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a b s t r a c t

Aqueous alkaline zinc batteries (AZBs) exhibit great potential due to their high capacity, high safety and

low cost. However, despite these advantages, the lack of high stability and high utilization rate makes the

search for high-performance cathode materials a great challenge. Here, an amorphous nickel boride/rGO

(NixB/rGO) complex structure was designed. As a result of abundant unsaturated active sites and syner-

gistic electronic effects, amorphous NixB exhibits excellent energy storage properties. As well as having

high electrical conductivity, rGO avoids aggregation of NixB nanoparticles, ensuring that NixB/rGO elec-

trodes have a high energy storage capacity. The structure has a strong adhesion between NixB and rGO,

which protects its stable structure and extends its life. More importantly, the NixB/rGO//Zn full battery

shows remarkable capacity (228.4 mAh/g at 2 A/g), extraordinary cycle durability (93.7% retained after

1000 cycles) and strong energy density 399.7Wh/kg, when coupled with NixB/rGO cathode. This work

will also shed light on other nickel-zinc batteries in order to achieve super durability and capacity.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapidly increasing demand for energy and global envi-

ronmental degradation has prompted researchers to seek alter-

native green energy sources, putting further demands on energy

storage devices [1–5]. While lithium-ion batteries remain domi-

nant in commercial energy storage markets, their toxic explosive

electrolytes and scarce lithium-metal sources are not sustainable

[6–8]. So researchers have turned to high-safe, low-cost aqueous

rechargeable batteries. Zinc-based batteries using zinc metal have

garnered significant attention due to their natural benefits such

as abundant sources and high theoretical specific capacity (820

mAh/g or 5855 mAh/cm3) [9–11]. Furthermore, the Zn2+/Zn re-

versible redox reactions take place in an alkaline electrolyte with a

much lower potential (−1.26V vs. SHE) compared to a near-neutral

or mildly acidic electrolyte (−0.76V vs. SHE) [10,12–14]. However,

the current lack of high-performance positive electrodes with high

rate and stability severely restricts the application of aqueous al-

kaline zinc batteries (AZBs) [15–17].

In the past studies on AZBs cathodes mainly focused on

transition metal oxides and hydroxides, including MnO2 [18],

nickel/cobalt oxides/hydroxides [19], vanadium-based oxides [20].

However, the predominant problems associated with alkaline
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Zn/MnO2 batteries include low output voltage and poor cycling

stability [21]. In spite of high working voltage (1.8V) and the-

oretical energy density (372Wh/kg), its actual energy density is

very low and its cycle life is unsatisfactory [22–24]. For this

reason, nickel/cobalt-based materials were subjected to various

modifications, such as vulcanization, carbonation, nitriding, phos-

phating [3,25,26]. Li et al. [27] successfully synthesized Ni2P/C

using glucose as carbon source under one-pot hydrothermal

method and exhibited 176 mAh/g at 1 A/g. Yao et al. [28] pre-

pared three-dimensional nitrogen-boron co-doped carbon quantum

dots/reduced graphene oxide (N,B-CQDs/rGO) composite aerogels

as zinc ion hybrid capacitors and the N,B-CQDs/rGO//Zn hybrid ca-

pacitor exhibited a high energy density of 96.2Wh/kg at 80W/kg.

Furthermore, transition metal borides exhibit excellent electrical

conductivity, abundant reserves and green environment protection

[29], showing broad prospects in electrochemistry [30] and energy

storage [31]. Wang et al. [32] proposed that rGO/Co-B nanocom-

posite as an anode for lithium-ion storage exhibits a considerable

reversible capacity of 894 mAh/g at 50 A/g. It is found that the in-

troduced rGO interface is close to nanomaterials, which improves

the conductivity and storage performance of cathode materials.

In this work, we have synthesized NixB nanoparticles bonded

to rGO, which serve as cathode material of AZBs. rGO improves

electrical conductivity significantly, avoids the aggregation of NixB

nanoparticles, endows NixB/rGO with high specific surface area and

https://doi.org/10.1016/j.cclet.2023.109388

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



X. Ji, X. Li, C. Wang et al. Chinese Chemical Letters 35 (2024) 109388

Fig. 1. SEM images of (a) NixB, (b) NixB/rGO. (c) TEM image of NixB/rGO. (d-f) Map-

ping image of NixB/rGO and Ni, B elements.

high capacity. The specific capacity of NixB/rGO composite cathode

material reaches 241.9 mAh/g at 2 A/g. The NixB/rGO//Zn battery,

as prepared, shows strong power density at 34 kW/kg, and ultra-

high energy density at 399.7Wh/kg.

NixB is a type of nanoparticles with an approximately 30nm

particle size (Fig. 1a) and this extra-fine particle size helps to re-

duce the diffusion distance of the ions and improve the reaction

kinetics. The diffraction pattern of NixB (Fig. S1a in Supporting in-

formation) shows its amorphous structure. In Fig. S1b (Supporting

information), there is no apparent lattice spacing for NixB HRTEM,

which further illustrates the amorphous feature. The SEM image of

NixB/rGO in Fig. 1b reveals that the NixB is tightly wrapped by the

rGO. The rGO is served as the expressway for charge transfer ow-

ing to the high conductivity of rGO. The TEM image of NixB/rGO

in Fig. 1c shows that NixB nanoparticles dispersed uniformly on

rGO with smaller sizes, which greatly increased the specific area

and active sites. In Figs. 1d–f, elemental maps show that Ni and

B dispersion are uniformly distributed. The NixB nanoparticles are

distributed uniformly on rGO surface.

The XRD patterns of NixB and NixB/rGO (Fig. S2 in Supporting

information) show broad peaks at 45°, confirming its amorphous

characteristic. The small peaks located at around 34° and 60° are

ascribed to the HBO2, which are formed when the reaction is car-

ried out in aqueous solution [35]. As a control group, we have py-

rolyzed NixB to synthesize crystalline NixB (denoted as NixB-400).

In the XRD pattern (Fig. S3 in Supporting information) of NixB-400,

weak diffraction peaks at 34.4°, 37.1° and 62.5° are assigned to

the (200) (210) and (141) plane of the Ni3B (JCPDS card No. 48–

1223) phase, respectively. Further investigation was carried out on

NixB/rGO components and valence states, as illustrated in Figs. 2a–

c, by XPS. The entire XPS spectrum (Fig. 2a) clearly shows peak val-

ues for Ni 2p, O 1s and B 1s. The Ni 2p3/2 spectrum of NixB in Fig.

2b shows binding energies at 855.6 eV designated as oxidized ma-

terial (Ni2+) [33,34]. It can be attributed to the compound action of

rGO and NixB nanoparticles. The lower binding energy at 852.4 eV

is conformable to Ni-B bonds, and the peak at 862 eV is attributed

to a satellite peak (denoted as "Sat.") [35]. At 187.9 eV and 191.7 eV

in B 1s spectrum (Fig. 2c) belong to element B (B0) and oxida-

tion state (BO2
−), respectively [36,37]. The oxidation state peak is

caused by rGO. Based on these results, the shell should contain

Ni(BO2)2 while the core consists of NixB. In the BO2
− group, the

number of valence electrons of B is 3, and the total number of

electrons is 6, indicating that B is in an electron-deficient state

[35]. In this case, the Ni(BO2)2 layer enhances the adsorption of

OH− ions and improves the reaction kinetics. Furthermore, the spe-

cific surface area of NixB/rGO (21.54 m2/g) is much larger than NixB

Fig. 2. (a) XPS survey spectrum. XPS spectra of (b) Ni 2p3/2 and (c) B 1s. (d) Plots of

N2 adsorption-desorption isotherm and pore size distribution of NixB and NixB/rGO.

(10.22 m2/g) in the assessment of nitrogen adsorption/desorption

test shown in Fig. 2d. This suggests that the addition of rGO can

improve the dispersion of NixB in the nanoparticles.

The electrochemical properties of NixB, NixB/rGO and NixB-400

electrodes have been tested in 3mol/L potassium hydroxide with

a three-electrode system. The CV curves of NixB, NixB/rGO and

NixB-400 electrodes show two strong oxidation–reduction peaks at

10mV/s scanning rate (Fig. 3a). The larger closed area of NixB/rGO

indicates higher specific capacity [38]. The GCD contrast curve in

Fig. 3b shows that the specific capacity of the NixB/rGO electrode

(241.9 mAh/g) at 2 A/g is much higher than pure NixB and crys-

tal NixB-400 [39]. Correspondingly, as shown in Fig. S4 (Support-

ing information), NixB/rGO electrode has an area capacity of 1.69

mAh/cm2, which is higher than 2mA/cm2 for NixB electrode and

1.24 mAh/cm2. The CV curves of the NixB and NixB/rGO electrodes

at different scan rates are shown in Fig. 3c and Fig. S5 (Support-

ing information), where the redox peaks shifted along the opposite

positive and negative directions when the scan rate was increased

from 2mV/s to 15mV/s, which stemmed from the internal resis-

tance of the electrodes and the polarization induced by the high

scan rate. In Fig. 3d, the charge and discharge characteristics of

NixB/rGO electrodes from 2 A/g to 30 A/g current density are de-

scribed. The results show that NixB/rGO electrode has symmetrical

charge-discharge curves with high efficiency. At current densities

2, 5, 8, 10, 15, 20, 30 A/g, NixB/rGO electrodes exhibit capacities of

241.9, 231.1, 221.5, 215.0, 202.5, 188.7 and 163.4 mAh/g respectively

(Fig. 3e). As shown in Figs. S6 and S7 (Supporting information),

NixB/rGO electrodes also have excellent area-specific capacity. Be-

sides, the linear fit results of relationship between log peak current

and log scan rate for NixB and NixB/rGO electrodes were recorded

in Figs. S8 and S9 (Supporting information). The b values of NixB

and NixB/rGO were calculated based on the equation:

i = avb (1)

where v represents the scan rate and i represents the response

current. The b values were fitted as 0.56/0.62 (b1/b1
′) for NixB

and 0.66/0.59 (b2/b2
′) for NixB/rGO, implying that the reaction

is diffusion-controlled. Although it is diffusion-controlled, the

NixB/rGO has superior reaction kinetics. It is further proved by the

rate performance in Fig. 3e, demonstrating that the NixB/rGO is a

new kind of high-rate cathode material.
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Fig. 3. (a) CV curves of NixB, NixB/rGO and NixB-400 electrodes with a scan rate of 10mV/s. (b) GCD curves of NixB, NixB/rGO and NixB-400 electrodes under a current

density of 2 A/g. (c) CV curves of NixB/rGO electrodes under various scan rates. (d) GCD curves of NixB/rGO electrodes at different current densities. (e) Mass specific

capacities of NixB, NixB/rGO and NixB-400 electrodes. (f) EIS profiles of the NixB, NixB/rGO and NixB-400 electrodes. (g) Rate performance of the NixB, NixB/rGO and NixB-400

electrodes.

To illustrate the reaction kinetics, the EIS measurements are

shown in Fig. 3f, where the measured impedance data consists

of equivalent series resistance (Rs), charge transfer resistance (Rct)

and constant phase element (CPE) (Fig. S10 in Supporting informa-

tion). The impedance spectra in the high-frequency region show

that NixB/rGO electrode has a lower charge transfer resistance

(Rct =1.20 �), which indicates the high charge transfer capability

of the NixB/rGO electrode. This is mainly due to the abundant ac-

tive sites of the amorphous material.

Fig. 3g displays the discharge characteristics of NixB and

NixB/rGO electrodes, which retain 70% and 64% of their original

capacity at a high current density (30 A/g), respectively. In con-

trast the crystal NixB-400 has poor multiplicative properties. The

NixB/rGO electrode exhibits better high-quality specific and high

area-specific capacity, indicating that the addition of rGO increases

the active reaction site and accelerates the charge transfer while

improving the capacity and rate performance of the NixB/rGO elec-

trode.

To further demonstrate the suitability of the NixB/rGO cathode

in AZBs, 1% Zn(OAc)2 solution was added to 3mol/L potassium hy-

droxide as electrolyte, zinc foil was used as anode (Fig. 4a). The

reaction mechanism of NixB/rGO//Zn cell is summarized in the fol-

lowing equation:

Cathode reaction:

2NixB + (4x + 6)OH− → (2x − 3)Ni(OH)2 + Ni3(BO3)2 + 6H2O

+(4x + 6)e− (2)

Ni(OH)2 + OH− � NiOOH + H2O + e− (3)

Anode reaction:

[Zn(OH4)]
2− + 2e− � Zn + 4OH− (4)

Overall:

4NixB + (6x + 3)[Zn(OH4)]
2− � (4x − 6)NiOOH + 2Ni3(BO3)2

+(6x + 3)Zn + (12x + 6)OH− + (4x + 6)H2O (5)

The CV curve of NixB/rGO//Zn battery is shown in Fig. 4b at 1.4–

2.2V. With the scan rates increasing, the CV shapes slightly change,

indicating the fast reaction kinetics and high redox reaction re-

versibility. In Fig. 4c, the GCD curves indicate that NixB/rGO//Zn

batteries show good discharge capacity (228.4mA/g) at 2 A/g. At

2, 5, 8, 10, 15 and 20 A/g the capacity of NixB/rGO//Zn batteries is

228.4, 224.0, 214.1, 204.7, 181.2 and 148.3 mAh/g, respectively. In

Fig. 4d, the NixB/rGO//Zn battery is still present at 65% of its origi-

nal capacity at 20 A/g. In Fig. 4e, the maximum discharge capacity

of the NixB/rGO//Zn battery can reach 228.4 mAh/g at 2 C. Even at

a high current density of 30 C, NixB/rGO//Zn battery still maintains

a high discharge specific capacity of 98.4 mAh/g, which indicates

its excellent rate performance. The NixB/rGO//Zn battery maintains

93.7% of the first lap capacity after 1000 cycles under 10 A/g high

current density, as shown in Fig. 4f. To demonstrate the outstand-

ing advantages of our designed Ni//zinc battery, we compare with

other reported water-based storage devices in terms of optimal

performance. The maximum energy density of NixB/rGO//Zn batter-

ies is 399.7Wh/kg at 3.5 kW/kg as shown in the Ragone diagram in

Fig. 4g. Furthermore, the energy density of the NixB/rGO//Zn bat-

tery remains at 252.11Wh/kg when the power density is 34 kW/kg,

exceeding that of many recently reported other energy storage de-

vices [21,40–44]. Moreover, we make comparisons of the cathode
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Fig. 4. (a) Schematic diagram of NixB/rGO//Zn battery. (b) CV curves of the NixB/rGO//Zn battery at various scan rates. (c) Charge and discharge profiles of the NixB/rGO//Zn

battery under different current densities. (d) Specific capacity of NixB/rGO//Zn battery at different current densities. (e) Rate performance of the as-assembled NixB/rGO//Zn

battery. (f) Cycling performance of NixB/rGO//Zn battery. (g) Ragone plots of the NixB/rGO//Zn battery. The values reported for other aqueous batteries are added for compar-

ison.

capacity of NixB/rGO//Zn battery with other alkaline zinc-based

batteries. The Ragone plot in Fig. S11 (Supporting information)

shows that the capacity of NixB/rGO//Zn is superior to many pre-

vious reports on alkaline zinc-based batteries such as NiCo2O4//Zn,

NiAlCo LDH/CNT//Zn.

In summary, it is concluded that NixB nanoparticles attached

to rGO have been synthesized by chemical precipitation method

and treated as cathode of alkaline nickel-zinc battery. Addition of

rGO can improve the electron transfer rate and conductivity of

NixB/rGO electrode greatly improve its specific capacity and cycle

stability. Furthermore, the assembled NixB/rGO//Zn batteries show

high energy density at 399.7Wh/kg (3.5 kW/kg power density) and

long cycle life (93.7% of initial capacity after 1000 cycles at 10 A/g).

To sum up, NixB/rGO electrodes are excellent cathode materials for

nickel-zinc batteries. The assembled AZBs are highly secure, robust,

and have high potential for application.
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