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Abstract:

Zn batteries are attractive for energy storage due to their low cost and intrinsic
safety. However, the low utilization of active materials results in unsatisfied capacities.
Herein, Zn batteries based on nanostructured NiCo0.04 electrodes are developed.
Through hydrothermal reactions, porous NiCo0204 nanosheets, nanowires, and
nanoplates are fabricated, which are in-situ grown on the surface of nickel foam
substrates and facilitate the electron transport and electrochemical reactions. In
particular, the battery with the nanowire electrode exhibits the largest discharge
capacity of 230.1 mAh g, which accounts for 68.7% of the theoretical capacity of
NiCo204. Based on the weights of NiCo0.04 and consumed Zn, the energy density of
the battery is 301.3 Wh kg2, higher than most of the reported Zn batteries. At a
current density of 8 A g%, the capacity is still 164.25 mAh g, with the retention of
71.38%, which illustrates the high rate performance. Moreover, after 1000

discharge-charge cycles, the capacity retention is 63.23%, which reveals remarkable
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cycling stability. The results show that the NiCo.0O4 nanowire electrode is attractive
for Zn batteries with high capacity, energy density, rate performance, and cycling
stability.
Keywords: Zinc battery; Morphology; Nanostructured; Transition metal oxide;
Electrochemical performance.
Highlights
» Nanostructured NiCo20s is in-situ grown on the nickel foam substrate.
» The NiCo204 nanowire electrode exhibits the best electrochemical performance.
> A Zn battery delivers the energy density of 301.3 Wh kg .
» T71.38% of the capacity is preserved when the current increases from 0.5to0 8 A
gt
» The capacity retention researches 63.23% after 1000 discharge-charge cycles.
1. Introduction
With the fast-growing demands for portable electronic devices, it is urgent to
develop battery systems with high capacities and low prices. As one of the most
promising battery systems for energy storage, lithium-ion batteries have been
commercially used around our life owing to the remarkable energy densities, high
energy efficiency, and long cycle life [1,2]. However, lithium-ion batteries suffer from
various issues for further applications, including the high price, safety problems, and
insufficient capacity [3]. Therefore, exploring new battery systems with low price,
intrinsic safety, and high capacity is in great need [4,5].
Among various alternative batteries, zinc-based batteries have got increasing
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research attention in recent years [6-11]. Based on the metallic zinc, the theoretic
capacity can research 825 mAh g, * [12], and the price is low (~2500 dollars per ton)
[13]. Besides, aqueous electrolytes instead of organic ones can be used, resulting in
high safety [14]. Till now, various kinds of Zn batteries have been developed, such as
Zn-MnO- [15], Zn-Ni [16], and Zn-Ag batteries [17]. Although based on different
electrode materials, the operating mechanisms during discharge and charge are
similar, which involve the oxidation and reduction of zinc on the negative electrode
and another redox couple of transition metals on the positive electrode [18]. However,
although a high working voltage of 1.75 V can be delivered, the energy density is
limited to the positive electrode (e.g., 228 Wh kg based on NiO for Zn-Ni battery)
[19]. Hence, tremendous efforts have been devoted to exploring new positive
electrode materials with higher capacities to improve the energy densities of the
batteries [20].

Cobalt, as one kind of transition metals, has been applied in the form of cobalt
oxide (Co304) in Zn-based batteries recently. Wang et al. reported ultrathin porous
Co304 nanosheets as the active electrode for a Zn-Co battery [14]. It exhibited a high
discharge voltage of 1.78 V, a high energy density of 241 Wh kg2, and high capacity
retention of 80% after 2000 cycles. Ma et al. reported a highly reversible Zn/Co®*
rich-Coz04 battery, which worked well in a mild aqueous electrolyte solution (2 M
ZnS0O4 + 0.2 M CoS0.) and demonstrated a high average voltage of ~2.2 V, high
specific capacity of 205 mAh g* at 0.5 A g%, and long cycling performance (~5000
cycles with a capacity retention of 92%) [9]. In our previous work, a nickel
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foam-based electrode made of Co030Os nanowire-assembled clusters was fabricated,
which showed a discharge capacity of 173.6 mAh gt at 1 A g* [10]. However, the
reported capacities are still lower than the theoretical capacity of CozO4 (446 mAh
g 1) [14], resulting in a low utilization ratio of the active material (<50%).

The electrochemical performance of the active material inside the battery is
closely related to the electron and ion transport [21]. Previous research has indicated
that using element doping can enhance electron transport. Based on the site preference
theory [22], the partial substitution of transition metals (i.e., Mn, Ni, and Cu) for Co
in the Cos0s4 lattice can get an inverse spinel structure [23-25], which delivers 3D
networks of the interconnected interstitial space, achieving high electrical
conductivity and ion diffusivity [26]. For example, Liu et al. reported that Coz04 can
produce an additional electron in the 3d orbital by the substitution of Co?* by Ni?",
which can modulate the electronic structure effectively. Consequently, the specific
capacitance of a supercapacitor with NiCo,04 can reach 1828 F g%, much higher than
that with Co3O4 (948 F g 1) [21,27]. In addition, the morphology of the electrode
material can change the specific surface area and the contact interfaces with the
electrolyte, affecting the ion transport [28]. For instance, He et al. reported that Co3O4
nanowire has the obvious bimodal pore structure with dominant macropores and small
mesopores, delivering larger specific area (99.783 m? g!) than nanosheet (75.295 m?
g1) [29]. Our finding also indicated that the nanowire-assembled clustered Co3O4
could deliver a higher capacity than that of previous work with nanosheet-liked Co304
[10]. Even with these progress on the electrodes, however, a high-capacity Zn battery
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with high utilization of the active material has not been reported yet.

To this end, the aim of this work is to develop a high-performance Zn battery
based on spinel cobalt materials. Based on the previous work that partially
substitution of Co?* by Ni?* can lead to the superior electrochemical properties [27],
we used NiCo0204 as the active material in the battery. First, different morphologies of
nanostructured NiCo204 in-situ grown on the nickel foam substrate were fabricated,
and the properties were characterized. Then, their electrochemical performance as
positive electrodes was examined in Zn batteries, from which the one with the largest
capacity was selected. Further, a Zn battery was built based on the selected NiC0204
electrode, and the electrochemical performance, including the capacity, rate
performance, coulombic efficiency, and cycling stability, was carefully evaluated.

2. Experimental
2.1 Synthesis of nanostructured NiC0204

The nanostructured NiCo0204 with different morphologies on the nickel foam
substitute was fabricated through hydrothermal reactions [10]. Briefly, nickel foam
was first cleaned by dilute HCI solution, and then washed with distilled water and
dried thoroughly. 40 mL of a homogeneous aqueous solution composed of 0.2 g of
Co(NOs3)2-6H-0, 0.4 g of Co(NO3)2-6H20, 0.3 g of NH4F, and 0.6 g of CO(NH2)2 was
transferred into a Teflon-lined stainless-steel autoclave, and a piece of prepared nickel
foam with a given surface area was immersed. To produce different morphologies, the
sealed autoclaves were maintained at different temperatures (80, 120, and 160 °C) for
9 h. After cooled down naturally, the nickel foam with precursors was taken out, rinsed
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carefully, and calcined at 250 °C in air for 3 h using a heating rate of 1 °C min! to
convert the precursor to NiCo0.04. The loading of NiCo.04 formed at different
hydrothermal temperatures was controlled to be around 1.2 mg cm ™,
2.2 Physicochemical characterization

The morphologies of the samples were observed by a scanning electron
microscope (SEM, VEGA3 TESCAN) at 20 kV. The compositions were analyzed by
X-ray diffraction (XRD, Rigaku Smartlab) using a Cu-Ka source at 45 keV. The
formed nanostructures were examined by a transmission electron microscope (TEM,
JEOL 2100F) at 200 kV. The specific surface area and pore volume were calculated
by the Brunaure-Emmert-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods,
respectively, which were got from the nitrogen adsorption-desorption isotherms
measured by ASAP 2020. The valences of Ni and Co of the samples were analyzed by
the X-ray photoelectron spectroscopy (XPS, PHI 5600 multi-technique system) using
Al monochromatic X-ray at 350 W.
2.3 Battery fabrication and evaluation

A Zn battery was fabricated using the nanostructured NiCo20s on the nickel
foam as the positive electrode and a Zn plate as the negative electrodes, and an
electrolyte composed of 6 M KOH and 0.1 M zinc acetate. The discharge and charge
capacities were tested under different current densities based on the loading of
NiC0204 in the voltage range of 1.4-1.9 V. The rate performance was measured at
various current densities from 0.5 to 8 A g%, and the cycling stability test was carried

out at 1 A gt in the same voltage range.



3. Results and discussion
3.1 Characterization of nanostructured NiC0204

The SEM images of the samples treated with different hydrothermal reaction
temperatures are shown in Fig. 1. Using the hydrothermal temperature of 80 °C results
in the nanosheet morphology (Fig. 1a). From Figs. 1a and Sla, nanosheets with the
thickness of ~10 nm and the height of ~5.3 pm are grown perpendicularly on the
nickel form surface and interconnected with each other. When the hydrothermal
temperature increases to 120 °C, the morphology changes to nanowire (Figs. 1c and
1d). As the high-magnification image shown in Fig. 1d, the nanowires with an average
length of 5.7 um (Fig. S1b) are uniformly coated on the nickel foam surface. In
addition, the tips of the nanowires are gathered, which may improve the structural
stability and the utilization of the active material. Further increasing the hydrothermal
temperature to 160 °C, interestingly, condensed nanoplates are accumulated on the
surface, as shown in Figs. 1le and 1f. From Fig. S1c, the height of the nanoplates was
measured to be 2.1 um. Thus, different hydrothermal temperatures greatly change the

morphologies of the active material.



Fig. 1 SEM images of the nanostructured NiCo02,04/Ni foam from different
hydrothermal reaction temperatures. (a-b) 80 °C, (c-d) 120 °C, and (e-f) 160 °C.

The XRD patterns of the synthesized samples are displayed in Fig. 2. In addition
to the two diffraction peaks of the Ni substrate, the peaks at 18.93°, 31.15°, 36.70°,
38.40°, 59.11° and 64.96° can be perfectly indexed to the (111), (220), (311), (222)
(511), and (440) planes of spinel NiCo204 (PDF #73-1702), respectively. The results
demonstrate that through using different hydrothermal reaction temperatures,

nanostructured NiCo020, with different morphologies have been successfully
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synthesized, which are in-situ gown on the surface of the nickel foam substrate

without binders.
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Fig. 2 XRD patterns of nanostructured NiCo204 with different morphologies.

The microstructures of NiCo.04 with different morphologies were characterized
by TEM. From Fig. 3, the nanostructured NiCo,04 was assembled by a large number
of interconnected nanoparticles and showed polycrystalline properties, as
demonstrated in the selected area electron diffraction (SAED) patterns. The water loss
and the volume shrinkage in the calcination process lead to the formation of pores
[30]. Further, the nitrogen adsorption-desorption isotherms and the pore size
distribution were measured, as shown in Fig. 4. Three isotherms can be categorized as
type Il with type H3 hysteresis loops, and the pore size distribution demonstrates that
the pores are concentrated at ~3 nm, consistent with the TEM observations. The
mesoporous structure can facilitate the electrolyte to saturate the active material [31],
and thus improve the electrochemical performance [32]. The BET surface areas of the

NiCo204/Ni foam electrodes with the morphologies of nanosheet, nanowire, and
9



nanoplate are measured to be 38.9, 51.8, and 45.8 m? g%, respectively; and the
corresponding pore volumes are 0.068, 0.083, and 0.076 cm® g2, respectively. Thus,
the NiCo0204 electrode with the nanowire morphology has the largest specific surface
area and pore volume, followed by the nanoplate, while the nanosheet NiC0204
electrode owns the lowest ones. The different geometrical properties of the electrodes

will lead to different electrochemical performance in the battery.

Fig. 3 TEM images of the nanostructured NiCo204 with different morphologies. (a-b)

nanosheet, (c-d) nanowire, and (f-g) nanoplate. The insets show the corresponding
10



SAED patterns.
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Fig. 4 Nitrogen adsorption-desorption isotherm of nanostructured NiCo204/Ni form.
(a) nanosheet, (b) nanowire, and (c) nanoplate. The insets show the corresponding
pore size distribution.
3.2 Electrochemical performance

Three Zn batteries assembled with the NiCo0.04 electrodes of different
morphologies (nanosheet, nanowire, and nanoplate) were built to test the
electrochemical performance. The reactions during the charge and discharge

processes are proposed as follows [33]:

Positive electrode:

NiC0,0, +OH™ +H,0 == NiOOH + 2C0OOH + e~ (1)
COOOH +OH™ —=——2=C00, +H,0 +e° (2)
charge

Negative electrode:

Zn(OH),” +2e  ===E=7n +40H" (3)

Total reaction:

2NiCo,0, +3[ Zn (OH)JZ’ L€ 370 + 2NiOOH +4C00, +60H™ +2H,0 (4)

charge
During charge, Zn(OH)s% release OH™ into the electrolyte and turn into Zn at the

negative electrode, while NiC0,0; is transformed into NIOOH (NiO — NiOOH) and

Co0; (Co203 — CoOOH — Co00») with OH™ from the electrolyte at the positive
11



electrode. During discharge, Zn(OH).% is transformed into metallic Zn at the negative
electrode, and the reduction of NiOOH and CoO: together with H>O occurs to
produce NiCo20, and OH"™ at the positive electrode.

Fig. 5a presents the charge-discharge curves at the current densities of 0.5 A g*
between 1.4 to 1.9 V. The batteries with the NiCo.O4 morphologies of nanosheet,
nanowire, and nanoplate exhibit the average charge voltages of 1.80, 1.77, and 1.79 V,
respectively, and deliver the average discharge voltage of ~1.7 V. The charge
capacities are 135.17, 267.28, 183.31 mAh g, respectively, and the discharge
capacities are 109.9, 230.1, and 154.6 mAh g, respectively. Thus, the coulombic
efficiency of the battery is calculated to be 81.32%, 86.09%, and 84.34%, respectively;

and the energy efficiency is 77.07%, 81.56%, and 79.55%, respectively.
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nanostructured NiCo.04 with different morphologies at the current density of (a) 0.5
Agt (b)1Ag? and (c) 2 A gl (d) Comparison of the discharge capacities at
different current densities.

After charge, the NiC0204 electrodes were characterized by SEM. As displayed
in Fig. S2, three electrodes preserved the initial morphologies, indicating the
structural stability. To investigate the mechanisms during the charge process, the XPS
characterization was carried out, and the results are shown in Fig. 6 and Table S1. For
the Ni 2p spectra, the peaks at 854.2 and 871.8 eV are ascribed to Ni%*, and at 855.7
and 873.4 eV are ascribed to Ni** [21]. For the pristine electrodes, the ratios of
Ni?*/Ni** in the morphologies of nanosheet, nanowire, and nanoplate are calculated to
be 0.358, 0.484, and 0.264, respectively, indicating the mixed valence of Ni in
NiCo0204. After charge, the corresponding ratios become 0.063, 0.017, and 0.003,
respectively. The small ratios indicate that the valence of Niincreases from +2 to +3,
verifying the occurrence of Reaction 1 during charge. For the Co 2p spectra, the peaks
at around 779.6 and 794.8 eV are ascribed to Co**, and other two peaks at around
781.5 and 796.4 eV are ascribed to Co*" [34-36]. As listed in Table S2, the ratios of
Co®*/Co* before charge are 1.110, 0.963, and 0.859 for the electrodes with the
morphologies of nanosheet, nanowire, and nanoplate, respectively, but decrease to
0.201, 0.403, and 0.402 after charge. The results demonstrate that the valences of
partial Co atoms increase from +3 to +4 in NiCo0204, verifying the occurrence of
Reaction 2. In addition, compared with the results of Ni and Co, the utilization of Co
(Co** — Co*") seems to be less sufficient than that of Ni (Ni?* — Ni®*"), leading to
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the difference between the practical (e.g., 230.1 mAh g?) and theoretical capacity
(335 mAh g 1) of NiCo204. Thus, further improving the utilization of Co is the key to

enhance the capacity of the Zn-Co battery, which will be our future research topic.
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Fig. 6 XPS spectra of the nanostructured NiCo.04 with different morphologies before
and after charge: (a) Ni 2p and (b) Co 2p.

At the current densities of 1 and 2 A g* (Figs. 5b and 5c), the batteries deliver
the similar discharge and charge performance to that at 0.5 A g*. Fig. 5d shows the
comparison of the discharge capacities at different current densities. For the nanosheet
electrode, when the current density increases from 0.5 to 1 and 2 A g2, the capacities
are 109.9, 104.5, 98.6 mAh g1, respectively, with the retention rate of 89.7%. For the
nanowire electrode, the capacities are 230.1, 222.7, and 211.7 mAh g2, respectively,
with the retention rate of 92.0%. While the values of the nanoplate electrode are
147.6, 135.0, and 154.6 mAh g2, respectively, and the retention rate is 91.5%. Thus,
the Zn battery with the NiCo0204 nanowire electrode exhibits the best electrochemical
performance, demonstrating that the capacity can be influenced by the morphology of
the electrode material. It is worth noting that the discharge capacity reaches 230.1
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mAh gt at 0.5 A g, accounting for 68.7% of the theoretical capacity, higher than the
reported Zn-Co battery with the CosOs nanowire electrode (38.9%) [10],
demonstrating that the utilization of the active material can be effectively increased by
the substitution of Ni and the morphology change. Based on the results above, the
nanowire electrode performs excellently among three, which may be attributed to the
high specific surface area, proper pore volume, and favorable nanostructure, greatly
facilitating the species transport and the electrochemical reactions. Considering the
average discharge voltage of ~1.7 V, the energy density achieved by the NiC0204
nanowire electrode is calculated to be 385.7 Wh kg™. When compared with the
reported Co-based electrodes in alkaline electrolytes, as shown in Fig. 7, both the
capacity and the energy density are superior [9,10,14,33,37], revealing the high
performance of the NiCo.04 nanowire electrode. Thus, this electrode was selected for

in-depth studies in Zn batteries.
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The discharge and charge performance of the battery with the NiCo0204 nanowire
electrode at various current densities between the voltage of 1.4 to 1.9 V was tested,
and the results are shown in Figs. 8a and 8b. When the current density increases from
0.5t0 1, 2, 4,6 and 8 A g2, the average voltage gradually decreases from 1.68 to 1.63
V, and the capacity drops from 230.1 to 222.7, 211.7, 195.9, 180.4, and 164.3 mAh
gl respectively. Therefore, the coulombic efficiency of the battery is 86.09%,
93.45%, 95.63%, 95.92%, 96.86%, and 97.21%, respectively; and energy efficiency is
81.56%, 88.42%, 90.10%, 89.10%, 88.84%, and 88.13%, respectively. Thus, the
capacity retention rate is calculated to be 71.4% when the current density changes
from 0.5 to 8 A g1, demonstrating excellent rate performance [10].

To further evaluated the stability, the Zn battery with NiCo020s nanowire
electrode was cycled at 8 A g1. As displayed in Fig. S3, initially, the coulomic
efficiency and energy efficiency is 91.32%, and 86.60%, respectively; after 500 cycles,
it shows 95.1% and 90.2%, respectively; while after 1000 cycles, the values are still
close to 95.1% and 90.2%, respectively. However, with the cycle number increases,
the discharge capacity decreases, which becomes 168.89 and 140.42 mAh g* at the
500" and the 1000™ cycle, respectively. From Fig. 8c, after 1000 discharge and charge
cycles, the battery can be operated normally and has the capacity retention of 63.23%,
higher than some reported Zn batteries (e.g., Zn-NiO battery, ~65% after only 500
cycles) [19]. After the cycling test, we also examined the NiCo204 electrode, as
shown in Fig. S4, both the morphology and the crystal structure remain well. Thus,
this capacity loss may be mainly accounted for the instability of the Zn electrode,
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which suffers from dendrite and passivation layers during cycling [38-41]. For this

reason, tremendous efforts should also be devoted to solving the issues of Zn

electrode to develop Zn batteries with better performance [42].
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4. Conclusions

In summary, a Zn battery based on NiCo0204 as the positive material has been

developed in this work. Nanostructured NiCo020s in-situ grown on the nickel foam

substrate with different morphologies (nanosheet, nanowire, and nanoplate) is

synthesized using hydrothermal methods, followed by calcination processes, which
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exhibits hierarchical porous structure with a high specific surface area and proper pore
volume. When assembled these electrodes in Zn batteries, at the current density of 0.5
A g, the nanosheet, nanowire, and nanoplate electrodes deliver discharge capacities
of 109.9, 230.1, and 154.6 mAh g, respectively, and the energy densities research
187.15, 385.68, and 261.44 Wh kg™, respectively. Thus, the nanowire electrode
exhibits the best electrochemical performance, especially the high utilization ratio of
the active material (68.7%), evidently revealing the effectiveness in morphology
control. Based on the weights of NiCo204 and consumed Zn, the energy density is
calculated to be 301.3 Wh kg, remarkably higher than those of reported Zn-Co
batteries. Further, when the current density increases from 0.5t0 1, 2, 4, 6, 8 Ag™, the
battery with the NiCo204 nanowire electrode delivers the capacities of 230.1, 222.75,
211.72, 195.93, 180.38, and 164.25 mAh g2, respectively, with the capacity retention
of 71.38%, demonstrating high rate performance. Moreover, the capacity retention is
63.23% after 1000 discharge-charge cycles. This work offers a promising positive
electrode to achieve high-performance Zn batteries, and future research will focus on
further improving the utilization of active materials and developing stable Zn
electrodes.
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