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Broader context

Fully exploited imidazolium bromide for
simultaneous resolution of cathode and
anode challenges in zinc—bromine batteries¥

Linyu Hu,1* Chunlong Dai,1* Yudong Zhu,® Xu Hou,” Zhimeng Liu,© Xin Geng,®
Hailong Wang,“ Jing Chen, Nuo Sun,® Qinlang Rong,“ Yuhao Zhu,® Xin He (&) *©
and Yuanjing Lin (2 *4

Aqueous zinc—bromine (Zn-Br,) batteries feature operational safety and high-energy and high-power
densities, but suffer from polybromide dissolution in the cathode and the low reversibility of Zn metal in
the anode. Here, we demonstrate that these challenges can be simultaneously tackled by using a fully
exploited imidazolium bromide (MPIBr). An in-depth analysis demonstrates that MPIBr enhances both
the reversibility and kinetics of Zn anodes. This enhancement arises from MPI* cations participating in
the formation of an H,O-scarce inner Helmholtz plane, suppressing water-associated side reactions.
Additionally, electron-donating Br~ ions contribute to the Zn?*-solvation sheath, forming [Zn(H,O)sBrl*
that promotes Zn?* migration and faster interfacial kinetics. Furthermore, the robust chelation between
the MPI™ cation and Br,~ species significantly impedes shuttling. Notably, the Br~ anion and Zn?* cation
in the electrolyte can construct a dual-plating Zn—-Br, battery, eliminating the necessity for active mate-
rials on both the cathode and anode. The as-prepared dendrite-free and shuttle-free dual-plating
Zn—-Br, batteries demonstrate stable cycling for 1000 cycles even under 100% depth of discharge. This
work deepens the understanding of electrolyte composition on electrode interfaces, driving the
advancement of high-performance and cost-effective Zn-halogen batteries.

Aqueous zinc-based batteries, featuring natural abundance, eco-friendliness, and intrinsic safety, have emerged as promising candidates for large-scale energy
storage. In particular, zinc-bromine (Zn-Br,) batteries, utilizing liquid bromine as the cathode, have the characteristics of high energy density and high power

density. However, challenges such as the dissolution of polybromides in the cathode and the limited reversibility of the Zn anode could lead to a shortened

cycle life. Although significant efforts have been undertaken to address the issue of severe polybromide dissolution, the stability of Zn anodes has been

overlooked for Zn-Br, batteries. Besides, attempts to address polybromide dissolution in the cathode may inadvertently worsen the stability of the Zn anode,
while electrolyte additives meant to improve Zn anode reversibility may accelerate polybromide dissolution. Consequently, it is highly desired to

simultaneously tackle the challenges on both the Br, cathode and the Zn anode through rational modification on electrolytes, yet it is largely unexplored.

In this study, these challenges can be simultaneously tackled by using a fully exploited imidazolium bromide. This work provides in-depth insights into the

electrode interfaces and promotes the implementation of practical high-performance Zn-halogen batteries.
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Rechargeable aqueous zinc-based batteries are emerging as
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fiting from the natural abundance, eco-friendliness, intrinsic
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potential (1.087 V vs. SHE).* Accordingly, aqueous zinc-bromine
(Zn-Br,) batteries hold great promise for large-scale energy
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cost-effectiveness.”® Notably, static Zn-Br, batteries have
received widespread attention without the need for expensive
ion exchange membranes or additional auxiliary equipment
such as pumps or pipelines.” However, their practical applica-
tions are not achieved due to the challenges on both the cathode
and anode. Highly soluble polybromides induce the shuttle
effect at the cathode,®® while the hydrogen evolution reaction
(HER) and dendritic growth easily occur at the Zn anode,'*™*
resulting in poor Coulombic efficiency (CE) and a shortened
lifespan.

Current research on Zn-Br, batteries predominantly focuses
on addressing the issue of severe polybromide dissolution,"*™®
while the stability of Zn anode is hard to ensure simulta-
neously. To construct a highly reversible and stable Zn anode,
one of the effective approaches to tackle the challenges of Zn
anode lies in the modification of electrolyte composites. Various
functional additives have been used to inhibit the HER and
dendrite growth through constructing an electrostatic protective
layer'®! or robust solid electrolyte interphase (SEI)*>** on the Zn
anode, introducing a pH buffer zone at the electrode/electrolyte
interface’”* and regulating the electric field distribution of
electrolyte.”® While these strategies indeed improve the CE and
the cycling life of the Zn anode, they typically lead to a reduction
in the Zn plating/stripping reaction kinetics, mainly due to the
increased interfacial resistance, decreased ion conductivity, or
reduced Zn”* ion transfer kinetics.””>° Simultaneously achieving
rapid plating/stripping reaction kinetics and reversible Zn anodes
is highly desired, but still remains largely unrealized. Besides,
attempts to mitigate polybromide dissolution in the cathode may
inadvertently worsen issues with the Zn anode. Similarly, electro-
lyte additives designed to enhance the reversibility of the Zn
anode may accelerate polybromide dissolution. Therefore, devel-
oping a multifunctional electrolyte component is in great
demand to simultaneously address issues with both electrodes.
While recent reports have noted the use of dual-functional
additives in aqueous Zn-MnO, and Zn-I, batteries, this concept
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is still in its early stages.”***" Realizing aqueous Zn-Br, bat-
teries with inhibition on dendrite growth and the shuttle effects
remains largely unexplored.

Here, we report a fully exploited imidazolium bromide
(1-methyl-3-propylimidazolium bromide, denoted as MPIBr)
to construct a dendrite-free and shuttle-free dual-plating Zn-
Br, battery (Fig. 1). MPIBr simultaneously enhances the rever-
sibility and kinetics of Zn anodes. The preferential adsorption
of MPI' on the Zn anode promotes its entry into the inner
Helmholtz plane (IHP), facilitating the formation of an H,O-
scarce IHP (Fig. 1a). This not only enables dendrite-free Zn
deposition, but also acts as a barrier between water molecules
and the Zn anode, thereby inhibiting the HER. Consequently,
the asymmetric Zn|Cu cells show a long cycling life of 2600
cycles, demonstrating the effective suppression of side effects.
Moreover, electron-donating Br~ ions participate in recon-
structing the Zn>'-solvation sheath (Fig. 1b), leading to the
optimization of electrostatic potential and desolvation energy
of the Zn** solvation structure. This optimized structure signifi-
cantly enhances the plating/stripping kinetics of the Zn anode.
Asymmetric Zn | Cu cells with MPIBr deliver a lower nucleation
overpotential (9 vs. 47 mV at 1 mA cm ™) compared to the cells
without MPIBr. Furthermore, the strong chelating interaction
between MPI" and polybromides (Br, ") effectively inhibits the
dissolution of Br,” (Fig. 1c), leading to an enhanced CE
and prolonged cycling life of Zn-Br, batteries. Significantly,
the Br~ anion in the MPIBr can directly participate in the
construction of Zn-Br, batteries through an in situ dual-
plating process (Fig. 1d). The as-constructed dual-plating Zn-
Br, battery shows a long cycling life of 1000 cycles under 100%
depth of discharge for both the cathode and anode, demon-
strating that the MPIBr simultaneously enables a highly rever-
sible Br, cathode and Zn anode. This work provides an in-depth
study on electrode interfaces, opening up a new avenue for
efficiently utilizing cations and anions of ionic liquid to con-
struct advanced Zn-halogen batteries.
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Fig. 1 Fully exploited MPIBr for dendrite-free and shuttle-free dual-plating Zn—Br; batteries. The role of MPI* in the (a) formation of an H,O-scarce IHP
on the Zn anode and (c) prevention of the dissolution of polybromides at the cathode. The contribution of Br~ to (b) the reconstruction of the Zn?*
solvation structure for fast kinetics and (d) the bromine source for the in situ construction of Br, cathode.
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Results and discussion
Reversible Zn anode enabled by MPIBr

The electrolytes were prepared by dispersing a certain amount
of MPIBr in 1 m (m: mol kg o ') ZnSO, aqueous electrolyte.
However, MPIBr is hard to be further dissolved as the concen-
tration reaches 3 m (Fig. S1, ESI{). Consequently, electrolytes
containing MPIBr at concentrations of 0.5 m, 1 m, and 2 m were
examined. The addition of MPIBr has a negligible effect on the
pH of the electrolytes (Fig. S2, ESIt). Comparative analysis
reveals that the introduction of MPIBr results in reduced
nucleation overpotentials during the Zn deposition process.
In particular, the electrolyte with 2 m MPIBr exhibited the
lowest nucleation overpotential, with only 9 mV at 1 mA em ™2,
which is much lower than that of the base electrolyte (47 mV,
Fig. S3a, ESIt), indicating that a reduced Zn nucleation barrier
is obtained with MPIBr. Besides, the observed high reversibility
in Zn||Cu cells (Fig. S3b, ESIt), coupled with the long-term
stability in Zn|Zn cells (Fig. S3c, ESIt), emphasizes the advan-
tage of employing the electrolyte containing 2 m MPIBr. There-
fore, the optimized formulation of 1 m ZnSO, mixed with 2 m
MPIBr (ZnSO,-MPIBr) was employed for further investigation.

To evaluate the Zn plating/stripping reversibility in the
electrolytes with and without MPIBr, asymmetric Zn|Cu cells
were tested at 2 mA cm > with a capacity of 1 mA h ecm ™2,
As shown in Fig. 2a, the cell with ZnSO,-MPIBr operates stably
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for more than 2600 cycles and delivers a remarkable average CE
of 99.9%, which is among the best compared to other reported
works®>"?>?32746 (Fig. 2b and Table S1, ESI{). In contrast, the
cell in the ZnSO, electrolyte fails within 100 cycles with a sharp
decline of CE and high polarization (Fig. S4, ESIt). The high CE
indicates the limited side reactions during Zn plating/stripping
processes, which is further proved by PXRD (Fig. S5, ESI{) and
hydrogen evolution reaction (HER) (Fig. S6a, ESIt) tests.
Besides, a more positive corrosion potential of the Zn electrode
in the ZnSO,-MPIBr electrolyte demonstrates the heightened
corrosion resistance in electrolytes containing MPIBr (Fig. S6b,
ESIT). Long-term cycling stability in the electrolytes was inves-
tigated using Zn||Zn symmetric cells (Fig. S7, ESIf). The
cell utilizing the ZnSO,~MPIBr electrolyte demonstrates excel-
lent cycling stability with stable plating/stripping for over
2100 hours, proving a highly reversible Zn plating/stripping
process, while those with ZnSO, electrolyte suffer from a short
circuit after ~120 hours.

The SEM images reveal the evolution insights of the Zn
electrode during the plating/stripping processes (Fig. 2c, d
and Fig. S8 and S9, ESIt). In the ZnSO,-MPIBr electrolyte, the
cycled electrode maintains a flat and dense surface throughout
cycling, resulting in extended electrochemical durability.
In comparison, the electrode cycled in ZnSO, electrolyte exhibits
uneven deposition after the 1st plating process, followed by the
formation of trenches and pulverized particles in subsequent

4 110 b 3000 o Zinc gluconate

o ) i ZnSO,+CeCl,

100 This work X} o Zn(0TA),-Zn(NO,)

>

2 g9t Average CE: 99.9% ey ZnS0,+EGME

3 -e-ZnSO, — MPIBr £ P Zn(OTf),-DMMP

% 80 ~e-ZnSO, E B-CDZnSO, @ ZnSO,+NHP

o © ® Xylito/ZnsO, @ 70SL

£ 704 21000+ @D | ® ZnSO+NMP @ BA/ZnSO,

= 5 . o ( N APA-Zn(OTf), ® ZnSO,+SG

3 60 2mAcm =1 mAhcm” PY ® DDTC/ZnSO, WIL20

- 50 . . : i : 0 . . ’ ® PEGTE+Zn(CF,SO,), ® IL-AE
0 500 1000 1500 2000 2500 94 96 98 100 ® a-CD/ZnSO @ Pyridine-ZnSO,

Cycle number

Coulombic efficiency (%)

Fig. 2 Electrochemical performance of Zn plating/stripping processes. (a) CE of Zn|Cu cells with different electrolytes. (b) Comparison of the cycle
number and CE of Zn||Cu cells with other reported works. SEM images of Zn electrodes after 50 cycles in (c) ZnSO4—MPIBr and (d) ZnSO4 electrolytes at
1 mA cm~2 with 1 mA h cm™2. Scale bar: 30 um. FIB-SEM images of a cycled Zn electrode in (e) and (f) ZnSO4~MPIBr and (g) and (h) ZnSO, electrolytes.
Scale bar: 5 um. FIB-etched on the marked area in (e) and (g). 2D confocal images of cycled Zn foils in (i) ZnSO4—MPIBr and (j) ZnSO,4 electrolytes.
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cycles, which adversely affects the electrochemical performance.
Focused ion beam (FIB)-SEM images reveal dense and uniform
Zn deposition in the ZnSO,-MPIBr electrolyte (Fig. 2e and f),
while loosely and randomly deposited Zn is observed in the
ZnS0, electrolyte (Fig. 2g and h). 2D confocal microscopy mea-
surements were employed to further confirm the surface topo-
graphy of the cycled Zn anode (Fig. 2i, j and Fig. S10 and S11,
ESIT). The Zn cycled in the ZnSO,-MPIBr electrolyte exhibits a
smooth and uniform surface, featuring a height difference of
67.9 pm. In contrast, the Zn anode cycled in the ZnSO, electrolyte
displays noticeable protrusions with a height difference of
111.0 pm. The cycled Zn in the ZnSO,-MPIBr electrolyte also
shows high hydrophilicity, which facilitates lowering the inter-
facial free energy, thus promoting a uniform deposition of Zn
(Fig. S12, ESIYt). In situ optical observation was applied to monitor
the Zn deposition process in two types of electrolytes, further
demonstrating the uniform Zn deposition in the ZnSO,~MPIBr
electrolyte (Fig. S13, ESI}).

To investigate Zn deposition behavior, XRD patterns of Zn
deposition at various times were analyzed to study the evolu-
tion of the Zn surface during the stripping/plating process
(Fig. S14, ESIT). With increasing deposition time, the intensity
of the (002) facet in the ZnSO,-MPIBr electrolyte gradually
increases, suggesting predominant Zn growth along this facet.
In contrast, Zn deposition in the ZnSO, electrolyte tends to
favor the (101) facet, which is prone to dendritic formation.*°
These findings suggest that MPIBr promotes specific orienta-
tion in Zn deposition, thereby enhancing cycling stability.
Accordingly, Zn||Zn cells with ZnSO,~MPIBr electrolyte exhibit
significantly enhanced long-term cycling stability compared to
those with ZnSO, electrolyte even at high current densities of
5 and 10 mA cm™? (Fig. S15a and b, ESIt), surpassing that of
most recently reported electrolytes (Fig. S15c¢ and Table S2,
ESIt). Furthermore, shelving-recovery tests show the satisfac-
tory cyclic durability of Zn||Zn cells using the ZnSO,-MPIBr
electrolyte, demonstrating their feasible application under
practical conditions (Fig. S16, ESIY).

Electrode-electrolyte interface with MPI*

The electrode-electrolyte interface is vital for promoting uniform
Zn** deposition and suppressing side reactions. To explore the
factors contributing to the uniform Zn deposition in the ZnSO,-
MPIBr electrolyte, the surface chemistry of the cycled Zn anode
was evaluated using Ar" sputtering X-ray photoelectron spectro-
scopy (XPS) depth profiling. The obvious N 1s spectrum signal is
ascribed to MPI'; nevertheless, with increased sputtering depth,
the signal diminishes (Fig. 3a). Besides, the negligible change in
reduction current in the Na,SO,-MPIBr electrolyte suggests that
MPI" remains undecomposed (Fig. S17, ESIt).*” These results
indicate that MPIT' cations have the potential to enter the THP,
leading to the formation of an H,O-scarce IHP. First-principles
calculations were performed to calculate the adsorption energies
of MPI" and H,O on the Zn anode (Fig. 3b). According to the Zn
deposition orientation in the ZnSO,-MPIBr electrolyte (Fig. S14,
ESIt), further investigation is directed towards the Zn (002) facet.
MPI" exhibits a lower adsorption energy with the Zn (002) facet

This journal is © The Royal Society of Chemistry 2024
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compared to H,0, suggesting that MPI" can be preferentially
adsorbed onto the Zn surface. The charge density differences
between MPI" and Zn (002) reveal a noticeable electron transfer at
the surface, signifying strong electrostatic adsorption.

To further investigate the interface structure of Zn after
cycling in the ZnSO,~-MPIBr electrolyte, transmission electron
microscopy (TEM) measurements were conducted. The
aberration-corrected high-angle annular dark-field scanning
(AC-HAADF-STEM) image shows a clear amorphous region on
the Zn surface (Fig. 3c). However, the species within the amor-
phous region are often intricate and challenging to identify.*®
In this work, near-field infrared nanospectroscopy (nano-FTIR),
with a spatial resolution of 10 nm and the ability to detect local
molecular composition, was employed to further identify
organic species on the Zn surface.’® The atomic force micro-
scopy (AFM) and broadband IR “white light” (WL) images
illustrate the Zn deposited Cu foil, concomitant with the
adsorption of MPI" cations (Fig. 3d). The irregular brightness
distribution in the WL image arises from the inconsistent
chemical composition at the interface. Increased Zn deposition
results in higher conductivity, consequently leading to greater
IR reflection. Additionally, enhanced conductivity promotes the
deposition of Zn, leading to increased height, which corre-
sponds to the brighter areas in the high-resolution AFM image.
Consequently, local nano-FTIR spectra were recorded from the
marked brighter regions identified in both the AFM and WL
images. As shown in Fig. 3e, the observed peaks at 1610 and
1587 cm™ ' are ascribed to the C=C and C=N stretching
vibrations in the imidazole (Im) ring, respectively. The peaks
at 1460 cm™ ' and 1375 cm ™" are ascribed to the ¢_y; symmetric
bending vibration of alkane, consistent with the characteristics
of MPI",”*”! further confirming the adsorption of MPI" on the
Zn surface.

The distribution of each component was further investi-
gated by time-of-flight secondary-ion mass spectrometry (ToF-
SIMS). The 3D elemental distributions indicate that N and C
components were primarily enriched on the surface (Fig. 3f
and g), with signal intensity gradually decreasing within the
detected depth, aligning with the XPS results. During plating,
MPI" ions adsorb on the Zn surface, forming an N-rich layer
with strong mechanical properties that inhibit water infiltra-
tion and promote uniform Zn deposition. Such an interfacial
layer can effectively improve the reversibility and long-term
stability of Zn deposition (Fig. S18, ESI+).

Reconstruction of the Zn>* solvation structure with Br~

To further elucidate the mechanism behind the enhanced
stability of the Zn anode with MPIBr, the Zn>" solvation
structure in the ZnSO,-MPIBr electrolyte was first analyzed.
As observed in Raman spectra (Fig. S19, ESIt), the addition of
MPIBr results in the decreased peak related to the symmetric
stretching mode of [Zn(H,0)s]*", and the peak associated with
the SO, vibration shifts to a lower frequency. Besides, Fourier
transform infrared (FTIR) spectra reveal a blueshift in the
stretching vibration of SO,>” after the addition of MPIBr,

Energy Environ. Sci., 2024, 17, 5552-5562 | 5555
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of CN™ and CNO™ on cycled Zn detected by ToF-SIMS.

indicating a modification in the solvation structure of Zn>*
(Fig. 20, ESI¥).

X-ray absorption spectroscopy (XAS) measurements were
conducted to confirm the local structure of the electrolyte.
According to the Zn K-edge X-ray absorption near-edge struc-
ture (XANES) spectra (Fig. 4a), the valence state of Zn in the
ZnSO,-MPIBr electrolyte is slightly reduced than that in the
ZnSO, electrolyte, which could be attributed to the Br~ coordi-
nated in the solvation structure. The extended X-ray absorption
fine structure (EXAFS) spectrum indicates the existence of Zn-
Br coordination in the ZnSO,-MPIBr electrolyte (Fig. 4b), which
is consistent with the results observed in the ZnBr, solution.
The wavelet transform (WT) contour plot also confirms this
result (Fig. 4c). The lower electronegativity of Br~ leads to a

5556 | Energy Environ. Sci., 2024, 17, 5552-5562

stronger binding energy with Zn>* compared to H,O (Fig. S21,
ESI¥), thereby facilitating the formation of unique Zn>* solva-
tion structures.

Ab initio molecular dynamics (AIMD) simulation was per-
formed to analyze the Zn** solvation structure. At the beginning
of the simulation, an isothermal-isobaric ensemble (NPT) at
300 K for 10 ps with a 1 fs timestep was applied to ensure the
system from AIMD is equilibrated and reliable (Fig. S22, ESIt).
In the ZnSO, electrolyte, the typical solvation structure is
composed of Zn>" and six H,O molecules, with a percentage
of 86.1% (Fig. S23 and S24, ESIt). However, after the introduc-
tion of MPIBr, Br~ ions partially participate in the Zn>" solva-
tion structure (Fig. 4d). The radial distribution functions
(RDFs) for all the possible molecules® around Zn*" confirm

This journal is © The Royal Society of Chemistry 2024
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the coexistence of Zn**-0 (H,0), Zn**-0 (S0,>7), and Zn**-Br~
(MPIBr) in the electrolyte with coordination numbers of
4.95, 0.25, and 0.71, respectively (Fig. 4e). The percentage of
H,O surrounded Zn*" solvation structure decreases to 52.8%,
whereas the percentage of Br~ surrounded Zn>" solvation
structure reaches 30.5%, suggesting the participation of Br~
ions in the Zn>' solvation structure. These findings are
consistent with the Raman, FTIR, and XAS results. Density
functional theory (DFT) calculations further confirm that the
Br~ surrounded Zn”* solvation structure of [Zn(H,0)sBr|" exhibits
the optimal energy configuration with a lower free energy (Fig. 4f).

The reaction kinetics is closely related to the solvation
structure of the electrolyte, exerting a pivotal influence on
electrochemical reactions. In comparison with [Zn(H,0)s]*",
[Zn(H,0)sBr]" possesses a reduced electrostatic potential
(ESP), possibly attributed to the greater electron-donating abil-
ity of Br~ ions (Fig. 5a). The lower electrostatic potential (ESP)
effectively shields the repulsion between Zn** ions,”>* thereby
promoting the Zn** migration and transportation (Fig. 5a and
Fig. S25, ESIt). The time-dependent mean squared displace-
ment (MSD) was employed to analyze the diffusion coefficient
of all species (Fig. S26 and S27, ESIT). After introducing MPIBr
into the ZnSO, electrolyte, the diffusion coefficient of Zn>* ions
increased from 1.87 x 10 ® em? s™* to 2.59 x 10°°® ecm? s7%,
indicating that MPIBr can enhance Zn”* transport due to the

This journal is © The Royal Society of Chemistry 2024

lower ESP of the Br~ surrounded Zn>" solvation structure.
Besides, the ZnSO,~MPIBr electrolyte demonstrates the highest
ionic conductivity (50 mS cm™') compared to other electrolytes
(Fig. S28, ESIt). The solvation structure significantly impacts
the desolvation energy. During the plating process, the negative
polarization of the Zn surface causes the repulsion of anions,
leading to a more facile desolvation process and faster inter-
facial kinetics (Fig. 5b and c).>> Consequently, the activation
energy (E,) was measured by electrochemical impedance
spectroscopy (EIS) to evaluate the desolvation energy barrier
(Fig. 5d and Fig. S29, ESIt). According to the fitting results, the
E, of the ZnSO,~MPIBr electrolyte (28.5 k] mol™") is smaller
than that of the ZnSO, electrolyte (43.6 k] mol™ "), indicating
improved ion migration and Zn deposition kinetics.

The Zn||Cu cell with ZnSO,-MPIBr electrolyte exhibits a
nucleation overpotential of 9 mV at 1 mA cm > (Fig. 5e),
significantly lower than those of the cell using ZnSO, electrolyte
(47 mV) and many other reported electrolytes (Fig. S30 and
Table S3, ESIt). Besides, the Zn|Zn symmetric cell, utilizing the
ZnSO,-MPIBr electrolyte, exhibits a lower charge transfer impe-
dance compared to that with the ZnSO, electrolyte (Fig. 5f),
demonstrating the enhanced reaction kinetics. The rate perfor-
mances of Zn|Zn and Zn|Cu cells with the ZnSO,-MPIBr
electrolyte also demonstrate lower overpotentials under differ-
ent current densities than those with the ZnSO, electrolyte

Energy Environ. Sci., 2024, 17, 5552-5562 | 5557
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curves of Zn|Zn cells in ZnSO4 and ZnSO4—MPIBr electrolytes.

(Fig. S31-S33, ESIf), further confirming the fast kinetics
enabled by MPIBr. Besides, the Zn plating/stripping current
densities in the electrolytes with and without MPIBr were
studied as well. The Zn plating/stripping current densities in
the ZnSO,~MPIBr electrolyte are much larger than that in the
ZnSO, electrolyte (Fig. S34, ESIt), suggesting that MPIBr accel-
erates the Zn plating/stripping reaction kinetics. Thus, it can be
concluded that MPIBr effectively enhances the reaction kinetics
in Zn plating and stripping processes by forming novel solva-
tion structures of [Zn(H,0)sBr]".

Performance and application demonstration of dual-plating
Zn-Br, batteries

In addition to accelerating Zn plating/stripping reactions and
suppressing side reactions, MPIBr can also provide the Br,
source for in situ construction of Zn-Br, batteries. The ZnSO,—
MPIBr electrolyte contains both Br, and Zn sources, and a dual-
plating strategy was employed to in situ construct Zn-Br,
batteries. During the charging processes, Br~ ions in MPIBr
lose electrons, resulting in the generation of Br,, which gets
deposited on the current collector to form the cathode. Simulta-
neously, Zn>" ions gain electrons to constitute the Zn anode.

5558 | Energy Environ. Sci., 2024, 17, 5552-5562

This process is illustrated in Fig. 6a, and the reactions are as
follows:

Cathode: 2Br~ — 2e~ « Br, E,=1.06 Vvs. SHE

Anode: Zn*" + 2e” < Zn E, = —0.76 V vs. SHE

The overall energy density of the Zn-Br, batteries is directly
influenced by the concentration of Br~ in the electrolyte; a
higher Br~ concentration leads to a higher energy density.
Accordingly, the ZnSO,-MPIBr electrolyte is employed for con-
structing dual-plating Zn-Br, batteries. Cyclic voltammetry (CV)
curves demonstrate the successful construction of Zn-Br, bat-
teries through the electrolyte (Fig. S35, ESIt). The as-fabricated
Zn-Br, battery delivers a stable cycling performance for
1000 cycles with an average CE of 97.5% at 2 mA cm >
(Fig. 6a). The long cycling life can rival against the best of
those reported anode-free Zn-based batteries’®** (Fig. 6b and
Table S4, ESIY).

Zn-Br, batteries typically suffer from a low CE and poor
cycling life due to the dissolution of polybromides, whereas
batteries utilizing electrolytes containing MPIBr exhibit a high
CE (Fig. S36, ESIT). To explore the reasons for the high CE in the

This journal is © The Royal Society of Chemistry 2024
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ZnSO,-MPIBr electrolyte, first-principles calculations were con-
ducted. Br; ™ ion is used as the representative of polybromide to
study the effect of MPI' on polybromide diffusion. The binding
energy between Br;~ and MPI' is lower than that with H,O or
Zn** (Fig. 6¢), signifying the strong chelation of MPI*. This
chelation effectively inhibits the dissolution of Br, , contribut-
ing to a high CE and long cycling life. In situ Raman measure-
ments were employed to further investigate the formation
mechanism of the Br, cathode (Fig. 6d). During the charging
process, the peaks of Br, at 249 cm ™' appeared, followed by the
appearance of peaks for Br;~ and Brs  at 257 cm™ ‘. This
observation suggests the formation of Br, during the dual-
plating process, which subsequently combines with Br~ ions
to form Br,  ions. CEs at different charge capacities (Fig. S37
and S38, ESIf) and different current densities (Fig. S39, ESIt)
were also evaluated, demonstrating the strong chelation of
MPI".

The maximum discharging areal capacity of the Zn-Br,
batteries was further studied (Fig. S40, ESIt), emphasizing

This journal is © The Royal Society of Chemistry 2024

the significance of MPIBr concentration. After charging to
6000 HA h cm™?, the discharging areal capacity still reaches
5700 pA h ecm 2 with a high CE of 95% in the electrolyte with
2 m MPIBr. To evaluate the practical application, the ZnSO,-
MPIBr electrolyte was employed to assemble the Zn-Br, pouch
cell, showcasing a substantial discharge capacity of 17 mA h
(Fig. S41, ESIt). It is worth noting that the electrochemical
performances are obtained under 100% depth of discharge for
both the cathode and anode.

To demonstrate the promising applications of the as-
developed flexible quasi-solid-state Zn-Br, batteries, their
mechanical robustness and operational safety were validated.
The assembled flexible Zn-Br, cell shows excellent anti-
destructive ability, capable of powering electronic devices after
experiencing pressing, bending, or cutting (Fig. S42, ESI{). The
inherent safety features of Zn-Br, batteries make them suitable
for deployment in extreme environments, such as fire detec-
tion, with a much lower risk of explosion or other hazards. As a
proof-of-concept, Zn-Br, batteries successfully powered a drone
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for forest fire detection (Fig. 6e—g and Movie S1, ESIY), illustrating
their practical feasibility. Furthermore, as micro-batteries offer
the potential to supply power to a wide array of miniaturized
electronic devices, here, Zn-Br, micro-batteries were also devel-
oped. An in-plane interdigitated Zn-Br, micro-battery, based on
the fully exploited hydrogel electrolyte, was prepared and inte-
grated into a temperature and humidity meter (Fig. S43, ESI).
Such demonstrations of Zn-Br, batteries in different device
architectures for a variety of applications indicate the practical
feasibility and compatibility of the as-prepared electrolyte.

Conclusions

In summary, we have developed a multi-functional imidazo-
lium bromide, MPIBr, as a predominant composite in aqueous
electrolytes to simultaneously overcome the existing challenges
of dendrite growth on the Zn anode and shuttle effects on the
Br, cathode in Zn-Br, batteries. Systematic analysis and com-
prehensive characterization studies were performed to achieve
an in-depth understanding of the mechanisms. The introduc-
tion of MPIBr simultaneously imparts the Zn anode with high
reversibility and fast kinetics, which overcome the trade-off in
traditional Zn protection strategies. This can be attributed to
the H,O-scarce IHP formed on the Zn anode with the MPI*
cations, which was confirmed by TEM images, local nano-FTIR
spectra, ToF-SIMS, and theoretical calculations. It is also found
that the MPI" could effectively immobilize the generated poly-
bromides in the cathode, thus improving the CE and life span
of the Zn-Br, batteries. Additionally, the Br~ anions contribute
to the reconstruction of the Zn>" solvation structure to form
[Zn(H,0)sBr]" with reduced desolvation energy, thus accelerat-
ing the Zn plating kinetics. Moreover, the Br~ anions together
with Zn>" cations in the electrolytes enable the construction of
the dual-plating Zn-Br, batteries without the need for active
materials on both the cathode and anode. This work reveals
that with rational modification on electrolyte cation and anion,
all the composites in the electrolytes can be efficiently utilized
to realize dendrite-free and shuttle-free high-performance
metal-halide batteries. The proposed strategies for tailoring
multi-functional electrolytes will inspire the advances of energy
storage devices with highly desired operational safety, enhanced
stability, mechanical robustness, and cost-effectiveness, so as to
provide power supply for portable devices and robotics in extreme
environments.
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