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Grid-scale corrosion-free Zn/Br flow batteries 
enabled by a multi-electron transfer reaction
 

Yue Xu1,2,3, Tianyu Li    1,3, Zhangquan Peng    4, Congxin Xie    1,3   & 
Xianfeng Li    1,3 

Flow batteries are promising for renewable energy storage due to their 
safety and scalability. Zinc/bromine flow batteries (Zn/Br) are popular due 
to their high energy densities and inexpensive electrolytes. However, they 
have a poor service life and lead to environmental harm as a result of the 
generated corrosive and volatile Br2. Here we introduce a Br2 scavenger to 
the catholyte, reducing the Br2 concentration to an acceptable level (~7 mM). 
The scavenger, sodium sulfamate (SANa), reacts rapidly with Br2 to form a 
mild product, N-bromo sodium sulfamate (Br-SANa; Br+). Additionally, the 
two-electron transfer reaction of Br-SANa/Br− (Br+/Br−) increases the energy 
density. We have developed a Zn/Br flow battery, paired with a Zn anode, that 
outperforms traditional Zn/Br flow batteries in energy density (152 Wh l−1 
versus 90 Wh l−1) and cycle life (>600 versus 30 cycles), using a sulfonated 
polyetheretherketone membrane. We assembled a 5-kW stack that operated 
stably for over 700 cycles (~1,400 h). Using this reaction, we have built a 
large-scale battery system.

Bromine (Br2) corrosion raises the stringent requirements for bat-
tery components in current bromine-based flow batteries (FBs)1, as it 
reduces the stability and lifetime of the electrodes and membranes, and 
even of auxiliary equipment such as pipelines and electrolyte tanks2. Br2 
oxidizes and pulverizes common carbon-based electrodes and bipolar 
plates into carbon oxides3,4, and breaks polymer chains through side 
reactions such as addition (for example, C=C bonds) or substitution 
(for example, ether bonds)5. For these reasons, state-of-the-art Zn/Br 
FBs are extensively equipped with corrosion-resistant components 
such as Nafion or polyolefin membranes and polyvinylidene fluoride 
(PVDF) pipes and tanks6. Besides being corrosive, Br2 is also highly 
volatile (boiling point of only 58 °C) and toxic. When released, it pol-
lutes the atmosphere, corrodes human skin and mucous membranes, 
and stimulates the central nervous system7,8.

To alleviate this corrosion and other harmful effects of Br2, current 
bromine-based batteries use complexing agents to capture free Br2 in 
the catholyte9. These agents, which are typically quaternary ammonium 
salts such as 1-ethyl-1-methylpyrrolidinium bromide (MEP), form oily 

precipitates with Br2 (MEP-Br2)10,11. The problem of this strategy is that 
the concentration of free Br2 is still high, at up to hundreds of millimoles 
per litre of electrolyte, and the capture is done at the expense of kinet-
ics from phase separation12 and higher cost. Oily Br2 precipitates affect 
mass transfer, and an uneven distribution of oily Br2 on the electrodes 
affects the stability of the batteries13. Corrosion by the oily Br2 cannot 
be ignored, so there is an urgent need for reactions and/or strategies 
to mitigate the negative effects of free Br2.

In this Article we report a bromine reaction that almost completely 
eliminates Br2 corrosion. We introduce a Br2 scavenger, sodium sulfa-
mate (SANa), into the catholyte. This can dramatically decrease the 
Br2 concentration to an acceptable level (~7 mM). SANa reacts rap-
idly with Br2 as it forms during charging, producing a mild product, 
N-bromo sodium sulfamate (Br-SANa; Br+). During discharge, Br-SANa 
participates in the reaction by dissociating into Br2 through chemical 
equilibrium. In addition, the two-electron transfer reaction of Br-SANa/
Br− (Br+/Br−) increases the battery energy density. A Zn/Br FB assem-
bled using this electrolyte as well as regular, inexpensive sulfonated 
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Effect of pH on bromination
Besides the pKa of the scavenger, the pH of the electrolyte also substan-
tially affects the redox potential of the proton-coupled bromination 
reaction. In a strongly acidic environment (pH of ~0), electrochemi-
cal oxidation of Br− in the presence of SANa showed two separated 
oxidation peaks that corresponded to two successive electrochemi-
cal processes (Supplementary Fig. 2). Br− was electrochemically 
oxidized to Br2 in step 1 (equation (4)), followed by electrochemical 
conversion of Br2 to Br–SANa in step 2 (equation (5)). In this case, the 
strongly acidic electrolyte does not support the designed working 
principle of a Br2-scavenging reaction, because it will accumulate a 
large amount of Br2 in step 1. When the electrolyte pH was gradually 
increased (Supplementary Fig. 3), however, the redox potential of step 
2 dropped and gradually overlapped with step 1. In thermodynam-
ics, spontaneous chemical reactions can only occur (equation (6)) if 
the potential of step 2 (equation (5)) is lower than that of step 1 (equa-
tion (4)). This can be validated by the reaction between Br2 and SANa 
(Supplementary Fig. 4). Under neutral conditions, as SANa is added, 
the colour of the red Br2 gradually lightens, indicating that Br2 and 
SANa are forming a Br–SANa compound through a chemical reaction. 
Therefore, ensuring the electrolyte is at an appropriate pH guarantees 
a spontaneous reaction.
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After reaching chemical equilibrium, the concentration of 
the remaining Br2 was inversely proportional to the electrolyte pH 
(Supplementary Fig. 5). When the pH of the electrolyte reached ~2.1, the 
concentration of free Br2 in a 0.5 M SANa + 0.5 M Br2 solution dropped 
to 10 mM. Further raising the pH to 3.1 reduced the residual Br2 con-
centration to ~1 mM. This means that a weakly acidic/nearly neutral 
environment is necessary for the scavenger to substantially remove 
free Br2. Therefore, to eliminate the impact of proton release from 
the amino group on the pH of the electrolyte, a buffer reagent such as 
acetate (HAc/Ac−) needs to be used as a proton sink (for charge reaction) 
or source (for discharge reaction). The pH effect was further confirmed 
visually by the gradual lightening of the Br2 + SANa electrolyte when 
potassium acetate (KAc) was added stepwise (Supplementary Fig. 6). 
As the concentration of KAc gradually increases, the concentration of 
Br2 in the solution decreases accordingly (Supplementary Fig. 7). So 
far, the basic formula of the electrolyte has been reached, including 
at least Br− as the active material, SANa as the scavenger and Ac− as the 
buffer reagent.

Electrochemical and chemical mechanism
We investigated the charge/discharge mechanism of the electrolyte for-
mulation at near-neutral pH. Cyclic voltammetry (CV) on a Pt electrode 
in electrolytes containing 10 mM SANa, 10 mM NaBr, 0.2 M NaClO4 and 
various concentrations of KAc showed one oxidation and two reduction 

polyetheretherketone (SPEEK) membranes (which are not resistant 
to corrosion) outperformed a traditional Zn/Br FB in terms of energy 
density (152 Wh l−1 versus 90 Wh l−1) and cycle life (>600 cycles versus 
<30 cycles) with an energy efficiency (EE) of 82% at a current density 
of 40 mA cm−2. Most importantly, we assembled a 5-kW system that 
delivers an output of 6.6 kWh, achieving an EE of 78%. Furthermore, 
the assembled 5-kW stack was able to operate for over 700 cycles (or 
1,400 h) at 40 mA cm−2, demonstrating its practicality.

Building a molecular library of Br2-scavenging 
agents
It is recognized that certain organic amines react with Br2 to form 
bromoamino reagents (BrNs) (equation (1))5,14. Unlike a traditional 
complexing reaction15, this reaction forms a Brδ+–Nδ− covalent bond 
and eliminates free Br2 species during the reaction process16,17. It is 
fundamentally a disproportionation reaction, where Br2 undergoes 
disproportionation to form both Br+ and Br−. Then Br+ electrophilically 
replaces the hydrogen on the amino group to form BrNs, and a proton 
is generated at the same time. Inspired by this reaction, we conceived 
a reaction comprising introducing amino-containing compounds 
into the electrolyte as scavengers to eliminate Br2. During charging, 
bromide ions (Br−) are electrochemically oxidized to Br2, which can 
rapidly substitute the hydrogen on the amino group of the scavenger 
to form BrNs products, along with Br− and protons (Fig. 1a). This is a 
chemical equilibrium process, and the remaining amount of Br2 in the 
electrolyte depends on the equilibrium constant of the substitution 
reaction. Meanwhile, the generated Br− can further participate in the 
electrochemical charging process. During discharge, BrNs dissociate 
into Br2 through a chemical equilibrium to participate in the discharge 
reaction. Because the stability of BrNs depends on the strength of the 
Br–N bond, which, in turn, is related to the electron cloud density on 
the N of the scavenger, we theoretically calculated the effects of various 
electron-withdrawing/donating groups (EWGs/EDGs) linked to -NH on 
the strength of the resultant Br–N bonds.

By screening various EWGs and EDGs, we found that EWGs lead 
to stronger Br–N bonds than EDGs (Fig. 1b), because EWGs reduce the 
electron cloud density of the N and facilitate proton departure and bro-
mination (equation (2)). EDGs, on the other hand, enhance the electron 
cloud density of N and discourage the formation of desired Brδ+–Nδ− 
moieties (equation (3)). For BrNs with overly strong EWGs, such as 
hydrogen bis(fluorosulfonyl)imide (HFSI), however, the hydrogen on 
the -NH moiety (pKa < 2, where pKa is the negative logarithm of the acid 
dissociation constant Ka) spontaneously leaves in the form of a proton, 
making it impossible to form Br–N covalent bonds (Fig. 1b). These 
results show that for our designed reaction to proceed, we need to iden-
tify EWGs to facilitate the formation of the Br–N bond, but which are not 
so strong that the -NH group on the scavenger is completely ionized.

To identify a suitable scavenger, we screened 17 amino compounds 
with different EWGs (Supplementary Table 1) and performed cyclic 
voltammetry measurements on them in a nearly neutral environment 
(Supplementary Fig. 1). The intensity of the electron-withdrawing effect 
determines the ease with which the proton leaves the amino group, 
represented by the pKa value. Based on variations in the pKa value, we 
categorize the strength of the electron-withdrawing effect into three 
levels: strong, moderate and weak (Supplementary Table 1). Compared 
with pristine NaBr electrolyte, electrolytes containing scavengers 
displayed higher oxidation peak currents that were roughly inversely 
proportional to the pKa of the scavengers (yellow and blue regions, 
Fig. 1c). The smaller the pKa, the easier it is for protons to leave and 
bromination reaction to occur. However, for overly strong EWGs (green 
region, Fig. 1c) (pKa < 2), no obvious oxidation peak enhancement was 
observed due to the spontaneous dissociation of the proton from the 
-NH groups. Of all the scavengers examined, SANa displayed the highest 
oxidation peak current, which means it has the highest bromination 
reaction rate.

(2)

(3)
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peaks in the potential range of ~0.0–1.2 V versus saturated calomel elec-
trode (SCE; Fig. 2a). NaClO4, which is electrochemically inert at room 
temperature, was selected as the supporting electrolyte for CV tests 
under neutral pH conditions (Supplementary Fig. 8). The oxidation 
peak at 1.0 V was assigned to the electrooxidation of Br− to Br2 followed 
by the chemical reaction with SANa to produce Br–SANa (step 1). The 
reduction peak at ~0.8 V was assigned to the electroreduction of free 
Br2 from the chemical equilibrium (step 2). As the concentration of KAc 
increases, the pH rises, resulting in a decrease in proton activity, making 
it difficult for Br–SANa to dissociate into Br2. Therefore, Br–SANa can 
only be converted to Br− through an electrochemical reduction reaction 

at ~0.4 V, which corresponds to step 3. Quantitative charge analysis of 
the CV curves showed that the increase in KAc substantially increased 
the proportion of step 3 (Supplementary Fig. 9). This means that the 
pathway of the reduction reaction depends on the pH of the electrolyte.

Because the HAc/Ac− buffer solution stabilizes the electrolyte pH 
at ~5, we used Zn/Zn2+ as the anode to assemble a Zn/Br FB. The battery 
using this electrolyte formulation showed a pair of charge–discharge 
plateaux (Fig. 2b). Under the condition where the charge capacity 
reached 26.8 Ah l−1 at the end of charging, the concentration of Br2 in 
the battery, measured by UV–vis spectroscopy, was ~7 mM (Fig. 2c and 
Supplementary Fig. 10). This concentration was notably lower than in 
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Fig. 1 | Design principles of bromine electrolytes. a, Schematic of an 
advanced FB (left) and a conventional (right) Zn/Br FB. Unlike the conventional 
electrochemical process of Br−/Br2, the electrochemically generated Br2 further 
reacts with amines to form BrNs. b, Density functional theory-calculated Br–N 
bond energies for BrNs compounds with different EWGs and EDGs. Compounds 
with EWGs had stronger and more stable Br–N bonds than those with EDGs, 
because EWGs reduce the electron cloud density on the N, facilitating proton 
departure and bromination (equations (2 and 3)). c, Plot of peak current for 17 

amino compounds with various EWGs as a function of the pKa of the amino group. 
The peak current, which is related to bromination rate, is higher than for the 
pure NaBr electrolyte (dashed line) for most compounds and roughly inversely 
proportional to pKa. This is because the lower the pKa, the easier it is for the 
hydrogen on the amino group to leave, and the faster the bromination reaction 
rate is. However, a pKa that is too low (<2) can cause the hydrogen on the -NH 
groups to spontaneously dissociate as a proton and prevent the formation  
of a Br–N bond.
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Fig. 2 | Electrochemistry of Br2 in the presence of SANa. a, CV of a Pt electrode 
in an electrolyte solution of 10 mM NaBr + 10 mM SANa + 0.2 M NaClO4 + x mM 
KAc. The corresponding electrochemical reaction equations are shown on the 
right. b, Charge–discharge curve of a flow battery assembled with a Zn anode and 
an electrolyte containing 1 M ZnBr2 + 1 M SANa + 2 M KAc. c, Photographs of the 
electrolyte when the battery was charged to different capacities. The free Br2  
was ~7 mM at the end of the charge. d, Photographs of different bromine 
electrolytes at the end of the charge. Unlike the conventional bromine electrolyte  
(1 M ZnBr2 + 3 M KCl) without (left) or with (middle) 0.3 M MEP, this electrolyte 
(right) had no oily Br2-containing precipitates and had visibly less aqueous Br2 
species. e, Charge–discharge curve of a Zn/Br FB used for mass spectrometry 

sampling. Electrolyte composition: 1 M ZnBr2 + 1 M SANa + 2 M KAc + 2 M KBr.  
f,g, As charging progressed (f), the Br–SANa signal increased and the SANa 
signal weakened. During discharge, the Br–SANa signal gradually disappeared, 
while the SANa signal enhanced, demonstrating its reversibility (g). The two 
blue-shaded bars represent the ion peaks of NH2SO3

− and Br–NHSO3
−. h, Intensity 

versus charge–discharge capacity plots derived from the mass spectrometric 
results presented in f and g. i, In situ Raman spectra of the catholyte during a full 
cycle of charge–discharge. Signals of the Br–N bond indicated the formation of 
BrNs compounds. j, Top: throughout the charge–discharge process, the pH of the 
electrolyte at both positive and negative sides remains within a range of pH 5–7. 
Bottom: representative charge–discharge curves.
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the conventional electrolyte, where the concentration of free Br2 was 
typically as high as 128 mM and accompanied by massive amounts 
of oily Br2 precipitates (Fig. 2d, middle and Supplementary Fig. 11). 
The effect of SANa and pH on the electrochemical behaviour of the 
bromine-based electrolyte is further illustrated by the pH–potential 
phase diagram in Supplementary Fig. 12.

The reaction mechanism and reversibility were confirmed by 
electrospray ionization mass spectrometry (ESI-MS). During charg-
ing, ESI-MS analysis of the catholyte showed evolution of signals at 
m/z = 173.88 and 175.88, providing solid experimental evidence of 
the formation of Br–SANa ions (Br–NHSO3

−; Fig. 2e,f). As charging 
proceeded, the Br–SANa signal increased, whereas the SANa signal 
weakened (Fig. 2h). During discharge, the Br–SANa signal gradually 
diminished and disappeared, whereas the SANa signal recovered 
(Fig. 2g,h), confirming the reversibility of the process. Further, proton 
NMR (1H NMR) of the catholyte showed that the H on the N atom of SANa 
after bromination experienced a chemical shift to low field due to the 
electron-withdrawing effect of Br (Supplementary Fig. 13). Moreover, 
in situ Raman spectroscopy identified symmetric (643 cm−1) and asym-
metric stretching (680 cm−1) of the Br–N bond that formed upon charg-
ing (Fig. 2i and Supplementary Fig. 14)18,19. Because the Br attached to N 
weakens the S–N bond strength, the S–N stretching vibration shifted 
from 815 cm−1 to 783 cm−1 as it charged20. The catholyte also displayed 
the stretching vibration21,22 (310 cm−1) of the Br2 species from the chemi-
cal equilibrium of Br–SANa, which disappeared completely at the end of 
the discharge. The pH of the electrolyte remained within a near-neutral 
range (pH 5–7) throughout the electrochemical charge–discharge 
process (Fig. 2j). Compared to the strong fluctuations of pH of the 
electrolyte in traditional Zn/Br FBs (pH 3–6; Supplementary Fig. 15a), 
the pH in our electrolyte was more stable. In addition, due to the overall 
higher pH, the hydrogen evolution reaction is less than that of a tradi-
tional Zn/Br FB (Supplementary Fig. 15b). Surface-enhanced Raman 
spectroscopy (SERS) further proved that Br–SANa was produced by the 
chemical reaction of Br2 and SANa (Supplementary Fig. 16)23,24. How-
ever, for strongly acidic electrolytes (pH of ~0), the signal of Br–SANa 
could only be observed in step 2 after Br− was oxidized to Br2 in step 1, 
and Br2 electrochemically generated Br–SANa (Supplementary Fig. 17). 
Meanwhile, as the acid concentration in the electrolyte decreased, the 
potential difference between the first and second plateaux gradually 
decreased (Supplementary Fig. 18), indicating that the potential of 
the second plateau is related to proton concentration, consistent with 
previous CV results.

We also selected other scavengers such as trifluoromethanesul-
fonamide (TFMSF) for testing. Due to its lower pKa value (6.37 versus 
the 9.00 of SANa), the protons on the amine group tend to dissociate, 
making the formation of brominated compounds more difficult. As a 
result, the concentration of free Br2 in the electrolyte is notably higher 
than that of SANa (Supplementary Fig. 19).

Fitting the CV with an electrochemical–chemical (EC) reaction 
mechanism25,26, the electron transfer rate constant and subsequent 
chemical reaction rate constant were found to be 1.212 × 10−2 cm s−1 and 
99.35 M−1 s−1, respectively (Supplementary Fig. 20). We linearly fitted 
log(Br2/Br–SANa) as a function of pH of the prepared electrolyte solu-
tion to calculate the chemical equilibrium constant of the reaction of 
Br2 and SANa. For the electrolyte without KAc, the equilibrium constant 
was measured to be 0.020 M. The equilibrium constant increased 
to 1,111 for electrolyte containing Ac−. A large equilibrium constant 
indicates that the products predominate, and substantial bromina-
tion occurs in the electrolyte with Ac− (Supplementary Fig. 21; see 
‘Thermodynamics calculations’ for details).

Electrochemical performance of single and 
scaled-up systems
As a proof of concept, a single Zn/Br FB was assembled with this elec-
trolyte design. Because the electrolyte is mild and neutral, we used a 

regular, low-cost SPEEK membrane that is not resistant to corrosion. 
The SPEEK membrane demonstrated high selectivity for Br–SANa 
(Supplementary Fig. 22). The flow of anolyte helps to reduce the con-
centration polarization of Zn2+, thereby effectively inhibiting zinc 
dendrites. The specific capacity of the charge–discharge curves con-
firmed a two-electron transfer mechanism (Supplementary Fig. 23). The 
two-electron transfer process resulted in a much higher energy density 
than traditional Zn/Br FBs (at 2 M Br− concentration, the energy density 
is 152 Wh l−1 versus 90 Wh l−1). When the Br− concentration reached 2.5 M, 
the battery’s discharge capacity was able to achieve 130 Ah l−1, with an 
impressive energy density of up to ~200 Wh l−1 (Supplementary Fig. 24).

With 1 M SANa in the electrolyte, our Zn/Br FBs achieved an energy 
density of 40 Wh l−1 and stable operation for over 500 cycles. (Fig. 3a 
and Supplementary Fig. 25a). By further increasing the SANa con-
centration in the electrolyte to 1.5 M, the battery’s energy density 
reached an impressive 80 Wh l−1. Moreover, long-term cycling tests 
at 40 mA cm−2 showed an EE of >80% for over 600 cycles (exceed-
ing 80 days, or ~2,000 h; Fig. 3b and Supplementary Fig. 25b). The 
cycle life of this battery substantially outperforms traditional Zn/Br 
FBs (Supplementary Fig. 26) and surpasses the performance of most 
Br-based batteries (Supplementary Fig. 27). Increasing the concentra-
tion of SANa to 2 M achieved an energy density of ~120 Wh l−1, which 
remained stable for 100 cycles (Supplementary Fig. 28). In addition, 
we verified the effect of KAc on the stability of the Zn anode by means 
of symmetric cell experiments. The results demonstrated that the 
battery operates stably, indicating that KAc has no observable effect 
on the Zn anode (Supplementary Fig. 29).

With a SPEEK membrane, traditional Zn/Br FB typically functioned 
only up to 30 cycles because of severe corrosion of the membrane 
by Br2 (Fig. 3c). Compared to traditional Zn/Br batteries (assembled 
with corrosion-resistant polyolefin porous membranes or Dara-
mic membrane9,27), our battery demonstrated a slightly lower EE 
(Supplementary Fig. 30a). The slope at the end of the discharge rep-
resents step 3 (in Fig. 2a), which accounts for 3.9% of the total capacity 
(Supplementary Fig. 30b). However, we are able to effectively address 
the corrosion issue and achieve a two-electron transfer reaction, mak-
ing this minor EE expense acceptable. Testing the performance of our 
battery at different current densities and temperatures, we found that, 
as the current density increased from 20 mA cm−2 to 100 mA cm−2, the 
coulombic efficiency (CE) rose from 94% to 98% while the voltage effi-
ciency (VE) dropped from 90% to 70% (Fig. 3d). The enhancement in CE 
can be ascribed to the rise in current density, the shortening of charging 
and discharging times, and the alleviation in electrolyte crossover. At 
the same time, the decrease in VE is a result of the intensified electro-
chemical polarization. As the temperature increased, the CE dropped 
from 97% at 20 °C to 92% at 60 °C, while the VE increased from 80% 
at 20 °C to 90% at 60 °C (Supplementary Fig. 31). The decline in CE is 
primarily attributed to the intensified crossover at elevated tempera-
tures, whereas the improvement in VE stems from the enhancement of 
electrochemical kinetics. It is worth mentioning that the battery can 
operate stably for over 80 cycles at 60 °C. However, the failure of the 
battery is not due to material instability, but rather due to the rapid 
migration of water at high temperatures, leading to drying on one side 
(Supplementary Fig. 32). In addition, FBs using polyolefin porous mem-
branes can also exhibit high cycling stability, further demonstrating 
the wide applicability of our design (Supplementary Fig. 33).

To further demonstrate the practical prospect of our Zn/Br FB, 
we built a battery system by connecting 30 single cells of 1,900 cm2 in 
series and equipping the stack with our own battery management sys-
tem (BMS; Fig. 3e,f). With a zinc plating areal capacity of 60 mAh cm−2, 
the system was evaluated at constant powers of 2.5 kW, 4 kW and 5 kW. 
The output energy of our system reached ~5.0 kWh, with the EE still at 
~78% (Fig. 3g). The charging platform was at ~55–57 V, and the discharg-
ing platform at ~46–48 V. When the areal capacity of the zinc plating 
was increased to 80 mAh cm−2, the output energy of the system was 
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Fig. 3 | Single Zn/Br FB and scaled-up systems using our designed electrolytes 
outperform conventional systems. a,b, Long-term cycling test of a FB at 
40 mA cm−2 with the following electrolytes: 1 M ZnBr2 + 1 M SANa + 2 M KAc + 2 M 
KBr (a); 1 M ZnBr2 + 1.5 M SANa + 1.5 M KAc + 2 M KBr (b). The results showed it 
was stable for >600 cycles with a lifespan of >80 days. c, The cycling performance 
of a conventional Zn/Br FB assembled with a SPEEK membrane and a regular Zn/
Br electrolyte (1 M ZnBr2 + 3 M KCl + 0.3 M MEP) deteriorated rapidly because 
SPEEK is not resistant to Br2 corrosion. d, Battery performance of our single Zn/Br 
FB at different current densities (from 20 mA cm−2 to 100 mA cm−2). e, Schematic 
diagram of the internal structure of the battery system, with the stack, electrolyte 

and BMS all marked in the diagram. f, Photograph of a battery system assembled 
using our electrolyte. The stack was composed of 30 single cells with an electrode 
area of 1,900 cm2 connected in series and equipped with an in-house BMS.  
g, Performance of the assembled battery system under various powers ranging 
from 2.5 kW to 5 kW, with the maximum output energy greater than 6.6 kWh. 
The electrolyte composition was 1 M ZnBr2 + 1 M SANa + 2 M KAc + 2 M KBr, and 
a volume of 145 l each was used for positive and negative sides. h, The stack 
underwent long-term operation testing at a current density of 40 mA cm−2.  
The results indicate that the stack’s cycle life exceeded 700 cycles (~1,400 h).
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~6.6 kWh with an EE of ~78%. The stack was also subjected to cycling 
performance tests at a current density of 40 mA cm−2 (Fig. 3h and 
Supplementary Fig. 34). The results indicate that the stack can oper-
ate stably for over 700 cycles, with a total runtime of ~1,400 h. The 
outstanding performance of our system fully demonstrates the prac-
ticality and reliability of both the chemical reaction and the battery 
design. More importantly, we have successfully translated innovative 
ideas from the laboratory into real-system applications, substantially 
enhancing the credibility of this prospect.

Corrosion resistance test
To demonstrate the effectiveness of the Br2 scavenger in mitigating 
the corrosive effects of Br2 in the electrolyte, we assessed key materials 
before and after 500 cycles (corresponding to Fig. 3a), including the 
electrolyte, the SPEEK membrane, bipolar plates and electrodes, focus-
ing on morphology, chemical properties and electrochemical behav-
iour. No substantial morphological changes were observed in any key 
materials (Supplementary Fig. 35). In contrast, conventional Br-based 
electrolytes led to corrosion in key materials (Supplementary Figs. 35 
and 36)28,29. Advanced characterizations (inductively coupled plasma 
optical emission spectrometry (ICP-OES), CV, Raman and mass spec-
trometry) showed no notable changes in the electrolyte’s concentration, 
composition or electrochemical behaviour (Supplementary Fig. 37). 
The SPEEK membrane showed excellent stability, with only a minor 

conductivity decrease due to Zn2+ ions occupying sulfonate groups 
(Supplementary Fig. 38). The results from stack cycling (correspond-
ing to Fig. 3h) matched those from single-cell tests, confirming the 
electrolyte’s low corrosiveness (Supplementary Figs. 39–41).

Techno-economic analysis of the 
ultralow-corrosion Zn/Br FB
The electrolyte cost per kilowatt-hour of our ultralow-corrosion Zn/
Br FB (US$75 kWh−1) was much lower than that of a traditional Zn/Br FB 
(US$128 kWh−1), because it avoids expensive complexing agents30,31 such 
as MEP, and the two-electron transfer reaction reduces the quantity of 
redox species (Fig. 4a,b and Supplementary Tables 2–13). Furthermore, 
the less corrosive electrolyte also substantially lowered the cost of the 
stack and auxiliary equipment, because there was no longer a need for 
corrosion-proof membranes, pumps and tanks. Compared to the tra-
ditional Zn/Br FB (cost of US$510 kWh−1), our designed system (energy 
to power of E/P = 2; 60 mW cm−2) was projected to cost US$399 kWh−1. 
However, the battery stack still accounted for ~40–50% of this. Because 
the stack cost is closely related to discharge duration, we studied how 
the cost changes with discharge duration (E/P = 2–8). If the discharge 
duration of the system could be extended to E/P = 8 for instance, the 
cost of the system could be further reduced to US$161 kWh−1. The cost 
of the stacks would also drop to less than 30% (Fig. 4a). For an E/P = 8 
design, increasing the power density to 80 mW cm−2 would bring the 

179

90
60 45

75

75

75
75

65

32

22
16

32

16

11

8

19

9

6

5

9

5

3

2

3

2

1

1

17

11

8

9

2 4 6 8
0

100

200

300

400

500

Tank
Pipeline
Pump
HES

BMS
PCS
Electrolyte

Electrolyte

Stack

Tank
Pipeline
Pump
HES

BMS
PCS

Stack

Electrolyte

Tank
Pipeline
Pump
HES

BMS
PCS

Stack

Electrolyte

Tank
Pipeline
Pump
HES

BMS
PCS

Stack

$399 kWh–1

$249 kWh–1

$182 kWh–1

$328 kWh–1

$253 kWh–1

$228 kWh–1

$215 kWh–1$161 kWh–1

$149 kWh–1

$510 kWh–1

$239 kWh–1
 

$322 kWh–1
 

$185 kWh–1 
$258 kWh–1

 

$228 kWh–1
 

C
os

t (
U

S$
 k

W
h–1

)

E/P

2 4 6 8

E/P

$161 kWh–1 

60 mW cm–2 60 mW cm–2

Cost of each component, in US$ kWh–1

Cost of each component, in US$ kWh–1 Cost of each component, in US$ kWh–1

Cost of each component, in US$ kWh–1

203

102
68 51

128

128

128
128

65

32

22
16

32

16

11

8

19

9

6

5

19

9

6

5

11

5

4

3

34

20

14

13

0

100

200

300

400

500

600

C
os

t (
U

S$
 k

W
h–1

)

151

76
51

38

128

128

128
128

16

16

16
16

8

8

8
8

5

5

5
5

5

5

5
5

3

3

3
3

13

13

13
13

20 40 60 80
0

100

200

300

400

C
os

t (
U

S$
 k

W
h–1

)

Power density (mW cm–2)

133

67
45

33

75

75

75
75

16

16

16
16

8

8

8
8

5

5

5
5

2

2

2
2

1

1

1
1

9

9

9
9

20 40 60 80
0

100

200

300

C
os

t (
U

S$
 k

W
h–1

)
 

Power density (mW cm–2)

E/P = 8 E/P = 8

a b

c d

Fig. 4 | The ultralow-corrosion Zn/Br FB was more cost-effective than a 
traditional Zn/Br FB in most application modes. a,b, Cost calculation as a 
function of discharge duration (energy to power, E/P) at 60 mW cm−2 based on 
current performance, showing that our corrosion-resistant Zn/Br FB (a) costs 
less than the traditional Zn/Br FB (b). HES, heat exchange system; BMS, battery 
management system; PCS, power conversion system. Our system eliminates 
complexing agents such as MEP and expensive corrosion-resistant membrane 
materials, pipelines and electrolyte tanks. The two-electron transfer in our 

system reduces the number of redox species and thus the cost of the electrolyte. 
c,d, Cost calculation at different power densities (ranging from 20 mW cm−2 
to 80 mW cm−2) for our system (c) and the traditional Zn/Br FB (d) with E/P = 8. 
At constant E/P, improving the power density of the system substantially 
reduced the size of the stack and the amount of related materials used, thereby 
substantially reducing costs. See Supplementary Tables 2–13 for detailed cost 
calculations.
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cost down further to approximately US$149 kWh−1 (Fig. 4c), and the 
cost gap with the traditional Zn/Br FB (US$215 kWh−1) (Fig. 4d) would 
be mainly in the electrolyte. Therefore, our Zn/Br battery with a long 
discharge duration promises to be a low-cost and corrosion-resistant 
alternative for large-scale energy storage applications.

Conclusions
In summary, we have reported a chemical reaction for next-generation 
bromine FBs. Introducing SANa as a scavenger into the electrolyte 
effectively reduces the concentration of free Br2 to ~7 mM. Reducing 
corrosive and volatile free Br2 in this way substantially improves bat-
tery stability and reduces costs, because corrosion-proof materials are 
no longer needed. Compared with traditional single-electron transfer 
reactions (Br−/Br2), the two-electron transfer process (Br−/Br–SANa) 
in our reaction greatly improves the energy density of the battery. 
When combined with a Zn anode, we obtained a high-energy-density, 
ultralow-corrosion Zn/Br FB. Our single battery was stable for >600 
cycles and had an EE of over 80% at 40 mA cm−2. Furthermore, the inte-
grated 5-kW system assembled using the reaction demonstrated an 
output energy of ~6.6 kWh, an EE of 78% and a remarkable cycle life 
of over 700 cycles (or ~1,400 h). Our work shows that it is feasible to 
design mild, long-life and high-energy-density Br-based batteries for 
grid-scale applications.

Methods
Chemical reagents and materials
All commercial reagents for single battery tests and characterization 
were obtained from Aladdin and used as received without further puri-
fication. The reagents for the battery system test were purchased from 
Nantong Reform Chemical. Nafion 115 was purchased from Dupont. 
The SPEEK membrane was prepared according to our previous work32. 
The Daramic membrane was purchased from Polypore (Shanghai) 
Membrane Products. The carbon felt electrode was purchased from 
Liaoyang J-Carbon Materials. All electrolytes were prepared with deion-
ized (DI) water.

Electrochemical measurements
The CV tests were performed using a typical three-electrode system.  
A 3-mm-diameter Pt electrode was used as the working electrode unless 
specified otherwise. The working electrode was polished with Al2O3 
powder and rinsed with DI water. A saturated calomel electrode (SCE, 
0.242 V versus standard hydrogen electrode (SHE)) and a graphite rod 
were used as reference and counter electrodes, respectively. All elec-
trochemical measurements were performed on a Gamry Multichannel 
System installation.

Electrochemical kinetics calculations
The electron transfer rate constants (k0) were calculated using the 
following equation33:

I = 0.227nFACk0 exp [−
αnF
RT (E − E0)] (7)

Here, n is the electron transfer number, F is the Faraday constant, 
A is the electrode area, C is the concentration of active species, α is 
the charge transfer coefficient, F is the Faraday constant, R is the gas 
constant, E is the peak potential and E0 is the equilibrium potential.

The chemical reaction rate constant (k′) was calculated by the 
following equation:

Icat = nFACR
∗(Dk′CZ

∗)
1/2

(8)

Here, Icat is the peak oxidation current from CV measurements, CR* 
is the initial concentration of Br−, D is the diffusion coefficient and CZ* 
is the initial concentration of SANa.

Thermodynamics calculations
The chemical equilibrium constants (K1) of amino compounds (Ns) 
reacting with Br2 were calculated according to

Ns + Br2 ⟺ H+ + Br− + BrNs (9)

K1 =
[H+][Br−][BrNs]

[Ns][Br2]
(10)

logK1 = log[H
+] + log[Br−] + log[BrNs] − log[Ns] − log[Br2] (11)

The initial concentrations of Ns and Br2 were known and were set 
to the same value. The equilibrium concentrations of BrNs and Br− were 
obtained from the pH change, that is, the amount of protons generated. 
Because the proportion of Br2 hydrolysis was extremely low (for the 
10 mM Br2 solution, the proportion is less than 3%), its contribution 
to the Br− and H+ concentration after achieving reaction equilibrium 
could be ignored. Therefore, the remaining concentration of [Br2] 
after the reaction was almost the same as the remaining concentra-
tion of [Ns]; meanwhile, the concentrations of generated [BrNs] and 
Br− were the same.

log [Br2]
[BrNs] = − 12pH − 1

2 logK1 (12)

After adding acetate (Ac−) as the buffer, the chemical equation was 
changed to the following form:

Ns + Br2 + Ac
− ⟺ HAc + Br− + BrNs (13)

K2 =
[HAc][Br−][BrNs]
[Ns][Br2][Ac

−] (14)

Combined with the dissociation constant of HAc (KHAc, 
1.8 × 10−5 M−1), the chemical equilibrium constants K2 can be calcu-
lated as follows:

KHAc =
[H+][Ac−]
[HAc] (15)

K2 =
K1
KHAc

(16)

log [Br2]
[BrNs] = − 12pH − 1

2 logK2 + 2.38 (17)

In situ Raman spectroscopy and SERS detection
Raman spectra were collected on the quartz tub with a Raman–AFM 
(atomic force microscope) combination (Nano Wizard Ultra Speed and 
inVia Raman) using a 532-nm laser. During the charging and discharg-
ing process, Raman signals were collected every 2 min. For the in situ 
SERS analysis of the electrode, a typical three-electrode system was 
adopted with Au (radius = 1 mm) as the working electrode, which was 
placed in KCl solution to achieve a rough surface. Raman spectra were 
collected using a 632-nm laser.

Mass spectroscopy
Mass spectroscopy was performed using a liquid chromatography–
mass spectroscopy (time-of-flight high-resolution, Q-TOF 6540) com-
bination. The mobile phase was DI water to prevent side reactions 
with the electrolyte. Negative-ion mode was used to detect anions in 
the electrolytes.
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Infrared spectroscopy
For infrared spectroscopy measurements, the SPEEK membrane was 
pressed onto the surface of a diamond detector. The SPEEK membrane 
was then processed by vacuum freeze-drying after being immersed in 
the solution. Infrared spectroscopy was performed using a Thermo 
Fisher Scientific Fourier transform infrared spectrometer (Nicolet iS50) 
using the attenuated total reflectance method. The infrared spectra 
were collected 32 times after background subtraction.

1H NMR measurement
The NMR spectrum was obtained using a 400-MHz NMR spectrometer 
(Bruker Avance III). DMSO-d6 was used as the solvent due to the strong 
hydrogen–deuterium exchange in the amino group for water and other 
proton solvents. The solution of Br–SANa in DMSO-d6 has to be tested 
immediately or it will react with the DMSO-d6.

Morphological measurement
For the super-depth surface profile measurement, the raw current 
collector and the cycling one were tested, respectively. Surface fluctua-
tions were evaluated using a super-depth surface profile microscope 
(VK-8550) with a magnification of ×400. The HTSCRN mode was used for 
height data collection, and the solid mode for three-dimensional imag-
ing. The morphology of the carbon felt and membrane were detected 
by scanning electron microscopy ( JSM-7800F and SUI510 instruments).

UV spectroscopy
For the UV spectroscopy measurements, the Br2 extracted by carbon 
tetrachloride (CCl4) was tested in a quartz cell (1-cm thickness) with an 
absorbance peak of 415 nm. Pure CCl4 was used for the reference cell. 
UV spectra data were recorded using a UV–vis spectrometer (TU-1901, 
Beijing Purkinje General Instruments) with a range of ~300–600 nm.

The amount of Br2 extracted by CCl4 is consistent with that in 
the aqueous layer (Supplementary Fig. 42). Due to the dissociation 
equilibrium of Br–SANa in the aqueous phase (Br–NH–SO3

− + HAc + 
Br− → Br2 + NH2-SO3

− + Ac−), the concentration of Br2 after extraction 
remains almost unchanged, considering the large amount of Br–SANa 
in the solution. Because the distribution coefficient is close to 1, the Br2 
concentration in the CCl4 layer is identical to the initial free Br2 con-
centration in the aqueous phase. It should be noted that Br2 has a low 
solubility in water, and the distribution coefficient between CCl4 and 
water can reach 29. However, due to the presence of a large amount of 
Br− in the solution, which has a co-solvent effect on Br2, the distribution 
coefficient is substantially reduced to 1.

Degree of sulfonation measurement
The SPEEK membrane was freeze-dried for 6 h and cut into pieces 
for the NMR tube. After being fully dissolved, using DMSO-d6 as the 
solvent, it was then used for 1H NMR detection. The degree of sulfona-
tion (DS) of the SPEEK membrane was calculated according to the 
following equation34:

DS
12 − 2DS =

AH1
∑AHN

(18)

where AH1 represents the integrated peak area of the signal correspond-
ing to the ortho-position H peak of -SO3H, and ∑AHN  represents the 
integration area of all the other aromatic hydrogens.

Permeability measurement
The permeability test was conducted using a diffusion cell with an 
effective diameter of 1.7 cm, with a membrane separating the two 
compartments. A 900-μm Daramic membrane was used for the tradi-
tional Zn/Br electrolyte and a SPEEK membrane was used in our Zn/Br 
electrolyte. Each side was filled with 50 ml of the anolyte and catholyte, 
respectively, after the FB had been charged (26.8 Ah l−1). To minimize 

concentration polarization, the solutions on both sides were continu-
ously stirred. At regular intervals, 3-ml samples were withdrawn and 
extracted with CCl4 to measure the concentration of active Br2 species. 
After each sampling, an equal volume of fresh electrolyte was added 
to maintain a constant volume. The Br2 concentration was determined 
using UV–vis spectrometry, and the concentration of Br–SANa was 
measured by adding 1 M HBr to the diluted solution to convert it to Br2.

Zn2+ concentration measurement
The concentration of Zn2+ was determined using ICP-OES (Avio 550 Max 
instrument, PerkinElmer). First, 0.500 g of the electrolyte (1.488 g ml−1) 
was diluted to 30.000 g with 2 wt% HNO3, then 0.500 g of this diluted 
solution was further diluted to 30.000 g with 2 wt% HNO3. The result-
ing solution, after two dilutions, was used for ICP-OES testing. The 
concentration of Zn2+ in the original electrolyte was calculated based 
on the Zn2+ test results from ICP-OES, combined with the atomic weight 
of Zn (65.38 g mol−1).

Electrode preparation
Carbon felt was used as electrodes for both the cathode and anode of 
the FB. The carbon felt for the anode was not further treated. The car-
bon felt for the cathode was loaded with carbon nanotubes to improve 
its activity and conductivity. First, 1 g of carbon nanotubes was mixed 
with 0.1 g of PVDF and 400 g of N-methylpyrrolidone (NMP) and stirred 
overnight to prepare a slurry. The carbon felt, with an electrode area 
of 48 cm2, was then soaked in the slurry for 10 s and dried in an oven 
at 80 °C for 24 h.

FB measurements
The FB was assembled by sandwiching the membrane between two 
carbon felts as cathode and anode, and clamped by two carbon-based 
current collectors. The carbon felt was cut to 6 × 8 cm2 with a thickness 
of 5 mm, and the compressed ratio was ~30%. The SPEEK membrane 
(thickness of ~60 µm) designed by us was used for the battery test in a 
near-neutral environment, and Nafion 115 was used for the battery test in 
a strongly acidic environment. The volume of electrolytes on both sides 
was set to 60 ml. The electrolytes were pumped by a magnetic-drive 
pump and the flow rate was kept at ~70 ml min−1. The FB test was car-
ried out on a NEWARE battery test system (CT-4008T-5V12A), with 
constant capacity charging cutoff and voltage discharging cutoff 
(0.1 V). FBs operating at different temperatures were assessed in a 
constant-temperature chamber with a temperature range from 10 °C 
to 60 °C (ET-020L system, Shanghai ESPEC). The specific capacity (C) 
of the battery was calculated based on the catholyte volume using the 
following formula:

C = Cdischarge/V (19)

The energy density was calculated based on the actual discharge 
energy of the battery under specific conditions and the volume of the 
catholyte. The calculation formula is as follows: E = Edischarge/VEdischarge 
represents the energy output of the battery (Wh), V is the volume of 
the catholyte (L).

Stacks and battery system measurement
The 5-kW system was assembled by connecting 30 single cells in series, 
with an active area of 1,900 cm2. Components such as bipolar plates, 
membrane materials and PVC frames were designed and processed by 
our group. The system was equipped with a BMS to detect the system 
temperature, electrolyte flow rate and other parameters. The system 
was charged and discharged under constant power. The charging cut-
off was capacity and the discharge cutoff was 24 V. Two parallel tests 
of stacks were investigated to analyse the changes in stack materials 
before and after cycling. The pump power of the system was only 180 W, 
accounting for just 3.6% of the total power.
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Computational methods
Density functional theory calculations were performed using the Gauss-
ian 16 (ref. 35) package. For bond energy calculations, all structures were 
optimized at the B3LYP/def2-TZVP level, including the atom-pairwise 
dispersion (D3) correction36,37 with Becke–Johnson38 (BJ) damping, fol-
lowed by a frequency calculation. For Gibbs free-energy calculations, 
the structures were first optimized with the B3LYP/6-31+G(d) calculation 
level, also including D3BJ correction, followed by a frequency calcula-
tion. The solvation energy was then calculated by the energy of M05-
2X/6-31G(d) with the implicit universal water solvation model based on 
solute electron density (SMD)39 minus the energy of M05-2X/6-31G(d) in 
vacuum. We added 1.89 kcal mol−1 for each 1 mol of molecules solvated 
from vacuum to liquid. A single-point energy calculation of each opti-
mized structure was subsequently carried out at B3LYP/def2-TZVP40 
including D3BJ correction. The Gibbs free energy of each structure 
was the sum of the thermal correction to the Gibbs free energy from 
the frequency calculation, solvation energy and single-point energy.

Cost calculation
The calculation of future practical system costs was based on MW-class 
systems. All system costs were calculated based on a model stack con-
sisting of 60 cells of 3,600 cm2 connected in series, which was a mature 
stack design for our group. The electrode area of the stack on each side 
was 21.6 m2 (3,600 cm2 × 60), and the number of stacks required per 
MW (N) was calculated as

N = 4629.62/P (20)

where P is the power density (mW cm−2
electrode area) at which the sys-

tem operates. Details of all component costs are provided in 
Supplementary Tables 2–13.

To further reflect the practicality and commercial value of the 
system, we conducted a comprehensive cost analysis, including the 
stack, electrolyte, control system and auxiliary equipment. In addi-
tion to the price of key materials, the cost per kWh of the system was 
closely related to the operating mode, especially the power density and 
cycle duration. For stacks, as power density increased, the number of 
stacks required for a fixed power decreased substantially, which means 
a decrease in the demand for key materials such as membranes and 
electrodes. In addition, the extension of cycle duration could linearly 
increase the output energy of a single stack. The cost per kWh would 
thus also be notably reduced. Therefore, increasing the power density 
and extending the cycle duration are key factors to reduce system costs.

For a 1-MW system design, as the charging time increased from 
2 h to 8 h, the system cost per kWh dropped substantially from 
US$399 kWh−1 to US$161 kWh−1 (Fig. 4a), with the main part of the cost 
reduction being for the stack (US$179 kWh−1 versus US$45 kWh−1), 
which accounted for approximately half of the total cost.

Compared with the system we designed, the cost of the tradi-
tional Zn–Br FB system was much higher. This was because our elec-
trolyte was cheaper (US$128 kWh−1 versus US$75 kWh−1) due to the 
absence of expensive complexing agents such as MEP (Fig. 4a,b). 
Because our electrolyte system was less corrosive, key materials 
had lower corrosion-resistance requirements, such as membranes 
(SPEEK US$12.3 m−2 versus Daramic US$30 m−2), pipelines, tanks and 
pumps. However, for Zn hybrid FBs, the cycle duration was limited by 
the Zn dendrite issue. It was necessary to suppress this by optimizing 
the electrolyte composition and electrode structure to extend the 
cycle duration.

Similarly, if the power density were increased from 20 mW cm−2 
to 80 mW cm−2, the cost of the system (1 MW/8 MWh) would drop from 
US$249 kWh−1 to US$149 kWh−1 (Fig. 4c). This cost reduction also mainly 
came from the substantial reduction in the stack cost (US$133 kWh−1 
versus US$33 kWh−1). According to our assumptions, if the power den-
sity of the system were greatly increased and the charging time of the 

system greatly increased in the future, the cost of the system could be 
expected to reduce to approximately US$150 kWh−1, which is close to 
that of lithium-ion batteries.

Br-based battery cost comparison
Our comparison of Br-based battery performance included Ti-Br41, 
[MV]Br2-Br42, (2HO-V)Br2-Br43, H-Br44, AQDS-Br45, 2,7-AQDS-Br46 and 
Sn-Br47. Some systems had clearly indicated energy densities, but the 
energy densities (E) of the other systems were calculated based on 
the battery’s specific discharge capacity (C) and the battery’s average 
discharge voltage (V) according to

E = C × V (21)

E refers to the energy density of the battery (in units of Wh l−1), C the 
specific capacity of the battery (in Ah l−1) and V the average discharge 
voltage of the battery (in V).

Data availability
All relevant data are included in the paper and its Supplementary 
Information. Source data are provided with this paper.
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