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Zinc-ion batteries are under current research focus because of their uniqueness in low cost and high
safety. However, the pursuing of high-performance cathode materials of aqueous Zinc ion batteries (AZBs)
with low cost, high energy density and long cycle life has become the key problem to be solved. Herein
we synthesized a series of amorphous nickel borate (AM-NiBO) nanosheets by varying corrosion time
with in-situ electrochemical corrosion method. The AM-NiBO-T13 as electrode material possesses a high
areal capacity of 0.65 mAh/cm? with the capacity retention of 95.1% after 2000 cycles. In addition, the
assembled AM-NiBO-T13//Zn provides high energy density (0.77 mWh/cm? at 1.76 mW/cm?). The high
areal capacity and better cycling performance can be owing to the amorphous nanosheets structure and
the stable coordination characteristics of boron and oxygen in borate materials. It shows that amorphous
nickel borate nanosheets have great prospects in the field of energy storage.
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With the emergence of new technologies such as electric ve-
hicles, wearable electronic devices, and renewable energy storage
systems, there is an ever-increasing demand for high performance-
batteries [1-3]. Lithium ion battery has developed into a large-
scale secondary battery because of its high energy density and
long cycle life. However, considering the increasing depletion of
lithium reserves and the potential safety hazards and environmen-
tal pollution, it is urgent to develop a new safe, environmental
friendly and low-cost secondary battery system [4-8]. Recharge-
able polyvalent ion batteries utilizing magnesium, zinc, calcium or
aluminum ions have attracted extensive attention as candidates,
mainly due to their advantages of abundant composition, safety
and potential of higher energy density [6,9]. In particular, aque-
ous zinc ion batteries (AZBs) have become one of the most con-
cerned battery technologies due to the abundant zinc, low redox
potential (—1.249 V in alkaline solutions, vs. SHE), high volume
specific capacity (5851 mAh/cm3) and theoretical specific capac-
ity (820 mAh/g), high electrochemical stability and compatibility in
aqueous electrolyte [10-12]. Generally, alkaline AZIB directly uses
metal zinc as the anode electrode, alkaline zinc salt solution as

* Corresponding author.
E-mail address: sps_xuxj@ujn.edu.cn (X. Xu).

https://doi.org/10.1016/j.cclet.2022.07.012

the electrolyte, but looking for cathode materials of aqueous ZIBs
with low cost, high energy density and long cycle life has become
the key issues [13]. A variety of cathode materials have been ex-
plored for AZIBs, such as nickel hydroxide [14-18], nickel sulfide
[19-22] and nickel borate [23] and other nickel/cobalt based ma-
terials [24-29]. Among these cathode materials, nickel-based ma-
terials are considered to be one of the most suitable cathodes for
AZIBs owing to their natural abundance, low cost and multivalent
state of nickel. For example, the S-NQNC//Zn cell prepared by Chen
et al. has an ideal area specific capacity (0.34 mAh/cm?2) [30]. But
low conductivity and poor cycle stability of Ni(OH), limit achieve-
ment of high specific capacity at a high charge-discharge rate [31-
33].

To overcome the limitation of the cathode material based on
a single nickel base, boron is introduced into the structure. The
lower atomic weight of boron leads to a higher specific capacity of
borate [34,35]. For instance, Xu et al. synthesized Ni3(BO3), by a
simple solid-state reaction method and used it as the cathode ma-
terial of sodium ion battery. The Ni3(BO3), exhibits a high capacity
of 304.4 mAh/g even at 2 A/g [36]. In addition, the introduction
of B is conducive to the high reversibility of oxygen redox reac-
tion and maintains good structural stability, so as to improve the
good cycle stability [37,38]. Guo et al. reported a doping strategy
by incorporating light-weight boron into the cathode active ma-
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Fig. 1. Schematic diagram of the synthesis process for AM-NiBO.

terial lattice to decrease the irreversible oxygen oxidation at high
voltages (i.e., >4.0 V vs. Na™/Na), and the B-substituted NLNFMB
thus delivers much better capacity retention (76.3%) than that of
B-free NLNFM (45.1%) after 80 cycles at 25 mA/g [39].

Amorphous materials are also capable of achieving better ca-
pacitive performance due to their disordered long-range order,
metastable structure and inherent abundant defects [40-42]. Tong
et al. successfully prepared amorphous Co-B-W/O with uniform
distribution and assembled alkaline secondary batteries. Mean-
while, the capacity of amorphous Co-B-W/O is 347 mAh/g at
100 mA/g, which is better than the conventional Co-B capacity of
254 mAh/g. In addition, it is worth mentioning that the alkaline
secondary battery assembled by the Co-B-W/O has a good cycling
performance, because the crystallization of the Co-B-W/O is effec-
tively inhibited during the cycling process [43]. Amorphous nickel
borate material has high specific capacity and excellent cycling per-
formance, which is expected to be used as a cathode material to
assemble zinc ion batteries.

Amorphous nickel borate (AM-NiBO) was synthesized by in situ
electrochemical corrosion, which has enhanced physical and chem-
ical properties induced by the nanosheets architecture, large con-
ductivity and high inherent activity. The AM-NiBO-T13 possesses
the capacity of 0.65 mAh/cm? with the capacity retention rate
of 95.1% after 2000 cycles. The assembled AZBs with nickel bo-
rate as cathode electrode and zinc as anode materials has the ca-
pacity of 0.4 mAh/cm?2, Furthermore, its energy density can reach
0.77 mWh/cm? at 1.76 mW/cm?.

As shown in Fig. 1, AM-NiBO is synthesized by one-step in-
situ potentiostatically electrochemical corrosion on nickel foam in
0.1 mol/L K;B407 solution. The thin nanosheets are arranged in
disorder with the thickness of a single nanosheet of about 26 nm.
The nanosheet structure increases the specific surface area, which
is conducive to increasing the electrochemical active sites, shorten-
ing the diffusion distance of electrolyte ions, and accelerating the
electrical response, thereby improving the utilization efficiency of
electrode materials in electrochemical reactions [44]. As shown in
Fig. 1, metal atoms are directly combined with oxygen atoms to
form boron-oxygen tetrahedrons, as the bond energy is large and
relatively stable, so it nickel borate has good structural stability.

SEM images in Figs. 2a and b show the uniform growth of AM-
NiBO on the surfaces of nickel foam. In Fig. 2b, these nanosheets
are disorderly arranged with small sizes and thickness (about
26 nm). The nanosheets inherit the monodisperse form of AM-
NiBO, ensuring the mechanical robustness of the electrode and the
full penetration of electrolyte. Two dimensional nanosheets have
large specific surface area and excellent mechanical/chemical sta-
bility. Low-magnified SEM images are also placed in Fig. S1 (Sup-
porting information). It can be seen from Fig. S1a that nickel foam
has good pore structure, large specific surface area. Besides, the
foam nickel is a suitable substrate with good conductivity and low
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Fig. 2. Characterization of AM-NiBO-T13: (a, b) SEM images; (c) XRD pattern; (d)
TEM image; (e) SAED; (f) lattice diffraction diagram and (g-i) elemental mappings.

price. As shown in Figs. S1b and c, disordered nanosheets cover
the surface of nickel foam, increasing its surface area and provid-
ing more reaction sites for transformation reaction. XRD pattern in
Fig. 2c shows that all the observed diffraction peaks are indexed
to Ni peaks (PDF#04-0850) [45,46], and no AM-NiBO peak can be
observed, partially indicating the amorphous characteristic of AM-
NiBO. The XRD of Cr-NiBO can be seen from Fig. S2 (Supporting in-
formation) that the material is crystalline, and its capacity is lower
than that of AM-NiBO-T13.

TEM image in Fig. 2d presents tiny nanosheet architecture of
AM-NiBO. SAED and HRTEM measurements in Figs. 2e and f show
that a broad and diffused halo ring and no diffraction points can be
observed in SAED image and no long-range ordered lattice fringes
are observed in HRTEM image, proving that the atomic arrange-
ment in AM-NiBO is not periodic, so it is concluded that AM-NiBO
is in an amorphous state. As known, amorphous materials are char-
acterized by a large number of interior defects and a large number
of undercoordinated atoms or reaction sites on the surfaces [47].
Then, the defective and amorphous AM-NiBO provides a relatively
fast diffusion rate for protons, and the amorphous structure con-
tributes to the structural stability of electrode materials [48,49].
The element mappings in Figs. 2g-i show that the elements of Ni,
B and O are evenly distributed.

The chemical composition and valence states of AM-NiBO are
further studied by XPS. The survey spectrum in Fig. 3a depicts the
coexistence of Ni, B and O elements. As shown in Fig. 3b, Ni 2p
spectrum is well fitted with two spin-orbit doublets, which are
characteristic of Ni3* and Ni?*, and two shake-up satellites. Peaks
at 856.4 and 874.2 eV are associated with Ni 2p3; and Ni 2py); of
Ni2*, respectively, and two additional shoulder peaks at 855.1 and
872.7 eV are of Ni3+ [50]. The two satellite peaks of Ni correspond
to 861.2 and 879.5 eV. The peak at 191.5 eV (Fig. 3c) corresponds
to B 1s [37]. In Fig. 3d, the peaks at 530.5 and 532 eV corresponds
to the B-O and Ni-O bonds, respectively [38].

The comparison of CV curves under different electrochemical
corrosion time in Fig. 4a shows that the area surrounded by the
CV curve of NiBO-T13 is the largest, indicating the greatest ca-
pacity. GCD curves for NiBO-T10-16 in Fig. 4b exhibit the maxi-
mum capacity of 0.65 mAh/cm? for NiBO-T13. The data of other
comparative experiments are shown in Fig. S3 (Supporting infor-
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Fig. 3. (a) XPS survey spectrum of AM-NiBO-13. The high resolution spectra of (b)
Ni, (c) B and (d) O.
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Fig. 4. (a) CV curves of NiBO-T10-16 at 1 mV/s. (b) GCD curves of NiBO-T10-16
electrode at 1 mA/cm?2. (c) EIS plots of NiBO-T10-16. (d) CV curves of NiBO-T13 at
different scaning rates. (e) GCD curves of NiBO-T13 electrode at different current
densities from 1 mA/cm? to 20 mA/cm?. (f) Rate capabilities of NiBO-T13 at differ-
ent scan rates. (g) Rate performance curve of NiBO-T13. (h) Cycle curve of NiBO-T13.

mation). SEM images of AM-NiBO-(10.12.14.16) are shown in Fig.
S4 (Supporting information). No nanoarchitecture is observed for
AM-NiBO-T10. With the time extends, there were exist some fine
nanosheets for AM-NiBO-T12, and nanosheets of about 26 nm are
observed for AM-NiBO-T13. For AM-NiBO-T14, the structure col-
lapsedcollapses, and the structure began to aggregate into par-
ticles for AM-NiBO-T16. Electrochemical impedance spectroscopy
(EIS) measurement in Fig. 4c is to study charge transfer rates and
ion diffusion kinetics. The equivalent circuit is as shown in Fig. S5
(Supporting information), and AM-NiBO-T13 has equivalent series
resistance (Rs) (Rs=0.045 2) and lower resistive charge transfer
(Ret) (Ret=0.019 2) [25]. Other Rs and R¢: are shown in Table S1
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Fig. 5. (a) Schematic of AZIB based on AM-NiBO-T13 cathode and zinc anode. (b)
CV curves and (c) GCD curves of zinc ion battery assembled with AM-NiBO-T13. (d)
Graph of energy density and power density. (e) Cycle curves at 10 mA/cm?.

(Supporting information). Through comparative experiments, it can
be concluded that the time for 13h is appropriate for electrochem-
ical corrosion in 0.1 mol/L K;B407 solution.

In Fig. 4d, CV curves present almost the same shapes at dif-
ferent scanning rates. Two redox peaks at 0.28 V and 0.55 V are
observed in CV curves, and the oxidation peak shifts to the higher
potential and the reduction peak of the lower potential with the
increase of scanning rates, which show good reversible Faraday re-
action and rate performance. GCD curves in Fig. 4e for NiBO-T13
show that the charge/discharge curves exhibit a quasi linear volt-
age response as a function of Zn?* concentration regardless of the
magnification. The specific discharge capacities are calculated to be
0.65, 0.62, 0.55, 0.46, 0.36, 0.28 mAh/cm? at 1, 2, 5, 10, 15 and
20 mA/cm?, respectively. Fig. 4f shows that the capacities of NiBO-
T13 are as high as 0.65, 0.62, 0.55, 0.46, 0.36, 0.28 mAh/cm? at 1, 2,
5, 10, 15 and 20 mA/cm? corresponding well with the calculating
values of GCD.

The rate performance of AM-NiBO-T13 electrode at different
current densities (1-30 mA/cm?) in Fig. 4g exhibit that its corre-
sponding capacity retention rate is 86.9%, indicating good rate per-
formance of AM-NiBO-T13. The cycle stability curves of AM-NiBO-
T13 at 10 mA/cm? in Fig. 4h show that the capacity retention rate
still remains 95.1% and a Coulomb efficiency is of 1 after 2000 cy-
cles, indicating good cycle stability and high reversible capacity. It
can be seen that its amorphous structure and boron oxygen bond
in nickel borate are conducive to the cyclic stability of the material.

AM-NiBO-T13 is used as cathode to assemble rechargeable al-
kaline aqueous ZIBs, and the AM-NiBO-T13//Zn is assembled with
AM-NiBO-T13 as cathode, zinc foil as anode, 3.0 mol/L KOH and
0.03 mol/L Zn(CH3CO0), as electrolyte and non-woven cloth as
separator, as shown in Fig. 5a. The corresponding electrochemical
reactions in AM-NiBO-T13//Zn full battery is summarized as fol-
lows:

Cathode:

NiBO + xOH™ 4+ H,0 < NiB(OH), ., + xe~ (1)
Anode:

Zn(OH);” +2e” < Zn+40H" (2)

CV curves in Fig. 5b show that quasi-symmetric redox peaks
keep good shapes and the areas gradually increase with the in-
crease of scanning rates, revealing excellent reversibility. Fig. 5c
shows the charge/discharge curves of AM-NiBO-T13 assembled zinc
ion battery under various current densities, the capacities are 0.40,
0.31, 0.25, 0.20, 0.16 and 0.14 mAh/cm? at 1, 2, 5, 10, 15 and
20 mA/cm?2. The comparison of the two electrode capacities is
shown in Fig. S6 (Supporting information). The excellent energy
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storage capacity benefits from the following aspects: (1) Amor-
phous borate materials have nanosheet structure, high stability,
fast charging speed and great energy storage potential; (2) The
AM-NiBO exhibits large surface area and inherent abundant de-
fects, which are beneficial for the diffusion of ions and fast col-
lection and transport of electrons in the electrolyte; (3) Due to the
existence of light boron in the nanosheets, the transition metal bo-
rates have high specific anisotropy. Boron can coordinate with oxy-
gen atoms to form different groups with various structures. These
characteristics can reduce voltage polarization and provide rich re-
dox potential.

The Ragone plot in Fig. 5d and Table S2 (Supporting infor-
mation) shows that its energy density can reach 0.77 mWh/cm?2
when the power density is 176 mW/cm? (0.25 mWh/cm?
at 176 mW/cm?), which are larger than some other re-
ported AZIBs, such as the Ni@Ni(OH),//Zn (0.26 mWh/cm?;
1.73 mW/cm?) [51], B-QNC//Zn (0.59 mWh/cm2; 0.67 mW/cm?)
[30], NiCoO3Hy//Zn (0.12 mWh/cm?; 32.7 mW/cm?) [52], Ni-
NiO//Zn (0.0066 mWh/cm?; 20.2 mW/cm?) [53] and MnO,//Zn
(0.042 mWh/cm?2; 9.1 mW/cm?2) [54]. In addition, the cycle per-
formance in Fig. 5e shows that AM-NiBO-T13 based ZIB has good
cycle performance after 2000 cycles and high capacitance retention
(about 73% of the initial specific capacitance).

In summary, amorphous nickel borate nanosheets were syn-
thesized on foam nickel by one-step constant voltage in-situ elec-
trochemical corrosion method. AM-NiBO-T13 shows high capacity
and cyclic stability as electrode with capacity of 0.65 mAh/cm?
at 1 mA/cm? and with 95.1% capacity retention after 2000 cy-
cles. The assembled AM-NiBO-T13//Zn shows a high capacity, large
energy density and good stability (0.4 mAh/cm? at 1 mA/cm?,
0.77 mWh/cm? at 1.76 mW/cm?2, 73% of the initial specific capac-
itance after 2000 cycles). The high stability, fast charging rate and
great energy storage potential of AM-NiBO is due to its unique
amorphous nanosheets structure and the coordination character-
istics of boron and oxygen in borate materials. This study not only
proves the potential application prospect of AM-NiBO nanosheets
in zinc ion battery, but also paves the way for the rational design
and manufacture of other transition metal borates with unique en-
ergy storage structure.
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