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SUMMARY

The highly reversible zinc-bromine redox couple has been successfully applied in
the zinc-bromine flow batteries; however, non-electroactive pump/pipe/reser-
voir parts and ion-selective membranes are essential to suppress the bromine
diffusion. This work demonstrates a zinc-bromine static (non-flow) battery
without these auxiliary parts and utilizing glass fiber separator, which overcomes
the high self-discharge rate and low energy efficiency while the advantages of the
zinc-bromine chemistry are well preserved. It is achieved by a multifunctional ad-
ditive, tetrapropylammonium bromide (TPABr), which not only mitigates the
bromine cross-diffusion by regulating the fluidic bromine to a condensed solid
phase but also provides a favorable interface for zinc electrodeposition toward
non-dendritic growth. The proposed zinc-bromine static battery demonstrates
a high specific energy of 142 Wh kg~ with a high energy efficiency up to 94%.
By optimizing the porous electrode architecture, the battery shows an ultra-sta-
ble cycling life for over 11,000 cycles with controlled self-discharge rate.

INTRODUCTION

Energy storage devices with high energy density, long cycling life, and low cost are eternal goals to meet
the ever-increasing demands from portable electronic devices, electric vehicles, and renewable energy
sources (Armand and Tarascon, 2008). Conventional lithium-ion batteries have dominated the market for
decades owing to their relatively high energy density (150 Wh kg‘w) (Dunn et al., 2011; Nitta et al., 2015).
However, the inherent safety hazard of the flammable organic electrolyte and high cost limit their large-
scale applications such as for stationary energy storage (Tarascon and Armand, 2001; Turcheniuk et al.,
2018). Flow batteries with multiple redox couples in aqueous media are one of the most promising tech-
nologies for large-scale energy storage (Yang et al., 2011). Among them, zinc-bromine flow batteries are
very appealing, owing to their attractive features of long cycling life (Soloveichik, 2015).

A typical Zn-Br; flow battery is composed of two reservoirs for storage of the ZnBr; electrolyte, which are
connected to the reactor by pumps/pipes (Ke et al., 2018). The basic redox reactions in the battery are sum-
marized as following equations:
At the positive electrode:

2Br < Bro+2e” (E°=1.08V versus SHE)
At the negative electrode:

Zn** +2e o Zn (E°=-0.76 V versus SHE)
Overall reaction:

Zn** +2Br o Br,+Zn (E°=1.84V)

During the charge process, Br; is generated at the positive electrode and further complexes with Br™ in
aqueous media to form highly soluble Brs™ ions, while zinc is deposited at the negative electrode simulta-

neously (Noack et al., 2015). Reverse reactions occur at the respective electrodes during the discharge pro-
cess, providing a high theoretical energy density of 432 Wh kg™ (Biswas et al., 2017; Darling et al., 2014).

4')

pa:

'State Key Laboratory of
Chem/Biosensing and
Chemometrics, College of
Chemistry and Chemical
Engineering, Hunan
University, Changsha 410082,
P.R. China

2Advanced Catalytic
Engineering Research Center
of the Ministry of Education,
Hunan University, Changsha
410082, P.R. China

3State Grid Shanghai
Municipal Electric Power
Company, 310 South of
Chongging Road, Shanghai
200025, P. R. China

“Lead Contact

*Correspondence:
xliang@hnu.edu.cn

https://doi.org/10.1016/].isci.
2020.101348

oprnir iScience 23, 101348, August 21, 2020 © 2020 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:xliang@hnu.edu.cn
https://doi.org/10.1016/j.isci.2020.101348
https://doi.org/10.1016/j.isci.2020.101348
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101348&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

Although the highly soluble Brs species accelerates the redox kinetics, it reacts with the zinc anode directly
by cross-diffusion, leading to self-discharge and low coulombic efficiency (Huskinson et al., 2014; Wang
et al.,, 2017). Another existing issue for zinc-based battery is the dendritic Zn deposition, which potentially
triggers an internal short circuit (Li et al., 2018a, 2018b; Yuan et al., 2018). These challenges are alleviated
with the multiple approaches of a standard Zn-Br; flow battery: (1) Bromine complexing agents transform
the soluble Br3™ species to oily phase (Winsberg et al., 2017; Wu et al., 2019); (2) storage of the oily phase in
separated reservoirs allows bromine convection and improves the limiting current density for Zn deposition
(Gur, 2018; Soloveichik, 2015); (3) ion-selective membrane further prevents cross-diffusion and short circuits
(Hu et al.,, 2017; Zhang et al., 2019). These approaches are compromised at the expense of cell resistance,
energy efficiency (normally <80%), and increased system size and complexity (Biswas et al., 2017; Zhao
etal., 2015). They sharply increase the capital costs from $8 per kWh based on ZnBr; electrolyte and carbon
electrode to over $200 per kWh for a battery system, which is not superior at all when compared with the
current Li-ion technology (Biswas et al., 2017; Winter et al., 2018). The flowable and corrosive Br,/Brs” spe-
cies further reduce the reliability of the system, leading to cell failure by parts corrosion instead of by the
intrinsic redox chemistry (Evanko et al., 2018).

In typical Zn-Br, flow batteries, converting the soluble Br,/Brs” species to oily complexation phase by asym-
metric quaternary ammonium salts such as methyl ethyl pyrrolidinium bromide (MEPBr) or methyl ethyl
morpholinium bromide (MEMBTr) does not fully address the cross-diffusion and poor coulombic efficiency
(Soloveichik, 2015; Xie et al., 2017). Auxiliary components such as microporous polyolefin or Daramic mem-
brane and the bromine storage system (reservoirs, pumps, pipes) as discussed above are essential to
achieve an acceptable performance (Huskinson et al., 2014; Park et al., 2017). Since most of these auxiliary
components in Zn-Br;, flow battery are correlated to address the cross-diffusion of the Br,/Br3™ species, the
most straightforward strategy to simplify the battery system is transforming the soluble species to solid
phase. In short, this requires a fundamental change to store Br,/Brs” species in non-flow energy storage
systems in a manner that suppresses cross-diffusion and self-discharge by a simple and affordable mech-
anism, as proposed by Stucky et al. for the aqueous redox-enhanced electrochemical capacitors (Yoo et al.,
2017). Efforts had been made recently to realize flowless Zn-Br; batteries by entrapment of Brs™ in the cath-
odes; however, the coulombic efficiencies are normally lower than 90% and the energy efficiencies are
lower than 80% (Chun et al., 2015; Lee et al., 2019).

In this work, we demonstrate a zinc-bromine static (non-flow) battery without the auxiliary moving parts and
utilizing a glass fiber separator, which overcomes the high self-discharge rate and low energy efficiency
while the advantages of the zinc-bromine redox couple are well maintained. This is achieved by an effective
complexing agent, tetrapropylammonium bromide (TPABr), reversibly converting the Br,/Brs™ species to
solid phase in aqueous media. The solid complexation is stored in porous carbons with good interfacial
contact, further providing physical confinements to prevent the cross-diffusion and self-discharge. We
also witness the zinc electrodeposition is altered from dendritic to non-dendritic growth by the polar
TPA™ ions, which prefer to be adsorbed on zinc nucleus, blocking the strong electric field and regulating
the ion distribution on the interface (Ding et al., 2013). In such a simplified design, the Zn-Br; static battery
has a similar configuration to the Li-ion batteries. The proposed zinc-bromine static battery demonstrates a
high specific energy density of 142 Wh kg™ at 500 mA g~ (equivalent to 150 W kg™") with a high energy
efficiency of 94%. Note that the current densities and specific capacities are based on the mass of cathodes
only, whereas the power densities and energy densities are calculated with the total mass of the cathode
and active materials in electrolytes (ZnBr, and TPABr). Owing to the highly reversible bromine capture ca-
pacity of the TPABr additive, the battery shows an ultra-stable cycling life for over 11,000 cycles with min-
imum self-discharge rate. Our static battery configuration offers a cost-effective and easy fabrication path
for spreading the Zn-Br; battery to practical application.

RESULTS

Reversible Solid Complexation of Br, in Aqueous Media

The non-flow zinc-bromine battery with regular porous glass fiber separator is particularly prone to low
coulombic efficiency, as shown by the blank electrolyte (Figure 1A). This is due to the serious cross-diffusion
of the highly soluble Br,/Br3” species, which results in direct redox reaction with the zinc anode. Although
the diffusion is alleviated in flow batteries by the combination of the ion-selective membranes and the
bromine complexing agents (such as MEPBr), the zinc-bromine flow batteries are still plagued by self-
discharge and low coulombic efficiency (Biswas et al., 2017). Relying solely on the MEPBr additive does
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Figure 1. Properties of Bromine Complexing Agents

(A) Coulombic efficiencies and capacity retentions of the static batteries with (1) blank (ZnBr»), (2) MEPBr, and (3) TPABr
electrolytes at 100 mA g’1 0.3 mA cm™2).

(B) The image of the carbon cloth electrode after being charged for 1 h at 5 mA cm™2 in TPABr electrolyte.
(C) Br3™ solution and its complexation by MEPBr and TPABr, respectively.
(D) Raman spectra of the Brs solution and the supernatants of the Br3” + MEPBr and the Bry” + TPABr mixtures.

not show much improvement for coulombic efficiency in the static battery (Figure 1A). In sharp contrast, the
static zinc-bromine battery with the TPABr complexing agent shows high reversibility with decent
coulombic efficiency of 99.6%, as shown in Figure 1A. It is much higher than that of the recently reported
“flowless” Zn-Br, batteries, which only show coulombic efficiencies of <90% (Lee et al., 2019). We ascribe it
to the strong complexing ability of the TPABr additive, which fully transforms the soluble Br,/Brs” species to
solid phase in the electrode. Figure 1B shows the electrochemical generation of a solid complex on the
surface of a carbon cloth electrode by passing anodic current in the ZnBr,/TPABr electrolyte.

We studied the complexation chemistry of Brs” with TPABr and other quaternary ammonium salts with
different chain length to demonstrate the effectiveness of suppressing the cross-diffusion (see Figure S1
for the molecular structure). Figure 1C and Figure S2 visually show the complexing product of the freshly
prepared Br3” solution with quaternary ammonium salts (see Methods for detail). Conventional complexing
agent of MEPBr for flow batteries is also shown for comparison. The yellow Brs3™ anion solution is immedi-
ately transferred into a colorless supernatant with solid precipitation by the TPABr additive, whereas MEPBr
forms an oily liquid with certain amount of Br3™ residual in the supernatant, as shown in Figure 1C. The su-
pernatant was further characterized by Raman spectrum (Figure 1D). The symmetric stretching band of Bry
at 165 cm™" is obvious in the MEPBr mixture (Chen et al., 2010; Yoo et al., 2017), implying insufficient
complexation by MEPBr additive. The residual Brs™ in the supernatant leads to cross-diffusion, which inev-
itably decreases the overall columbic efficiency, as shown in Figure 1A. However, the TPABr complexed su-
pernatant is colorless with minor Raman response, verifying that no Brs” remains in the supernatant after
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complexing. This is consistent with the high coulombic efficiency of the cell with the TPABr complexing
agent. This approach is vastly different than the electrostatic attraction mechanism proposed to retain
bromine species by the oppositely charged electrodes, which only shows a minor effect on the suppression
of self-discharge (Chun et al., 2015). The precipitate discussed here is identical to the TPABr3 solid complex
formed electrochemically on the electrodes, as confirmed by Raman spectrum (Figure S3) and XRD pattern
(Figure S4).

It is worth noting that the voltage profile of the cell with the TPABr electrolyte is significantly different from
that of the MEPBr electrolyte, as shown in Figure 2A. Notably, the voltage of the cell with TPABr rises at the
end of the charge process, followed by a “knee” point at the beginning of discharge. The large polarization
of CMK-3 electrode at the beginning of the discharge is due to blocking of the pores of the electrode by the
non-conductive TPABr3 precipitation, which impedes the charge transfer path. Subsequent formation of
TPABr3 will aggregate on the electrode surface at the end of charge process, as shown by the SEM image
of the charged carbon cloth electrode (Figure 2B). Figure S5 shows the corresponding SEM images of the
CMK-3 electrode at different SOC; it is obvious that the surface of the electrode was covered by TPABr3
crystals after it was fully charged (Figure S5F) but it disappeared after discharge (Figure S5G). It is under-
standable that the MEPBr3 is a flowable oily phase that does not prefer to adsorb on the substrates so a flat
voltage is obtained, as evidenced by the clean charged electrode (Figure S6). This phenomenon is sup-
ported by the electrochemical impedance spectroscopy (EIS) of the cell at different state of charge
(SOCQ) (Figures 2C and 2D). The semicircles at the high frequency and middle frequency regions are corre-
sponding to the ion migration process and the charge-transfer process, respectively (Orazem and Tribollet,
2017). Obviously, the charge-transfer impedance increases during the charge process with a sudden in-
crease at the end of charge, which results in the rising of the charge potential simultaneously. The high
charge transfer resistance is also attributed to the high polarization at the beginning of discharge. But it
returns to a normal level with the consumption of the solid bromine phase on the electrode. In contrast,
the impedance of the blank cell and MEPBr cell does not show such features (Figure S7).

Note that the cell has very stable cycling performance with a high coulombic efficiency of 99.6% even when
a higher cutoff voltage of 2.2 V is applied (Figure S8). The high coulombic efficiency indicates that the
plateau at 2.2 Vis attributed to the electrodeposition of TPABr3; on the electrode instead of water splitting.
However, the large polarization at high cutoff voltage will definitely decrease the energy efficiency. So, the
charge cutoff voltage is set only about 0.1 V higher than the charge voltage plateau. This highlights the
importance of the porosity of the electrode to the specific capacity of the cell, which will be discussed in
the next section. Figure S9 shows the cyclic voltammogram (CV) curves of the three cells. Different from
the other two cells, the cathodic currents of the TPABr cell do not fluctuate with the change of scan rate.
Although it is clear that the electrochemical process of the bromine chemistry in solution is controlled
by diffusion process, the constant cathodic peak current of the cell with the TPABr additive indicates
that the formation of the solid product determines the reaction rate.

Self-discharge is one of the most critical parameters for energy storage systems, determining the perfor-
mance after intermittent application or storage (Palacin and de Guibert, 2016). Simply transferring the flow-
type Zn-Br; battery to a non-flow battery without using microporous membrane represents a system with
serious self-discharge, owing to the fast cross-diffusion of the soluble Bry/Brs™ species. We constructed
transparent cells to demonstrate the mechanism of self-discharge (Figure S10). All cells were galvanostati-
cally charged at 20 mA. It is obvious that the blank electrolyte and the MEPBr electrolyte changed to
yellowish (color of the Br,/Brs™ species) only after 10 min of charge, implying a large amount of Br3™ had
diffused into electrolytes. It results in direct reaction between Brs” in the electrolytes and the zinc anode,
namely, severe self-discharge. In sharp contrast, the TPABr electrolyte remained colorless after 2 h of
charge with yellow precipitate on the electrode (Figure S10). We thus anticipate superior anti-self-
discharge property with the TPABr additive because the formation of TPABr3 solid complexes will greatly
suppress the cross-diffusion. We quantified the self-discharge by testing the retained capacity after stor-
age using a charged (activated) Zn-Br; cell at open-circuit voltage (OCV), as shown in Figure 2E. All cells
were charged to the same specific capacity of 180 mAh g~ (0.54 mAh cm™) at a current of 500 mA g~
(1.5 mA cm™2, 21.6 min). The OCV of each cell was recorded during the rest period. Not surprisingly, the
blank cell demonstrates a very fast self-discharge rate. Its coulombic efficiency drops from 70% to 32% after
only 1 h. Although MEPBr additive can partially complex the Br3™ anion as an oily phase as discussed above,
its coulombic efficiency still reduces by 30% after 1 h. Only about 20% of the capacity can be delivered after
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Figure 2. Electrochemical Behaviors of the Static Batteries with Different Electrolytes
(A) Voltage profiles at 100 mA g_1 (0.3mA cm ™).

(B) SEM image of the carbon cloth electrode after being charged for 1 h at 1 mA cm™ in TPABr electrolyte.

(C and D) EIS spectra of the battery with TPABr at different SOC and the corresponding voltage profile at 100 mA g~
(0.3 mA cm™).

(E) Coulombic efficiencies of the batteries versus rest time between charge and discharge processes at 500 mA g~
(1.5 mA cm™3).

(

F) Voltage profiles with 24 h of rest between charge and discharge processes at 500 mA g~ (1.5 mA cm ™).

24 h of storage for these two cells, implying the fast redox with zinc anode caused by the Brs™ anion cross-
diffusion. On the contrary, the cell with the TPABr additive shows minor self-discharge after 1 h of rest.
Remarkably, the coulombic efficiency only drops by 4% after 24 h of storage. Note that, even when utilizing
a Nafion membrane with complicated system design, conventional zinc-bromine flow Battery still suffers a
self-discharge rate of 10% per day (Lim et al., 1977; Yang et al., 2011). Figure 2F shows the voltage profiles
with a rest period of 24 h. The OCV of the two control cells decayed continuously during the rest period,
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Figure 3. Rate Performances of the Zinc-Bromine Static Batteries with the TPABr Additive

(A) Comparison of the physical characteristics of activated carbon (AC) and CMK-3.

(B) Comparison of the charge and discharge voltage profiles of the batteries with activated carbon (AC) cathode and
CMK-3 cathode at 100 mA g~ (0.3 mA cm™?).

(C) SEM image of the fresh CMK-3 electrode.

(D) SEM image of the fully charged CMK-3 electrode.

(E and F) Rate performance of the battery with CMK-3 cathode and the corresponding charge and discharge voltage
profiles. Current densities and specific capacities are based on the mass of cathode.

leading to the disappearance of the following discharge voltage plateau. However, the cell with TPABr has
a constant OCV, implying the cross-diffusion is greatly suppressed by the TPABr complexing agent.

Storing the Solid Br,/Br;” Species in Porous Carbon

Although the mobility of Br,/Brs™ is successfully controlled by TPABr complexing agent, exploring a robust
conductive porous material to contain the solid phase is essentially important for a static Zn-Br, battery. Obvi-
ously, similar to Li-S battery where pores provide physical confinement for the soluble polysulfides (Chen et al.,
2019; Pang et al., 2016), a substrate with large surface area and pore volume is highly desired for the static Zn-Br,
battery. We systematically compared two kinds of popular porous carbon substrates: activated carbon
and CMK-3. Brunauer-Emmett-Teller (BET) analysis suggests that the activated carbon has a specific surface
area of 879.6 m? g~' and pore volume of 0.447 cm® g~', whereas the CMK-3 has a specific surface area of
1,456 m? g~ and pore volume of 1.624 cm® g™, respectively (Figure 3A). Figure 3B shows the voltage profiles
of the cells with these two electrodes, at a current density of 100 mA g_1 (0.3 mA cm 2. The carbon loading of
the electrodes is both about 3 mg cm™2. Not surprisingly, the CMK-3 cathode delivers a much higher specific
capacity than the activated carbon (497 versus 227 mAh g™, or 1.5 versus 0.7 mAh cm ™). Figure S11 shows
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the voltage profiles of the symmetric cell using ZnCl, solution as electrolyte and CMK-3 as both anode and cath-
ode. It s a typical capacitor with the discharge specific capacity of about 43 mAh g~" (0.1 mAh cm™?), indicating
the adsorbing of zinc ions only contributes a little capacity to the static battery. In contrast to the carbon cloth
electrode with numerous TPABr; crystals on the surface (Figure 2B), the morphology of the fresh CMK-3 elec-
trode and the fully charged CMK-3 electrode are identical (Figures 3C and 3D). Although the XRD patterns sug-
gest there is a certain amount of TPABr3 in the fully charged CMK-3 electrode (Figure S12), it indicates that the
TPABr3 is stored in the pores of CMK-3. BET analysis of the CMK-3 electrode recovered from the charged cell
shows a vast decrease of pore volume (1.624 versus 0.025 cm® g™") (Figures $13B and $13C), again proving that
the solid bromine phase is stored in the pores. This further indicates the significance of the pore volume in the
performance of the Zn-Br; battery.

We witness a superior rate performance of the CMK-3 electrode (Figure 3E) than that of the activated car-
bon electrode (Figure S14A). The CMK-3 electrode delivers high specific capacities of 426, 398, 369, 326,
and 300 mAh g=' (1.3, 1.2, 1.1, 1.0, and 0.9 mAh cm™?) at the current densities of 500, 1,000, 2,000, 5,000,
and 10,000 mA g’1 (1.5, 3.0, 6.0, 15, and 30 mA cm™?), respectively (Figure 3E). The corresponding energy
efficiencies are 94%, 93%, 92%, 88%, and 83%, respectively. Remarkably, it delivers a specific capacity of
237 mAh g~" (0.7 mAh cm™2) with 70% energy efficiency at an ultrahigh current density of 30,000 mA g~
(90 mA cm~2, equivalent to 127 C). These performances are much better than that of the activated carbon
(Figure S14A). The coulombic efficiency of the static Zn-Br, battery is likely to be independent of the current
density, i.e., 99.5% coulombic efficiency is still achieved at slow current of 500 mA g~' (1.5 mA cm™2). This
againimplies that the Br,/Brs” species are converted to solid phase and well stored in pores. The CMK-3 cell
with MEPBr electrolyte only conveys very limited improvements over the cell with blank electrolyte, as
shown in Figure S15. It is worth noting that the CMK-3 has a larger pore size than the activated carbon
(3.94 versus 1.02 nm) (Figure 3A). We attribute the decent rate performance to the meso-sized pores of
the CMK-3, which facilitate electrolyte penetration compared with micro-sized pores, particularly at high
current densities. Figure 3F shows the corresponding voltage profiles of the CMK-3 electrode. Notably,
the voltage plateaus are flatter than that of the activated carbon electrode (Figure S14B).

Inhibiting the Dendrite Growth

Dendrite growth is the main challenge for batteries with metal anodes (Li et al., 2018a, 2018b; Li and Dai,
2014). Although stable cycling performance of a practical battery relies on a favorable interface between
the electrode and electrolyte, the dendritic feature of the zinc metal during plating gives rise to huge prob-
lem, particularly for long-term cycling (Wang et al., 2018). The zinc dendrite has a high surface area, which
catalyzes the detrimental reaction with electrolyte. It also trends to detach from the anode, leading to fast
capacity decay of the zinc-based batteries (Tan et al., 2017). The classic model suggests that the uneven
distributions of electric field and zinc ion flow are the main factors for dendrite formation (Wang et al.,
2015). During a typical electrodeposition process, zinc atoms nucleate at the active sites to form small pro-
trusions, resulting in a stronger electric field and denser ion distribution above these areas (Parker et al.,
2014). The following ions are more facile to deposit along these protrusions, which eventually aggregate
as dendrite growth (Haxhimali et al., 2006). The Zn plating behavior in the TPABr electrolyte was
revealed by SEM imaging. Zn electrodes were retrieved after plating 2 mAh cm™ Zn at a current density
of 5mA cm~2in Zn|Zn symmetric cells. The Zn plated in the blank electrolyte shows a typical needle-shaped
morphology with large porosity (Figure 4A). The high-surface-area dendrites exacerbate reaction with the
electrolyte, leading Zn pulverization after 100 h (125 cycles) of repeated plating/stripping (Figure 4D). In
contrast, the Zn plated in the TPABr electrolyte shows more featureless with compact electrodeposition
film (Figures 4C and 4F), implying non-dendritic zinc deposition. This is because the TPA™ cation is a sur-
factant in nature and prefers to be absorbed on the zinc protrusions, which blocks the strong electric field
and regulates the ion distribution on the interface (Ding et al., 2013)' The Zn plated with the MEPBr additive
has a similar condensed morphology, albeit forming islands instead of extensive film (Figure 4B). Neverthe-
less, these islands turn into big dendrites after 100 h (125 cycles) of repeated plating/stripping (Figure 4E).
Thisis due to the higher surface activity and polarity of TPA™ than that of MEP* (Nishiyama et al., 2005; Scott
and Willett, 1991), enabling a more powerful absorbability. Repeat stripping/plating measurements were
carried out in symmetric Zn|Zn cells to validate the long-term role of the TPABr additive. As shown in Fig-
ure 4G, the cell in the blank electrolyte only cycled for 26 h (33 cycles) before the cell failure by short circuit.
In sharp contrast, the cell with TPABr additive showed a very stable potential profile for over 2,000 h (2,500
cycles) without any sign of a short circuit (Figure 4G, red). The over 70-fold improvement in cycling life
proves that the additive is effective in stabilizing zinc electrodeposition. We further evaluated the
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Figure 4. Zinc Platting/String Behaviors

(A-C) SEM images of the zinc anodes after once plating in (A) blank, (B) MEPBr, and (C) TPABr electrolytes, respectively.
(D-F) SEM images of the zinc anodes after stripping/plating for 100 h in (D) blank, (E) MEPBr, and (F) TPABr electrolytes,
respectively.

(G) Voltage profiles of the Zn|Zn symmetric cells.

(H) Coulombic efficiencies of zinc stripping/plating on Cu foil.

stripping/plating reversibility in Zn|Cu cells to demonstrate the degree of the parasitic reaction (Tikekar
etal., 2016) (Figure 4H). The coulombic efficiency of the cell in blank electrolyte demonstrated a drastic fluc-
tuation and quickly decreased to 45% before a short circuit occurred at the 192th cycle. However, the cell
with TPABr revealed a high coulombic efficiency at 99.9% and stable performance for over 1,500 cycles,
demonstrating the favorable interface for Zn electrodeposition. As a result, not only the dendrite-related
safety issue is resolved by the TPABr additive but also the electrolyte depletion is greatly suppressed, which
avoids electrolyte drying out and will greatly extend the cycling life of the battery.

Long-Term Performance of the Zinc-Bromine Static Batteries

The complexing chemistry we explored that converts the Br,/Brs™ to solid phase is significantly different
from the MEPBr agent for flow Zn-Br; battery and other approaches that bind Br,/Brs™ to the host by inter-
actions (Lee et al., 2019). The soluble Br,/Br3” species in electrolyte are remarkably precipitated as TPABr3
solid complex, whereas free Br,/Brs” is negligible. However, the MEPBr additive can only partially complex
with Bry/Brs” species as an oily liquid, which only shows little improvement over the static cell without a com-
plexing agent. The TPABr; solid phase is stored in the meso-sized pores of CMK-3, guaranteeing charge
transfer and further suppressing cross-diffusion in the cell. Moreover, electrodeposition of zinc is favorable
with the TPABr additive, which solves the stability issue of the zinc anode. With all these improvements, we
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Figure 5. Electrochemical Performances of the Zinc-Bromine Static Batteries with the CMK-3 Electrode
(A) Long-term cycling stability at 5,000 mA g~ (15 mA cm™2).

(B) Cycling performance of the battery with Cu foil anode at 5,000 mA g_1 (15 mA cm ™).

(C) Cycling performance of the battery with TPABr; cathode at 1.27 mA cm™2.

(D) Comparison of the Ragone plot of the zinc-bromine static battery with several standard devices: electrochemical
capacitors (EC), lead-acid batteries, nickel-metal hydride batteries, lithium-ion batteries, and zinc-bromine flow batteries.
Data of these standard devices are cited from the literature (Lin et al., 2015; Shukla et al., 2001).

are allowed to study the long-term reversibility of the zinc-bromine redox couple in our simplified static
cell. In such a device with exactly the same configuration as the Li-ion batteries, regular porous glass fiber
is used as the separator without treatment.

Figure 5A shows the long-term cycling stability of the battery with CMK-3 electrode at 5,000 mA g~
(15 mA cm~?). The initial specific capacity is 324 mAh g’1 (1.0 mAh cm~?), which decreases to 240 mAh g’1
(0.7 mAh cm™?) after 1,000 cycles and 205 mAh g~ (0.6 mAh cm™?) after 11,000 cycles. The capacity degradation
rate is 0.026% per cycle at the first 1,000 cycles, and for the remaining 10,000 cycles itis as low as 0.001% per cycle.
The battery demonstrates a high coulombic efficiency of 99.9% and energy efficiencies of 87%-92%, respectively.
We notice the energy efficiency increases with the decrease of the current density, as shown in Figure S16. The
cell at 500 mA g~ (1.5 mA cm ) current density has an energy efficiency of 94%, which is superior to that of the
Zn-Br; flow battery and is comparable with the Li-ion technology (Biswas et al., 2017; Nitta et al., 2015).

Benefiting from the high stripping/plating efficiency of zinc in the electrolyte with TPABr additive, the
static battery we proposed can even cycle stably without a zinc anode. A piece of Cu foil was used for
Zn electrodeposition in a full battery. The discharge cutoff voltage was set at 1.1 V to avoid the plati-
ng/stripping of Cu. Remarkably, the battery delivers a comparably high initial specific capacity of
322 mAh g_1 (1.0 mAh cm™). A specific capacity of 218 mAh 9_1 (0.7 mAh cm™?) is maintained after 500
cycles with a high coulombic efficiency of 99.5% and energy efficiencies of 87%-92% (Figure 5B). The cor-
responding charge and discharge voltage profiles are shown in the Figure S17.

The aqueous zinc-bromine static battery represents a safe battery technology that could bear extensive
destruction, such as cutting with scissors. There is no fire ignition or smoking during the destruction;
instead, the output voltage is well maintained, as visually demonstrated by the Video S1.

We note the solubility of the electrolyte and the amount of electrolyte would affect the practical energy
density. However, we here prove that using TPABr3 as the active material in the cathode (the complexed
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Battery Type Maximum Energy =~ Maximum Power Coulombic Energy Cycling  Reference
Density (Wh kg™")  Density (Wkg™")  Efficiency (%) Efficiency (%) Life

Zn-Br; (flow) 135 NA 95 75 1,000 (Biswas et al.,
2017)

Zn-Br; (single) NA NA 92 82 70 (Lai et al., 2013)

Zn-Br; 90 3,100 99 NA 7,000 (Yu et al., 2020)

(supercapattery)

EV-Br, hybrid 64 3,000 97 84 7,000 (Yoo et al., 2017)

supercapacitor

AQDS-Br; flow 50 NA 95 NA 15 (Huskinson et al.,

battery 2014)

Zn-Br;, (static) 142 13,000 99.9 94 11,000 This work

Table 1. Comparison of Different Energy Storage Devices Involving Zn-Br, Redox Couple or Based on Bromine Chemistry
For comparison, all energy densities were converted using the total weight of the positive, negative electrodes and the active material mass.

solid form of bromine during charge) could potentially solve the solubility dependency issue of the TPABr +
ZnBr, electrolyte. As shown in Figure 5C, the battery demonstrates a high specific capacity of 90 mAh g,
or 6.3 mAh cm~?, based on the total mass of the cathode (weight of TPABr3, CMK-3, super P, and PVDF),
together with a high coulombic efficiency of 99.5% and energy efficiency of 90% at a current density of
1.27 mA/cm?. It is worth noting that the areal capacity of this battery is superior to state-of-the-art lithium
ion batteries (6.3 versus 4 mAh cm™) and is much higher than the capacity delivered by the TPABr + ZnBr,
electrolyte (2.7 mAh cm™2).

The Ragone plot in Figure 5D shows the comparison of the zinc-bromine static battery with several other
standard devices (Lin et al., 2015; Shukla et al., 2001). The power density and energy density of the zinc-
bromine static battery is based on the total mass of the cathode (CMK-3, super P, and PVDF) and the active
materials in electrolyte (ZnBr, and TPABr). The zinc-bromine static battery delivers a high energy density
of 142 Wh kg™" at a power density of 150 W kg~". Impressively, even at an ultrahigh power density of
13kW kg™ (exceeding the maximum power density of electrochemical capacitors), it still retains a high en-
ergy density of 99 Wh kg™'. The power performance is much superior to other zinc-based batteries
involving metal oxide intercalation electrodes (Kundu et al., 2016; Pan et al., 2016). Table 1 summarizes
the key parameters of the energy storage devices involving Zn-Br; redox couple or based on bromine
chemistry (Biswas et al., 2017; Huskinson et al., 2014; Lai et al., 2013; Yoo et al., 2017; Yu et al., 2020). These
batteries, mainly run with the “flowing electrolyte” concept and are plugged with high cell polarization and
complicated system design. They are challenged by the low energy efficiencies and high capital costs,
which are key parameters for large-scale energy storage. In contrast, the zinc-bromine static battery de-
livers a higher energy density, power density, energy efficiency, and longer cycling life. Overall, these re-
sults demonstrate that the zinc-bromine redox couple in a simple cell configuration as the Li-ion batteries
can deliver stable long-term cycling performance with high energy as well as power densities.

DISCUSSION

The zinc-bromine chemistry is promising for large-scale energy storage, as demonstrated by the commer-
cialized Zn-Br; flow battery in the past decades. However, the complicated system and the resulted high
capital costs of the Zn-Br; flow battery made it not superior to the current Li-ion technology. We proposed
a revolutionary battery configuration to demonstrate the advantages of the zinc-bromine redox couple. In
such a simplified module, all the auxiliary components such as the microporous polyolefin or Daramic mem-
brane and the electrolyte flowing system for flow batteries are eliminated. Instead, the Zn-Br; static battery
has a regular sandwich-type configuration with the readily available glass fiber as the separator, which is as
simple as a typical Li-ion battery. This is enabled by regulating the active Br,/Brs” species in the battery from
a highly soluble phase to solid phase by a multifunctional additive. The TPABr additive in electrolyte con-
verts the soluble Bry/Brs™ species by reversible complexation. By the combination with a highly porous
CMK-3 electrode, the cross-diffusion and self-discharge are fundamentally resolved. The aforementioned
auxiliary components are thus excluded while all the advantages of the Zn-Br, redox couple are well
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maintained. Although the long-term cycling of the zinc metal-based batteries is challenged by the den-
dritic growth on Zinc anode, it is simultaneously overcome by the multifunctional TPABr additive, which
shows favorable interface for zinc electrodeposition toward non-dendrite growth. The Zn-Br; static battery
we proposed demonstrates a high specific energy of 142 Wh kg™' at 500 mA g~ (equivalent to 150 W kg™")
with a high energy efficiency of 94%. In particular, the battery shows an ultra-stable cycling life for over
11,000 cycles with minimum self-discharge rate.

Given the fact that all materials in the battery are readily available and inexpensive, the static battery is
anticipated to have a dramatic cutoff of the capital costs compared with the flow batteries. Moreover,
the Zn-Br; static battery has a similar configuration as the Li-ion batteries but all of the components are
not sensitive to moisture and oxygen. Dry rooms or other special environments are not required during
cell assembly, further simplifying the scale-up production. Our static battery configuration offers a cost-
effective, easy fabrication path for spreading the Zn-Br, battery to practical application.

Limitations of the Study

The zinc-bromine static battery we proposed here still suffers from little rate of self-discharge (4% per 24 h),
which reflects the conversion of the soluble Br,/Brs™ species to the solid TPABr3 phase is not complete.
Further in-depth study about the complexing chemistry and its kinetics might afford a more efficient
bromine complexing agent. In addition, the performance of the static cells was studied by using Swagelok
cells instead of pouch cells. Thus, design of a pouch cell with Ah capacity is essential to evaluate the prac-
tical potential of this technology.
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Supplemental Figures
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Figure S1. The structural formula of TPABr, related to Figure 1.

i 5T PREESY
Figure S2. Brs™ solution and its complexations by TMABr, TEABr, TPABr and TBABr, respectively,
related to Figure 1.
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Figure S3. Raman spectra, related to Figure 1.
Raman spectra of the yellow solid generated in the charge process in the battery and the chemically
synthesized TPABrs.
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Figure S4. XRD patterns, related to Figure 1.
XRD patterns of the yellow solid generated in the charge process in the battery and the chemically
synthesized TPABrs;.



Figure S5. SEM images of the CMK-3 electrode at different SOC, related to Figure 3.

The letter numbers of the images are corresponded to the letter numbers in Figure S15C.

Figure S6. SEM image, related to Figure 2.
SEM image of the carbon cloth electrode after being charged for 1 hour at 1 mA cm? in MEPBr
electrolyte. Clean surface indicates the oily Bromine complexing product is not absorbed on the

carbon fibers.
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Figure S7. Electrochemical impedance spectroscopy (EIS), related to Figure 2.
EIS of the batteries with activated carbon cathode at different state of charge (SOC) and the

corresponding voltage profiles at 100 mA g (0.3 mA cm™) in different electrolytes. (A and B) blank
electrolyte. (C and D) MEPBr electrolytes.
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Figure S8. cycling performance, related to Figure 2.

(A) cycling performance of the battery with activated carbon electrode in TPABr electrolyte at 500 mA
g1 (1.5 mA cm?).

(B) the corresponding charge and discharge voltage profiles.

The cut-off voltage is set at 2.2 V.
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Figure S9. Cyclic voltammogram, related to Figure 2.

Cyclic voltammogram of the zinc-bromine static batteries in different electrolytes at different scan
rates. (A) bland electrolyte. (B) MEPBr electrolyte. (C) TPABr electrolyte. Activated carbon electrode
served as working electrode, zinc foil as counter electrode and Ag/AgCl electrode as reference

electrode.
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Figure S10. The self-discharge diffusion of bromine species, related to Figure 2.

Photographic images of the transparent cells to show the self-discharge diffusion of the
electrochemically generated bromine species. Zinc foil is served as anode and cathode is carbon cloth.
The electrolytes are the blank, the MEPBr and the TPABr solutions, respectively. The cells were
galvanostatically charged at 20 mA.
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Figure S11. Voltage profile, related to Figure 3.
Voltage profile of the symmetric cell using ZnCl, solution as electrolyte and CMK-3 as both anode and
cathode. Ag/AgCl electrode was served as reference electrode. The cell was tested at a current of 100
mA g (0.3 mA cm™).
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Figure S12. XRD patterns, related to Figure 3.
XRD patterns of the fully charged CMK-3 electrode and fresh CMK-3 electrode.
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Figure S13. N, sorption isotherms, related to Figure 3.

N, sorption isotherms of the porous carbon. (A) activated carbon. (B) CMK-3. (C) fully charged CMK-3.
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Figure S14. Rate performance, related to Figure 3.
Rate performance of the battery with activated carbon cathode (A) and the corresponding charge and

discharge voltage profiles (B).
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Figure S15. Electrochemical behaviors, related to Figure 3.

Electrochemical behaviors of the batteries with CMK-3 cathode in different electrolytes.

(A) Coulombic efficiencies and capacity retentions at 500 mA g™* (1.5 mA cm2).

(B) Charge and discharge voltage profiles at 500 mA g (1.5 mA cm™).

(C and D) EIS of the battery with TPABr at different SOC and the corresponding voltage profile at 500
mA g (1.5 mA cm™2).

(E) Coulombic efficiencies of the batteries vs. rest time between charge and discharge processes.

(F) Voltage profiles with 24 hours of rest between charge and discharge processes.
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Figure S16. Long-term cycling performances, related to Figure 5.

Long-term cycling performances of the zinc-bromine static batteries with CMK-3 cathodes in the
TPABr electrolyte at different current density. (A) 500 mA g™ (1.5 mA cm™). (B) 1,000 mA g (3.0 mA
cm2). (C) 2,000 mA g™ (6.0 mA cm™). (D) 10,000 mA g (30 mA cm™). (E) 30,000 mA g* (90 mA
cm2).
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Figure S17. voltage profiles, related to Figure 5.

Charge and discharge voltage profiles of the battery with CMK-3 cathode and Cu foil anode at 5,000
mA g (15 mA cm™).
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Figure S18. voltage profiles, related to Figure 5.

Charge and discharge voltage profiles of the zinc bromine static battery with TPABr; electrode at
1.27 mAcm?,



Transparent Methods

Materials

All reagents and starting materials were used as received without any further purification. The Brs
solution is prepared as reported (Evanko et al., 2016). The resulted Brs™ solution is in dark orange.
Then 1 mL H,0, 1 mL1 M MEPBr and 1mL 1 M TPABr were added into 3 mL 120 mM Brs respectively,
to show the complexations of Brs” by MEPBr and TPABr. CMK-3 was synthesized as reported

elsewhere (Jun et al., 2000).

Materials characterization

Raman analyses were carried out on a bench Raman dispersive microspectrometer (InVia Reflex,
Renishaw) using a laser (wavelength of 532 nm) at frequencies between 1,500 cm™ and 10 cm™. XRD
measurements were carried out on a Bruker D8-Advance powder X-ray diffractometer operating at 40
kV and 30 mA, using Cu-Ka radiation (A = 0.15405 nm). SEM studies were carried out on a FEl QUANTA

200 environmental SEM instrument. Electrodes were gently washed with deionized water and dried
at 60 °C. Brunauer-Emmett-Teller (BET) measurements were carried out on a JW-BK200C surface

area analyzer operating at nitrogen atmosphere with the adsorption temperature of 77 k.

Electrochemical measurements
The activated carbon or CMK-3 powder, poly(vinylidene fluoride) (PVDF) and super P were mixed in

dimethylformamide (DMF) with a mass ratio of 8 : 1 : 1. Then the slurry was cast on a titanium foil
followed by drying for 12 h in air at 60 °C. The average mass loading of the carbon in the electrode is

3.0 mg cm™. As for the TPABr; electrode, the mass ratio of TPABrs, CMK-3, PVDF and Super P is 6.4 :
1.6 : 1: 1, and its average mass loading is 70 mg cm™. Zinc foil (0.1 mm thickness) was used as the
anode. Glass fiber was placed between the anode and cathode as the separator. Electrochemical
studies were performed in PFA-based Swagelok-type cells (1/2 inch diameter). The electrolyte
formula is 0.5 M ZnBr; (blank electrolyte), 0.2 M MEPBr + 0.5 M ZnBr, (MEPBr electrolyte), or 0.2 M
TPABr + 0.5 M ZnBr; (TPABr electrolyte), and the amount of electrolyte used in a battery is 100 pL.
The electrolyte for the TPABr; electrode is the TPABr electrolyte, and the electrolyte amount is 80 pL.
The cells were then galvanostatically charged/discharged on a Land BT2001A battery test system
(Wuhan, China) at room temperature. The charge cut-off voltages were set about 0.1 V higher than
the charge voltage plateaus, and the discharge cut-off voltages were set at 0.5 V. For the Zn|Zn
symmetric cells, we used a protocol of 24 minutes of stripping followed by 24 minutes of plating with
a current density of 5 mA cm for each cycle. To investigate the zinc stripping/plating efficiencies,
copper foil is used as the counter electrode. Zinc is plated on Cu foil at 5 mA cm™ for 24 minutes,
followed by charging up to 0.5 V at the same current density. The electrochemical impedance
spectroscopy (EIS) was performed on a VSP-3 electrochemical workstation (Bio-Logic, France) using a
100 pA perturbation with a frequency range of 10 mHz to 1 MHz. Cyclic voltammetry measurements
were performed on a VSP-3 electrochemical workstation (Bio-Logic, France) in a three-electrode cell
with a Ag/AgCl reference electrode. The scanning voltage range was set from 0 to 0.9 V at scan rates

various from 10 to 50 mV s,
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