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A B S T R A C T

Flow battery is a promising energy storage technology for facilitating utilization of renewable resources. While
new types of flow batteries have been explored toward high energy density, hampering the power density due to
high electrolyte viscosity and sluggish reaction kinetics. Discovery of an aqueous electrolyte with multi-electron
transfer reaction is thus favorable for both high energy and power densities due to its multiple charge stored at the
same concentration. Both criteria are crucial to improve the flexibility of cell design and widen the application
potential. Herein, bismuth is pioneered as negative electrolyte (negolyte) for hybrid flow battery owing to its
three-electron reaction and the significantly increased solubility in methanesulfonic acid. In conjunction with
cerium electrolyte, a volumetric energy density of 90Wh L�1 is achieved and simultaneously a high power density
of 295mW cm�2 at 90% state-of-charge is demonstrated using low-cost carbon electrode. Furthermore, a high
volumetric capacity of 120 Ah L�1 is reached via adopting graphite felt, which is 100% of the theoretical specific
capacity of 1.5 M bismuth negolyte.
1. Introduction

Increasing the utilization of renewable energy is a sustainable
approach, solving both the energy crisis and environmental impacts due
to the switch to sustainable and carbon-free resources. To integrate such
intermittent energy into an electrical grid, the storage system is essential,
determining the plant scale and grid stability. Flow batteries (FBs) have
attracted enormous attention as plant-scale storage systems, owing to
their simple structure, scalability and long cycle life [1–3]. Since the
Zn/Cl battery was proposed by Charles Renard to power La France
airship in 1884, multiform FBs have been developed, such as conven-
tional FB [4–6], hybrid FB [7,8] and metal-air FB [9], employing mani-
fold redox couples in aqueous electrolytes as presented in Fig. 1 and
Table S1. According to the standard redox potential, diverse combina-
tions of these active materials have been studied as positive and negative
electrolytes in various FBs [10–17], of which challenges and demerits
have been comprehensively analyzed [18–20].

The key metrics of the performance evaluation of FB are energy
density, power density, energy efficiency and cycling stability [19,
21–24]. Energy density is proportional to the number of electrons
transferred in the reaction, concentration and battery potential [25–27].
Meanwhile, higher electrical conductivity, diffusion coefficient and
oud).
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reaction kinetics indicate higher power density. Energy efficiency is
determined by voltages and charges of charging and discharging pro-
cesses. Although the stability of both electrode and electrolyte contrib-
utes to cycling stability, the former poses a more critical concern,
especially for the more feasible and economical carbon-based electrodes.
To explore a new direction toward next-generation FB with high energy
density, non-aqueous electrolytes [28–30] and high soluble iodides [25,
31–33] have recently been proposed to widen the potential window
while avoiding parasitic gas evolution reactions and increase the con-
centration, respectively. However, both approaches increase the viscosity
of electrolytes, leading to lower power density and higher pumping en-
ergy. Comparatively, redox couple with multi-electron transfer reaction
in aqueous electrolyte [22,34] is more suited for FB toward high energy
and power densities, leading to feasible application in green buildings
and electric vehicles.

As shown in Fig. 1, redox couples with multi-electron transfer re-
action lead to more electrons stored per unit volume, indicating higher
volumetric capacities and the potential to achieve higher energy density
FBs. So far, two-electron redox couples with electrodeposition re-
actions, such as zinc, iron and lead, are used in hybrid FBs, however,
facing diverse issues. For instance, zinc redox potential is much lower
than the hydrogen evolution potential, hence such a parasite reaction is
0
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Fig. 1. Standard electrode potentials and electrons per unit volume of active materials employed in current FBs. The electrons per unit volume is based on the electron
transfer numbers and demonstrated species concentrations in full-cell measurements. The corresponding redox reactions of electrons per unit volume equal or above
3.0M are labeled.
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inevitable in zinc-based hybrid FB. Likewise, corrosion of deposited
iron is severe in acidic solutions [35]. Consequently, the coulombic
efficiencies of zinc-based and iron-based FB are limited leading to low
energy efficiencies [7,36]. On the other hand, lead electrolytes are
toxic, hence many substitutes were proposed. In addition, while
bromine and iodide reactions also involve two electrons transfer and
result in high volumetric capacities, the challenges of serious crossover
through membranes and precipitation in concentrated iodine electro-
lytes, respectively, remain.

The bismuth redox reaction involves three electrons transfer and its
potential is within the electrochemical stability window of water. While
energy and power components are not decoupled in hybrid FB, the three-
electron reaction induces concurrent high energy and power densities,
leading to more feasible cell design. Moreover, bismuth is a green
element, metal and salts of which are remarkably harmless [37]. As a
by-product of mining processes, bismuth is commonly used in cosmetics,
medicines, alloys [38,39] and electrocatalysts [40]. The bismuth and
bismuth-film electrodes have been widely utilized in electroanalysis via
adopting the redox reaction of Bi/Bi(III), instead of the mercury electrode
[41–43]. The electrodeposition potential, nucleation process and film
morphology were studied in low concentrations (0.001–0.16M) onmetal
[44–46] and carbon electrodes [47,48] in acidic and alkaline solutions.
The catalytic effect of bismuth, as additive, was recently observed in
all-vanadium FB [49,50]. Subsequently, Bi-doped electrodes and elec-
trolytes were also investigated in lead-based FB [51–53] and other types
of FB [13,14]. However, the three-electron reaction of bismuth in
aqueous electrolytes has never been studied in FB due to the low solu-
bility of bismuth as summarized in Table S2 with different supporting
electrolytes.

In this work, a stable negative electrolyte (negolyte) of Bi(III) species
in methanesulfonic acid (MSA) was achieved at concentration of 1.5M,
which is the highest among preceding reports [44–48]. Since three
electrons are transferred during the bismuth reaction, its electrons stored
per unit volume is 4.5mol L�1 as shown in Fig. 1. The theoretical volu-
metric capacity of 120 Ah L�1 is 1.8-fold that of stable vanadium negolyte
at concentration of 2.5M [54]. The observed electrode potential of
Bi/Bi(III) reaction in MSA was around 0.25 V. Paired with Ce(III)/Ce(IV)
positive electrolyte (posolyte), an open-circuit voltage (OCV) of 1.5 V, a
discharge energy density of 90Wh L�1 and a peak power density of
295mW cm�2 were achieved at room temperature using low-cost carbon
paper electrode.
2

2. Experimental

2.1. Electrolyte and electrode preparation

Bismuth oxide powder, Bi2O3 (Aldrich, 99.8%) was dissolved in
acidic solution with certain amount of methanesulfonate acid (MSA, In-
ternational Lab USA, 99%) at temperature of 75–80 �C maintained in a
water bath to obtain Bi(III) methanesulfonate solution with MSA as
supporting electrolyte. A stable and transparent solution without pre-
cipitation was obtained after 2 h of stirring. Cerium carbonate hydrate,
Ce2(CO3)3⋅2H2O (Aldrich, 99.9%) was dissolved in concentrated MSA at
temperature of 75–80 �C maintained in a water bath and stirring for 5 h
to obtain transparent Ce(III) methanesulfonate solution in MSA. The
amount of MSA added in the bismuth and cerium solutions are the sum of
free acid and that reacted with bismuth oxide or cerium carbonate. For
mixed cerium and vanadium solution, vanadium oxide, V2O5 (Aldrich,
99.6%) and oxalic acid, C2H2O4 (Aladdin, 98%) were dissolved in MSA at
50 �Cmaintained in a water bath and stirring overnight to ensure all V(V)
was reduced to V(IV) by oxalic acid and that excess oxalic acid was
oxidized to H2O and CO2 by oxygen. Cerium carbonate hydrate was then
added to the vanadium solution at 75–80 �C to obtain the mixed elec-
trolyte. Noteworthy, the V(V) was totally reduced only in concentrated
vanadium and oxalic acid. Thus, the mixed solution at low concentration
for CV was obtained by dilution. All bismuth solutions studied in this
work are stable to light exposure and no nitrogen purging was required
prior to the experiments due to the stability of bismuth species in air.

Pristine graphite felt (PGF, GF-20-3FE, Nippon) with thickness of
3 mm and pristine carbon paper (PCP, Toray carbon) were rinsed with
distilled water and dried in an oven at 60 �C. Treated carbon paper (TCP)
and graphite felt (TGF) were heated in a furnace under air at temperature
of 400 �C for 2 h, at ramp rate of 5 �C per min. Pristine and treated SGL
graphite felt with thickness of 5 mm (PGF5mm and TGF5mm) were used
for positive side in Bi–V FB. TGF5mm was heated at 500 �C for 2 h.

2.2. Electrochemical measurements

Equilibrium potential and redox reaction of bismuth electrolyte were
studied in diluted solution and standard carbon-based electrode. Disk
electrode of glassy carbon (ALS, Japan) with diameter of 0.40 cm was
used as the working electrode in a three-electrode set-up using Hg/
Hg2SO4 (saturated K2SO4) as reference electrode and platinum plate
electrode (1.0 cm� 1.0 cm) as counter electrode. The surface of the
working electrode was polished with aluminum oxide powder (5–7 μm)
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suspension. Scan rates of CVs ranged from 5 to 100mV s�1 in the same
potential window of 0–600mV. For CVs of PCP, TCP, PGF and TGF, lower
scan rate of 2mV s�1 was used in static solutions.
2.3. Full cell measurements

A full cell with conventional FB structure was assembled with 2D
carbon paper as the negative electrode, 3D graphite felt as the positive
electrode and a proton-exchange membrane (Nafion117, DuPont) as the
separator, unless other specified. A small gap (1.5mm and 2.5mm) was
maintained between the carbon paper and membrane by the gasket as
presented in Fig. 2a. The graphite felt area is 2.5 cm� 3.0 cm and the
thickness was compressed by ~20%. The exposure surface area of carbon
paper is 2.0 cm� 2.0 cm, same as the membrane (Fig. S1). The electro-
lytes in external containers were maintained at 22–24 �C in water bath.
Negative electrolyte (negolyte) was 15mL and positive electrolyte
(posolyte) was 45mL, were pumped into the cell at flow rate of
20mLmin�1. For the charge-discharge test, the cell was charged at
current density of 20, 50 and 100mA cm�2 (80, 200 and 400mA in total,
respectively) until potential reached 1.7 V, and then discharged at the
same current to cut-off potential of 0.4 V. After each cycle, the cell was
rested at 0.4 V for 20min.

Polarization curves and electrochemical impedance spectroscopy
(EIS) were conducted at different state-of-charge (SOC). The 1.0M Bi–Ce
FB was charged at 50mA cm�2 for 36min to SOC 0.1 and rested for 1min
to record open-circuit voltage (OCV). EIS was carried out under OCV
using a frequency range of 1 Hz–100 KHz with an amplitude of 10mV to
measure the alternating current area-specific resistance (AC-ASR), which
is the intercepted real impedance in high-frequency region multiply the
electrode area. Linear sweep voltammetry (LSV) was performed at scan
rate of 100mV s�1 to attain the polarization curve. The traditional way of
attaining polarization curve is discharging the cell at certain current
densities and measuring average voltages. However, the SOCs were un-
stable as the discharge process changed the OCVs. Thus, LSV was used
providing polarization curve, close to that measured through galvano-
static discharge, while the influence on SOCs was neglected [55]. The
power density (mW cm�2) was calculated by multiplying the voltage and
current density from the polarization curve. As the sweep started from
1.7 V, the highest voltage of full cell operation, there was a region of
negative current densities recorded before the discharge process. Same
measurements were performed at different SOCs of 0.1, 0.3, 0.5, 0.7 and
0.9. Stability test of charge-discharge cycling was conducted by Bi–Ce FB
with 0.5M Bi(III) in 3.5M MSA as negolyte and 0.5M Ce(III) in 3.5M
MSA as posolyte. The cell was charged to SOC 0.7 at current density of
50mA cm�2 and then discharged to 0.4 V. The gap between TCP and
Fig. 2. Bismuth-based hybrid FB. (a) Inner configuration of the full cell; (b) CV of 0.
scan rate range of 5–100mV s�1; (c) Linear relationship of peak current density vs.
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membrane was smaller than 1.5mm. Study on the application of porous
electrode for bismuth electrodeposition and dissolution was carried out
in a static battery. A volume of 1mL 1.5M Bi(III) and 3.5M MSA for
negolyte and 3.2mL 1.5MV(IV) and 3.5MMSA for posolyte were sealed
in the cell. TGF of 2.0 cm� 2.0 cm and TGF5mm of 2.5 cm� 3.0 cm were
used as negative and positive electrodes, respectively.
2.4. General information

Cyclic voltammetry, impedance and full-cell running were carried out
using ZAHNER-ZENNIUM electrochemical workstation (ZAHNER-Elek-
trik, Germany) at room temperature. Thales (XT5.0.17) in conjunction
with the workstation was used to simulate the impedance results. Charge-
discharge cycling test was monitored by a 660E potentiostat (CH In-
strument, USA). Hydrophilicity of pristine and treated electrode mate-
rials was reflected by the water contact angle measured by a drop shape
analyzer DSA25 (Krüss, Germany). Detection of vanadium and cerium
species through UV–vis absorbance was carried out by a UV-2600 spec-
trophotometer with integrating sphere 60mm (Shimadzu, Japan).

3. Results and discussion

3.1. Electrochemical performance of bismuth in MSA

While the electrodeposition potential of bismuth in nitric acid and
perchloric acid on gold, platinum and glassy carbon electrodes, ranging
from 0.15 to 0.2 V, was reported, its electrochemical performance inMSA
is investigated for the first time. The potential window of Bi/Bi(III) re-
action on carbon-based electrode was studied by CV, where bismuth
electrodeposition occurred at 0.19 V with scan rate of 5mV s�1 (Fig. 2b),
higher than hydrogen evolution potential, eliminating this side reaction
in aqueous electrolyte. Since the nucleation of bismuth electrodeposition
process prefers metallic bismuth surface over glassy carbon substrate, the
overpotential for the nucleation of bismuth in the forward scan toward
negative direction is larger. A bismuth deposition layer covers the orig-
inal electrode after the forward scan. While in the backward scan, elec-
trodeposition took place on the deposited layer instead of carbon surface,
resulting in a higher current density than forward direction. Thus, as
shown in Fig. 2b, the nucleation loops are formed by the forward and
backward curves between 0.1 V and 0.3 V, which are enlarged with
increasing scan rates. The loop indicates a electrodeposition reaction [46,
56], confirming a three-electron reaction of Bi/Bi(III).

For the electrodeposition, the potentials of peak current densities
shifted to negative and followed a linear relationship with scan rates,
expressing a diffusion-control reduction reaction (Fig. 2c), as reported in
1M Bi(III) and 1.0M MSA on glassy carbon electrode at room temperature with
the square root of scan rates.



Table 1
Charge-discharge of 1.0M Bi–Ce FB at different current densities. Operation
conditions are same as Fig. 3b.

Current density/mA cm�2 20 50 100

Voltage efficiency/% 91.4 82.7 72.7
Coulombic efficiency/% 95.6 93.2 88.9
Energy efficiency/% 87.4 77.0 64.6
Charge energy density/Wh L�1 102.4 107.1 102.9
Discharge energy density/Wh L�1 89.5 82.5 66.5
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nitric acid [46]. Since the product of this reaction is not soluble, meaning
the leaving process after charge transfer is prohibited, the relationship
between peak current density and diffusion coefficient could not be
accurately expressed by the Randles-Sev�eik equation, which explains the
non-zero intercept of the linear line in Fig. 2c. Otherwise, the reaction
rate of bismuth dissolution is independent on mass transport due to its
reactant being on the electrode surface instead of electrolyte. Therefore,
the dissolution peak current density is significantly affected by the
electrodeposition reverse potential as shown in Fig. S2, meaning that
such peak current density depends on the electrodeposition amount at
the same rate. Peak current densities of both reactions are higher than
our previous studies for vanadium and cerium redox reactions under
same conditions [57,58], implying superior reaction kinetics.

3.2. Bismuth-cerium hybrid flow battery

Given the electrodeposition potential of bismuth, it is proposed as
negolyte in hybrid FB, in conjunction with cerium posolyte, where the cell
potential is about 1.35 V, which is higher than that of all-vanadium FB
(1.25 V) [4]. The theoretical specific capacity, Q (Ah L�1) of bismuth
negolyte was calculated based on Q¼ Fcn/3600, where F is Faraday
constant, 96485 Cmol�1, c is bismuth concentration, mol L�1 (M) and n is
electron number transferred in redox reaction, which is 3. Thus, Q is 80.4
Ah L�1 for 1.0M Bi(III) solution and 120.6 Ah L�1 for 1.5M Bi(III).

Since the electrons transferred in Bi/Bi(III) reaction are three times that
of Ce(III)/Ce(IV) reaction, the negolyte volumewas only 1/3 of posolyte at
the same concentration of active species to balance the capacities of the
two electrolytes. Carbon-based materials were used as electrodes for both
sides, with 2D carbon paper in negative side and 3D graphite felt in pos-
itive side. A small gap (1.5 and 2.5mm as described in 2.3) between
carbon paper and membrane was allowed for bismuth electrodeposition
Fig. 3. Bi–Ce hybrid FB performance. (a) Cell potential of Bi–Ce FB presented by CV o
treated graphite felt (TGF) in 0.1M Ce(III) and 1.0M MSA at 2mV s�1; (b) Charge-d
MSA as negolyte and 1.0M Ce(III) and 3.5M MSA as posolyte (1.0M Bi–Ce FB); (c) Sp
and power densities at different SOCs; (f) Charge-discharge efficiencies of 0.5 M Bi–
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(Fig. 2a). Both reactions showed improved electrochemical activities on
heat-treated electrodes (Fig. S3a and Fig. S3b), particularly for cerium. The
two types of Ce(IV) reduction reactions [59] were more apparent on
treated graphite felt, as indicated by the current slope between 1.4 V and
1.5 V and double confirmed by the background CV (Fig. S3c). The
enhancement of electrochemical activities was contributed by the
increased oxygen-containing functional groups [60] as implied by the
comparison of hydrophilicity (Fig. S3d). The current efficiency of bismuth
electrodeposition and dissolution on carbon paper was 95.5%, close to that
on glassy carbon electrode as presented in Fig. S4.

For full-cell operation, the charge and discharge potentials were
expressed by the CVs of the two reactions (Fig. 3a). Galvanostatic charge
and discharge were performed at 20, 50 and 100mA cm�2, where the
discharge energy densities were 90, 83 and 66Wh L�1, respectively
(Fig. 3b). Energy density (Wh L�1) was calculated by average potential
multiple specific capacity of bismuth negolyte. Practical specific capacity
was obtained by current multiple time. The theoretical specific capacity
of 1.0M Bi(III) is 80.4 Ah L�1, while and 90% of capacity utilization was
achieved at 20 and 50mA cm�2 (Fig. 3c). The voltage efficiency at
20mA cm�2 was 91.4% and the coulombic efficiency was 95.6%,
f heat-treated carbon paper (TCP) in 0.1M Bi(III) and 1.0M MSA and CV of heat-
ischarge curves at different current densities of FB with 1.0M Bi(III) and 3.5M
ecific capacity of negolyte; (d) OCV and ASR versus SOC; (e) Polarization curves
Ce FB at 50mA cm�2 versus cycle number.



Fig. 5. Comparison of reported energy and power densities among reported
notable FB.
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resulting in a high energy efficiency of 87.4% (Table 1), comparable to
notable advanced FB [61]. Cross-contamination of bismuth and cerium
ions and current efficiency of bismuth reaction affect the coulombic ef-
ficiency. At higher current densities, the charge-discharge times were
shorter, indicating reduced cross-over. However, the coulombic effi-
ciencies decreased with increasing current density due to the influence of
possible dendrite formation. As the flow rate of bismuth electrolyte is low
for such high current densities, i.e. the mass transport of bismuth ion is
slow in respect to electron transfer, the nucleation and growth of bismuth
electrodeposition become non-uniform. In the charging process at
100mA cm�2, the potential increased to 1.555 V at 10min and then
decreased to 1.534 V at 1 h, which could be explained by the reduced
inner resistance due to bismuth electrodeposition.

To investigate the impact of inner resistance at different state-of-charge
(SOC), AC-ASR was measured by EIS (Fig. S5a), presenting the total
electrode, electrolyte and membrane resistances. As expected, the AC-ASR
decreased from SOC 0.1 to SOC 0.9 as shown in Fig. 3d. Since the electrical
conductivity of carbon paper was enhanced by depositedmetallic bismuth,
the potential drop contributed by inner resistance was decreased, leading
to lower charging potential after 10min. As potential drop is proportional
to current, the phenomenon was only observed at high current density.
The distinguished discharging curve at 100mA cm�2 was also due to the
changing inner resistance. The uniformity of deposited layer is affected by
the ions diffusion, electrode surface and flow field inside FB [8], hence
modifications of electrolyte, electrode and cell structure could be consid-
ered for further improvement of energy efficiency at high current density.

In addition, the open-circuit voltage (OCV) increased from 1.3 V at
SOC 0.1 to 1.5 V at SOC 0.9, higher than zinc-air (1.32 V) and zinc-
polyiodide (1.26 V) [62]. Polarization experiments were performed at a
range of SOCs. The polarization ASR was obtained by the linear region
between �50 and 50mA cm�2 (Fig. S5b), which decreased with
increasing SOC from 0.1 to 0.7, indicating accelerated reaction kinetics at
higher SOC (Fig. 3d). However, the deposited bismuth became
non-uniform with multi-layer electrodeposition or even dendrite forma-
tion at higher SOC, which might have altered the reaction mechanism of
bismuth as indicated by the two semicircles at SOC 0.9 in Fig. S5a. Hence,
the AC-ASR at SOC 0.9 sharply increased (Fig. 3d). Since power density is
positively related to the reaction kinetics of redox couples in FB, it
increased with increasing SOC (Fig. 3e). The peak power density of
160mW cm�2 at SOC 0.1 increased to 295mW cm�2 at SOC 0.9 with a
current density of 430mA cm�2. Please note that the negative current
densities in Fig. 3e represent the charging process of the full cell.

Stability test of Bi–Ce hybrid FB was conducted at 50mA cm�2 with
capacity utilization of 70%. Voltage efficiency was in the range of 81.3%–

84.8%, being relatively more stable than the coulombic efficiency. The
Fig. 4. Cell performance of bismuth negolyte coupled with mixed posolyte. (a) CV co
potential of TCP in 0.1M Bi(III) and 1.0M MSA and CV of TGF in 0.1M Ce(III), 0.05M
Bi(III) and 3.5M MSA as negolyte and 1.0M Ce(III), 0.5 M V(IV) and 3.5M MSA as
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energy efficiency of all cycleswas around 75%without any obvious decline
(Fig. 3f). To examine the electrolyte stability after charge-discharge cycles,
the CV measurements of both electrolytes after cycling in Fig. 3f were car-
ried out and compared with the results of fresh electrolytes as shown in
Fig. S6. The current density of bismuth electrodeposition decreased due to
concentration drop by species cross-over. While for the posolyte, the
oxidation current density decreased and the reduction current density
increased, becauseof the increased ratio of Ce(IV) toCe(III) after cycling.As
implied in the CV of electrolytes after cycling (Fig. S6c), both bismuth and
cerium crossed the membrane and were present in the two electrolytes.
Thus, modification of the electrolyte compositions and membrane is of
necessity for the long-term stability of such FB in the future.

3.3. Bismuth-based hybrid flow battery

To further improve the energy density of bismuth-based hybrid FB,
mixed redox couples of cerium and vanadium were adopted in posolyte
to increase the concentration of active species. Preparation of the mixed
mparison of single and mixed electrolyte on TGF at scan rate of 2mV s�1. (b) Cell
V(IV) and 1.0M MSA at 2mV s�1; (c) Charge-discharge curve of FB with 1.5M

posolyte at 50mA cm�2.
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electrolyte are described in 2.1 and characterization by UV–vis absor-
bance is presented in Fig. S7. As the peak potential separation of vana-
dium was 380mV, larger than 150mV of cerium on TGF (Fig. 4a), the
reversibility of cerium redox reaction was better than vanadium. Cerium
equilibrium potential of 1.65 V was higher than 1.06 V of vanadium,
leading to higher cell potential. Thus 1.0M Ce(III) and 0.5MV(IV) was
utilized in posolyte. Two stages in both charge and discharge processes
were observed in full-cell operation due to the different redox potentials
of Ce(III)/Ce(IV) and V(IV)/V(V) reactions (Fig. 4b and c). The charge
energy density was significantly enhanced by 36% to 145Wh L�1 at
50mA cm�2. However, the discharge energy density only increased by
8% compared to 1.0M Bi–Ce hybrid FB due to its lower capacity utili-
zation and energy efficiency. As shown in Fig. 4a, the vanadium oxida-
tion peak in mixed electrolyte is extended to the positive direction,
reducing reversibility compared with single vanadium electrolyte.
Enhancing vanadium reversibility via electrode modification to increase
capacity utilization and energy efficiency [63] can enhance the cell
performance by adopting mixed cerium and vanadium. In addition,
application of porous electrode for bismuth electrodeposition was proved
to be advantageous for improving capacity utilization. A high volumetric
capacity of 120 Ah L�1, almost 100% of the theoretical specific capacity
of 1.5M Bi(III) was achieved using graphite felt electrode for bismuth
side (Fig. S8).

3.4. Comparison among state-of-art flow batteries

The energy andpower densities of Bi–Cehybrid FB is compared to state-
of-art organic and inorganic FB, reporting both energy and power densities
(Fig. 5, Table S3). Although zinc-iodine FB showed high energy density
owing togood solubility, the peakpowerdensitywas only50mWcm�2 due
to zinc dendrite formation and the high viscosity of the concentrated elec-
trolytes [32]. While a potential approach to decrease the effect of zinc
dendrite in zinc-iodine FB has been recently reported allowing stable
cycling at higher current density of 80mA cm�2 [33], the power density
was not reported. In contrast, a high power density FB (560mWcm�2)
utilizing synthesized tungsten-cobalt complex showed low energy density
of68WhL�1due to lowsolubility [64].Further,whilehigherpowerdensity
(2780mWcm�2) was obtained via cell design optimization [65], the en-
ergy density was not reported. A recently proposed quinone FB with high
energy density of 76Wh L�1 and comparable power density of
200mWcm�2 [55] to all-vanadium FB [66]. In this work, both higher en-
ergy and power densities were achieved by the bismuth-based hybrid FB,
demonstrating potential as a promising type of FB.

4. Conclusions

Although multi-electron reaction in aqueous electrolyte is preferred
towards high energy and power densities FBs, only single- and two-
electron redox couples have been widely investigated so far. While the
low solubility of bismuth in previous studies also hindered its potential as
active specie in aqueous FBs, the method of preparing concentrated
bismuth solutions in MSA as supporting electrolyte in this work shows
potential for promising broad application. An aqueous bismuth negolyte
with three-electron reaction is first introduced for hybrid FB with high
specific capacity of 120 Ah L�1. Coupling with cerium posolyte, a
discharge energy density of 90Wh L�1 was demonstrated. Meanwhile, a
high power density of 295mW cm�2 was achieved on a low-cost carbon
paper electrode at room temperature. Additionally, promising ap-
proaches, including adoption of mixed posolyte and 3D electrode for
bismuth side, to further enhance the energy density and volumetric ca-
pacity were also proposed. With an intrinsic threefold specific capacity at
the same concentration of single-electron electrolyte, bismuth electrolyte
is promising for the development of FB with high energy and power
densities toward flexible and widespread applications.

Being a new battery, further investigation is necessary to promote its
performance, for instance, exploring new membrane material to reduce
6

the influence of ion cross-contamination through the membrane and
suppressing dendrite formation by enhancing the bismuth reaction ki-
netics. Furthermore, the bismuth electrolyte is thermally stable at 60 �C,
which implies a broad operation temperature window for bismuth-based
FB. Optimization of cell structure as well as operation conditions can
further promote the cell performance and lifetime of the bismuth-based
FB toward a promising energy storage system.
Declaration of competing interest

The authors declare no conflict of interest.

Acknowledgements

The study was funded by the Hong Kong Research Grants Council,
General Research Fund (Grant no. 11305317 and 11308720) and City
University of Hong Kong (Grant no. 7005125 and 7005287).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https
://doi.org/10.1016/j.powera.2020.100018.

References

[1] M.H. Chakrabarti, F.S. Mjalli, I.M. AlNashef, M.A. Hashim, M.A. Hussain,
L. Bahadori, C.T.J. Low, Renew. Sustain. Energy Rev. 30 (2014) 254–270.

[2] B. Li, J. Liu, Natl. Sci. Rev. 4 (2017) 91–105.
[3] C. Zhang, L. Zhang, Y. Ding, S. Peng, X. Guo, Y. Zhao, G. He, G. Yu, Energy Stor.

Mater. 15 (2018) 324–350.
[4] C. Choi, S. Kim, R. Kim, Y. Choi, S. Kim, H.Y. Jung, J.H. Yang, H.T. Kim, Renew.

Sustain. Energy Rev. 69 (2017) 263–274.
[5] X.L. Zhou, T.S. Zhao, L. An, Y.K. Zeng, L. Wei, J. Power Sources 339 (2017) 1–12.
[6] K.J. Kim, M.S. Park, Y.J. Kim, J.H. Kim, S.X. Dou, M. Skyllas-Kazacos, J. Mater.

Chem. 3 (2015) 16913–16933.
[7] F.C. Walsh, C. Ponce de L�eon, L. Berlouis, G. Nikiforidis, L.F. Arenas-Martínez,

D. Hodgson, D. Hall, ChemPlusChem 80 (2015) 288–311.
[8] H.R. Jiang, M.C. Wu, Y.X. Ren, W. Shyy, T.S. Zhao, Appl. Energy 213 (2018)

366–374.
[9] P. Pei, K. Wang, Z. Ma, Appl. Energy 128 (2014) 315–324.

[10] W. Wang, Z. Nie, B. Chen, F. Chen, Q. Luo, X. Wei, G.G. Xia, M. Skyllas-Kazacos,
L. Li, Z. Yang, Adv. Energy Mater. 2 (2012) 487–493.

[11] W. Wang, S. Kim, B. Chen, Z. Nie, J. Zhang, G.G. Xia, L. Li, Z. Yang, Energy Environ.
Sci. 4 (2011) 4068–4073.

[12] N. Arroyo-Curr�as, J.W. Hall, J.E. Dick, R.A. Jones, A.J. Bard, J. Electrochem. Soc.
162 (2015) A378–A383.

[13] H. Zhang, Y. Tan, J. Li, B. Xue, Electrochim. Acta 248 (2017) 603–613.
[14] Y.K. Zeng, T.S. Zhao, X.L. Zhou, L. Zeng, L. Wei, Appl. Energy 182 (2016) 204–209.
[15] Z. Na, X. Wang, D. Yin, L. Wang, J. Mater. Chem. 5 (2017) 5036–5043.
[16] M. Shao, J. Deng, F. Zhong, Y. Cao, X. Ai, J. Qian, H. Yang, Energy Stor. Mater. 18

(2019) 92–99.
[17] J. Winsberg, T. Hagemann, T. Janoschka, M.D. Hager, U.S. Schubert, Angew. Chem.

Int. Ed. 56 (2017) 686–711.
[18] M. Park, J. Ryu, W. Wang, J. Cho, Nat. Rev. Mater. 2 (2016) 16080.
[19] C. Ponce de Le�on, A. Frías-Ferrer, J. Gonz�alez-García, D.A. Sz�anto, F.C. Walsh,

J. Power Sources 160 (2006) 716–732.
[20] W. Lu, X. Li, H. Zhang, Phys. Chem. Chem. Phys. 20 (2017) 23–35.
[21] Y. Ding, C. Zhang, L. Zhang, Y. Zhou, G. Yu, Chem. Soc. Rev. 47 (2018) 69–103.
[22] M.L. Perry, A.Z. Weber, J. Electrochem. Soc. 163 (2016) A5064–A5067.
[23] B. Hu, C. Seefeldt, C. DeBruler, T.L. Liu, J. Mater. Chem. 5 (2017) 22137–22145.
[24] G. Hu, M. Jing, D.-W. Wang, Z. Sun, C. Xu, W. Ren, H.-M. Cheng, C. Yan, X. Fan,

F. Li, Energy Stor. Mater. 13 (2018) 66–71.
[25] B. Li, Z. Nie, M. Vijayakumar, G. Li, J. Liu, V. Sprenkle, W. Wang, Nat. Commun. 6

(2015) 6303.
[26] P.V. Kamat, K.S. Schanze, J.M. Buriak, ACS Energy Lett. 2 (2017) 1368–1369.
[27] C.X. Xie, Y.Q. Duan, W.B. Xu, H.M. Zhang, X.F. Li, Angew. Chem. Int. Ed. 56 (2017)

14953–14957.
[28] R.M. Darling, K.G. Gallagher, J.A. Kowalski, S. Ha, F.R. Brushett, Energy Environ.

Sci. 7 (2014) 3459–3477.
[29] J.A. Suttil, J.F. Kucharyson, I.L. Escalante-Garcia, P.J. Cabrera, B.R. James,

R.F. Savinell, M.S. Sanford, L.T. Thompson, J. Mater. Chem. 3 (2015) 7929–7938.
[30] C. Zhang, Y. Ding, L. Zhang, X. Wang, Y. Zhao, X. Zhang, G. Yu, Angew. Chem. Int.

Ed. 56 (2017) 7454–7459.
[31] B. Li, J. Liu, Z. Nie, W. Wang, D. Reed, J. Liu, P. McGrail, V. Sprenkle, Nano Lett. 16

(2016) 4335–4340.
[32] G.M. Weng, Z.J. Li, G.T. Cong, Y.C. Zhou, Y.C. Lu, Energy Environ. Sci. 10 (2017)

735–741.

https://doi.org/10.1016/j.powera.2020.100018
https://doi.org/10.1016/j.powera.2020.100018
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref1
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref1
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref1
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref2
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref2
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref3
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref3
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref3
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref4
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref4
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref4
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref5
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref5
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref6
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref6
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref6
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref7
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref7
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref7
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref7
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref8
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref8
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref8
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref9
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref9
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref10
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref10
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref10
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref11
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref11
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref11
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref12
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref12
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref12
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref12
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref13
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref13
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref14
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref14
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref15
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref15
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref16
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref16
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref16
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref17
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref17
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref17
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref18
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref19
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref19
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref19
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref19
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref19
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref19
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref20
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref20
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref21
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref21
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref22
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref22
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref23
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref23
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref24
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref24
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref24
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref25
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref25
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref26
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref26
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref27
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref27
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref27
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref28
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref28
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref28
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref29
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref29
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref29
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref30
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref30
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref30
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref31
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref31
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref31
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref32
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref32
http://refhub.elsevier.com/S2666-2485(20)30018-4/sref32


Q. Wang, W.A. Daoud Journal of Power Sources Advances 4 (2020) 100018
[33] C. Xie, H. Zhang, W. Xu, W. Wang, X. Li, Angew. Chem. Int. Ed. 57 (2018)
11171–11176.

[34] J. Luo, B. Hu, C. Debruler, T.L. Liu, Angew. Chem. Int. Ed. 57 (2018) 231–235.
[35] L.W. Hruska, R.F. Savinell, J. Electrochem. Soc. 128 (1981) 18–25.
[36] P.K. Leung, C. Ponce de Le�on, C.T.J. Low, F.C. Walsh, Electrochim. Acta 56 (2011)

6536–6546.
[37] R. Mohan, Nat. Chem. 2 (2010), 336–336.
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