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A novel rechargeable aqueous bismuth-air battery

Xiangran Cheng, Yi Jiang, Jiahe Qu, Chuanfa Li, Kun Zhang, Yanan Zhang, Bingjie Wang" and

Huisheng Peng”

ABSTRACT Aqueous metal-air batteries own the merits of
high theoretical energy density and high safety, but suffer
from electrochemical irreversibility of metal anodes (e.g., Zn,
Fe, Al, and Mg) and chemical instability of alkaline electrolytes
to atmospheric CO,. Here, we firstly design a rechargeable
bismuth (Bi)-air battery using the non-alkaline bismuth tri-
flate (Bi(OTf);) aqueous electrolyte. Benefitting from the
three-electron reaction and the high potential of +0.32 V vs.
standard hydrogen electrode, the Bi metal anode delivers a
high capacity of 383 mA h g™! and good stability for 1000 cy-
cles with a Coulombic efficiency of 99.6% in the Bi(OTf);
electrolyte, without corrosion, passivation and hydrogen
evolution reaction. Furthermore, the non-alkaline Bi-air bat-
tery achieves long-term operation stability (>200 h) in ambi-
ent air with the reversible formation/decomposition of
bismuth trioxide (Bi,Os;). This work sheds new light on the
exploration of novel aqueous metal-air batteries as safe and
stable power supply systems.

Keywords: metal-air battery, bismuth anode, non-alkaline elec-
trolyte, cycling stability

INTRODUCTION

The emerging applications of batteries in electrified transpor-
tation and energy storage demand high energy density, low cost,
and increased safety [1-5]. Aqueous metal-air batteries are
considered as a promising power source owing to the high
theoretical energy density and free-oxygen fuel from atmosphere
[6-9]. To date, several aqueous metal-air batteries using zinc
(Zn), magnesium (Mg), aluminum (Al), or iron (Fe) as the
anode have been reported [10-13]. Unfortunately, these metal-
air batteries still face the challenges of poor reversibility of metal
anode and instability of alkaline electrolyte towards ambient
CO,. As presented in Fig. 1a, the aforementioned metal anodes
have lower potentials than standard hydrogen electrode (SHE),
and usually face inevitable corrosion, passivation and hydrogen
evolution reaction (HER) in aqueous electrolytes, resulting in
low Coulombic efficiency (CE) and short cycling life (Fig. S1)
[13-15]. Besides, the most commonly used alkaline electrolytes
(typically 30 wt% KOH) are limited by high causticity and fast
carbonation in ambient air, causing undesirable electrolyte
degradation and thereby inhibiting their use for prolonged
operation [16-19]. Therefore, it is important to explore novel
non-alkaline metal-air batteries to achieve long-term stability in

ambient air.

Herein, we report a rechargeable bismuth (Bi)-air battery with
non-alkaline bismuth triflate (Bi(OTf);) aqueous electrolyte
(Fig. 1b). Owing to the three-electron redox reaction and high
potential of +0.32V vs. SHE, Bi metal anode exhibits a high
capacity of 383 mA h g™ (3748 mA h cm™) and good reversi-
bility over 1000 cycles with high CE of 99.6% in Bi(OTf); elec-
trolyte, avoiding severe passivation and HER. The non-alkaline
Bi-air batteries with Bi(OTf); electrolyte are further constructed
based on the redox mechanism of 4Bi + 30, < 2Bi,Os, which
deliver a good cycling performance for 200 h in ambient air. The
novel Bi-air battery with long lifetime and high safety could
inspire new development in aqueous rechargeable batteries.

EXPERIMENTAL SECTION

Preparation of electrolytes

Bismuth trifluoromethanesulfonate (Bi(OTf);) was purchased
from Adamas. The electrolytes were prepared by dissolving the
calculated amounts of the salts in deionized water according to
the molarity (mol L™"). Unless specific noted, the 1 mol L™
Bi(OTf); aqueous solution was used as electrolytes for the Bi-air
batteries.

Preparation of bismuth anode

The Bi metal electrode was prepared by mixing 80 wt% bismuth
powder (99.9999%, Adamas), 10 wt% carbon black (Super P® Li,
Imerys) and 10 wt% poly(vinylidene) fluoride (HSV900, Arke-
ma) binder in N-methyl-2-pyrrolidone (99.0%, Sinopharm). The
slurry mixture was then coated on carbon paper (100 um thick,
HCP010, CeTech) with a designed mass loading of
~10 mg cm™2 After coating, the electrodes were vacuum dried at
60°C for 24 h.

Preparation of air cathode

In a typical preparation of the air cathode, 40 mg Pt/C (20 wt%
Pt, Suzhou Sinero technology Co., Ltd.) and 80 pL Nafion
solution (10 wt%, D1020, DuPont) were dispersed in 10 mL
ethanol (99.5%, Adamas). The as-obtained solution was dropped
onto the gas diffusion layer (GDL39BC, SIGRACET). After
coating, the air cathode was dried at room temperature for 24 h

to remove the ethanol. The loading of catalyst was 1 mg cm™.

Cell assembly
C||Bi cells were assembled using carbon paper, Bi anode and
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Figure 1

Rechargeable Bi-air battery using the non-alkaline 1 mol L™! Bi(OTf); aqueous electrolyte. (a) Redox potentials and theoretical specific capacities of

the Bi anode and other reported metal anodes in metal-air batteries. (b) Reaction mechanism of the Bi-air battery using the non-alkaline Bi(OTf); aqueous
electrolyte based on the formation/decomposition of Bi,O; on the cathode and the Bi stripping/plating on the anode.

1 mol L™! Bi(OTf); aqueous electrolyte and glass fiber (What-
man® GF/A) separator. Symmetric cells from Bi electrodes were
assembled with 1 mol L™! Bi(OTf); aqueous electrolyte and glass
fiber separator. Each symmetric cell contained ~100 pL elec-
trolyte. The Bi-air battery was assembled in meshed CR2032
coin cells, where a Bi anode and the coated side of air cathode
were stacked face-to-face with separator impregnated with
200 pL electrolyte in the middle. Glass fiber and Nafion® 117
membrane were used as the separators.

Materials characterization

Cells after electrochemical tests were disassembled in the
ambient air. The discharged/charged air cathodes and Bi anodes
were rinsed with deionized water for three times and then dried
at room temperature for 24 h before measurements. X-ray dif-
fraction (XRD) patterns were conducted on Bruker D8 Advance
diffractometer with Ni filtered Cu Ka radiation. Scanning elec-
tron microscopy (SEM) was performed on a Zeiss Gemini
SEM500 FESEM at 5 kV. Energy dispersive X-ray spectroscopy
(EDS) investigations were performed using Aztec X-Max
Extreme EDS. Transmission electron microscopy (TEM) was
taken on JEOL JEM-2100F operated at 200 kV.

Electrochemical measurements

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
tests were carried out on a METROHM Autolab PGSTAT302N
electrochemical workstation. The electrochemical impedance
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spectroscopy (EIS) test was carried out on a CHI 660D elec-
trochemical workstation with a frequency range from 107 to
10° Hz and an amplitude of 5 mV. The open-circuit potential
was set as the initial voltage. Galvanostatic cycling experiments
were performed on the Land Battery Test System. The areal
current density and areal capacity were calculated based on the
Bi anode (1 cm?).

RESULTS AND DISCUSSION

Properties of non-alkaline Bi(OTf); electrolyte

For the construction of rechargeable Bi-air batteries, it is sig-
nificant to prepare non-alkaline electrolytes that are compatible
with both air cathode and Bi anode, and stable to ambient CO,.
Typically, Bi** can serve as the charge carrier for Bi-based bat-
teries, which can be directly obtained via dissolving metal salts
into aqueous solutions. However, most Bi(III) salts, such as
bismuth sulfate (Bi,(SO4)3), bismuth chloride (BiCls), bismuth
acetate (Bi(CH3COO);), and bismuth nitrate (Bi(NOs3)3),
undergo hydrolysis and form precipitates in the presence of
water [20-22]. In contrast, Bi(OTf); exhibits high solubility in
water, because it hydrolyzes to generate trifluoromethanesul-
fonic acid (CF;SOsH, pK, = —14.7 *+ 2.0), a superacid strong
enough (HCl, pK, = —5.9 + 0.4) to inhibit the hydrolysis of Bi**
(Fig. S2) [23]. And the pH of 1 mol L™ Bi(OTf); aqueous elec-
trolyte was measured as 0.58 (Fig. S3). Bi(OTf); aqueous solution
(1 mol L") was therefore used as the electrolyte. The electro-
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chemical stability window of the obtained electrolyte was eval-
uated using LSV on carbon paper electrodes with a scan rate of
0.5mV s™' (Fig. S4a). This aqueous electrolyte exhibited a high
electrochemical stability up to ~1.5 V. The ionic conductivity of
the electrolyte was measured as ~10.3 mS cm™’, providing good
ionic transport capability (Fig. S4b).

Electrochemical performance of Bi anode
The Bi electrode was prepared by coating Bi powder slurries on
carbon paper substrate as the current collector. As shown in
Fig. S5, Bi was homogeneously distributed on the carbon paper
substrate. The XRD peaks can be indexed to rhombohedral Bi
(JCPDS card No. 00-044-1246) (Fig. S6).

The plating/stripping behavior of Bi in the 1 mol L™ Bi(OTf);
electrolyte was studied using CV with a scan rate of 0.5 mV s™!
in a three-electrode test system, where carbon paper served as
the working electrode and Bi served as the counter and reference
electrodes. As shown in Fig. 2a, obvious plating/stripping pro-
cesses of Bi anode were observed, indicating the feasibility of a
reversible reaction, i.e., Bi < Bi** + 3e™. It is worth noting that Bi

deposition occurred at —0.05 V vs. Bi**/Bi, which is higher than
the SHE (—0.32V wvs. Bi*"/Bi), thereby effectively avoiding
undesired corrosion and hydrogen evolution in the Bi(OTf);
electrolyte (Fig. S7). To further evaluate the efficiency of Bi
plating/stripping in the Bi(OTf); electrolyte, C||Bi cells were
subjected to discharge/charge cycles at 0.1 mA cm™ and
0.1 mA h cm™. As shown in Fig. 2b, ¢ and Fig. S8, the CE cal-
culated from the ratio of the stripped Bi to plated Bi in each cycle
remained at high level of 99.6% after 1000 cycles. Bi anode still
retained the high capacities of 383mAhg™? and
3748 mA hcm™ after cycling, approaching to its theoretical
capacities (385 mA h g™!, 3762 mA h cm™). Moreover, when
tested at a higher current density of 0.5 mA cm™, the Bi anode
can work stably for 1000 cycles, attributed to the high reversi-
bility of Bi anode (Fig. $9). Even at 1 mA cm™ with the capacity
of 2mA h cm™, Bi plating/stripping remained a high CE of
98.8%, indicating good rate capability (Fig. S10).

The cycling stability of Bi metal anode was further investigated
in Bi||Bi symmetric cells using the Bi(OTf); electrolyte. The
voltage of repeated plating/stripping of Bi anode showed a low
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Figure 2 Electrochemical performance of the Bi anode in the 1 mol L™ Bi(OTf); electrolyte. (a) CV curve of the Bi anode at 0.5 mV s~ in a three-electrode
cell using the 1 mol L™ Bi(OTf); electrolyte. Carbon paper was used as the working electrode, and Bi metal plates were used as the counter electrode and
reference electrode. (b) Voltage profiles of the C||Bi cells using the Bi(OTf); electrolyte at 0.1 mA cm™ with the capacity of 0.1 mA h cm™ and the cut-off
voltage of 0.5 V. (c) Corresponding CE of Bi plating/stripping in the Bi(OTf); electrolyte. (d) Cycling performance of Bi||Bi symmetric cells using the
1 mol L™ Bi(OTf); electrolyte at 1 mA cm™ with the capacity of 0.5 mA h cm™. (e) Rate performance of Bi||Bi symmetric cells at current densities ranging
from 0.5 to 5 mA cm™2 (f) EIS curves of the Bi||Bi symmetric cells after the 1% cycle and 100% cycle at 1 mA cm™ with the capacity of 0.5 mA h cm™2.
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overpotential of about 65 mV without fluctuation for 500 cycles
at 1mAcm™ for 0.5mAhcm™ demonstrating excellent
interfacial stability (Fig. 2d). When tested at current densities
from 0.5 to 5 mA cm™, the overpotential of the Bi electrode only
marginally increased at high rates, indicating favorable Bi plat-
ing/stripping kinetics (Fig. 2e). The rising voltage plateaus can
be attributed to the electrode material becoming loose in
structure and exfoliated from electrode during plating and
stripping processes, resulting in the increased internal resistance
and polarization of the battery [24]. The EIS curves of Bil|Bi
symmetric cells also revealed that the charge transfer resistance
increased slightly from 20 to 28 Q after 100 cycles at 1 mA cm™
and 0.5mA hcm™, indicating high reversibility and good
interfacial stability (Fig. 2f). Furthermore, Bi electrodes were
extracted from cycled Bi||Bi symmetric cells for characterization.
As shown by the XRD pattern, the dominant peaks of Bi were
observed on cycled Bi metal electrodes, indicating no passivation
layer formation (Fig. Slla). SEM image also showed that Bi
electrode maintained smooth surface and dendrite-free deposi-
tion (Fig. S11b).

Electrochemical performance of the Bi-air batteries

Inspired by the high performance of Bi anode in the Bi(OTf);
electrolyte, the non-alkaline Bi-air batteries were further
assembled. CV tests were performed on Bi-air batteries to
investigate the electrochemical behavior under ambient air and
Ar atmosphere at a scan rate of 0.5mV s™. As presented in
Fig. 3a, the CV curve of Bi-air batteries under air atmosphere
showed that a cathodic peak started at ~0.5 V corresponding to
the oxygen reduction reaction (ORR) and an anodic peak started
at ~1.0 V corresponding to the oxygen evolution reaction

(OER). Considering the small electrode polarization of Bi anode
in Fig. 2a, the high overpotential in Bi-air batteries was primarily
attributed to electrochemical reaction occurring at the air
cathode. Under Ar atmosphere, only a small capacitive response
current was still observed due to the electrical double-layer
capacitance of the porous carbon on the electrodes [25]. Besides,
galvanostatic discharge performance of Bi-air batteries was also
studied at 0.1 mA cm™ with the cut-off voltage of 0 V (Fig. 3b).
The non-alkaline Bi-air batteries using 1 mol L™' Bi(OTf);
electrolyte presented a well-defined discharge plateau at ~0.5V
and delivered a capacity of 2.0 mA h cm™, achieving a high Bi
utilization of ~65%. Under Ar atmosphere, the Bi-air batteries
can hardly output capacity and the voltage quickly dropped to
0V, demonstrating O, was the active species involved in the
cathode reaction. The Bi-air batteries using 6 mol L' KOH
electrolyte were also investigated for comparison. In sharp
contrast, the Bi-air batteries displayed fluctuating discharge
voltage with a lower capacity of 1.2 mAhcm™ in 6 mol L™
KOH electrolyte, which may be due to the strong corrosive
nature of the concentrated alkaline electrolyte (Figs S12 and
S13).

Galvanostatic discharge/charge investigation of Bi-air batteries
was tested at the current density of 0.2 mA cm™ with the
capacity of 1 mA h cm™. The typical discharge/charge profiles
of Bi-air batteries displayed a stable discharge plateau at ~0.45 V
and a charge plateau at ~1.0 V, which were consistent with the
cathodic and anodic peaks in the CV investigation (Fig. 3c).
Furthermore, Bi-air batteries were cycled at a current density of
0.1 mA cm™ with 0.5 h discharge and charge per cycle under
ambient air atmosphere. As presented in Fig. 3d and Fig. S14, Bi-
air batteries showed an excellent cycling stability for 200 h with
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Figure 3 Electrochemical performance of the Bi-air batteries using the 1 mol L™ Bi(OTf); aqueous electrolyte. (a) CV curves of the Bi-air batteries under the
ambient air and Ar atmosphere with a scan rate of 0.5 mV s™". (b) Galvanostatic discharge curves of the Bi-air batteries in the ambient air and Ar atmosphere
at 0.1 mA cm™? with the cut-off voltage of 0 V. (c) Galvanostatic discharge/charge profiles of the Bi-air batteries in the ambient air at 0.2 mA cm™? with the
capacity of 1 mA h cm™. (d) Long-term cycling performance of the Bi-air batteries at 0.1 mA cm™. (e) Rate performance of the Bi-air batteries at current

densities ranging from 0.1 to 0.5 mA cm™2.
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no major polarization increase, which was attributed to the
reduced parasite reactions such as anode passivation and elec-
trolyte carbonization. To highlight the improved cycling stability
by non-alkaline electrolyte, Bi-air batteries using Bi(OTf); and
KOH electrolyte were cycled in a constant capacity of
0.1 mA hcm™ at 0.1 mA cm™ under ambient air atmosphere.
As shown in Fig. S15, Bi-air batteries using Bi(OTf); electrolytes
exhibited excellent cycling stability within 90 cycles (180 h). In
comparison, Bi-air batteries using KOH electrolyte presented
sudden polarization increase indicating battery failure after only
three cycles. The air tolerance of Bi-air batteries with non-
alkaline Bi(OTf); electrolyte is beneficial for practical applica-
tions, because complicated and costly cell design providing pure
oxygen atmosphere are not necessary.

The rate performance of the Bi-air batteries was further
examined at different current densities with a fixed time of 1 h
per cycle (Fig. 3f). A slightly increasing polarization was
observed when the current increased from 0.1 to 0.5 mA cm™
and the capacity increased from 0.05 to 0.25 mA h cm™. When
cycled at a higher current density of 0.5 mA cm™, the Bi-air
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batteries also delivered stable cycling performance for 60 h in
ambient air (Fig. S16).

Reaction mechanism of the Bi-air batteries

To reveal the reaction mechanism, the air cathode and Bi anode
were extracted from Bi-air batteries using Bi(OTf); electrolyte
after discharging/charging at 0.1 mA cm™ for 10 h (Fig. S17). As
shown in Fig. 4a, XRD patterns of discharged air cathode were
indexed to cubic bismuth trioxide (Bi,O3;) (JCPDS PDF 01-074-
1375), besides the peaks of the polyvinylidene fluoride (PVDF)
binder and carbon from the pristine carbon-based air cathode.
As observed from SEM images in Fig. 4b and Fig. S18, the
discharged product in the air cathode presented cubic particle
morphology within the scale of a few hundred nanometers. The
TEM lattice images of the discharged air cathode confirmed the
lattice spacing of 0.407 nm for (211) plane of Bi,O; (JCPDS PDF
01-074-1375) (Fig. 4d, e) [26]. Besides, the corresponding EDS
mappings of the discharged cathode showed the discharge
product consisted of Bi and O (Fig. 4f and Fig. S19). The for-
mation of Bi,O; during discharge can be attributed to the ORR
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Figure 4 Electrochemical reaction mechanisms of the Bi-air batteries using the 1 mol L™! Bi(OTf); electrolyte. (a) XRD patterns of the air cathodes at the
pristine, discharged and recharged states, respectively. (b, c) SEM images of the air cathode at the discharged and recharged states, respectively. (d-f) TEM
images and the corresponding EDS profiles of the discharged air cathode. (g) XRD patterns and (h, i) SEM images of the Bi anodes obtained from the Bi-air
batteries after discharge and charge processes, respectively.
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reaction at the cathode, which increased the pH of the electrolyte
at the cathode, leading to the hydrolysis of Bi** to Bi,O; [27].
Upon recharge, all the XRD peaks associated with Bi,O; dis-
appeared, and no Bi,O; particle was observed by SEM, sug-
gesting the reversible formation/decomposition of Bi,O; at the
air cathode (Fig. 4a, ¢).

The redox process of the Bi anode was also confirmed. After
the discharge/charge process, the distinct XRD peaks of Bi were
observed on the Bi metal anode without other by-products,
indicating the absence of corrosion and passivation on the Bi
anode (Fig. 4g). The SEM images revealed that there was no
obvious change in the morphology of Bi anode after discharging
and charging processes, respectively (Fig. 4h, i). Combining the
formation/decomposition of Bi,O; on the air cathode, Bi plating/
stripping on the anode side, the reaction equation of the Bi-air
batteries using Bi(OTf); electrolyte should be expressed as 4Bi +
30, < 2Bi,05 (Fig. S20). The Bi-air batteries also exhibited high
reversibility after 200-h operation in ambient air at the current
density of 0.1 mA cm™. As presented in the XRD patterns, only
minor Bi,O; was observed on the air cathode after 200"
recharging process (Fig. S21). For cycled Bi metal anode, the
dominant peaks of Bi remained, while minor Bi,O; appeared due
to the chemical oxidation by the dissolved O, in electrolytes
(Fig. S22).

CONCLUSIONS

In summary, a novel rechargeable Bi-air battery using a non-
alkaline Bi(OTf); electrolyte was demonstrated, which exhibited
a long-term stability when operated in ambient air. Due to the
reversible three-electron transfer and the high hydrogen over-
potential, the Bi metal anode delivered a high capacity of
383 mA h g™! and good reversibility over 1000 cycles with the
CE of 99.7% in Bi(OTf); electrolyte, avoiding passivation and
hydrogen evolution side reactions. Furthermore, the Bi-air bat-
tery was assembled and can stably work for 200 cycles in
ambient air, benefitting from the chemical stability of the non-
alkaline Bi(OTf); electrolyte against ambient CO,. The unique
battery chemistry with reversible formation and decomposition
of Bi,O; was also revealed using electrochemical and analytical
techniques. This novel non-alkaline Bi-air battery provides a
new idea for exploring safe and stable energy storage systems.
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