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Directly grown nanostructured electrodes for high-
power and high-stability alkaline nickel/bismuth

batteries

Deliang Ba', Yuanyuan Li"*, Yunfei Sun', Zaiping Guo®” and Jinping Liu’

ABSTRACT Bismuth oxide (Bi,O;) has received great at-
tention as an anode material for alkaline nickel/bismuth (Ni/
Bi) batteries due to its high theoretical capacity and easy
preparation. However, the generally poor conductivity of
metal oxides and the instability of Bi,O; during cycling se-
verely limit the device performance. Herein, we present the use
of directly grown Bi,0; nanoflake film with kinetic advantages
as the anode for Ni/Bi batteries. Particularly, glucose-derived
carbon is integrated onto the surfaces of nanoflakes, which not
only enhances the electron transfer but also buffers the con-
version-reaction induced volume expansion of Bi,0O;, helping
maintaining the cycling stability of the film. The resulting
Bi,0,@C electrode exhibits high specific capacity, excellent
rate performance (can be charged within 6.7 s), and good cycle
stability (~1,200 times; fading rate of only 0.011% per cycle).
When assembled with a nickel oxide (NiO) nanosheet array
cathode in basic electrolyte, a fully binder-free Ni/Bi battery is
obtained, which delivers maximum energy and power den-
sities of 34.29 W h kg ™' and 12,159.8 W kg™, respectively, and
good cycling performance. The power density is even much
superior to that of many hybrid/asymmetric supercapacitors.
Our work suggests a new generation of thin-film Ni/Bi bat-
teries for potential high-power electronic applications.

Keywords: Bi,O;, binder-free, high power, high stability, alkaline
rechargeable battery

INTRODUCTION

With the urgent need for the development of clean and
renewable energy due to the constant consumption of
traditional fossil fuels, safe and efficient energy storage
devices, especially rechargeable batteries, have attracted

great attention in recent years [1,2]. Lithium-ion batteries
with high energy density and long service life are the most
successful energy storage devices [3-5]. However, the low
reserves of lithium resources lead to higher costs, and a
series of security issues arising from the flammable or-
ganic electrolytes limit their extensive applications in
future [6,7]. Owing to remarkable advantages of high
ionic conductivity of electrolytes, good safety, and low
cost over organic counterparts, aqueous rechargeable
batteries (ARBs) represent an emerging class of new en-
ergy storage devices. Particularly, aqueous rechargeable
nickel/metal batteries are one of the most promising
ARBs for their high energy density, good rate capability
and abundant resources [8,9]. Up to now, there are sev-
eral nickel/metal battery systems that have been reported,
such as nickel-cadmium (Ni/Cd), nickel-metal hydride
(Ni/MH), nickel-cobalt (Ni/Co), nickel-iron (Ni/Fe),
nickel-zinc (Ni/Zn), etc [10-13]. Although these
achievements are indeed impressive, the rate performance
and cycle life of most reported nickel/metal batteries are
yet unsatisfactory, which are basically caused by the in-
trinsically poor conductivity and sluggish electrochemical
kinetics of the metal oxide/hydroxide electrodes. In ad-
dition, the anodic reaction (such as Co, Fe and Zn) in
most of these nickel/metal batteries suffers from huge
phase transformation, leading to quite limited cycling
lifetime. Therefore, it is still challenging to develop ad-
vanced anode materials for high-rate and long-stability
nickel/metal rechargeable batteries.

Bismuth oxide (Bi,O;) is well-known as a promising
transition metal oxide due to its low cost and toxicity,
high oxygen conducting, and good photocatalytic prop-
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erties [14,15]. Therefore, it has already been widely used
as catalysts, optical materials and gas sensors, etc. Re-
cently, Bi,O; has also been investigated as potential anode
material for electrochemical energy storage devices. For
example, Bi,O; thin film electrode, synthesized by elec-
trodeposition, exhibited a specific capacitance of 98 F g '
[15]. This work demonstrated the potential of Bi,O; in
aqueous energy storage, but only achieved small capaci-
tance, probably due to the semiconducting nature of
Bi,0;. An effective way to increase the electrical con-
ductivity or enhance the charge transfer of Bi,O; elec-
trodes is the design of nanostructured composition with
conductive materials such as graphene, mesoporous car-
bon and titania nanotube, etc. [14]. Hu et al. [16] have
reported the supercapacitor behavior of Bi,Os/graphene.
They obtained a specific capacitance of 255F g ' at a
current density of 1 Ag . Yuan et al. [17] prepared
worm-like mesoporous carbon@Bi,O; composites elec-
trode material, which showed good electrochemical per-
formance with the capacitance reaching 386 F g '. Despite
the great potentials, Bi,O; was mainly utilized for devel-
oping hybrid supercapacitor in these literatures. Bi,Os,
involving in the redox reaction within the potential range
of —1.2-0 V (vs. Hg/HgO) in aqueous alkaline electrolyte,
is also anticipated to be used as anode of nickel/metal
batteries [18]. Lu et al. [19] developed novel Bi hier-
archical nanostructures as advanced anode materials; and
in situ Raman spectroscopy revealed the highly reversible
electrochemical reaction between Bi’ and Bi’* for the Bi-
200 electrode in KOH electrolyte. A Ni/Bi battery was
designed by Yang et al. [20] using the Bi,O,/graphene
sheet (GS) hybrid as negative electrode and Ni(OH),/GS
as positive electrode, which delivered a high power den-
sity of 2,609 W kg ' and cycling capability of 200 times
(~60% retention). The authors further constructed an
alternative Ni/Bi battery with bismuth basic carbonate as
the anode; 77% of the initial capacity can be kept after 80
cycles [21]. As another example, Wang et al. [22] reported
a Bi,0; electrode with a high capacity of >200mA hg"
but poor capacity retention (merely 87% after 20 charge-
discharge cycles). Based on the above survey, the research
on Ni/Bi batteries still lag far behind that of other nickel/
metal batteries, and in particular, it is highly necessary to
boost the cycle performance while maintaining other
electrochemical attributes.

Herein, we synthesize Bi,O; nanoflake film electrode
directly on current collector via a simple hydrothermal
process for advanced Ni/Bi batteries. As shown in Scheme
1, the interconnected nanoflakes form a three-dimen-
sional (3D) porous structure that affords more sites for
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NiO+0OH «» NIOOH+e~

C: Buffering
volume
expansion

Bi,O,+3H,0+6e « 2Bi+60H"

Scheme 1 Illustration of the fully binder-free Ni/Bi battery. The cathode
employs NiO nanosheet array and the anode utilizes Bi,0;@C nanoflake
film. Electrolyte is 3 mol L' NaOH.

electrolyte penetration, dramatically enhancing redox
kinetics at high charge/discharge rates. In particular, a
simple glucose adsorption and carbonization allow the
nanoflake surface to be modified with nanocarbon, which
not only further enhances the electrical conductivity but
also buffers the volume expansion of Bi,O; during redox
reaction, improving electrode cycle stability. The resulting
Bi,0,@C anode delivers ~40% of the initial capacity even
with the current density increased 32 times from 0.83 to
26.67 A g ', indicative of excellent rate capability. When
combining the Bi,O,@C film anode with hydrothermally
grown NiO nanosheet array cathode, we construct a fully
binder- and additive-free alkaline rechargeable Ni/Bi
battery. The device delivers maximum energy and power
densities of 34.29 W hkg ' and 12,159.8 W kg ', respec-
tively. It also demonstrates long-term cycling stability
with 83% of the initial capacity retained after 1,000 cycles.
This work presents an opportunity to develop high-per-
formance thin-film Ni/Bi batteries.

EXPERIMENTAL SECTION

Synthesis

All reagents were of analytical grade and used directly
without any purification. To prepare Bi,0,@C anode,
typically, Ti foil as current collector was cleaned by so-
nication in ethanol and deionized water, successively.
Then, it was put into a sealed Teflon-lined stainless vessel
containing a mixed solution of 2.07 g Bi(NO,);-5H,0,
0-2.5g glucose (0-0.77 mol L"), 6 mL ethylene glycol
and 12 mL alcohol. The vessel was then heated at 160°C
for 5h. After being cooled down to room temperature,
the Ti foil was picked up, washed with acetone and
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deionized water, and finally dried at 60°C in air.

For the synthesis of NiO cathode, the nickel foam was
firstly cleaned by sonication in ethanol and deionized
water, successively. Then, it was put into a sealed Teflon-
lined stainless vessel containing a mixed solution of 4.35 g
Ni(NOs),, 0.108 g urea, 0.222 g NH,F and 15 mL H,0,
which was subsequently heated at 160°C for 10 h. After
the hydrothermal reaction, the nickel foam covered with
nickel-based hydroxides was rinsed with deionized water
and dried in a vacuum oven, followed by annealing in Ar
atmosphere at 400°C for 1 h.

Morphology and structure characterizations

The morphologies and crystalline structure of as-syn-
thesized products were characterized by scanning elec-
tron microscope (SEM, JSM-6700F, and 5kV) with
energy-dispersive X-ray spectroscopy (EDS), transmis-
sion electron microscope (TEM, JEM-2010FEF, 200 kV)
and X-ray diffractometer (XRD, Bruker D-8 Avance, Cu
Ka). X-ray photoelectron spectroscopy (XPS) measure-
ment was performed on a VG ESCALAB 250 spectro-
meter (Thermo Electron, UK) with monochromatic Al
Ka (1,486.6 €V) irradiation. The mass of active materials
was measured on an AX/MX/UMX Balance (METTLER
TOLEDO, maximum=9.9 g, d=0.001 mg).

Electrochemical measurements

Electrochemical measurements were performed on an
electrochemical workstation (CHI 760C, CH Instruments
Inc, Shanghai) in cyclic voltammeter (CV) and galvano-
static charge-discharge (GCD) modes with a three-elec-
trode system in 3 mol L' NaOH aqueous electrolyte. The
reference electrode and the counter electrode were Hg/
HgO electrode and platinum foil, respectively. The
Bi,0,@C film (mass loading: 2.4 mgcm ) or the NiO
array (1.1 mgcm °) was used directly as the working
electrode. For the full-cell Ni/Bi battery testing, Bi,O,@C
film and the NiO array were assembled face to face in
coin cell and used as negative electrode and positive
electrode, respectively. One piece of cellulose paper was
infiltrated with 3 mol L' NaOH and utilized as the
separator. Electrochemical impedance spectroscopy (EIS)
was measured by an AC voltage with 5 mV amplitude in a
frequency range from 0.01 Hz to 100 kHz.

The energy and power densities of the Ni/Bi battery
were calculated based on E=[IV(¢)dt and P=E/At, where I
is the discharging current density (A g '), V(¢) is dis-
charging voltage at t, dt is time differential, and At is the
total discharging time. The mass was based on the active
materials at both the positive and negative electrodes.
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RESULTS AND DISCUSSION

Bi,0;-based negative electrode

Fig. 1a shows typical SEM image of the pristine Bi,O;
film, which is about 400 nm in thickness (inset in Fig. la)
and consists of many nanoflakes. The pristine nanoflakes
were synthesized without the addition glucose. They lie
on the Ti current collector foil and are interconnected
with each other, forming nanoflakes architecture with an
open framework. It is noteworthy that such a structure
will make the nanoflake surfaces efficiently exposed to the
electrolyte when used as an electrode for rechargeable
batteries [23], facilitating the transport and migration of
ions and thus being beneficial to the electrochemical
kinetics. As shown in Fig. 1b, the composition of the
nanoflakes is confirmed by the XRD pattern. In addition
to the peaks from the Ti substrate (marked with #), all the
diffraction peaks can be well indexed to §-Bi,O; (JCPDS
card No. 27-52). No other peaks are observed, revealing
high purity of the sample. To improve the electrical
conductivity, the Bi,O; nanoflakes were modified with
carbon by in-situ hydrothermal carbonization of glucose.
This process can introduce nanoscale carbon painting on
the electrode nanostructures [23]. Fig. lc shows SEM
image of the resulting Bi,O;@C film, from which we can
see that the overall structure is basically unchanged. XRD
pattern in Fig. 1d reveals that all the diffraction peaks
match well with a-Bi,O; (JCPDS card No. 27-53), except
those from the Ti (marked with #). Although carbon
cannot be directly observed from XRD, the EDS ele-
mental mapping (inset in Fig. 1c) unambiguously in-
dicates the uniform distribution of carbon within the
film. Fig. le shows the XPS survey of the electrode film.
In the full spectrum, the intensive C 1s peak further in-
dicates the presence of carbon. In the high-resolution
spectrum of Bi 4f, the two strong peaks located at 159.1
and 164.5 eV correspond to the Bi 4f;, and 4f;,, signals,
respectively. In addition, the Bi 4f,, peak can be decon-
voluted into two peaks of Bi’* (159.3eV) and Bi*'
(158.7 V) [24,25]. It is noted that XPS is a surface sen-
sitive technology with penetration depth of only a few
nanometers; thus the appearance of Bi’* can be attributed
to the partial reduction of Bi’* to Bi’* by carbon on the
surface. TEM analysis was utilized to further confirm the
composition of the nanoflakes, as displayed in Fig. 1f. A
lattice fringe of ca. 0.24 nm is observed, corresponding to
the (—113) plane of monoclinic a-Bi,O;. It is clear that the
crystalline structure of Bi,0O; is overlapped or surrounded
with low-crystalline carbon, further indicating the hybrid
structure.
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Figure 1 (a) Top-view and cross-sectional SEM images and (b) XRD pattern of Bi,O;. (c) SEM image (inset is EDS elemental mapping results), (d)
XRD pattern, (e) XPS full spectrum (inset is the high-resolution spectrum of Bi 4f) and (f) TEM image of Bi,O,@C.

Electrochemical tests of the individual electrode were
performed in a three-electrode configuration using a
3 mol L' NaOH aqueous electrolyte. The effect of carbon
content on the electrochemical performance was studied
by comparatively examining film samples attained with
glucose concentration ranging from 0 to 0.77 mol L. It
can be seen from Fig. 2a that the capacity of the electrode
gradually increases with increasing the glucose dosage
from 0 to 0.308 mol L™, This means that higher capacity
has been achieved after proper carbon modification,
probably due to the enhancement of the electrical con-
ductivity while not preventing OH diffusion into the
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inner region to participate in the redox reaction [26].
With 0.308 mol L' glucose during the hydrothermal
process, the obtained electrode delivers a capacity of
~120mAhg' at 5mVs . Nevertheless, we should be
aware of that too much carbon modification is not
helpful, because in this case the ion diffusion into Bi,O;
cannot be guaranteed and thus the faradaic reaction
cannot be manifested. Fig. 2a also shows that continuing
to increase the dosage of glucose from 0.308 to
0.77 mol L results in a decrease in the capacity, in-
dicative of the diffusion limitation effect. EIS results are
further utilized to support the above analysis, as shown in
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Figure 2 (a) The capacity as a function of scan rate and (b) EIS spectra of Bi,0,@C electrodes fabricated from different glucose concentrations. (c)
CVs, (d) charge-discharge curves and (e) cycling performance of Bi,O,@C anode. The glucose concentration of (c-e) is 0.308 mol L™

Fig. 2b. All the EIS curves exhibit a straight line in the
low-frequency region and a semicircular loop in the high-
frequency region. The diameter of the semicircular loop
represents the charge transfer resistance (R,) at the
electrode-electrolyte interface, while the intercept on the
x-axis at the high frequency represents the bulk electro-
lyte solution resistance and intrinsic resistance of the
active material (R,). As can be seen, R, and R indeed
decreases with the carbon coating and the gradient of the
sloping line of the Bi,0,@C electrode is generally larger
than that of Bi,O; electrode. These results clearly indicate
higher electrical conductivity and better electroactivity of
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the electrode after rational carbon decoration, which are
highly required for full cell application. We next choose
the film electrode synthesized with 0.308 mol L™ glucose
for the following discussions.

Fig. 2c illustrates the CVs of the Bi,0,@C electrode at
various scan rates. The charge storage mechanism can be
ascribed in the following reaction involving the OH" in
the electrolyte [27-29]: Bi,0;+3H,0+6e <2Bi+60H .
Since the redox reaction of Bi,O; is a diffusion-controlled
process, the rate performance should be mainly depen-
dent on the charge and mass transfer kinetics. Good rate
performance can be expected for the Bi,O; nanoflakes
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Figure 3 (a) SEM image and (b) X-ray diffraction pattern of NiO
cathode.

well modified with conductive carbon, as in such a
structure the jon diffusion pathway is short and electron
transport is rapid. As evidenced in Fig. 2¢, the CV profiles
consist of a pair of strong faradaic redox peaks, and the
peak polarization does not obviously change with the
scan rate increasing from 5 to 200 mV s . The galvano-
static discharge behaviors at different current densities for
the Bi,0,@C electrode are presented in Fig. 2d. It delivers
a high capacity of 120 mAhg ' at 0.83A g . Even at a
current density as high as 26.67 A g ' (charging within
6.7 s), ~40% of its initial capacity can still be retained,
demonstrating its superior rate capability. The potential
plateaus around —0.70 V is ascribed to be the redox
transformation from Bi(III) to Bi(0), characteristic of a
typical battery-type behavior. This plateau is merely
shifted to around —0.8 V with 32 times increase of the
current density, further demonstrating fast redox kinetics
of the Bi,O,@C nanoflake film electrode [30]. The long-
term cycling stability of the Bi,0,@C electrode was ex-
amined at 20 mV s ' and the result is displayed in Fig. 2e.
It is observed that the electrode can keep 87% of initial
capacity over 1,200 cycles and the fading rate is only
0.011% per cycle, indicative of excellent stability. All the
above results clearly reveal the exceptional capability of
the Bi,0;@C nanoflake electrode to meet the require-
ments of good rate capability and long cycling life, which
are crucial factors for the high-performance energy sto-
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rage devices.

NiO positive electrode
As the positive electrode for assembling Ni/Bi battery,
NiO was also directly grown on current collector by a
simple hydrothermal method. Fig. 3a shows the SEM
image of the as-synthesized NiO on nickel foam substrate.
It can be seen that NiO was grown with nanosheet
structure and are interconnected with each other to form
a 3D network, which would ensure effective infiltration of
electrolyte and the rapid diffusion of ions (Schematic 1).
To verify the composition of the nanosheets, XRD ana-
lysis was carried out (Fig. 3b). In addition to the peaks
from the nickel foam substrate (marked with #, JCPDS
card No.3-1051), all other diffraction peaks can be well
indexed to NiO (JCPDS card No.1-1239).
Electrochemical measurements of the NiO electrode
were performed in a three-electrode configuration using a
3mol L' NaOH aqueous electrolyte. As illustrated in
Fig. 4a, a pair of peaks is observed in the potential range
of 0-0.7 V for CV curves at different scan rates, which
arise from the following redox reaction of Ni(II)/Ni(III)
associated with OH [31-33]: NiO+OH <NiOOH-+e .
The corresponding rate capability is further shown in
Fig. 4b. As can be seen, NiO electrode delivers specific
capacities of 263, 207, 166, 126, and 94 mA h g at the
scan rate of 5, 10, 20, 50, and 100 mV s/, respectively,
demonstrating good rate capability. The discharge pla-
teaus of NiO electrode can be identified in the galvano-
static discharge curves in Fig. 4c. Despite that the plateau
polarization can be observed with the increase of the
discharging current, good plateau can always be detected,
which indicates excellent redox behavior of NiO. In ad-
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Figure 4 (a) CV curves, (b) capacity as a function of scan rate, (c)
discharge curves at various current densities and (d) cycling perfor-
mance of NiO cathode.
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dition, the NiO electrode exhibits ultralong cycling sta-
bility with little capacity decay over 10,000 cycles, as
shown in Fig. 4d.

Assembly and electrochemical performance of Ni/Bi
battery

The Bi,0,@C negative electrode material is found to have
higher mass loading than that of NiO positive electrode,
which exactly balances the larger specific capacity of the
positive electrode of NiO. Fig. 5a exhibits typical CV
curves of the balanced NiO and Bi,O,@C electrodes at
5mVs ' in 3mol L' NaOH electrolyte. Both the CV
curves consist of a pair of strong redox peaks, indicative
of the faradaic redox mechanism [34]. The oxidization
and reduction potential peaks of NiO positive electrode
are observed at 0.44 and 0.27 V, respectively; Meanwhile,
the redox peaks of Bi,O;@C negative electrode located at
—0.45 and —0.78 V. In such a case, a Ni/Bi battery can be
readily constructed. Fig. 5b shows the GCD profiles of
both the positive and negative electrodes at 1 mA cm
after assembly into a full-cell Ni/Bi battery. During the
charging process, NiO is oxidized into NiIOOH and Bi,0O,
is reduced into Bi; when discharging, the process reverses.
To further investigate the electrochemical impedance
behaviors of both the positive and negative electrodes, the
Nyquist plots were recorded, as displayed in Fig. 5c. The
impedance spectra exhibit two distinct parts including a
semicircle in the high-frequency region and a sloped line
in the low-frequency region. The R, resistance can be
estimated from the semicircle diameter of the high-fre-
quency loop while ion diffusion is characterized by the
linear part of the sloped line. It is clearly seen that both
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the electrodes feature a low R and a relatively high slope
of impedance plot, revealing good electrochemical activ-
ity and ion diffusion in the electrodes [20]. The stored
charges in both cathode and anode at various current
densities are compared in Fig. 5d, from which we can
learn the overall performance of each electrode and de-
termine whether the resulting full cell will behave well. As
can be seen, the two electrodes are almost matched, which
store approximate charge quantities at similar current
densities, indicating comparable rate capability.

Fig. 6a shows the CV curves of the fabricated NiO/
Bi,0,@C cell at the scan rates from 5 to 200 mV s . Well
defined redox couples were observed, corresponding to
the overall reaction in the Ni/Bi battery: 6NiO+3H,0O
+B1,0;6NiOOH+2Bi. Fig. 6b presents the typical dis-
charge curves of the assembled Ni/Bi battery at different
discharge rates. It can be seen that with the increase of the
current 64 times from 0.57 to 36.57 A g ', the device still
keeps 34% of the initial capacity, demonstrating good rate
capability. Fig. 6c illustrates the Ragone plot of gravi-
metric energy density versus power density of our device,
in which previous data are also included for comparison
[35, 36]. Encouragingly, our Ni/Bi battery delivers an
energy density of 34.29 W hkg ' at a power density of
329 Wkg' while still keeps 677 Whkg' —at
12,159.8 W kg ', which are considerably higher than
those of many previously reported aqueous thin-film
energy storage devices such as  Bi,O;||MnO,
(11.3W hkgf1 at 352.6 W kgfl) [37], and even compar-
able or superior to some non-aqueous hybrid devices,
such as Nb,O,-CNT||AC (40 W h kg ' at 20 W kg ') [38],
AC|[LTP HEC (14Whkg' at 44Wkg') [39] and
TiO,(B)||CNT (13 W hkg ' at 300 W kg ) [40]. The cy-
cling behavior of our Ni/Bi battery at a constant rate is
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Figure 6 (a) CV curves, (b) typical discharge curves, (c) Ragone plot
and (d) cycle performance of the Ni/Bi battery.

493



ARTICLES

SCIENCE CHINA Materials

further shown in Fig. 6d. About 83% of the initial capacity
is retained after 1,000 cycles, demonstrating good cycling
stability.

CONCLUSIONS

In summary, we have reported the facile synthesis of
binder-free Bi,0; and NiO electrodes for rechargeable
Ni/Bi battery with excellent electrochemical perfor-
mances. After modification with the conductive nano-
carbon, Bi,O; nanoflake electrode exhibits good cycling
performance, rate performance and a high specific ca-
pacity of 120 mA h g'. The enhanced electrochemical
properties can be attributed to the fast charge transfer
kinetics benefited from the binder-/additive-free elec-
trode architecture and the carbon matrix decoration. The
resulting Ni/Bi battery manifests a high energy density of
3429Whkg' and a high power density of
12,159.8 W kg ' as well as excellent cycling stability (1,000
cycles with 83% retention). The good electrochemical
performances coupled with the facile preparation of the
Ni/Bi battery suggest its potential application in thin-film
energy storage devices.
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