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Abstract: 

The insufficient utilization of active material results in the poor performance of 

Zn-Co batteries. In this work, by adjusting the key parameters in the synthesis process, 

the Co3O4 electrodes with different pore size distributions, morphologies, and 

loadings are fabricated. The effects of the tuned microstructures on three-electrode 

and battery systems are compared carefully. In this way, a heterogeneous porous 

nanowire structure with reasonable loading is constructed for the first time, which 

shows the optimal performance. Particularly, a Zn-Co battery with this electrode 

exhibits a high capacity of 230.0 mAh g–1 with a utilization ratio of 51.6% and a 

decent energy density of 308.8 Wh kg–1 based on the weight of Co3O4 and Zn plate. 

Besides, with an increase of the current densities from 0.5 to 10 A g–1, the capacity 

drops from 230.0 to 144.0 mAh g–1 with the capacity retention of only 62.6%. 

Moreover, the battery can operate 3000 cycles (up to 547 h) with a retention ratio of 

66.8%, illustrating excellent stability. This work gives an ultrahigh-capacity Co3O4 
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electrode benefiting from the novel-designed structure, which dramatically improves 

the utilization level of the active materials, leading to high and stable battery 

performance. 

Keywords: microstructure optimization; cobalt oxide; zinc batteries, electrochemical 

performance 

1. Introduction 

Recently, searching for sustainable energy sources are in great need as a result of 

the fast consumption of fossil fuels. The successful application of fluctuating and 

intermittent renewable energy requires reliable and efficient energy storage. As one 

kind of energy storage strategies, batteries have obtained immense growth. For 

example, Li-ion batteries have been commercialized successfully because of their 

high energy density and stability [1–6]. However, a lot of issues like high cost 

(~90000 dollars per ton), potential danger, and health hazards have not been fully 

addressed [7–10]. In addition to Li-ion batteries, Zn-based batteries have attracted 

wide attention owing to the rich zinc resource, low price (~2500 dollars per ton), 

intrinsic safety, and decent theoretical capacity (825 mAh gZn
–1) [11–15]. To date, Zn 

batteries like Zn-Mn [16], Zn-NiO [17], and Zn-Ag [18] batteries have been explored 

extensively. The charging and discharging processes involve the oxidation and 

reduction of zinc metal and active materials [19]. However, limited by the insufficient 

theoretical capacity and low utilization of the positive electrode materials, the 

practical capacities are not attractive. For example, the operating capacity of a Zn-Ni 

battery is 165 mAh g–1, only 46% of the theoretical value (360 mAh g–1, calculated on 



3 
 

the mass of NiO), resulting in an insufficient energy density (228 Wh kg–1) [20]. 

Thereby, new positive electrode materials with higher capacities are urgently needed 

[21]. 

Among zinc-based batteries, great progress of Zn-Co batteries has been achieved 

recently [22]. The Co-based material is considered as a great faradaic material due to 

its high theoretical capacity, high potential, great redox activity, and good reversibility 

[23,24]. However, restricted by the low electrical conductivity and small specific 

surface areas, the practical capacities are much lower than the theoretical ones [25,26]. 

As a kind of transition metal oxide, cobalt oxide (Co3O4) can be used as the positive 

electrode material, displaying a high theoretical capacity of 446 mAh g−1 and an 

operating voltage of up to 1.8 V in an alkaline Zn battery. For example, A Zn-Co3O4 

battery assembled by Tan and coworkers exhibits a high capacity of 173.6 mAh g−1, 

and a retention ratio of 66.6% at 5 A g–1 after 1000 cycles [27]. Wang et al. used the 

ultrathin porous nanosheet Co3O4@Ni foam, the battery showed a working voltage 

close to 1.8 V, an energy density of 241 W h kg−1, and a capacity decay ratio of 20% 

after 2000 cycles [28]. Even with the promising achievements, considering the 

theoretical capacity of Co3O4, the utilization of the active materials is still insufficient 

(less than 50%), resulting in the waste of capacity. Besides using alkaline electrolytes, 

a Zn battery assembled with Co(III) rich-Co3O4 applying a mild electrolyte can work 

under the voltage up to 2 V and has a decent capacity of 205 mAh g–1 [29]. In contrast, 

the potential of the Zn electrode in alkaline electrolytes (−1.22 V vs SHE) is more 

negative than the value in mild electrolytes (−0.76 V vs SHE) [30,31], providing the 
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possibility for a higher battery voltage. Besides, the hydrogen evolution reaction 

(HER) and the formation of inactive zinc hydrate (e.g., Zn4SO4(OH)6·H2O) is severe 

in the mild electrolyte, which causes the poor reversibility of Zn electrode [32,33]. 

Moreover, Co3O4 can only transfer two electrons in the mild electrolyte (Co3O4 → 

CoO) [29], much lower than that in alkaline one (four electrons, Co3O4 → CoO2). 

Hence, the theoretical capacity of Co3O4 in alkaline electrolytes is almost twice of that 

in the mild ones. To this end, we choose the KOH solution as the electrolyte in this 

work. 

As the electrochemical reactions occur at the two-phase interfaces of active 

material and liquid electrolyte, to improve the utilization ratio of the active material, 

optimizing the microstructure to facilitate the ion transport and enhance the electric 

conductivity can effectively improve both the capacity and the rate performance 

[34–40]. Yu et al. fabricated Co3O4 from nanowire, nanowire-cluster to bulk, and 

found that the sample with the morphology of thin nanowire-cluster delivered optimal 

specific area capacitance of 1.92 F cm–2 and capacity retention ratio of 72.91% even 

after 3000 charge-discharge cycles [41]. Huang et al. synthesized different 

morphology of Co3O4 samples from hexagonal nanosheet to nanoflake and ultimately 

fabricated a nanoflake/nanowire hybrid structure that showed the highest specific 

capacity [42]. Jiang et al. fabricated β-MnO2@C nanocomposites through the 

plasma-assisted milling strategy, which exhibited good conductivity and promoted 

electrolyte infiltration due to the abundant pore distributions, leading to high cycle 

stability with a capacity of 130 mAh g–1 for 400 cycles at 0.3 A g–1 [43]. Zhang et al. 
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reported an ultrathin Ni(OH)2 nanowire on ZnNiCo-oxide, which showed a high 

specific capacitance of 94.67 F cm–3 when served into a fiber-shaped asymmetric 

supercapacitor [44]. Our previous research indicated that among the nanosheet, 

nanowire, and nanoplate structures, the nanowire structure exhibited the highest 

discharge capacity [45]. However, the effects of Co3O4 microstructures on the 

electrochemical behaviors are still lacking in detail, limiting the breakthrough of 

Zn-Co batteries with striking performance. 

Herein, the microstructure of the Co3O4 electrode was carefully optimized in this 

work. As the morphology can be tuned easily through hydrothermal reactions, we 

changed the key parameters in syntheses, such as the calcination temperature, 

hydrothermal time, and composition ratio in the precursor solution to produce the 

Co3O4 electrodes with different pore size distributions, mass loadings, and 

morphologies. After that, the sample with the best performance was further tested, 

such as the discharge capacity, rate capability, and cycle behavior. To compare the 

electrochemical performance of the samples carefully, the measurement was carried 

out in both the three-electrode and the battery system. Based on the results, a 

nanowire Co3O4 electrode with a heterogeneous porous structure is constructed 

successfully. More importantly, it delivers the highest operating capacity (230.0 mAh 

g–1) among other reported Zn-Co3O4 battery, decent rate performance, and good 

cycling stability. 

2. Experimental 

2.1 Electrode fabrication 
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First, to remove the oil and oxide, a piece of nickel foam (3 cm × 5 cm) was 

ultrasonically washed by acetone solution and dilute HCl solution, then dried 

overnight under vacuum before use. Next, the nickel foam was put into an autoclave 

with a 40 mL reactant solution. The nanostructured Co3O4 on the nickel foam was 

formed after the hydrothermal reaction and the heat-treatment process. Various 

parameters in the synthesis process of Co3O4, including the heat treatment 

temperature and time, hydrothermal temperature and time, compositions in the 

precursor solution, are summarized in Table S1 (Supporting Information). To fabricate 

different microstructures, the key parameters in synthesis were investigated, including 

the heat treatment temperature, hydrothermal time, and compositions in the precursor 

solution. 40 mL of water dissolved with 0.5-1.5 mmol of Co(NO3)2·6H2O, 3-6 mmol 

of NH4F, and 8 mmol of CO(NH2)2 was mixed into the 50 ml autoclave. Subsequently, 

it was maintained at 120 °C for 3-12 h and cooled down naturally to ambient 

temperature. The reactions during the hydrothermal reaction are proposed as 

following equations [23,46]: 

2+ ( -2)Co + F [CoF ] x

xx − −→                                          (1) 

2 2 2 3 2Co(NH )  + H O 2NH  + CO→                                 (2) 

2 +

2 2 3CO  + H O CO  + 2H−→                                        (3) 

+

3 2 4NH H O NH  + OH− →                                         (4) 

 
( 2) 2

3 2 2 2 3 22 CoF CO 2OH H O Co (OH) CO H O+2 F
x

x n n x
− − − − −+ + + →        (5) 

After that, these pre-treated samples were cleaned with deionized water and dried 

fully overnight. Ultimately, the heat treatment was conducted under 300-400 oC for 3 
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h, with the heating rate of 1 °C min−1: 

2 2 3 2 2 3 4 2 23Co (OH) CO H O+O 2Co O 3( 1)H O 3COn n ⎯⎯→ + + +            (6) 

The mass loading of the Co3O4 was obtained by measuring the difference between the 

synthesized sample and the pristine nickel foam. 

2.2 Material characterization 

The material characterizations were conducted at the Experimental Center of 

Engineering and Material Sciences in USTC. In detail, the morphologies and 

nanostructures were characterized by a scanning electron microscope (SEM, XL-30 

ESEM). The specific surface areas and the corresponding pore volumes were 

determined by the nitrogen adsorption-desorption isotherms of Co3O4-grown nickel 

foam, which were tested using a Tristar II 3020M surface area and porosity analyzer. 

2.3 Electrochemical analyses 

The electrochemical performance in the standard three-electrode system was 

measured by an electrochemical workstation (Solartron EnergyLab). The Co3O4 on Ni 

foam was applied as the working electrode, and a platinum plate and Hg/HgO were 

selected as the counter and reference electrodes, respectively, with a 1 M KOH 

solution. To obtain the cycle voltammetry (CV), the samples were tested in the 

voltage range between 0.1 and 0.7 V (vs. Hg/HgO) under different scan rates from 1 

to 20 mV s−1. The specific capacitance values (C) were calculated by: 

1
( )C I V dV

ms V
=

                                               (7) 

where m, s, ΔV, and I(V) demonstrates the mass loading of Co3O4 (mg cm−2), the scan 

rate (mV s−1), the potential region, and the current density (mA cm−2), respectively. To 
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characterize the double-layer capacitance (Cdl), the CV measurement was applied in 

the potential ranged between 0.15 and 0.21 V (vs. Hg/HgO). The Cdl values can be 

obtained from the slope plotted by capacitive currents using the scan rates of 2, 4, 6, 

and 8 mV s–1 [47]. All potentials were transformed to the reversible hydrogen 

electrode (RHE) scale in the result section. 

2.4 Battery assembly and test 

The samples were pouched into disc shapes with a diameter of 10 mm as positive 

electrodes. The electrode is assembled with a 0.5 mm-thick Zn plate and an aqueous 

solution involving 6 M KOH with 0.2 M Zn(CH3COO)2 to form a battery. To test the 

charge-discharge behavior, the batteries were measured at various current densities (A 

g−1) and a fixed voltage region (i.e., 1.4-1.9 V). For a Zn-Co battery, the oxygen and 

hydrogen evolution reactions can occur dramatically under high voltage regions, 

which will cause high polarization due to the coverage of gas bubbles on the electrode. 

Besides, restricted by the consumption of active materials and insufficient ion 

transport, the voltage decreases rapidly below 1.5 V, and a deep discharge may 

deteriorate the reaction interfaces. Therefore, the voltage region from 1.4 to 1.9 V was 

selected to test the battery performance in this work. The charge/discharge capacity is 

calculated through the multiply of applied current density and corresponding 

charge/discharge time. The coulombic efficiency is calculated by the quotient of 

discharge and charge capacities. To evaluate the rate performance, the batteries were 

operated under various current densities (i.e., 0.5-10 A g−1), while 2 A g−1 was set for 

the cycling behavior measurement. 
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3. Results and Discussion 

3.1 Effects of calcination temperature 

To research the effects of calcination temperature, the Co3O4 electrode was 

synthesized under the calcination temperatures of 300, 350, and 400 oC, and the 

loadings were measured to be 2.3, 2.14, and 2.02 mg cm−2, respectively. The XRD 

results in Fig. S1 demonstrates that all samples are spinel Co3O4. Fig. 1 shows the 

SEM images of the samples using different calcination temperatures, from which all 

the samples show the nanowire morphology. However, as temperature increases, the 

nanowires become sparser. Moreover, the microstructure changes gradually. Under the 

temperature of 300 oC (Figs. 1a and 1b), the nanowire surface is almost smooth and 

hard to find pores. After increasing the temperature to 350 oC, interestingly, the 

sample shows uniform pores among the nanowire, as shown in the inset of Fig. 1d, 

which may provide abundant active sites for electrochemical reactions and benefit 

species transport [48,49]. When further increasing the temperature to 400 oC (Figs. 1e 

and 1f), the nanowires become thinner with irregular large pores, which may be 

ascribed from the extortionate calcination temperature [50]. To further investigate the 

microstructures of these samples, the isotherms and the corresponding pore size 

distributions were tested. As illustrated in Fig. 2a, the hysteresis loop for the one using 

300 oC are type II and H3, while the samples using 350 and 400 oC are type II and H4. 

Besides, these samples show obvious pore size distribution differences (Fig. 2b). 

When the temperature increases from 300 to 350 and 400 oC, larger pores appear, and 

the size distribution shifts from 2-3 to 7-9 and 10-11 nm, respectively, consistent with 
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the SEM observations. Particularly, the sample under 350 oC shows three kinds of 

pores with the sizes of ~2, 3-4, and 5-10 nm, which is different from the reported 

Co3O4 electrode which usually owns a single pore structure. The heterogeneous 

structure leads to strong ability to be infiltrated by the electrolyte and facilitate the 

ions transfer. Moreover, this sample exhibits the nanowire with a diameter of ~70 nm, 

which is much lower than the reported value (e.g., ~1 μm in Ma’ work [29]), leading 

to a high specific surface area. The specific surface areas are calculated to be 8.15, 

9.81, and 4.47 m2 g−1, respectively, and the pore volumes are 0.0227, 0.0238, and 

0.0188 cm3 g−1, respectively. The electrochemical surface area was also measured by 

the double-layer capacitance (Cdl), as shown in Fig. S2. the Cdl values for the samples 

under 300, 350, and 400 oC are 9.04, 17.09, and 6.65 mF cm–2, respectively. Hence, 

the sample under 350 oC has the largest surface area and electrochemical surface area, 

indicating the advantage of the heterogeneous porous structure. 
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Fig. 1 SEM images of Co3O4 on Ni foam under different calcination temperatures. 

(a–b) 300 oC, (c–d) 350 oC, and (e–f) 400 oC. 

 

Fig. 2 Microstructure analyses of Co3O4 on Ni foam under different calcination 
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temperatures: (a) nitrogen adsorption-desorption isotherms and (b) the corresponding 

pore size distribution. 

For the electrochemical performance, the samples under different temperatures 

show different CV curves at 10 mV s–1 in 1 M KOH solution (Fig. 3a). The one using 

350 oC delivers the highest peak current density and the least potential difference 

between the oxidation and reduction peaks, manifesting the greatest reversibility. As 

illustrated in Fig. S3, the curve shapes maintain well at various scan rates from 1 to 20 

mV s–1, showing good rate performance. Fig. 3b shows the comparison of capacitance 

values from 1 to 20 mV s–1, which are 714, 735, and 380 F g–1 under 300, 350, and 

400 oC at 1 mV s–1, respectively. Further, these samples were assembled into Zn 

batteries as the positive electrodes, and the charge-discharge voltage curves are 

displayed in Fig. 3c and S4. The batteries with the samples using 300, 350, and 400 

oC show the operating capacities of 186.9, 218.7, and 145.6 mAh g–1 at 0.5 mA cm–2, 

respectively. Besides, the sample using 350 oC exhibits the highest discharge and 

lowest charge voltage, indicating decent energy efficiency. To compare the rate 

performance of each sample, different current densities (0.5, 1, and 2 A g–1) were 

carried out to test the capacities. As depicted in Fig. 3d, for the sample using 300 oC, 

at 0.5 and 2 A g−1, the capacities are 186.7 and 173.3 mAh g−1, respectively. When 

using 350 oC, the capacities are 218.7 and 204.9 mAh g–1, respectively. While using 

400 oC, the values are 145.8 and 132.2 mAh g–1. Thus the corresponding capacity 

retention ratio can be calculated to 92.8%, 93.7%, and 90.6%, respectively. Hence, the 

calcination temperature changes the microstructure, thereby influences the 
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performance of the Co3O4. Specifically, the sample using the calcination temperature 

of 350 oC with the rational pore distribution microstructure exhibits the best 

electrochemical performance in both three-electrode and battery systems and thus is 

used as the calcination temperature in the following synthesis process. 

 

Fig. 3 Comparisons on the electrochemical performance of Co3O4 on Ni foam under 

different calcination temperatures: (a) the CV curves in 1 M KOH at 10 mV s–1, (b) 

the specific capacitance at various scan rates from 1 to 20 mV s–1, (c) the 

charge-discharge voltage curves at 0.5 A g−1, and (d) comparison of operating capacity 

values at 0.5, 1, and 2 A g–1. 

3.2 Effects of hydrothermal time 

Different hydrothermal time (i.e., 3, 6, 9, and 12 h) was then applied in the 
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synthesis process. To avoid repetition, only the SEM images of the samples under 3, 6, 

and 12 h are shown in Fig. 4. For the sample using the hydrothermal time of 3 h (Figs. 

4a and 4b), the morphology of Co3O4 is nanowire-clusters, and the vertices of the 

nanowire-clusters are stacked together. When the time increases to 6 h (Figs. 4c and 

4d), the nanowire-clusters bloom into the nanowire-flower and become denser. At the 

time of 9 h (Figs. 1c and 1d), the nanowire-flower becomes thinner and is coated 

uniformly on the nickel surface. When further increasing the time to 12 h (Figs. 4e 

and 4f), the nanowires become sparser. 
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Fig. 4 SEM images of the Co3O4 on Ni foam using different hydrothermal time. (a–b) 

3 h, (c–d) 6 h, and (e–f) 12 h. 

The isotherms were tested to characterize the surface areas and pore volumes, as 

illustrated in Fig. S5. All of them can be classified as type II and H3, and the pore 

diameters are distributed around 1-10 nm. The specific surface areas are calculated to 

be 7.58, 12.09, and 8.99 m2 g−1, respectively, and the pore volumes are measured to be 

0.0222, 0.0302, and 0.0275 cm3 g−1, respectively. Besides, when the time increases 

from 3, 6 to 12 h, the electrochemical surface areas are 14.22, 17.05, and 13.55 mF 

cm–2 (Fig. S6). Fig. 5a shows the CV comparisons at 10 mV s–1 in 1 M KOH, and the 

CV curves at various scan rates are depicted in Fig. S7. Although with similar CV 

shapes, the peak current densities change with an increase in the hydrothermal time. 

Fig. 5b displays the capacitance values of the samples at various scan rates, which are 

670, 698, 735, 560 F g–1 at 1 mV s–1 for 3, 6, 9, 12 h, respectively. 
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Fig. 5 Comparisons on the electrochemical performance of Co3O4 on Ni foam using 

different hydrothermal time. (a) the CV curves in 1 M KOH electrolyte at 10 mV s–1, 

(b) the specific capacitance at different scan rates from 1 to 20 mV s–1, (c) the 

charge-discharge voltage curves at 0.5 A g−1, and (d) the discharge capacity values at 

0.5, 1, and 2 A g–1. 

After assembling these samples into batteries, as shown in Fig. 5c, the discharge 

capacities are 214.4, 200.5, 230.0, and 219.5 mAh g–1 at 0.5 A g–1, respectively. The 

charge and discharge capacities at 1 and 2 A g–1 are displayed in Fig. S8. Fig. 5d 

shows the comparison of the operating capacity values at the current densities of 0.5, 

1, and 2 A g–1. For the one using 3 h, the capacities are 214.4 and 198.8 mAh g−1 at 

0.5 and 2 A g−1, respectively, thus the retention ratio is 92.7%. In comparison, the 
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samples using 6 and 12 h have the capacity retention ratios of 91.7% and 94.1%. It is 

noting that the capacity of the one using 3 h is higher than the one using 6 h, which 

can be explained as the lower mass loading (2.03 mg cm–2) that results in the lower 

electron transport resistance. For the CV test, the current is measured through varying 

the potential. Considering the actual mass loading (mg cm–2), the current density (A 

g–1) of the sample reveals the trend of fluctuation after normalization. While for the 

battery test, although the same current density (A g–1) is set for the samples with 

different loadings, the actual current values (A) are different (the electrodes have the 

same surface area of 0.785 cm2). For the sample at 6 h, the actual current (A) for 

discharge is relatively high due to the high loading. Moreover, the electric 

conductivity and the infiltration with electrolytes are inferior to other samples, which 

cause the lowest capacity value and poor rate stability. While for the sample at 12 h, 

the current is low due to the low loading, and the good electric conductivity and 

ability to infiltrate with electrolyte offset the lack of specific capacitance, leading to a 

higher discharge capacity than the one at 6 h. In conclusion, using different 

hydrothermal time, the mass loading of Co3O4 increases first, and achieves a 

maximum value (2.37 mg cm–2) at 6 h, then decrease with the elongation reaction 

time of 12 h (2.20 mg cm–2). Correspondingly, the nanowires are denser before 6 h, 

and thinner after the time. More importantly, as shown above, the Co3O4 synthesized 

using the hydrothermal time of 9 h has a reasonable loading and displays the best 

electrochemical performance, and thus is used as the best hydrothermal time in the 

following work. 
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3.3 Effects of chemical compositions of the precursor 

In addition to the calcination temperature and hydrothermal reaction time, the 

molars of precursor chemicals (i.e., Co(NO3)2·6H2O, NH4F, and urea) also have an 

important influence on the synthesis of Co3O4, as listed in Table S1. The reactions that 

occurred in the hydrothermal process can be described as Eqs. 1-6. First, as the source 

of Co element, different molars of Co(NO3)2·6H2O (i.e., 0.5, 1, and 1.5 mmol) were 

applied, and the mass loadings of Co3O4 are 1.74, 2.26, and 3.37 mg cm–2, 

respectively. To avoid repetition, Fig. 6 only illustrates the SEM images of the 

samples using 0.5 and 1.5 mmol Co(NO3)2·6H2O. When the amount is 0.5 mmol 

(Figs. 6a and 6b), the sample shows the morphology of condensed nanoplates, which 

is not beneficial for rapid ion transport and the reactions [51]. When the amount 

reaches 1 mmol (Figs. 1c and 1d), the morphology turns into the uniform nanowire. 

After increasing the amount to 1.5 mmol, the nanowires are coated densely on the Ni 

foam, as shown in Figs. 6c and 6d, which can be ascribed to the large mass loading. 

That is to say, different molars of Co(NO3)2·6H2O change the morphology of Co3O4. 

Furthermore, the specific surface areas are 9.57 and 10.95 m2 g−1, respectively, and 

the pore volumes are 0.0181 and 0.0311 cm3 g−1, respectively (Fig. S9). It is worth 

noting that the one using 1.5 mmol has less nanopores but more mesopores, which 

may be the reason for the larger pore volume. The comparison of the electrochemical 

performance is also conducted. As displayed in Fig. S10, the Cdl values of the sample 

using 0.5 and 1.5 mmol Co(NO3)2·6H2O are calculated as 11.12 and 16.66 mF cm–2. 

Fig. 7a and S11 show their CV comparisons at 10 mV s–1 in 1 M KOH. The CV 
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shapes of the samples are similar, and the sample using 1 mmol Co(NO3)2·6H2O 

shows the highest peak current density and decent reversibility. Fig. 7b shows the 

capacitance values of these samples based on different scan rates from 1 to 20 mV s–1, 

which are 692.3, 735, and 603 F g–1 for 0.5, 1.0, and 1.5 mmol at 1 mV s–1, 

respectively. When served as the battery electrodes, the charge-discharge voltage 

curves at 0.5 mA cm–2 are given in Fig. 5c, from which the operating capacities are 

218.5, 230.0, and 154.7 mAh g–1 for the samples using the molar values of 0.5, 1.0, 

and 1.5 mmol, respectively. Even at other current densities (Fig. S12), the one using 

1.0 mmol has the highest capacities, followed by the one using 0.5 mmol, and the 

capacities of the one using 1.5 mmol are the lowest, as given in Fig. 7d. Thus, the 

morphology and loading can be controllably changed through varying the amount of 

Co(NO3)2·6H2O in the hydrothermal reaction solution. Particularly, the sample using 

1.0 mmol with the evenly grown nanowire structure can deliver the best performance. 
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Fig. 6 SEM images of the Co3O4 on Ni foam using different molars of 

Co(NO3)2·6H2O. (a–b) 0.5 mmol and (c–d) 1.5 mmol. 

 

Fig. 7 Comparisons on the electrochemical performance of the Co3O4 on Ni foam 

using different molars of Co(NO3)2·6H2O: (a) the CV curves in 1 M KOH electrolyte 

at 10 mV s–1, (b) the specific capacitance at various scan rates from 1 to 20 mV s–1, (c) 

the charge-discharge voltage curves at 0.5 A g−1, and (d) the operating capacity values 

at 0.5, 1, and 2 A g–1. 

Besides, as the additive in the precursor solution, NH4F can combine with Co2+ 

to form [CoFx]
(x-2)–. Previous reports have indicated that the presence of F– have a 

great effect on reducing the nucleation rate and activating substrates, since F– ions can 

combine with Co2+ at first and then release the Co2+ slowly [52]. Based on different 
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molars of NH4F (i.e., 3, 4.5, 6 mmol), the samples show different mass loadings, 

which are 1.56, 2.26, 2.7 mg cm–2, respectively. As displayed in Fig. S13 and Figs. 1c 

and 1d, the SEM images indicate that no morphology changes occur after changing 

the amount of NH4F, and all nanowires are well-distributed on the surface of the Ni 

foam. In addition, the samples using the molars of 3 and 6 mmol displays the specific 

surface area of 8.13 and 8.70 m2 g−1, respectively, and the pore volume of 0.0226 and 

0.0229 cm3 g−1, respectively. Fig. S14 gives the corresponding pore size distribution 

of the two samples. Although the distribution is similar in the range of 1-2 and 3-4 nm, 

the sample using 6 mmol NH4F has larger pore volumes in the range of 5-10 nm than 

the one using 3 mmol, consistent with the SEM images. As for the double-layer 

capacitance (Cdl), the values for the samples using 3 and 6 mmol NH4F are 11.79 and 

7.37 mF cm–2, respectively (Fig. S16). From Figs. S15a and S17, the sample using 4.5 

mmol NH4F delivers the highest peak current density and good reversibility. 

Moreover, as depicted in Fig. S15b, the capacitance value of the one using 4.5 mmol 

NH4F is also the highest. Appling 0.5 A g–1, the batteries with the samples using 3, 4.5, 

and 6 mmol show the discharge capacities of 225.5, 230.0, and 175.3 mAh g–1, 

respectively (Fig. S15c). Notably, the batteries based on the samples using 3 and 4.5 

mmol exhibit similar discharge capacities (Fig. S18), while the latter one delivers 

much larger specific surface area capacity (0.5152 mAh cm–2) than the former (0.3583 

mAh cm–2), which can be ascribed to the high loading. Thus, the loading and the pore 

size distribution can be tuned using different molars of NH4F, which then influence 

the electrochemical performance. Hence, 4.5 mmol NH4F can be considered as the 
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optimal value for the synthesis. 

3.4 Full-cell performance 

To further test the full-cell performance, the electrode using the optimal synthesis 

conditions (i.e., 350 oC, 9 h, 1.0 mmol Co(NO3)2·6H2O, and 4.5 mmol NH4F) was 

selected and assembled into a Zn battery for further tests. As provided in Table 1, the 

battery delivers a much higher value (230.0 mAh g–1), accounting for 51.6% of the 

theoretical value, which is much higher than the reported one, such as 36.3% in 

Wang’s work [28] and 38.9% in Tan’s work [27]. It is noted that the theoretical 

capacity is calculated based on the transformation from Co3O4 to CoOOH and 

CoOOH to CoO2 (i.e., Co2+ → Co3+ → Co4+), the low utilization ratio indicates the 

conversion ability to high valence is limited. Hence, the reaction mechanism is 

valuable to be further studied. Figs. 8a and 8b reveal the charge-discharge voltage 

curves at different current densities in the voltage ranged between 1.4 and 1.9 V. 

When the current density increases from 0.5 to 10 A g–1, the discharge capacity drops 

from 230.0 to 144.0 mAh g–1, respectively, with coulombic efficiency of near 100%. 

The energy density drops from 380.6 to 225.0 mWh g–1, and the corresponding energy 

efficiency changes from 93.5% to 87.7%. Hence, the battery delivers decent rate 

capability with the capacity retention of 62.6% even when the current density 

increases 20-fold, which is much better than the reported results in Table 1. For 

example, the Zn-Co battery with Co3O4 nanowires shows the retention rate of only 

34% from 1 to 7.5 A g–1 [27], and the battery with Co3O4 nanosheets shows the 

retention of 48% from 1 to 10 A g–1 [28]. 
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Fig. 8 Electrochemical performance of Zn battery with a heterogeneous porous 

nanowire Co3O4 nanowire on Ni foam electrode: (a) the charge-discharge voltage 

curves at various current densities from 0.5 to 10 A g–1, (b) the operating capacity and 

coulombic efficiency at various current densities, and (c) the capacity retention and 

coulombic efficiency at various cycling numbers. 

Furthermore, cycling behavior was tested at 2 A g–1 (Fig. 8c). As shown in Fig. 

S19, the shape of voltage curves retains well at different cycles, manifesting good 

reversibility. As the cycling life increases, the operating capacity drops to 178.9, 170.8, 

164.4, and 156.4 mAh g−1 at the 500th to 1000th, 1500th, and 2000th cycle, respectively, 

thus the retention ratios are 85.2%, 81.3%, 78.3%, and 74.5%, respectively. Even after 

3000 cycles with the operation time of up to 547 h, the battery can still operate and 

delivers the capacity retention of 66.8%, without any optimization of the zinc 
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electrode which has been regarded as the main cause for the performance decay 

[53–55]. Moreover, the coulombic efficiency was well maintained and almost close to 

100%. After the cycling test, we conducted the SEM and XRD characterization of this 

electrode. As shown in Fig. S20, the nanowire structure maintained well even at the 

3000th cycle, and the peaks in the XRD pattern of the electrode barely changed, 

indicating its decent stability. In comparison, as shown in Table 1, the battery with 

Co3O4 nanowires can only perform 1000 cycles with a retention ratio of 66.6% at 5 A 

g–1 [27]. Although the battery using nanosheets and optimized zinc electrode shows a 

retention ratio of 80% after 2000 cycles at 1 A g–1, the one without any optimizations 

of the positive electrode has the retention of 80% after only 900 cycles [28]. For the 

battery assembled with the Co3O4 nanowires@Ni wire and the fiber-shaped zinc 

electrode, it can only operate for 33 h with the capacity decay of 20% [22]. Hence, 

benefiting from the fast species transport, sufficient saturation between the electrolyte 

and the active material, and good electric conductivity, the electrode with the 

nanowire morphology and heterogeneous pore structure shows the largest capacity, 

remarkable cycling behavior, and great rate performance when compared to the 

reported alkaline Zn-Co batteries [22,27,28,56–61], demonstrating the promising 

potential for applications. 

Table 1 Performance of the alkaline Zn batteries with various materials 

Positive electrode 

materials 
Loading 

Electrochemical performance  

Capacity  Cycling stability Rate rentention Ref. 
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Co3O4 

nanowires@Ni 

wire 

80±10 μg 

cm–1 
21.3 mAh cm–3 

80% after 3000 cycles 

(33 h) 

77.9% from 0.25 

to 2.5 A cm–3 
[22] 

Co3O4 

nanowire@Ni 

foam 

3.9 mg 

cm−2 

173.6 mAh 

g−1@1 A g−1 

66.6% after 1000 cycles 

at 5 A g–1 

34% from 1 to 

7.5 A g–1 
[27] 

Co3O4 

nanosheets@Ni 

foam 

2 mg cm–2 
162 mAh 

g–1@1 A g–1 

80% after 900 cycles at 

1 A g–1 (zinc plate); 

80 % after 2000 cycles 

at 1 A g–1 (Zn@CF 

core–shell structure) 

48% from 1 to 

10 A g–1 
[28] 

NiO-CNT 3 mg cm–2 155 mAh g–1 
65% after 500 cycles at 

1 A g−1 

52.9% from 1 to 

3 A g−1 
[56] 

Carbon 

cloth-carbon 

fiber@NiO 

10.8 mg 

cm–2 
203 mAh g−1 

72.9% after 2400 cycles 

at 5 mA cm–2 

59.2% from 0.5 

to 10 mA cm−2 
[57] 

Ni-MOF-74/CNT 

fibers 

0.4 mg 

cm–1 

108.5 mAh 

cm–3 

87.66% after 1000 

cycles at 2 A cm−3 

60.4% from 0.5 

to 5 A g−1 
[58] 

Ni3S2 ultrathin 

nanosheets 
 150 mAh g–1 83.3% after 100 cycles 

45.9% from 0.2 

to 5 A g–1 
[59] 

Ni2P@Carbon 1 mg cm–2 176 mAh g–1 93.8% after 1500 cycles 
46.6% from 1 to 

5 A g−1 
[60] 

NiAlCo LDH 

nanoplates/CNTs 
1 mg cm–2 184 mAh g–1 85% after 600 cycles 

75% from 3.5 to 

35 A g−1 
[61] 

Heterogeneous 

porous nanowire 

Co3O4@Ni foam 

2.24 mg 

cm–2 

230.0 mAh 

g–1@0.5 A g–1 

66.8% after 3000 cycles 

at 2 A g–1 (up to 547 h) 

62.6% from 0.5 

to 10 A g–1 

Our 

work 

4 Conclusions 
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In conclusion, through tuning the key parameters in synthesis, including the heat 

treatment temperature, hydrothermal time, and compositions in the precursor solution, 

Co3O4 on the Ni foam shows different pore size distributions, morphologies, and mass 

loadings. In detail, the pore size among the nanowire becomes larger with an increase 

of the calcination temperature. The loading can be controlled when using different 

hydrothermal time, and the morphology (i.e., condensed nanoplate and nanowire) can 

be tuned by changing the amount of Co(NO3)2·6H2O. From the electrochemical tests, 

the Co3O4 electrode with a heterogeneous porous nanowire structure and a reasonable 

loading exhibits the largest electrochemical surface area of 17.09 mF cm–2 and a 

specific capacitance value of 735 F g–1. When assembled into a Zn battery, it delivers 

an optimal capacity of 230.0 mAh g–1 at 0.5 A g–1 and energy density of 308.8 Wh 

kg–1 calculated on the weight of Co3O4 and the Zn plate, achieving a high utilization 

ratio based on the theoretical value (up to 50%). Additionally, the capacity is 144.0 

mAh g–1 at 10 A g–1, thus the retention rate is 62.6%, manifesting great rate capability. 

More importantly, the battery exhibits an ultra-long cycling life of 3000 cycles (up to 

547 h) with a retention ratio of 66.8%. Hence, this work tunes the microstructure of 

Co3O4 effectively and obtains a novel-designed heterogeneous porous electrode with a 

higher utilization ratio compared to other reported ones, achieving an 

ultrahigh-performance Zn-Co battery. To further optimize the microstructure and 

improve the performance, some other ways such as surface treatment can be also 

applied [62,63], which will be our future work. 
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