost
and high catalytic active materials for the ORR. Such as, the RRDE data show that that the Co304
catalyst directs the ORR toward the two-electron pathway [20]. The meso-Co3O, materials showed a
high activity for ORR in 0.1 M KOH solution using rotating disk electrode (RDE) technique[21]. The
electrochemical measurements show that the CozO, material has better active properties toward the
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ORR [22]. The Co304/C composites with a Co loading content of 4.3 at% showed the best activity for
ORR [23]. The discharge performance of CozO, nanodisks as efficient ORR catalyst is highlighted
than commercial Pt/C catalyst for zinc—air battery application [24]. Doping the C0304/C0,MnQO,
nanoparticles displayed excellent activities for ORR and OER in alkaline medium [25]. MnOy
modified Co30,4/C exhibited better activity for ORR than Co030,/C and MnOy [26]. The Ni-modified
MnyOx resulted in an increased ORR stability [27]. Similarly, Ag modified Co3zO4 displays a high
ORR performance [28]. On the NiO catalyst ORR proceed via two-electron pathway with formation of
OH™ ion [29]. In addition, the NiO has better ORR performance in alkaline and acid solutions [30, 31].
In this work, we hence anticipate that the combination of NiO and Co304 could lead to the production
of electrocatalyst with low cost and high activity toward ORR. It can be widely used in the ZABs.
Moreover, in order to examine the practical application of NiO/Co30, catalyst, we measure in the
homemade electrochemical cell instead of on the rotating disk electrode (RDE) and rotating ring disk
electrode (RRDE) (At present, there are a lot of such data.). So, we hope to provide some practical data
in ZABs for others.

2. EXPERIMENTAL

2.1 Synthesis of NiO/Co0304

NiO modified Co3z04 hybrid material was prepared by the citrate method [32]. Co(NO3),-6H,0,
Ni(NO3),-6H,0, and citric acid were used as raw materials. The dosage of Ni(NO3),-6H,O changed
according to the Co/Ni atomic ratio of 3:2, 7:3, 4:1, 1:9 and 1:0.

2.2 Physical characterization

The material morphology was examined using a SEM (Hitachi S-4800), which was companied
to an EDS. Powder analysis was performed using an XRD (Bruker D8 GADDS). Co and Ni contents
included in the materials were determined using an ICP (Optima 8000). Thermogravimetric (TG)
measurements were carried out by a TA-SDTQG600 thermal analyzer with an air flow at a rate of 10 °C
from 50 °C to 900 °C.

2.3 Preparation of air electrode

The air electrode consisted of an active layer, a Ni-mesh current collector and a gas diffusion
layer. In the active layer, a mixture containing Co3O,4 and NiO/Co30,4 hybrid materials and acetylene
black was grinded for 20 min. Then the mixture and PTFE suspension (60 wt% in H,O) with weight
ratios of 8:2 were mixed and grind in excess ethanol and then dried at 80 °C to give a dough like paste,
which was rolled into an Ni-mesh of about 1.8 mm thickness. In order to prevent water seeping from
the air electrode, we attached a waterproof layer (polytetrafluoroethylene (PTFE) membrane, only 0.1
mm thick) to the other side of the active layer as a gas diffusion layer.
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2.4 Electrochemical characterization

The polarization curves were measured with a half-cell by an electrochemical workstation
system (CorrTest CS350). The electrolyte was 7 M KOH solution. The air electrode was used as the
working electrode, and an Hg/HgO electrode and a nickel sheet were used for a reference electrode and
a counter electrode, respectively.

2.5 Zinc-air battery fabrication and testing

A homemade electrochemical cell was designed for the zinc-air battery test. The electrolyte
used in ZABs was 7 M KOH, and a polished Zn sheet was used as the anode. ZABs testing were
carried out at 25 °C with a multichannel battery cycling unit (SZLAND CT2001C).

3. RESULTS AND DISCUSSION

3.1 Physical characterization of NiO/Co304

To understand the decomposition behaviors of NiO/Co3z0,4 precursor, the TG curves of the
NiO/Co304 precursor with Co/Ni ratio of 4:1 is given in Fig. 1. The TGA curve mainly includes two
steps of weight loss in Fig. 1. The first step (from 50 to 200 °C) manifests a slight weight loss, which
attribute to the evaporation of free water and crystal water. The second step (from 200 to 500 °C)
indicates a steep decrease with large weight loss (65.5%), manifesting that the water and the oxynitride
of decomposition and the carbon dioxide of formation have totally run out from the precursor. And,
after 500 °C, the curve has no obvious weight loss process. It indicates that the Ni/Co citrate be
completely converted to NiO/Co30,4 composite.
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Figure 1. TGA curve of NiO/Co30, precursor with Co/Ni ratio of 4:1
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XRD patterns for the series of NiO modified Co3O4 composites with different Co/Ni atomic
ratios are shown in Fig. 2. For comparison, the pattern of Co3O4 (JCPDS No. 42-1467) is included in
the bottom of Fig. 2. Firstly, it can be observed that the XRD patterns for the composites with the
Co/Ni atomic ratio of 9:1, 4:1, 7:3 and 3:2 are comparable and the main phases is Co3O4 and NiO.
With the with Co/Ni atomic ratio further decreasing, the peaks located at about 43.5°, 50.7° and 74.6°
attributed to the NiO in the composites become more and more obvious.

. Co0, + NiO [ [ Co:Ni 3:2
*
A
Iy Co:Ni17:3
— +*
3 X A J{ s A AA
— Ead
> Co:Ni 4:1
R7) * s ’. * *
5 ) A ’* A
= Co:Ni 9:1
1 | r *x * s
L Co:Ni 1:0
1 | :
i 1 " 1 N 1 M 1 M 1 i 1 i
10 20 30 40 50 60 70 80
26(°)

Figure 2. XRD patterns for the NiO modified Co30O4 composites with different Co/Ni atomic ratios.
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Figure 3. SEM images of NiO/Co30,4 hybrid materials with the Co/Ni atomic ratio of 3:2 (a), 7:3 (b),
4:1 (c) and 9:1 (d).
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Fig. 3 shows the SEM images of the NiO modified Co3O4 composites with the Co/Ni atomic
ratio of 3:2 (a), 7:3 (b), 4:1 (c) and 9:1 (d), illustrates the irregular shapes of these particles in an
aggregated form with an average diameter of 1 ~ 4 um. To investigate the composition of the
NiO/Co304, EDS were also carried out (Fig.4). The EDS results confirmed the existence of cobalt and
nickel with different proportions (Table 1).
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Figure 4. EDS patterns of NiO/Co304 hybrid materials with the Co/Ni atomic ratio of 3:2 (a), 7:3 (b),
4:1 (c) and 9:1 (d).

Table 1. Atom% of NiO/Co30,4 hybrid materials with the different Co/Ni atomic ratio of 3:2, 7:3, 4:1
and 9:1, respectively.

Atom% O-K Co-K Ni-K
Co:Ni 3:2 38.63 31.79 29.58
Co:Ni 7:3 42.98 41.18 15.84
Co:Ni 4:1 44,97 45,97 9.06
Co:Ni 9:1 45.02 49.73 5.26

Co and Ni contents of the materials were determined by ICP. The analytical results are shown
in Table 2. It is found that the chemical formula of the prepared samples is Cogs9Nig.41, C0o.70Nig 30,
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Coo.78Nig22, and Cog g9Nig 11, respectively, and is very close to the anticipated CoggoNio.40, C0g70Nio 30,
Co00.80Nig.20, and Cog.9oNig.10 chemical stoichiometry, respectively.

Table 2. Element content of the Co/Ni atomic ratio of 3:2, 7:3, 4:1 and 9:1

Sample C0g.59Nip .41 C0o.70N10.30 C0o.78Nio 22 C0o.89Nip 11

Co 197 33.8 19.7 2.82
(mg/g)

Ni (mg/g) 136 14.4 5.53 0.35

3.2 Electrocatalytic ORR

Fig. 5 shows the cathodic polarization curves for the composites with the Co/Ni atomic ratios of
3:2,7:3,4:1,9:1 and 1:0. As it can be seen, the current density is about 34.1, 44.2, 51.1, 82.7 and 57.3
for ORR at —0.40 V (vs. Hg/HgO 7 M KOH), respectively. At the same potential, the current density
increases as the Co/Ni atomic ratio increasing with the maximum value at the Co/Ni atomic ratio of
9:1. Further increasing the Co/Ni atomic ratio makes the current density decrease. It was apparently
indicated that the Co/Ni atomic ratio of 9:1 is superior with the highest ORR performance. It was
found that the ORR property of the different Co/Ni atomic ratio decreased in the order 9:1 > 1.0 > 4:1
> 7:3 > 3:2. The rodlike Co304 showed around 96 mA cm™ current density in the same conditions by
Kong [22]. Compared with this, the performance has slightly decreased, but the cost down a lot.
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Figure 5. ORR polarization curves of the air electrodes with Co/Ni atomic ratio of 3:2, 7:3, 4:1, 9:1
and 1:0.
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3.3 Zinc-air batteries Tests

As discussed before, the NiO modified NiO/Co304 composite with the Co/Ni atomic ratio of 9:1
has the highest ORR activity. Fig. 6 shows the power density and polarization curves for the
composites with the Co/Ni atomic ratios of 3:2, 7:3, 4:1, 9:1 and 1:0. The cells had an open circuit
voltage of ~ 1.40 V. At 1.0 V, the composites with the Co/Ni atomic ratios of 3:2, 7:3, 4:1, 9:1 and 1.0
afforded an ORR current density of 56.1, 61.4, 78.4, 71.8 and 73.6 mA cm, respectively. The
maximum power density accomplished by zinc-air battery using the composite with the Co/Ni atomic
ratio of 9:1 is 100.1 mW cm 2 at the current density of 148.3 mA cm2, which is about 70%, 40%, 10%
and 9% higher than that of zinc-air battery using the composite with the Co/Ni atomic ratio of 3:2
(59.0 mW cm™ at 65.1 mA cm™), 7:3 (71.3 mW cm™ at 93.3 mA cm™), 4:1 (91.0 mW cm™ at 110.4
mA cm2) and 1:0 (91.9 mW cm™ at 119.3 mA cm™2), respectively. Similarly, the open circuit voltage
of the electrochemical cell with hybrid catalyst MnO4-C0304/C was around 1.39 V. At 1.0 V, the
current density was around 90 mA cm and maximum power density was 97 mW cm 2 at 100 mA
cm2. [26]. The current density of the CosO4 nanodisks and commercial 20 wt.% Pt/C catalyst at 1.0 VV
Vs Zn was about 27 mA cm™ [24]. The current density at 1.0 V and the maximum power density of
XC72/a-MnO, was 40 mA cm™ and 68 mW cm™ at 107 mA cm™ [33]. At 100 mA cm™, the voltages
of the ZABs with MnO,/C, Ni modified MnO,/C composite, Pd/C, and Pt/C was 0.83, 0.96, 0.91, and
0.94 V, respectively [13]. This indicates that the doping achieve the ideal effect, can be applied to the
zinc air battery.
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Figure 6. Polarization and power density curves for zinc-air batteries with Co/Ni atomic ratio of 3:2,
7:3,4:1,9:1and 1:0.

Fig. 7 shows the typical discharge profiles of homemade zinc-air cells made with the
composites with the Co/Ni atomic ratios of 3:2, 7:3, 4:1, 9:1 and 1:0. At a constant current density of
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30 mA cm™ for the cells, the working voltage plateaus were 1.03, 1.03, 1.01, 1.04 and 1.01,
respectively. The corresponding specific discharge capacity was found to be 410.8, 422.8, 457.0, 493.0
and 485.2 mAh g, respectively. The ZAB with the air cathode containing XC72/a-MnO, catalyst
exhibited the specific capacity (800 mAh g, at 2 mA cm™2) [33]. The results demonstrate that the
composite with the Co/Ni atomic ratio of 9:1 is ideally suited for such refueling ZABs due to the

exceptional ORR performance and durability.
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Figure 7. Discharge curves of zinc-air batteries with Co/Ni atomic ratio of 3:2, 7:3, 4:1, 9:1 and 1:0
(At a constant current density of 30 mA cm™).
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Figure 8. Discharge curves of zinc-air batteries with Co/Ni atomic ratio of 3:2, 7:3, 4:1, 9:1 and 1:0
(At a constant current density of 50 mA cm™).
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Fig. 8 displays the typical discharge profiles of homemade zinc-air cells made with the
composites with the Co/Ni atomic ratios of 3:2, 7:3, 4:1, 9:1 and 1:0. At a constant current density of
50 mA cm™ for the cells with the catalysts, the working voltage plateaus were 0.94, 1.02, 1.02, 0.98
and 0.94, respectively. The corresponding specific discharge capacity was also found to be 527.2,
535.8, 545.6, 579.5 and 573.1 mAh g}, respectively. The specific discharge capacity of cell with the
EMD and as-prepared MnO, at 50 mA cm 2 was 91.7 and 222 mAh g%, respectively [34]. The results
also indicate that the composite with the Co/Ni atomic ratio of 9:1 is ideally suited for such refueling
ZABs.

4. CONCLUSIONS

For the series of NiO modified Co3O4 composites with varied Co/Ni atomic ratios, prepared by
a citrate method. The higher activity of the composites toward the ORR s related to the Co/Ni atomic
ratios. The electrochemical tests show that the composite with the Co/Ni atomic ratio of 9:1 has the
best ORR activity. With the optimized NiO modified Co30, composite as the cathode catalyst, the
peak power density of the zinc-air battery reaches 100.1 mW cm? at the current density of 148.3 mA
cm™2. The zinc-air batteries have discharge capacities 493.0 and 579.5 mAh g with the composite
with the Co/Ni atomic ratio of 9:1 as catalyst at a constant current density of 30 and 50 mA c¢m™,
respectively. Although the performance have not remarkable improved, the cost down a lot. In the
future, the ZABs using this catalyst will be used widely in daily life.
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