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a b s t r a c t

Nickel–zinc (Ni–Zn) batteries hold a lot of promise for energy storage thanks to their high output volt-

age, plentiful Zn supply, and low toxicity. Achieving the facile preparation of high-performance cathodes

at ambient temperature remains a challenge, it is however essential for practical applications. Here, in

the present study, an efficient ultrasound-assisted one-step fabrication of CoNi double hydroxide (UA-

CoNi DH) microspheres at room temperature that performs well as a cathode for Ni–Zn batteries was

proposed. This designed ultrasound-assisted method induces the formation of metal double hydroxide

with an elevation of interlayer spacing and bulk conductivity while maintaining the structure features

of CoNi DH prepared without ultrasound assistance. As a result, the UA-CoNi DH as an electrode mate-

rial displays highly enhanced electrochemical properties relative to CoNi DH prepared without ultrasound

assistance. Benefitting from the improved performance of our UA-CoNi DH electrode, the Ni–Zn battery

with UA-CoNi DH as the cathode (UA-CoNi DH//Zn) delivers a good specific capacity (202.36 mAh/g) and

rate performance (70.49% capacity maintained at a 10-fold higher current), presenting more than 71.61%

and 21.99% improvement relative to the CoNi DH//Zn battery, respectively. This work offers guidelines for

constructing high-performance Ni–Zn battery cathodes in an open environment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Global industrial production has considerably improved human

living, but it has also brought about increasingly serious energy

and environmental crisis [1,2]. The development of advanced green

energy conversion and storage technologies has become a higher

requirement for the sustainable development of modern society

[3,4]. In particular, various energy storage devices have been devel-

oped for decades to solve the concerns of energy consumption and

environmental pollution [5–10]. Aqueous rechargeable batteries are

one of the most attractive alternatives for grid-scale energy stor-

age because of their excellent safety, low cost, and environmen-

tal friendliness, benefitting from abundant anodes and water-based

electrolytes [11–15]. Among them, alkaline nickel–zinc (Ni–Zn) bat-

teries have garnered intensive research attention due to the advan-

tages of the high output voltage and excellent theoretical specific
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energy density, making it a new generation of high-efficiency en-

ergy storage devices after lithium-ion batteries [16–19]. So far, sig-

nificant progress has been achieved in promoting the Zn anode uti-

lization and enhancing the specific capacity, its practical applica-

tion is however still restricted by the rational synthesis of Ni-based

cathodes [20,21]. To address this bottleneck, several strategies for

designing high-performance cathodes have been reported, includ-

ing sulfidation, solvothermal ion doping, integrating heterostruc-

ture, and designing 3D structures [22–25]. Yet, these most com-

monly used methods are often complex and/or require harsh re-

action conditions, making them difficult to utilize in mass produc-

tion. Therefore, it is desirable to explore efficient strategies to syn-

thesize active cathodes for Ni–Zn batteries at room temperature in

an open environment.

Cobalt–nickel hydroxides have been found to possess better

performance than their respective nickel hydroxide and cobalt hy-

droxide counterparts as cathodes for Ni–Zn batteries because of

their ability to produce more active sites and intrinsic syner-

gistic effects than single metal hydroxides [26,27]. Therefore, in

the present work, a facile ultrasound-assisted one-step fabrication

of CoNi double hydroxide (UA-CoNi DH) microspheres at room
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Fig. 1. (a) Schematic diagram of the synthetic route of UA-CoNi DH microspheres.

(b-d) SEM images under various magnifications. (e-g) TEM and HRTEM images of

the UA-CoNi DH microspheres under different magnifications. (h) The HAADF-STEM

image and relative elemental distribution of the UA-CoNi DH microspheres.

temperature is proposed, which displays a pronounced increase

in Ni–Zn battery performance, including capacity and rate capa-

bility. Such an ultrasound-assisted method allows for the fabrica-

tion of metal double hydroxide micro-nano architecture with ex-

panded interlayer spacing and improved conductivity, leading to a

significantly enhanced electrochemical performance. In detail, the

UA-CoNi DH as the electrode material exhibits greatly improved

electrochemical activity relative to CoNi DH prepared without ul-

trasound assistance. Thanks to the enhanced performance of the

UA-CoNi DH electrode, the aqueous Ni–Zn battery with UA-CoNi

DH as the cathode (UA-CoNi DH//Zn) achieves an excellent spe-

cific capacity (202.36 mAh/g) and rate performance (70.49% reten-

tion at a 10-time increase in current), presenting more than 71.61%

and 21.99% improvement relative to the CoNi DH//Zn battery,

respectively.

Fig. 1a shows the production procedure for the UA-CoNi DH

microspheres, which was fabricated using a one-step ultrasound-

assisted approach that took advantage of the facile hydrolysis of

Co2+ and Ni2+ in a 2-methylimidazole (2-MIM) solution. Specif-

ically, Co(NO3)2, Ni(NO3)2, and 2-MIM were simply dissolved in

a mixed solution of ethanol and water and then transferred to

an ultrasonic disperser for 30min of sonication at room temper-

ature to complete the preparation. To get UA-CoNi DH, the prod-

uct was then removed, centrifuged, and dried. Details on synthe-

sis are given in the Experimental section (Supporting information).

The foregoing reaction can be carried out because 2-MIM has weak

basicity, allowing Co2+ and Ni2+ to bind with OH– and produces

Co(OH)2, Ni(OH)2, and NiOOH with the assistance of ultrasound.

The UA-CoNi DH product is continually formed as the reaction

advances, generating a microsphere shape. The scanning electron

microscope (SEM) images of UA-CoNi DH reveal a regular micro-

sphere structure with uniform nanosheets distributed on the sur-

face (Figs. 1b–d). Although CoNi DH prepared without ultrasound

assistance has a similar structure, it is less uniform (Fig. S1 in Sup-

porting information). As further shown by transmission electron

microscopy (TEM) images, the UA-CoNi DH spheres with a diam-

Fig. 2. (a) XRD patterns of CoNi DH and UA-CoNi DH. XPS spectrum of (b) Co 2p

and (c) Ni 2p of UA-CoNi DH at high resolution. (d) Resistivity and conductivity of

CoNi DH and UA-CoNi DH.

eter of around 500nm are independent of one another, and the

numerous ultrathin nanosheets with a thickness of about 10nm

are equally dispersed on the surface of the spheres (Figs. 1e and

f). Such a micro-nano architecture can largely facilize the electro-

chemical behavior during the redox reaction. Furthermore, the lat-

tice fringes of different orientations and sizes are observed in the

high-resolution TEM (HRTEM) image, revealing the polycrystalline

nature of UA-CoNi DH (Fig. 1g). Among them, the lattice spacing

of 0.19nm corresponds to the Co(OH)2 phase (JCPDS No. 46–0605),

0.21nm corresponds to the NiOOH phase (JCPDS No. 06–0075),

and 0.23nm corresponds to Ni(OH)2 phase (JCPDS No. 14–0117),

respectively [17,28,29]. The presence of Co, Ni and O elements,

as well as their homogenous distribution throughout the whole

region viewed by the high-angle annular dark field-scanning

transmission electron microscope (HAADF-STEM), can be seen in

the energy-dispersive X-ray spectroscopy (EDS) mapping results

(Fig. 1h).

Furthermore, the crystalline phases of both the synthesized UA-

CoNi DH and CoNi DH products are identified using X-ray diffrac-

tion spectroscopy (XRD) as the combined diffraction signal of the

Co(OH)2 phase, Ni(OH)2 phase, and NiOOH phase (Fig. 2a) [30–32],

which agrees well with the above TEM results. Of note, a left shift

is observed when comparing the positions of the detailed charac-

teristic peaks, including (003) and (006) peaks noted in Fig. 2a.

This shows that our designed one-step ultrasound-assisted tech-

nique expands the interlayer spacing of UA-CoNi DH, which might

be related to acoustic cavitation generated by the creation, de-

velopment, and implosive collapse of bubbles in the liquid owing

to ultrasonic shearing [33]. After that, X-ray photoelectron spec-

troscopy (XPS) verifies that the surface of our UA-CoNi DH is com-

posed of the expected elements, i.e., including Co, Ni, O, and C

(Fig. S2 in Supporting information). By further investigating the

high-resolution XPS spectrum of Co 2p, one can see that the two

peaks at 797.8 and 781.3 eV, respectively, are complemented by a

neighboring satellite peak (marked as “S”), which corresponds to

Co 2p1/2 and Co 2p3/2 of Co2+, respectively. This indicates the +2

valence state of Co in our UA-CoNi DH (Fig. 2b). In contrast to

this, by dividing the peaks in the high-resolution XPS spectrum

of Ni 2p, we can obtain characteristic peaks belonging to the +2

valence and +3 valence states of Ni. The peaks located at 855.2

and 872.7 eV correspond to Ni3+, while the other pair of peaks at

856.1 and 878.2 eV correspond to Ni2+ (Fig. 2c). This result demon-

strates that part of Ni2+ can be oxidized to Ni3+, yielding Ni(OH)2

2
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Fig. 3. (a) Schematic diagram of the test installation on a three-electrode system.

Comparison of (b) CV curves at 5mV/s, (c) Nyquist curves, (d) CD curves at 0.5 A/g,

(g) specific capacities, and (h) cycling performance at 0.5 A/g between CoNi DH

and UA-CoNi DH electrodes. (e) CV curves at different scan speeds, (f) CD curves at

different current densities of the UA-CoNi DH electrode.

and NiOOH as a consequence. In addition, Fig. S3 (Supporting in-

formation) presents the existence form of O elements, including

metal hydroxides (M-OH) and metal oxide (M-O). Therefore, by

combining these above-mentioned results from systematic charac-

terization and analysis, one can conclude that such an ultrasound-

assisted one-step fabrication method can successfully induce the

formation of metal hydroxide microspheres composed of NiOOH,

Ni(OH)2, and Co(OH)2, as well as exhibiting enlarged interlayer

spacing, thereby providing the opportunity to improve the electro-

chemical activity.

Prior to determining the electrochemical performance, the con-

ductivity feature of our UA-CoNi DH was first investigated, and

the results are shown in Fig. 2d, where UA-CoNi DH has a lower

resistivity and better bulk conductivity than CoNi DH, which is

therefore conducive to exerting its electrochemical activity as an

electrode. The powder sample was subsequent evenly ground with

conductive acetylene black and coated on the cleaned nickel foam

surface to make an electrode, which was then employed as a work-

ing electrode in a utilized three-electrode test system (Fig. 3a). A

pair of symmetric redox peaks from both CoNi DH and UA-CoNi

DH electrodes observed in the cyclic voltammetry (CV) curves re-

veals good reversibility (Fig. 3b). Because their chemical and crys-

tal compositions are comparable, the UA-CoNi DH preserves the

same CV shape as the CoNi DH, indicating that their electrochemi-

cal processes are similar. The area difference of the region covered

by the CV curve, on the other hand, implies that UA-CoNi DH has

better electrochemical activity. Moreover, the intercept of the X-

axis for UA-CoNi DH is smaller than that for CoNi DH in the high-

frequency area of Nyquist curves, indicating a lower bulk resistance

(Fig. 3c and Fig. S4 in Supporting information). The radius of the

semicircle of UA-CoNi DH is likewise less than that of CoNi DH,

implying that UA-CoNi DH has a lower charge transfer resistance.

Moreover, in the low-frequency range, the line of the UA-CoNi DH

electrode has a greater slope, indicating that it has a lower ionic

diffusion resistance than the CoNi DH electrode [34]. Thanks to

the improved electrochemical activity and smaller electrochemical

resistance, the charge-discharge (CD) time of UA-CoNi DH is thus

significantly prolonged, manifesting the enhanced electric charge

storage capacity (Fig. 3d). Afterward, the CV curves of UA-CoNi

DH at various scan speeds were examined (Fig. 3e). All CV curves

are symmetrical, and when the sweep rate rises from 5mV/s to

30mV/s, the currents steadily increase, exhibiting acceptable elec-

Fig. 4. Comparison of (a) CV curves, (b) CD curves, (d) rate performance, and (e)

cycle performance at 5 A/g between CoNi DH//Zn and UA-CoNi DH//Zn batteries.

(c) GCD curves of UA-CoNi DH//Zn at various current densities.

trochemical kinetics. The very symmetrical CD curves in Fig. S5

(Supporting information) and Fig. 3f also confirm this point.

The specific capacities under various current intensities were

calculated using their CD curves and shown in Fig. 3g. The capac-

ity of the UA-CoNi DH is much higher than that of the CoNi DH

at all current densities evaluated. Furthermore, the rate capability

of UA-CoNi DH outperforms that of CoNi-DH. And in a long-term

test, our UA-CoNi DH also shows good cycle life with high Coulom-

bic efficiencies (Fig. 3h).

A UA-CoNi DH//Zn aqueous battery was created utilizing Zn foil

as the anode to further demonstrate the possible applicability of

the UA-CoNi DH electrode as the cathode for Ni–Zn batteries. At

a scan rate of 10mV/s, the CV profiles of CoNi DH//Zn and UA-

CoNi DH//Zn batteries are compared (Fig. 4a), where the distinct

CV peaks are signs of the electrochemical reaction from Ni–Zn bat-

teries, as demonstrated in previous studies [17,28]. The UA-CoNi

DH//Zn battery achieves a high current density, as predicted, ex-

hibiting its greater capacity due to larger interlayer spacing and

improved chemical reactivity. Fig. 4b shows the typical voltage–

capacity curves of UA-CoNi DH//Zn and CoNi DH//Zn batteries

within the 1.4–1.9V range at a given current density of 0.5 A/g,

in which the specific capacity of UA-CoNi DH//Zn battery (202.36

mAh/g) is increased by 71.61% than that of CoNi DH//Zn battery

(117.91 mAh/g). The performance is significantly improved, and it is

also comparable to some of the reported literature [35,36]. Follow-

ing that, according to the specific capacity at different current den-

sities in Fig. S6 (Supporting information) and Fig. 4c, we can see

that the capacity decreases with increasing charging current, which

is consistent with the findings in the literature [37]. Moreover, the

maximum energy and power density of our UA-CoNi DH//Zn bat-

tery are accepted relative to previous literature (Table S1 in Sup-

porting information). And the capacity retention of two assembled

CoNi DH//Zn and UA-CoNi DH//Zn batteries can be obtained, reach-

ing 57.47% and 70.48%, respectively, with a 10-fold increase in cur-

rent density (Fig. 4d). Evidently, benefitting from its lower surface

ion diffusion resistance, our UA-CoNi DH//Zn battery exhibits en-

hanced rate performance. The long-term CD method was also used

to examine the cycling durability of the two constructed batteries

(Fig. 4e). It is noteworthy that although there is no significant im-

provement in durability, probably due to the conversion of more

α-CoNi DH phases to β phases during charge/discharge processes

of the UA-CoNi DH material with an expanded interlayer spac-

ing [38], the UA-CoNi DH//Zn battery’s specific capacity after the

3
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long-term test is still higher that of the CoNi DH//Zn battery and

even comparable to its initial capacity, demonstrating its superior

capacity output.

In summary, a facile and efficient ultrasound-assisted one-

step fabrication method has been verified to construct high-

performance CoNi hydroxides (UA-CoNi DH). This ultrasound-

assisted method can give rise to an elevation of interlayer spac-

ing and conductivity of metal hydroxides, as demonstrated by the

experimental results, relative to the CoNi DH electrode prepared

without ultrasound assistance. Consequently, the as-obtained UA-

CoNi DH as the electrode material displays considerably increased

electrochemical performance and attains a high specific capacity

(202.36 mAh/g) and good rate capability (70.49% retention at a

10-fold higher current) when severing as a cathode in the as-

sembled aqueous Ni–Zn battery (UA-CoNi DH//Zn), which displays

more than 71.61% and 21.99% improvement respectively relative

to the CoNi DH//Zn battery. This study not only supplies a new-

fashioned ultrasound-assisted strategy but offers a fresh reference

and enlightenment for synthesizing advanced electrodes for high-

performance Ni–Zn batteries.
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