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Aqueous zinc-ion batteries offer sustainable large-scale storage potential with
inherent safety and low cost, yet suffer from limited energy density and cycle
life due to aqueous electrolyte constraints. Here, we introduce affordable,
stable electrolyte (0.33 $-kg™) incorporating minimal multi-halogen anions
(CI, Br, and I') to create a high-entropy solvation structure enabling high-
performance zinc batteries. Despite the small amount, the diversified mono-
halogenated contact ion pair and multi-halogenated aggregate solvation
structures create the unique high-entropy solvation structure, to form the
lean-water halogenated interfacial environment, suppressing the hydrogen
evolution reaction, while facilitating cascade desolvation. Multi-halogen
additives generate diverse contact ion pairs (Zn-X, X = CI/Br/I) with compact
solvation shells accelerating ion transport. In this way, the high-entropy sol-
vation structure breaks the trade-off between plating overpotential (energy
efficiency) and plating/stripping reversibility (Coulombic efficiency). As a
result, the high-entropy solvation-based electrolyte enables practical zinc
metal battery with 152.2 Wh kg ejectrode fOr 120 cycles at lean electrolyte

of 2.4 pL mg™ and an Ah-level pouch cell is validated with high Coulombic
efficiency of over 99.90% for over 250 cycles. Our findings emphasize the
importance of electrolyte design for the precise control of anion-cation
interactions for stable Zn/electrolyte interface and enable practical zinc metal
battery with high energy and low cost.

Rechargeable aqueous zinc ion batteries with low-cost, non-flam- hydrogen evolution would release flammable gas (H,) and increase the
mable, and sustainable features have gained popularity in grid-scale internal pressure of the cell, causing a safety concern, while the den-
energy storage application'™*. However, the aqueous zinc ion battery is  drite formation would result in dead Zn°, leading to low utilization of
hindered by the limited reversibility of Zn°/Zn** due to the parasitic  zinc anode, reducing the energy density of the cell’®. Therefore, it is
reactions, including hydrogen evolution and dendrite formation. The crucial to build a robust Zn/electrolyte interface against the dendrite
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formation and serious corrosion reactions to enable the long lifespan
zinc metal battery, especially at practical conditions, where the zinc
anode and electrolyte are limited.

Electrolyte design over solvation structure has been demon-
strated to effectively change the Zn° electrodeposition process. Tun-
ing the solvation structure into a lean-water state is widely adopted
since it reduces the water activity by driving water molecules from
disordered and free state to coordinated state. The lean water elec-
trolyte is usually composed of a superhigh fraction of salt (LiTFSI°**°,
EMIMTSFI", ZnCl,"*®, Zn(OAc),", etc.), polymer™', or gel with a very
limited amount of water. They have been demonstrated to show
expanded electrochemical working window, while maintaining a
pretty high ionic conductivity. However, the cost of the electrolyte
would rise by over 10 times due to the use of expensive salt compared
to a dilute and cheap benchmark electrolyte (2 M ZnSO,, 0.32 $-kg™)".
To design a practical zinc battery, a low-cost, while effective, electro-
lyte design strategy would be critical'.

In a dilute benchmark electrolyte, Zn(OH)¢*" is regarded as the
main solvation shell and the solvated water is regarded as a major
factor for corrosion of zinc metal. By replacing the solvated water with
other anions (e.g., CI', Br, and I') has been proven to be quite effective
to create water-free halogenated solvation shell”?" to hinder the
hydrogen evolution at expense of increased overpotential in Zn plat-
ing/stripping, sacrificing the rate capability of the cell. The introduc-
tion of halogen ions would create a water-free (less) solvation shell,
which inhibits the water decomposition from the solvation shell**,
According to the charge delocalization and polarizability of ions, it is
ranked in the Hofmeister series (Fig. S1). However, considering the
strong Zn-X (Cl, Br, and I) bonding compared with Zn-H,O (Fig. 1a),
halogen anions would reach the Zn/electrolyte interface rather than
the solvated water during the desolvation process. A substantial
amount of CI” in the electrolyte would facilitate the formation ZnCl,*
aggregated solvation complexes'”?, which serves as strong energy
barrier for desolvation. The Zn-halide association strength weakens
with the trends of CI"> Br > ">*** leads to decreased overpotentials for
Zn deposition in halogen electrolyte. Despite the increased over-
potentials, the strong interaction between Zn*" and CI” anion would
facilitate the lean water interface, and therefore, result in the highest
plating/stripping efficiency. The addition of chaotropic halogen is
expected to enhance the hydrophobicity of Zn?* ions. The stronger the
charge delocalization and polarizability, the higher the Zn-X dissocia-
tion energy. Therefore, a trade-off between plating overpotential
(energy efficiency) and plating/stripping efficiency (utilization of zinc
metal) can be drawn in the halogenated electrolyte (Fig. 1b).

Entropy tuning has been regarded as a route to improve material
properties such as high-entropy alloys and ceramics®, corrosion
retardant cathode?, solid electrolytes”, and all temperature zinc bat-
tery electrolyte™?. Herein, we propose a high-entropy solvation
structure through introducing mixed halogen anions to break the
trade-off between overpotential and Coulombic efficiency, and
therefore, achieve practical energy dense zinc metal battery, while
maintaining an affordable price (0.33 $-kg™ vs. 2 M ZnSOy, 0.32 $-kg™).
The high entropy solvation electrolyte (HESE) is composed of major
amounts of mono-halogenated CIP and small amount of multi-
halogenated AGG and the diversity increase accounts for the entropy
increase from 902.22 to 1172.43. The mono-halogenated CIP accounts
for the major component, which gets rid of the high desolvation
energy of the multi-halogenated AGG. Moreover, the HESE shows the
smaller ion clusters due to the high amount of mono-halogenated CIP,
which yields an improved diffusion rate. In this way, concentration
gradients are alleviated during high-rate cycling and denser and more
uniform metal deposition is achieved (Fig. 1c). Moreover, the intimate
Zn-X contact ion pair promotes the lean water and I™-rich interface in
the electric double layer (EDL) as revealed by in situ Raman. In this way,
the water decomposition is greatly inhibited, and the I"-rich interface

suggests the facile desolvation process. By taking those advantages of
the HESE above, a full cell based on Zn/NVO achieved a high areal
capacity of over 9.23 mAh cm™ at low NP ratio of -2 and lean electro-
lyte (E/C=6pLmAh™), yielding a high specific energy of
152.2 Whkg™(cathode & anode). Additionally, as a proof-of-concept,
the pouch cell at a practical capacity of 1 Ah sustains over 250 cycles
with almost unity average Coulombic efficiency of over 99.90%.

Results

Entropy is controlled by increasing the amount of halogen anions in
the electrolyte. It should be noted that, unlike traditional high-entropy
materials, the composition ratios at the macroscopic level are close to
each other. The proposed HESE electrolyte is composed of a mixed
0.02 M halogen anion (CI%, Br’, and I') system (0.06 M in total). The
standard Aurbach’s method® is first applied to compare the electro-
chemical response of the proposed HESE electrolyte. The trade-off
between the average Coulombic efficiency (CE) and the overpotential
is observed in different testing conditions, including Aurbach’s
method, 5mAcm? 1mAhcm? 10mAcm? 5mAhcm™? and
20 mA cm™, 10 mAh cm™ (Figs. 1d, S2, S3). Cl™-containing electrolyte
shows the highest CEs and overpotential compared to Br™ and I” con-
taining electrolyte (Fig. le, f). In the HESE electrolyte, it exhibits an
almost unity average CE of 99.94% at a current density of 5mAcm??,
while the voltage hysteresis is as low as 29 mV. Even when the current
density is up to 20 mA cm?, it can still maintain a CE of 99.76% and an
overpotential of 69 mV. It is important to highlight that optimal con-
centration (2HESE) was determined based on the cyclic stability
(Fig. S4) and reversibility (Fig. S5, Table S1) test results. Persistent low
overpotential (46 mV) during 1000 h cycling and high CE proved that
the HESE electrolyte breaks the usual observed trade-off between the
average CE and the overpotential in the halogenated electrolyte, which
is expected to enable higher performance zinc ion batteries. Further-
more, it should be noted that the incorporation of halogen ions did not
result in any substantial corrosive impact on the other battery com-
ponents (Fig. S6).

To understand the effects of HESE in breaking the trade-off, we
first gain molecular understanding through Molecular dynamics (MD).
Figure 2a illustrates the 3D molecular configuration of the typical
solvation structure in HESE. Here, Zn*, H,O molecules, and anions
tend to aggregate and form ion pairs or ion clusters®*2 In the baseline
electrolyte, Zn*" is mostly coordinated by six H,O molecules (with a
minor amount of SO4%), which are consistent with the previous cal-
culation results****. The dominant solvation structures are Zn-6H,0
and Zn-5H,0-S04*", accounting for 30.3% and 62.4%, respectively. In
HESE, more than 18 kinds of solvation structures are observed (Fig. 2b,
Tables S2, S3). Here, we classified those solvation structures into multi-
halogenated aggregate (AGG), mono-halogenated contact ion pair
(CIP), and non-halogenated solvation structure. In HESE, the majority
of the solvation structure is composed of mono-halogenated CIP
(-72%), while multi-halogenated AGG only accounts for ~23%. The
introduced halogen anion participates in most (over 95%) of the Zn*'
primary solvation structure due to the strong interaction between Zn?*
and X. The introduction of CI, Br", and I in the HESE leads to greatly
increased varieties (from 2 to 18) of primary Zn* solvation shell. The
electrostatic potential and formation energy data for certain char-
acteristic solvation structures have been calculated using Density
Functional Theory (DFT) and are presented in detail within Table S4.
Here, the diversified solvation structure in HESE suggests the increased
components in the HESE system. Entropy primarily refers to config-
urational entropy (Sconr), Where the introduction of multiple compo-
nents increases local disorder and thus enhances S.onf:

n
Sconf = — RZXiI"Xi @
i-1
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Fig. 1| Proposed design framework and mechanism for HESE. a, b Trade-off
between overpotential and CEs. ¢ Schematic diagram of solvation structure and
plating process. d CE test results by Aurbach’s method. e Average CEs of Zn||Cu

asymmetric cell and f Voltage hysteresis of Zn||Zn symmetrical cell with single
halogen ion electrolyte.

where R is the ideal gas constant, and x; is the molar fraction of the i-th
component®. Based on the calculation, HESE showed a configurational
entropy value of 1172.43, higher than the baseline electrolyte (902.22)
in Fig. S7, suggesting the high entropy state of HESE with various
halogenated Zn?* primary solvation shells.

The diversified solvation structure is further validated by the
experimental results. The Zn K-edge X-ray absorption near-edge
structure (XANES) spectra of Zn foil and different electrolytes are
compared in Fig. 2c. The extended Zn K-edge XANES spectra (inset)
reveal a higher average charge density in the solvation shell near Zn

compared to the base electrolyte in the HESE, indicating changes in the
local solvation shell*’, which is due to the multi-solvation structures of
AGG and CIP formed by different halogen ions. The Fourier-
transformed extended X-ray absorption fine structure (FT-EXAFS)
spectra in Fig. 2d display the different coordination scattering of Zn-O,
Zn-Cl, Zn-Br, Zn-l, displaying abundant coordination of Zn?*". The
reduced peak intensity indicates a decrease in Zn-O coordination,
indicating the effect of H,O molecules being excluded. The splitting
peak within 1.3-2 A indicates distinct atomic spacing between Zn* and
solvated species, which is the solvated shell with the participation of
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Fig. 2 | Microscopic and mesoscopic solvation structures. a 3D snapshots of
HESE and partially enlarged snapshots for the solvation structure of Zn?".

b Distribution of first solvation structures. ¢ Zn K-edge XANES spectra, d Wavelet
transform contour plots of Zn K-edge at R-space, and e EXAFS analysis of the
k-space spectrum. f The proportion of three types of V-O-H bonds obtained from
Raman spectral fitting. g The radial distribution functions and coordination

number of Zn*"-0, h Average Zn** cluster sizes at 300 K. i Wide-angle X-ray scat-
tering (WAXS) curves. j The Zn-ion self-diffusion coefficient (Dz,) means squared
displacement collected from MD simulations in two electrolyte solutions. k A
summary of image snapshot with side and frontal view of the anode-electrolyte
interface of HESE at negative potential, zero potential, and positive potential,
respectively.

heterogeneous anions (Fig. 2e). The above characterization elucidates
the chaotic zinc coordination environment, which increases the
entropy of the electrolyte. The O-H stretching vibrations of the elec-
trolytes in the Raman spectra in Figs. 2f and S8 in the range of 2800 to
3800 cm™ are fitted into three peaks, corresponding to strong, med-
ium, and weak hydrogen bonds (H-bonds). MD results also show that

the number of hydrogen bonds in the three charge states fluctuates
with time, which reflects the dynamic change of intermolecular inter-
action during the charging and discharging process of the electrolyte
(Fig. S9). In the HESE, the proportion of strong H-bonds is lower
(43.07% vs. 49.03%), while the strength of weak H-bonds is higher than
in the baseline electrolyte (25.99% vs. 22.98%). This indicates that the
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introduction of halogens as structure breakers effectively disrupts the
interactions between H,O molecules. In addition, the effects of adding
asingle halogen ion of the same concentration (0.06 M) on the H-bond
in the electrolyte were also analyzed by Raman spectrum (Fig. S10).
According to the fitting results, a single halogen anion can break some
strong H-bonds, reduced from 49.03% of baseline electrolyte to 42.33%
(CI"), 42.52% (Br), and 45.11% (I"), respectively, converting them into
medium-strength hydrogen bonds. However, at the same concentra-
tion, the proportion of weak H-bonds is still lower than HESE, further
indicating stronger interactions between mixed halogen anions and
H,0 molecule.

The average solvation structure size is further compared. In the
baseline electrolyte (Fig. S11), the radial distribution functions (RDFs)
and coordination number distribution functions (CNDFs) reveal that
the bonding distance of Zn**-solvated H,0 is approximately 0.2 nm,
with an average coordination number of approximately 5.63 (Fig. 2g).
The average number of H,0, CI, Br, and I in the solvation shell is
approximately 3.10, 0.94, 0.40, and 0.37, respectively (Fig. S12).
Meanwhile, in electrolytes with mono-halogen anion (such as I'), the
coordination numbers of H,O and 1 are 3.76 and 0.68, respectively (Fig.
S13). This kind of contact ion pair between Zn* and halogen anions
results in a denser contact ion solvation shell’”*%, resulting in a smaller
solvation shell (0.706 nm vs. 1.125 nm, at 300 K). Besides, the average
size of Zn*" clusters decreased from 12.39 (baseline) to 9.15, which is
even smaller than mono halogen electrolyte (10.86) (Figs. 2h and S14).
The influence of the anions on the solvation shell of Zn?* was investi-
gated using XAFS analysis. Furthermore, this is consistent with the
WAXS spectra in Fig. 2i. The diffusion coefficient is directly related to
the cluster size, and the decrease in cluster size leads to a reduction in
the hydrodynamic radius and an increase in the ion diffusion coeffi-
cient. The results of the probability distribution function (PDF) analysis
(Fig. S15) indicate that the bonding length between Zn** and H,0 in the
HESE increases from 0.76 to 0.85A, which also suggests a weakened
interaction between Zn* and H,O molecules in the first shell*’. The
difference in scattering intensity at low Q range in the WAXS spectra
indicates a higher concentration of large-sized ion clusters in the
baseline electrolyte, while the diversity of anions in the HESE reduces
the presence of large-sized clusters*®*.

The large number of mono-halogenated CIPs compared to the
multi-halogenated AGGs is expected to promote the desolvation
energy penalty. This is also verified by the experimental results by the
Arrhenius equation according to the EIS curves under the temperature
of 30-70 °C. The HESE shows an apparent energy barrier of
24.22kJ mol™, which is much lower than the baseline electrolyte
(34.59 k) mol™) in Fig. S16. In summary, the HESE exhibits high entropy
and diversified solvation configurations with intense mono-
halogenated Zn-X CIPs, promoting the facile desolvation process*>*,
Furthermore, the varieties of the HESE are expected to favor the
general trend of mixing, which is applicable to our electrolyte***.
Therefore, the HESE with diverse anions tends to have high ion
migration rates thermodynamically*. The self-diffusion rate of zinc
ions in the HESE reaches 1.96 x 10™*cm? S, while the corresponding
value in the baseline electrolyte is only 0.89 x10™*cm? S (Fig. 2j),
which is consistent with experimental data (Fig. S17) where 10 %
enhancement in the ionic conductivity is observed in HESE. Moreover,
the Zn** transference number has increased to 0.568 compared to the
baseline electrolyte (0.367), which favors the fast zinc ion transport
kinetics (Fig. S18).

The plating/stripping behavior of Zn** to Zn° is expected to be
influenced by the diversified solvation structure from the HESE. Cyclic
voltammetry (CV) analysis of the Zn||Cu cell revealed that halogen
anions in the electrolytes reduce nucleation overpotential, thereby
enhancing nucleation kinetics. The HESE system showed a more pro-
nounced effect, with a larger enclosed area and peak current in the
HESE indicating increased active nucleation sites. The overpotential of

the mixed anionic electrolyte was significantly lower (AV =47 mV) than
the baseline (AV = 68 mV), decreasing with halide binding strength (CI
>Br>1, AV=66, 63, and 57 mV, respectively) (Fig. S23). These findings
suggest that the competitive coordination of CI, Br-, and I" activate
additional solution species, improving the rate capability for zinc
plating/stripping in mixed anionic electrolytes.

Chronoamperometry (CA) at -150 mV was applied to study the
nucleation and growth kinetics of Zn (Fig. S24). The current density of
the zinc anode in the baseline electrolyte consistently increased within
500s, demonstrating preferential two-dimensional (2D) diffusion
paths due to vertical zinc growth. This self-amplifying deposition
behavior toward the minimum surface energy direction exacerbates
Zn dendrite growth. In contrast, in the HESE, the increase in current
density only persisted for a brief nucleation period, with a stable low
current density indicating uniform zinc deposition. Besides, the fitting
of the typical 3D nucleation models based on j,,, and the corresponding
tm to the experimental results was performed in Fig. 3a, b. Initially, the
increased current value reflects the expansion of the electroactive
region due to the increase in zinc nucleus size and the generation of
new nuclei. The subsequent current decrease toward steady-state
indicates a diffusion-controlled growth process due to nucleus overlap
and diffusion zone merging. The observed nucleation behavior in the
baseline electrolyte correlates closely with the predicted response
from the 3DI model, where nucleation sites are relatively limited.
Conversely, the nucleation behavior observed in the HESE follows a
different pattern, initially exhibiting characteristics of the 3DI model,
and transitioning to a mixed mode controlled by both 3DI and 3DP
when t > t,,. In this scenario, smaller particle sizes are typically formed,
and the model fitting results align well with the morphological differ-
ences observed in ex situ SEM analysis (Fig. 3c). The morphology of
rapidly formed zinc nuclei is mainly determined by the nucleation
process. In the baseline electrolyte solution, the nucleation of Zn tends
to be random, occurring only at grain boundaries or in locally energy-
favored area. As the deposition progresses, these sparse and rare zinc
nuclei continue to grow and merge, resulting in the formation of dis-
tinct protrusions, leading to the typical 3D growth of the zinc dendrite.
The zinc dendrites are prone to exacerbating corrosion reactions. The
uneven distribution of initial nucleation sites and the early growth
process directly contribute to the tendency of localized Zn deposition
due to the higher electrostatic force from Zn*" ¥, In contrast, in the
HESE, time-resolved SEM images show that the initial nucleation sites
are well dispersed, and the surface deposition appears granular,
almost covering the entire surface at 20s. The abundant Zn nuclei
guide the subsequent growth process, and as adjacent Zn nuclei meet
each other, they gradually merge into a dense Zn deposition layer that
covers the entire substrate surface. Macroscopic digital photographs
of the nucleation and growth process can be found in Fig. S25. The
incorporation of Zn-X (X = Cl, Br, and I) would intrinsically decrease the
electrostatic force, facilitating the more active sites from zinc plating
and moreover, the halogen ionis believed to promote the 2D growth of
zinc through formation of parallel zinc sheet on the zinc plate, thereby
inhibiting the dendrite formation. The rich nucleation sites and 2D
growth mechanism would also decrease overpotential, as reflected
through transient currents*. The differences in nucleation patterns
will inevitably restructure the localized electrochemical environment,
thereby influencing subsequent growth behavior. A schematic repre-
sentation of the processes is presented in Fig. 3d.

Figure 3e, fillustrate the surface characteristics of zinc deposits. In
the baseline electrolyte, the irregular red protrusions on the surface
reflect uneven deposition, resulting in island-like height variations. The
poor initial nucleation state leads to completely different zinc
deposition morphologies. Due to the influences of the dissolution
process, hexagonal zinc with a diameter of about 5-10 pm in vertical or
inclined states grows randomly and sparsely in the baseline electrolyte,
inducing dendrites. On the contrary, the rapid transport kinetics and
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in HESE during g plating and h stripping. i SEM images of plated Zn on Cu (A-E) in
baseline electrolyte and (F-J) in HESE with a plating capacity from 0.2 mAh cm™ to
5SmAh cm™ In situ microscopy images of the Zn plating process in j baseline
electrolyte and k in HESE at 10 mA cm™. I, m Cross-section SEM images of

10 mAh cm™ deposited zinc in baseline electrolyte and HESE, respectively.

multi-halogen ion-mediated lean-water interface in HESE result in
dense stacking of zinc deposition with increasing capacity, while its
size is smaller, which is related to smaller zinc ion clusters. Further-
more, regardless of the deposit substrate or the current density used,
the morphologies and distribution coverage of the deposited zinc in
the two electrolytes exhibit consistent patterns (Figs. S26, S27).

The interfacial solvation structure of the zinc anode is then tracked
by in situ Raman spectroscopy to track material specificity at the
interface. The initial Raman spectra of the two electrolytes are shown
in Fig. S28, which were used to determine the characteristic Raman
peaks that need special attention. As shown in Figs. 31, m and S29, the
in situ Raman peak at ~160 cm™ corresponds to the solvation structure
characteristic peak of [ZnClJ>™ *°, which is not surprising since the
Zn-Cl bonding strength is strongest compared to Zn-H,O. The intensity
at the interface gradually appears with the increase of deposition time,
while it becomes stable afterward, indicating the major role of Zn-Cl
solvation at the interface and therefore, a lean-water interface. The
time interval may come from the low concentration of halogen
anions in the electrolyte. Meanwhile, during stripping, the [ZnCl,]*™
structure gradually disappears, suggesting the depletion of Zn-related

species due to the electrostatic effect. Moreover, the Raman peak
at ~3000-3800 cm™ corresponds to v-O-H bonds (Fig. S30), and its
variation reflects the decomposition of free water in the electrolyte
that triggers the hydrogen evolution reaction (HER). In the baseline
electrolyte, a red shift of v-O-H was observed during the Zn stripping
process, and the intensity of S-H (Strong H-bond) increased with the
solvation of Zn*. On the contrary, during the plating process, a blue
shift of v-O-H was observed (Fig. S31), accompanying the decrease of
the S-H contribution, which suggests that the plating of zinc would
minimize the Zn* concentration and trigger the water-rich zone at
interface™. The formation of the water-rich zone during the plating
process is regarded as having a major role in the corrosion of zinc
metal. However, in the HESE, the intensity of S-H is greatly stronger
compared to the benchmark electrolyte (below 29%) and more
importantly, the intensity remains constant at ~34% from 6 to 30 min
(Fig. S32). Higher S-H accounts for the reduced hydrogen evolution. It is
believed that the phenomenon that frees HESE from the water-rich
zone in HESE suggests that fast zinc ion transport in the diverse
solvation structure in HESE**. This is further verified inhibited HER in
HESE with benchmark baseline electrolyte using LSV. Under the same
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Fig. 4 | Electrochemical performance of symmetric and asymmetric cells. Gal-
vanostatic cycling of Zn||Zn symmetric cells in different electrolytes at
a 40 mA cm™ and 20 mAh cm™ (DOD = 68.4%), and b 20 mA cm™ and 1 mAhcm™.

¢ Coulombic efficiencies and time-voltage profiles of Zn||Cu cells using different
electrolytes at 1mA cm™ and 1mAhcm™?and d 5mAcm™ and 1 mAhcm™,
e Coulombic efficiencies of the Zn||Ti cells at 20 mA cm™, 10 mAh cm™.

current density, the potential of HER shifted from -1.688 to -1.738 V
(vs. Zn/Zn?") in baseline electrolyte and HESE, respectively (Fig. S33),
indicating the suppressed HER (Fig. S34). In situ pH testing (Fig. S35) of
the charge and discharge process demonstrated the inhibition of side
reactions by the HESE electrolyte during the cell cycle, which was
manifested by smaller pH fluctuations (from 4.41 to 4.49) compared to
the baseline electrolyte (from 4.27 to 4.61). This suggests the minimum
corrosion reaction in HESE. Based on the observations above, the HESE
electrolyte provides a lean water interface through the cascaded
desolvation process to [ZnCl,J**, and fast Zn** ion transport to inhibit
the water-rich zone during plating, which suppresses the HER and
corrosion reaction in HESE.

We further understand the nucleation and growth behavior of Zn
on Cu substrates in HESE. Figure S36 shows characteristic voltage
distribution maps of the zinc plating process on Cu substrates under
different electrolytes. Compared to the baseline electrolyte (-270 mV),
the nucleation overpotential in the HESE is reduced to approximately
-149 mV, due to the smaller ion clusters leading to lower energy bar-
riers for zinc deposition, thereby promoting more uniform, smaller,
and denser zinc nuclei. SEM observations were conducted on the
sampling points indicated in the voltage distribution maps, yielding
Fig. 3g. In the baseline electrolyte, the obtained zinc deposits consist of
numerous loosely distributed and separated lamellar structures, with
the size of these lamellar structures increasing as the amount of zinc
deposits increases. The newly deposited Zn preferentially deposits on
partially formed lamellae, which is the primary cause of dendrite for-
mation and potential short-circuiting. The morphology of the zinc
deposit in the HESE is markedly different from that in the baseline
electrolyte. As the amount of zinc deposition increases, the size of the
zinc lamellae increases, while the nano-scale lamellae formed are
smaller and densely packed in the deposition interstices, rather than
expanding upward. This demonstrates that the high-entropy environ-
ment regulates the uniform distribution of Zn?* and significantly
increases the preferred sites for Zn deposition on the electrode sur-
face. These findings emphasize the importance of initial deposition
quality for subsequent electroplating/reversible stripping processes.
Then, the zinc deposition process was observed using an in situ optical
system at a current density of 10 mA cm™. In the baseline electrolyte,
as the plating capacity gradually increased, the initially uneven

deposition led to the formation of disordered Zn dendrites (Fig. 3h). In
contrast, in HESE, a dense and uniform Zn surface was obtained
(Fig. 3i). The final morphology of the deposited zinc is shown in
Fig. 3j and k, respectively. The morphology of zinc deposition is an
important determinant of cyclic stability, and the above loose and
dense deposition morphologies, as well as the crystal face orientation
of deposited zinc, were further verified in cross-sectional SEM images
(Fig. S37) and ex situ XRD (Fig. S38) at different deposition amounts.
Mossy-like deposition in the baseline electrolyte will lead to dendrites
and rampant side reactions, ultimately causing short circuits. The
deposition of zinc in HESE is dense, also effectively balances the
interface concentration field and zinc ion flux, achieving preferred
orientation and high stability.

A practical zinc metal battery requires a high depth of discharge
(DOD >50%); thus, the cycling performance at a demanding 68.4%
DOD was investigated to verify practicability. The cell exhibited cycling
performance within 220 h at a current density of 40 mAcm™ and an
areal capacity of 20 mAh cm™ (Fig. 4a). The cycling stability of Zn||Zn
symmetric batteries under conventional conditions has also been
tested and compared (Figs. S39, 40). At a higher rate of 1 mAh cm™ and
10 or 20mA cm™?, the Zn||Zn symmetric cells containing the HESE
could cycle over 10,000 cycles, accumulating an areal capacity of
10 Ah cm™ (Figs. 4b, S41). Encouragingly, under diverse testing con-
ditions, the HESE consistently demonstrated outstanding perfor-
mance, surpassing the results of most previously reported Zn||Zn
batteries® ™’ (Fig. S42, Table S5). These results indicate that the unique,
diverse solvation configuration and smaller zinc ion clusters effectively
enhance the reversibility and utilization efficiency of the Zn anode,
achieving uniform Zn deposition during repeated stripping/plating
processes.

Further investigation was conducted into the cycling reversibility
and stability of the zinc anode. Zn||Cu asymmetric cells were assem-
bled and tested at current densities of 1 or 5mAcm™ with an areal
capacity of 1mAh cm™. The Zn||Cu half-cell in HESE exhibited a cycle
life of over 1400 cycles (3000 h), with an average CE of 99.67%
(Fig. 4¢), whereas the cell with baseline electrolyte lasted only around
60 h. Notably, the cell voltage with the HESE remained stable
throughout cycling. At 5mAcm™ and 1mAhcm™, the cell with the
baseline electrolyte operates for 450 cycles, with significant CE
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fluctuations, a sign of zinc corrosion®. In contrast, the Zn||Cu cell with
the HESE exhibited an average CE as high as 99.94% over more than
7800 cycles with a low voltage hysteresis of 63 mV (Fig. 4d). Further-
more, the results under other conditions (40 mA cm™, 10 mAh cm™)
are shown in Fig. S43, the cell cycled 250 times (CPC = 2500 mAh cm™)
with an average CE of 99.83%. Comparison based on the average CE
and cumulative capacity index showed the state-of-the-art
performance®036566° (Fig, S44 and Table S6). To further verify
the reversibility of the zinc anode in HESE, we assembled Zn||Ti
asymmetric cells using a Ti substrate. As shown in Fig. 4g, even at high
current densities of 20 mA cm™ and 10 mA h cm?, the cell delivered a
high CPC of 2400 mAh cm™ with an average CE of 99.64%. Figure S45
and Table S7 show a comparison of the cycling reversibility perfor-
mance of the Zn|[Ti cell with other literature reports™>¢3677073,
Undoubtedly, regardless of whether Cu or Ti electrodes were used, the
HESE significantly improved the CEs, especially at high current
densities.

The HESE is further evaluated at full cell configuration (both coin
cell and pouch cell) to estimate the practicability. NaV;0g (NVO)
nanosheets were selected as the cathode material (Fig. S46). High mass
loading (19.0 mgcm™) of NVO (Fig. S47) is used to achieve a
commercial-level battery with an areal capacity over 2mAhcm™ To
achieve a low N/P ratio of approximately 1.52, a thin zinc foil of 20 pm
(1.7 mAh cm™) is used. In the practical condition, the Zn|INVO full cell
with HESE achieved 80.4% capacity retention after 1500 cycles at4 A g™,
while the cell using baseline electrolyte failed within 300 cycles (Fig. 5a).
Despite the slight improvement compared with the baseline electrolyte
(16.1mAh g™), the full cells in HESE show the highest capacity retention
(60 % in Fig. S48) for 2000 cycles at 1A g™ compared to the single
halogen component as well as baseline electrolyte. To further showcase
the advantages of HESE, the loading of the cathode electrode material is
further increased to 37 mg cm™, yielding a high areal capacity, with a
thickness of approximately 400 pm (Fig. S49) while the electrolyte is
limited to a smaller amount (E/C = -6 pL mAh™). A high areal capacity of
over 9.23 mAh cmat1A gis achieved with capacity retention of 93.0%
after 120 cycles (Fig. 5b), representing the state-of-the-art performance
(Table S7). Compared to state-of-the-art performance’?>86+66707475
which typically employ lower loadings (<3 mg cm™) and excess zinc foil,
resulting in high NP ratios (>50:1) and low weight energy densities
(<10 Wh kg™), the obtained data in this study are at an advanced level in
Fig. 5c, where high-loading cathodes and thin zinc anodes are used
for the full cell. Table S8 summarizes and compares the long-term
cycling performance of the cells at different N/P ratios. By limiting
the mass of each component, the energy density of the cell would
reach 152.2 Wh/Kgelectrode and 57.6 Wh/Kgelectroderelectrolyte, Which repre-
sents the state-of-the-art performance (Fig. 5d and Table S9). The failure
of the baseline electrolyte is characterized by ex situ SEM of the
zinc anode. The pulverization of the zinc plate from the uncontrolled
dendrite growth at high DOD is the major problem (Fig. Se). In the HESE,
a dense and smooth deposition layer facilitates the deeply cycled
zinc anode.

The rate performance of the full cells shows discharge of specific
capacities of 3710, 293.6, 256.5, 215.4, 157.7, and 882mAh g™ at
specific currents from 0.1 to 10Ag”, and a capacity recovery of
359.0 mA h g™ upon returning to 0.1 A g™ (Fig. 5f). The HESE exhibited
stronger rate capability than baseline electrolyte, especially at high
current densities, demonstrating higher current adaptability. Figure 5g
shows that the full cell using the HESE exhibits broader redox peaks
and smaller polarization compared to the baseline electrolyte, from
256/233 mV reduced to 210/195 mV, indicating that the energy storage
process has faster reaction kinetics. Based on the cyclic voltammetry
(CV) curves at different scan rates (Fig. S50), paired redox peaks were
observed at all scan rates, attributed to the vanadium reactions. The b
values of the four peaks were 0.614, 0.869, 0.670, and 0.816, indicating
that the electrochemical process is jointly controlled by capacitive and

diffusion behaviors. The DRT measurements further demonstrated
that the full cell assembled with the HESE displayed smaller semicircles
in the high-frequency region, corresponding to lower charge-transfer
resistance and indicating fast electron transport capability, which
allows for faster zinc plating/stripping and ion diffusion (Figs. 5 h, i,
and S51). As illustrated in Fig. S52, after 48 h of resting, the capacity
retention of the Zn|INVO battery using a HESE (97.4%) is higher than
that of the battery using a baseline electrolyte (87.2%). Further
extending the rest time to 72h and 96 h, the capacity retention
remains as high as 91.8% and 86.4%, respectively, indicating effective
control of the self-discharge rate in HESE and lower capacity loss
caused by spontaneous side reactions.

Furthermore, to validate the practical potential of HESE, multi-
layer pouch cell with a size of 8.5 x 8.5 cm was assembled (Fig. 5j, k), the
pouch cell (Fig. S53) with a cathode electrode loading of 28.1 mgcm™
provided an initial capacity of 1.0 Ah without any ballooning phe-
nomenon after 250 cycles. The manufacturing cost consumption of
HESE is evaluated based on the current market price of materials
(Table S10), the results of this analysis show that the electrolyte has a
comparatively low cost (0.33 $-kg™).

Discussion

In summary, we successfully introduced mixed halogen anions to
create a high-entropy solvation structure with large proportions of
mono-halogenated contact ion pairs (CIPs) to break the trade-off
between the overpotential and average CE in common halogenated
electrolyte. The HESE breaks the trade-off by creating mono-
halogenated CIPs instead of multi-halogenated AGGs to eliminate
the high desolvation energy of Zn-X complexes. Moreover, the HESE
creates a lean water interface with I"-rich electric double layer
interface to block the active water molecules, thus suppressing the
HER and enabling the high CE. In this way, the HESE realizes a
simultaneous reduction in plating overpotential and enhancement
CE, thereby achieving practical energy-dense zinc metal battery. By
taking advantage of the high-entropy electrolyte, full cell based on
Zn/NVO achieved a high areal capacity of over 9.23 mAh cm™2at a low
N/P ratio of -2 and lean electrolyte (E/C = 6 pL mAh™), yielding a high
energy density of 152.2 Wh/kgnode+cathode)- Additionally, as a proof-
of-concept, the pouch cell at a practical capacity of 1 Ah could sustain
over 250 cycles with near-unity average Coulombic efficiency
exceeding 99.90%. This work provides a vast unexplored design
space for high-entropy electrolytes, stimulates efforts to develop
other HESEs, further advances other facets of high-performance
electrolytes, and accelerates practical deployment of zinc metal
batteries.

Methods

Preparation of the electrolytes

2M ZnSO, electrolyte was prepared by dissolving zinc sulfate
(ZnS0O4-7H,0, Sinopharm Chemical Reagent Co., Ltd., >99.5%) into
deionized (DI) water. For the high entropy solvation electrolyte (HESE),
different amounts of ZnCl,, ZnBr,, and Znl, (abbreviated as Ad.) were
added to the 2 M ZnSO, electrolyte. The concentrations of Ad. in the
corresponding electrolytes were calculated at 0.01, 0.02, 0.03, and
0.05M (noted as 1HESE, HESE, 3HESE, and SHESE), respectively. The
electrolyte for Zn||NaV3Os full cells was 2 M ZnSO, aqueous solution
with/without 0.02 M Ad additive (2HESE).

Preparation of the electrodes

2 g of V,05 powder was added to 60 mL of 2 M NaCl aqueous solution.
After stirring for 72 h at 30 °C, the suspension was washed with deio-
nized water and alcohol 3 times. Finally, the black red NaV;0g powder
was obtained by freeze-drying for 3 days. The powder was ground
repeatedly before use until there was no agglomeration/particle
present.
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Fig. 5 | Practical zinc battery demonstration. a Long-cycling performance of Zn||
NVO coin cell at 4 Ag™. b Cycling stability of the Zn||[NVO cell under harsh condi-
tions (mass loading of 37 mg cm™, E/C = -6 pL mAh™), the inset shows two cell
models. ¢ Dependence of energy density on N/P ratio in Zn|INVO full cell.

d Comparison of the proposed Zn|INVO cell with other reported low N/P and E/C

ratio cells. e SEM images of zinc anode after 200 cycles. f Rate performance of the
Zn|INVO cell (mass loading of 19 mg cm™, N/P = -1.52) in two electrolytes. g CV

curves of Zn|INVO full cell at 0.1mV s™. h, i DRT fitted curves of Zn|INVO full cell.
j The cycle performance and k Ah-level multi-layer pouch cell model using HESE.

The cathode slurry was composed of 70 wt.% as-prepared active
material, 20 wt.% conductive agent (super P, Timcal) and 10 wt.%
polymer binder (60 wt.% Polytetrafluoroethylene preparation, Alad-
din). Then the cathode was prepared by mixing and pressing, and
was dried at 80 °C under vacuum for 12 h. The mass loading of the
active materials is about 10-40 mgcm™ by controlling different
thicknesses. The anode was served by Zn foil (¢ =12 mm) only. To
achieve different N/P ratios, the zinc foil thickness was replaced with
10, 20, and 50 pym.

For Zn||Cu and Zn||Ti asymmetric batteries, both copper and
titanium foils have a diameter of 16 pm and a thickness of 10 pm.

Materials characterization

Scanning electron microscope (SEM, JEOL JSM-7500F) was used to
acquire the morphology of materials and elemental mapping images.
The XRD (Burker, D8 Advance) tests were conducted to analyze the

crystallographic structure of samples with Cu Ka radiation in steps of
0.02°. Raman spectra were collected by a Renishaw Raman REO1
utilizing a 633 nm laser. The SAXS testing instrument is Xeuss 2.0
(Xenocs, France), with a light tube power of 30 W and a wavelength
of 1.54189 A, Detector Pilatus 3 R 300K, single pixel size 172 pm; the
distance between the detector and the sample was 98 mm; exposure
time of 300 s. XAS measurements were collected at beamline 12-BM
of the Advanced Photon Source (APS) at Argonne National Labora-
tory (ANL). PDF data were collected at beamline 11-ID-C of
APS at ANL.

Electrochemical measurements

All testing CR2016-type coin cells were assembled in an open-air
environment by using a glass fiber filter (¢ =19 mm, GF/A, Whatman,
Canrd Technology Co. Ltd) as the separator. The electrolyte amount
used in each cell was 100 pL, unless otherwise specified. The
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electrochemical performance of the batteries was conducted on the
Neware battery tester (According to literature reports®, the accuracy
of the testing system was calculated, when we test the average CEs
value of 50 cycles, whereas if a power law of the square root was
applied, the error is 0.03889%.) and an electrochemical workstation
(Versa, STAT-3). All cycling data were acquired from a minimum of 3
parallel cells per electrolyte formulation and 2 independent electrolyte
batches. For Zn||NaV;0g full cells, CV was tested in the voltage range of
0.3-1.6 V (vs. Zn**/Zn) at different scan rates. LSV was measured using
Zn as working electrode, platinum wire electrode as counter electrode,
Hg/KCI (vs. SCE) as reference electrode at a scan rate of ImVs™®in1M
Na,SO,4. Chronoamperometry (CA) plots were carried out with the
abovementioned three electrodes at an overpotential of -150 mV and a
duration of 200 s. EIS spectra were recorded with a frequency ranging
from 0.1 Hz to 100 kHz (seven data points per decade of frequency)
with an amplitude of 5mV under the stable open-circuit voltage
condition.

The Zn?* transference number was obtained according to the
typical Fvans method, which should be described as the following
formula (2):

Is(AV — IoRo)
Zn"" " 1,(AV — IgRg) 2
0 sRs
Where lo/ls and Ro/Rs represent the initial/final current density
and charge-transfer resistance before and after the polarization
test, AV (20 mV) is the constant polarization potential for the
chronoamperometry test.

Current transient curve was measured by the chronoampero-
metric technique with three electrode cells with a Zn metal reference.
Cu-based conventional electrodes were applied as working electrodes
to avoid the influence of the direct growth current of the original Zn
crystal on the total current. 1M Na,SO, (introduced to balance con-
centration polarization during Zn plating) and 0.1M ZnSO, with/
without 0.02 M Ad. aqueous electrolytes were applied as electrolytes.
The experiment was carried out by stepping the potential from open
circuit potential to different potentials. The original curves were
reported to determine the maximum point and further plot (I/I,,)
to t/t,, dimensionless curves. The dimensionless curves were fitted
with theoretical instantaneous (3DI) and progressive (3DP) nucleation
curves described by the Scharifker-Hills models described in the
following Eqs. (3—-4)*.

j 2 t -1 t 2

3Dl : <|—> :1.9542<t—> {1—exp{—1.2564<t—>” 3)
j 2 t -1 t 2

3DI: <J—> =1‘2254<t—> {1—exp[—2.3367<t—>” “4)

Where I, and t, are the maximum current density and its
corresponding time.

DRT analysis

Distribution relaxation times (DRT) from the EIS data were calculated
by MatlabR2023b with a toolbox of DRT-TOOLS developed by the
research group of Professor Francesco Ciucci. DRT-TOOLS is freely
available from the following site: https://github.com/ciuccislab.

Molecular dynamics (MD) simulations and DFT methods

The solid-liquid interface calculations for 2M ZS0/0.02M (ZnCl,,
ZnBr,, Znly) aqueous solution on Zn(002) surface were conducted with
COMPASS Il force field using the Forcite Module in Materials Studio
(MS) 2020. The dimensional lengths of the rectangular Zn(002) slab
are 42.64 x 41.54 A in plane, which contains 5 layers of Zn. 2M ZSO/

Table 1| Composition of simulated electrolyte systems

Systems n* S0,* cl Br I H,O

2M ZSO 400 400 / / / 4000
HESE 520 400 80 80 80 4000
2M ZSO+0.06 I 520 400 / / 240 4000

0.02M (ZnCl,, ZnBr,, Znl,) aqueous solution model is composed of
400 ZnSOy4, 40 ZnCl,, 40 ZnBr,, 40 Znl, and 4000 H,0 molecules in a
rectangular box with length scales of 42.64 x 41.54 x 38.31A. After
geometry optimization, the aqueous solution was placed on the Zn
(002) surface. The voltage was controlled by adjusting the charge
density of the top layer Zn. All MD calculations were performed under
the NVT ensemble (T =298.0K) with a time step of 1fs and a total
simulation time of 800 ps, during which simulation trajectories were
recorded every 8000 steps. The running time was long enough for the
system energy and temperature to reach stability. The temperature
was controlled by a Nose-Hoover thermostat. The Ewald scheme and
atom-based cutoff method (i.e., a radius of 12.5 A) were applied to treat
electrostatic and van der Waals (vdW) interactions, respectively. The
concentration profiles of Zn*, CI, Br, I and H,0 along the perpen-
dicular direction were analyzed. The solid-liquid interface snapshots
were displayed. The criteria for hydrogen bond length are less than
2.7 A and for angle is more than 120°.

The electrostatic potential (ESP), formation energy and size of
solvation sheaths were respectively calculated by DMol3 module in
Materials Studio (MS) 2020. Firstly, the generalized gradient approx-
imation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional was employed to fully relax each solvation
structure. The double-numeric quality basis sets with polarization
functions were used. The iterative tolerances for energy change, force
and displacements were 1x 107 Ha, 0.002HaA™ and 0.005 A, respec-
tively. In the self-consistent field (SCF) procedure, 107 a.u. was used for
the convergence standard electron density. After structure optimiza-
tion, single point energy calculation was executed, and meanwhile,
electron density and ESP were outputted. The size of each solvation
sheath was calculated by Atom Volumes and Surfaces tool in MS. The
formation energies Erwere calculated according to the following Eq. (5):

Ef=Eg —E,ppe — Eg ©)

where Ess, Ezp0. and Eg are the energies of the solvation structure,
isolated Zn?* and solvents or anions in the solvation sheath,
respectively.

The number of atoms or molecules contained in different elec-
trolyte systems of MD simulation is shown in Table 1.

Data availability

All data that support the findings of this study are presented in the
manuscript and Supplementary Information, or are available from the
corresponding author upon request. Source data are provided with
this paper.
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