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Abstract: In situ construction of solid electrolyte inter-
faces (SEI) is an effective strategy to enhance the
reversibility of zinc (Zn) anodes. However, in situ SEI
to afford high reversibility under high current density
conditions (>20mAcm?) is highly desired yet ex-
tremely challenging. Herein, we propose a dual reaction
strategy of spontaneous electrostatic reaction and elec-
trochemical decomposition for the in situ construction
of SEI, which is composed of organic-rich upper layer
and inorganic-rich inner layer. Particularly, in situ SEI
performs as “growth binder“ at small current density
and “orientation regulator” at high current density,
which significantly suppresses side reactions and den-
drite growth. The in situ SEI affords the record-breaking
reversibility of Zn anode under practical conditions,
Zn//Zn symmetric cells can stably cycle for over 1300 h
and 400h at current densities of 50 mAcm* and
100 mA cm™?, respectively, showcasing an exceptional
cumulative capacity of 67.5 Ahcm™. Furthermore, the
practicality of this in situ SEI is verified in Zn//PANI
pouch cells with high mass loading of 25.48 mgem™.

This work provides a universal strategy to design

advanced SEI for practical Zn-ion batteries. )

Introduction

Energy storage technologies are crucial for the integration
of renewable energy sources and electrification across
various sectors. Currently, lithium-ion batteries (LIBs) are
the dominant battery technology for energy storage due to
their high-energy density and long cycle life.') However,
the increased economic costs and safety concerns limit their
widespread utilization. Zinc-ion batteries (ZIBs) have
emerged as one of the most promising energy storage
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technologies in the post-lithium-ion battery era, primarily
due to the distinct advantages of high natural abundance of
Zn, inherent safety of aqueous electrolytes, low oxidation-
reduction potential of Zn anode (0.762V vs. standard
hydrogen electrode), and high theoretical capacity
(820 mAhg™").5! Nevertheless, ZIBs encounter significant
challenges, such as uncontrollable dendritic growth and
notorious parasitic reactions of hydrogen evolution reaction
(HER) and corrosion due to the absence of a stable solid-
electrolyte interface (SEI). The unstable electrolyte-anode
interface issues lead to the poor coulombic efficiency (CE)
and short lifespan, thereby severely constraining their
practical application.!""

The construction of a stable SEI is paramount, serving to
terminate the successive parasitic reactions between the Zn
anode and the electrolyte, significantly improves the Zn
plating/stripping efficiency and the cycle life of the Zn
anode. The strategy for constructing SEI on the Zn anode
surface can be broadly categorized into two types: in situ
SEL!B or ex situ artificial SEL!'™ The in situ SEI
construction strategy is attracting considerable attention
because it is not only relatively economically feasible but
also possesses robust self-healing properties, while synchro-
nously suppressing HER and dendritic growth.['”) However,
unlike organic electrolytes in LIBs, aqueous electrolytes in
ZIBs are relatively difficult to form the stable SEI because
they lack passivation components.”! Currently, in situ SEI
are mainly constructed by two strategies: the spontaneous
electrochemical decomposition of electrolyte components or
the spontaneous chemical reactions. Most in situ SEls are
formed through the electrochemical decomposition of
anions and/or organic solvents in the electrolyte. The core of
this approach involves the invasion of anions or organic
solvents into the Zn?* solvation shell by introduction of high
concentrations salts and organic solvents, sacrificing the high
safety and low cost of aqueous electrolytes and leading to
the retarded interfacial reaction kinetics.”'* Another
strategy is the use of certain unstable additives to help build
in situ SEI in dilute electrolytes via spontaneous chemical
reaction. Nevertheless, the resulting fragile and thick SEI
layer is unable to support the long-term cycling of Zn
stripping/plating, especially at high current density.”*>!
Consequently, relying solely on a single reaction strategy
makes it difficult to achieve stable SEI operation at high
current densities (>20 mAcm™2) and high depth of dis-
charge (DOD >50%).”*"! To meet the requirements of an
ideal SEI, a composite strategy is highly desirable to tailor
the SEI component and structure. Be cleverly combining a
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flexible organic phase and a rigid inorganic phase to form a
composite structure, SEI can be made to combine fast ion
transport and high tolerance to expansion/contraction
stresses.”*?! Simultaneously, the construction of a compo-
site SEI facilitates synergistic interactions between the
organic and inorganic phases to further enhance the stability
of the SEI under harsh conditions.F*!

Herein, we propose a dual reaction strategy for in situ
construction SEI, leveraging the synergism of spontaneous
electrostatic reactions and electrochemical decomposition.
This approach supports high reversibility of the Zn anode at
a high current density of 100 mA cm ™ and a high DOD of
85.4%. The ultrathin layered SEI is in situ constructed by
introducing the functional additive (1-carboxymethyl-3-
methylimidazolium chloride, CMIM) into low-concentration
aqueous electrolytes. The spontaneous electrostatic reaction
between CMIM and SO,*"/Zn’* contributes to the organic-
rich upper layer of SEI, while the electrochemical decom-
position of SO, induces the inorganic-rich inner layer of
SEI. Particularly, a detailed investigation of Zn*" deposition
mechanism reveals the in situ SEI performs as “growth
binder” at small current density and “orientation regulator”
at high current density. As expected, Zn//Cu asymmetric
cells exhibit an ultralong cycle life of 2000 cycles with 99.5 %
CE and Zn//Zn symmetric cells have achieved the record-
breaking reversibility, which specifically sustain cycling
stability for 1300 h at 50 mA cm 2 and 400 h at 100 mA cm 2,
thus showcasing an exceptional cumulative capacity (CC) of
67.5 Ahcm % Especially for a high DOD (>85.4%), long-
term cycling stability for over 600 h is achieved at the areal
capacity of 10 mAhcm 2. Moreover, the practicability is also
verified in Zn//PANI full and pouch cells with high-mass
loading, demonstrating the superiority of in situ SEI. This
work sheds light on the design of advanced SEI for highly
reversible aqueous batteries under practical conditions.

Results and Discussion

CMIM has a unique molecular structure with a positively
charged imidazole ring and a negatively charged —COO~
anion, allowing strong electrostatic interaction with both
Zn** and SO,> to form the organic-rich upper layer.
Moreover, the imidazole ring binds strongly to SO,*", which
is enriched on the electrode surface and promotes the
electrochemical decomposition of SO~ to form a dense
inorganic-rich inner layer. This dual-reaction strategy of
synergistic spontaneous electrostatic reaction and electro-
chemical decomposition facilitates in situ construction of
ultrathin layered SEI consisting of organic-rich organic
upper layer and inorganic-rich inner layer (Figure 1a).
Moreover, the addition of CMIM and in situ SEI foster
additional benefits: (I) CMIM possesses hydrogen-bond
acceptors and charged groups, which can disrupt the hydro-
gen-bond interactions among H,O molecules and construct
new interaction between CMIM and H,O, thereby limiting
H,O activity and inhibiting HER reactions. (II) In situ SEI
constructed by CMIM is conducive to the fast Zn** transfer/
conduction, which guarantees the high reversibility of Zn
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anode at high current densities of 50 mAcm? and
100 mA cm~2. As shown in Figure S1, all ZS-CMIM electro-
lytes maintain clear and transparent, and their ionic
conductivities increase with increasing CMIM content. This
further indicates that the positively charged imidazole ring
and negatively charged —COO™ anion in CMIM effectively
promote the interaction between electrolyte component
ions, thereby improving ion conductivity (Figure $2).7*¥
Figure S3 shows the contact angles of 2 M ZnSO, electrolyte
(shorted as BE) and ZS-CMIM electrolytes on the Zn
anode. The addition of CMIM enhances the electrolyte
wettability toward Zn anode, as verified by the decreased
contact angle from 80.1° (BE) to 61.5° (ZS-CMIM,,,).

The high reversibility of Zn anodes with ZS-CMIM
electrolytes is evaluated by Zn//Zn symmetric cells and Zn//
Cu asymmetric cells. All ZS-CMIM electrolytes demonstrate
the significant improvements of cycling stability for Zn//Zn
symmetric cells at current density of 0.5 mAcm * and areal
capacity of 0.5 mAhcm™. Notably, the cell using the ZS-
CMIMy,; electrolyte exhibits a prolonged lifespan of 6000 h
while maintaining a steady overpotential of approximately
50 mV (Figure S4). In contrast, cells using BE have a higher
polarization voltage and short circuit after approximately
50h cycling. Therefore, the ZS-CMIM,,; electrolyte is
chosen to evaluate other battery performances. Moreover,
the CE of Zn stripping/plating in the BE and ZS-CMIM,,
electrolyte is measured by the Zn//Cu cells at 0.5 mA cm >
and 0.5mAhcm™? (Figure 1b). ZS-CMIM,; electrolyte
achieves an average CE of 99.9 % and maintains stability for
2000 cycles. By contrast, the CE of Zn stripping/plating in
the BE quickly fails at the 98" cycle. Remarkably, ZS-
CMIM electrolytes significantly boost the cycling perform-
ance of Zn//Zn cells at high current densities and high
DOD, demonstrating great potential for practical applica-
tions. Zn//Zn cell with ZS-CMIM,, electrolyte shows the
excellent cycling stability over 2500 h at current density of
5mAcm? and 2 mAhcm? (Figure S5), while short circuit
occurs in the ZS after less than 400 h. Particularly, Zn//Zn
cells with ZS-CMIM,; electrolyte deliver the stable oper-
ation for 2000 h at the current density of 20 mAcm ™ and
10 mAhcm™ (Figure S6). Even under more demanding
current density of 50 mA cm 2 (2.5 mAhcm ) and the high-
est current density of 100 mAcm > (SmAhcm ?), Zn//Zn
cells with ZS-CMIM,; electrolyte display the excellent
stability for more than 1300 h and 400 h (Figure 1c, d and
S7, S8). More importantly, ZS-CMIM,, electrolyte can
achieve a long cyclic lifespan of 600h at high DOD of
85.4 % (Figure 1le). As shown in Figure 1f, the rate perform-
ance of Zn//Zn cells is investigated at different current
densities. When the current density increases from
0.5mAcm™2 to 100 mAcm™> the Zn//Zn cell with ZS-
CMIM,, electrolyte shows a steady plating/stripping curves,
indicating the outstanding rate performance. As the current
density reverts to 0.5mAcm 2, Zn//Zn cell continues to
operate and returns to its initial voltage. In contrast, the
cells with BE show large polarization voltages and experi-
ence a short circuit at 20 mA cm 2. Furthermore, when
benchmarked against presently reported electrolyte addi-
tives, the ZS-CMIM,, electrolyte exhibits the remarkable
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Figure 1. In situ construction of SEI via dual reaction strategy and the electrochemical performance of Zn anode. (a) Dual reaction strategy for in
situ construction SEI. (b) CE of Zn//Cu half cells with BE and ZS-CMIM, electrolyte at 0.5 mAcm™2 and 0.5 mAhcm ™ (c, d) Cycling performance
of Zn//Zn symmetric cells with ZS-CMIM,, electrolyte at 50 mAcm™ (2.5 mAhcm™) and 100 mAcm™ (5 mAhcm™). (e) Cycling performances of
the high DOD (85.49%) Zn//Zn symmetric cells with ZS-CMIM,, electrolyte at 10 mAcm ™2 and 10 mAhcm™. (f) Rate performance of Zn//Zn
symmetric cells assembled with BE and ZS-CMIMy; electrolyte. (g) Comparison of cycling performance of Zn//Zn symmetric cells between this

work and other reported works.

cycling efficiency under exceptional current densities. As
illustrated in Figure 1g, the ZS-CMIM,, electrolyte achieves
a CC of 67.5 Ahcm 2, marking the highest record in electro-
lyte engineering thus far.”>*! Additionally, the high DOD
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cycling performance of the ZS-CMIM,; electrolyte outper-
forms that of recently reported electrolyte additives (Ta-
ble S2).
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The liquid structure of ZS-CMIM electrolyte is inves-
tigated using Fourier transform infrared (FTIR), nuclear
magnetic resonance (NMR), and Raman spectra. Figure 2a
and S9 illustrate the O—H stretching vibration of H,O within
the range of 25004000 cm ™. Upon adding CMIM, the O—H
stretching vibration mode shows blueshift. Three discernible
peaks corresponding to strong hydrogen bonds (HB),
mediate HB, and weak HB have been identified.>*% The
weak HB dramatically increase with increasing CMIM
content, suggesting that the addition of the introduction of
CMIM effectively alters the initial HB network in BE,
consequently weakening the HB among H,O molecules. The
reconstructed HB network is further supported by 'H NMR
spectra. The chemical shift of H,O exhibits a gradual
downward-shift behavior with increasing CMIM content,
further confirming the enhanced HB interaction between
H,0 and CMIM (Figure 2b).! As shown in the Raman
spectra (Figure 2c), there are no significant variations in the
stretching vibration of SO,* in the different ZS-CMIM
electrolytes, which illustrates that trace amounts of CMIM
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molecules have a limited effect on the Zn?" solvated sheath.
However, the stretching vibration peak of H,O shifts toward
a higher wavenumber as the CMIM content increases. This
indicates an amplified interaction between the CMIM
additive and H,O molecules, inhibiting the activity of H,O
molecules. To further elucidate the interaction behavior
among H,0O, Zn>" and CMIM additive, density functional
theory (DFT) calculations are performed (Figure S10). The
calculated CMIM—H,0 binding energy is found to be
—19.26 kcal/mol, exceeding that of the H,0-H,O
(—6.30 kcal/mol). This result suggests that CMIM molecules
tend to capture H,O via strong HB interactions, leading to
the reorganization of the three-dimensional HB network of
electrolyte.[*!

Gibbs free energies (AG) are then employed to quantify
the thermodynamics energy barrier of HER on the Zn
anode (Figure. 2d).*) The Zn anode in the ZS-CMIM
electrolyte exhibits a higher energy barrier (AG=-1.92 eV)
than that of BE (AG=-1.61¢eV), suggesting an increased
ability of ZS-CMIM electrolyte to impede the HER. More-
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Figure 2. Spectroscopy analysis and theoretical calculation of electrolyte and EDL structures. (a) The fitted FTIR spectra of O—H stretching band of
water in BE and ZS-CMIM electrolytes. (b) '"H NMR of BE and ZS-CMIM electrolytes. (c) Raman spectra of BE and ZS-CMIM electrolytes. (d)
Energy barrier of HER in BE and ZS-CMIM electrolytes. (e) Adsorption modes of H,O, CMIM molecules on Zn (002) surface under different
molecular arrangements, and parallelly placed CMIM molecules on (101)/ (100) Zn surface and corresponding adsorption energy. Color code: red
O, white H, sky blue C, aqua N and gray substrate Zn anode. (f) Charge density difference of Zn (002) with parallelly placed CMIM adsorption. (g)
Schematic descriptions of EDL structure before and after introducing CMIM.
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over, linear sweep voltammetry (LSV) is conducted to assess
the HER and oxygen evolution reaction (OER). In the ZS-
CMIM,,; electrolyte, the onset potential of HER reduces
from —0.13V to —028V vs Zn/Zn*", indicating the
successful inhibition of the HER. Meanwhile, the increased
OER overpotential further substantiates the beneficial
impact of CMIM additive on inhibiting H,O decomposition
(Figure S11). Notably, ZS-CMIM electrolytes can suppress
the self-corrosion of Zn anode, as validated by the soaking
of polished Zn anodes in BE and ZS-CMIM,, electrolyte
for 7 days. Scanning electron microscopy (SEM) images
(Figure S12) demonstrate that the surface of Zn anode
soaked in the BE is covered with loosely stacked hexagonal
flakes, whereas no significant change is visible on the surface
of Zn anode soaked in the CMIM electrolyte. The X-ray
diffraction (XRD) pattern of Zn anode in the BE shows
strong characteristic peaks corresponding to Zn,SO,
(OH),-xH,0 by-product. In contrast, the peak of by-product
is much weaker in the ZS-CMIM,,, suggesting that ZS-
CMIM,; electrolytes can effectively inhibit the occurrence
of side reactions (Figure S13).

The structure and chemistry of electrolyte-electrode
interface is investigated to gain insights into the mechanism
of CMIM for performance enhancement. The adsorption
behavior of CMIM and corresponding adsorption energy of
CMIM on the Zn anode are analyzed using DFT calcula-
tions (Figure 2e). The adsorption energy of parallelly placed
CMIM (—4.215 V) towards (002) crystal plane of Zn anode
is notably higher than the values obtained for H,O
(—=0.297 V), vertically placed CMIM with carboxylate-
anionic adsorption site (—3.196 eV), vertically placed CMIM
with imidazole-cationic adsorption site (—3.333 eV), indicat-
ing that CMIM molecules are preferentially adsorbed on the
Zn surface in a parallel orientation. Comparing the
adsorption energy of CMIM on various Zn planes reveals
that the adsorption energy of CMIM to the (002) plane is
lower than that of the (100) plane (—3.131 eV) and the (101)
plane (—2.895 eV). This illustrates more (002) crystal planes
are exposed due to preferential adsorption of CMIM.P"
Similarly, the differential charge density distribution reveals
the strong chemical adsorption of CMIM towards Zn anode,
where the obvious electron transfer occurs from CMIM to
Zn anode(Figure 2f and S14). Consequently, a localized
CMIM-rich and H,O-poor electric double layer (EDL) is
spontaneously formed due to the preferential chemisorption
on the Zn anode (Figure 2g), as evidenced by the following
molecule dynamics (MD) simulations.

EDL plays a crucial role in the formation of the SEI,
where the components preferentially adsorbed in the
electrolyte exhibit a strong correlation with the SEI
chemistry and structure.’'? As highlighted by MD simu-
lations, CMIM molecules significantly alter the structure of
the EDL. Typically, due to the large energy required for
dehydration, hydrated Zn** cannot directly approach the Zn
anode but primarily interact with H,O dipoles. As a result,
H,O-rich EDL structure form near the Zn anode surface,
enhancing side reactions (Figure S15-S16). After the addi-
tion of CMIM, due to the strong chemisorption, the free
CMIM molecules can break through the inner Helmholtz
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plane and get closer to the Zn anode than the H,O
molecules (Figure 3a and S17). Due to the unique molecular
conformation of CMIM, which contains both positive and
negative charges, these molecules preferentially anchor to
the negatively charged electrode surface by strong electro-
static adsorption, forming a CMIM molecule-rich and H,O-
poor EDL. In addition, normalized density profiles are
shown in Figure 3b and S18 for quantitative interpretation.
Regardless of whether the Zn anode surface is zero or
negatively charged, CMIM molecules are adsorbed and
enriched on the electrode surface, while the spatial density
of H,O molecules at the interface decreases dramatically,
resulting in the formation of H,O-poor EDLs, which
improves cathodic stability.

The SEI formation in the ZS-CMIM,, electrolytes is
studied by X-ray photoelectron spectroscopy (XPS), time-
of-flight-secondary ion mass spectrometry (TOF-SIMS) and
focused ion beam-SEM (FIB-SEM). The surface composi-
tion of the Zn anode after 30 cycles is investigated using
TOF-SIMS. A three-dimensional view of the distribution of
the Zn, S and O elements (Figure 3c) indicates that for the
Zn anode cycled in BE, these species are uniformly
distributed within the detection depth. However, in the ZS-
CMIM,, electrolyte, these elements are present only on the
surface of the Zn anodes, indicating the formation of a
dense SEI layer (Figure S19 and S20), preventing H,O
penetration and reducing Zn corrosion. In-depth interphase
analysis using FIB confirms that ZS-CMIM,, electrolyte has
the advantage of forming a uniform, light-colored SEI layer
during cycling (Figure S21). The Zn deposition exhibits a
very dense structure without any obvious defects. In
contrast, in the BE, the cycled Zn anode presents a porous
structure, leading to rapid volume expansion and uncon-
trolled interfacial side reactions. Figure S22 shows the in situ
EIS curves of Zn//Zn-symmetric cells using BE and ZS-
CMIM,, electrolytes during different cycles, concluding that
the stable interface has been obtained in ZS-CMIMO0.1
electrolytes during initial-activation cycles, while the inter-
face impedance of the Zn anode in BE electrolyte continues
to increase due to the endlessly side reactions.™

To gain a deeper understanding of the overall structure
of the SEI, the compositional distribution in the SEI is
analyzed in detail using the XPS with Ar™* sputtering depth
profile (Figure 3d and S23). On the surface of SEI in ZS-
CMIM,, electrolyte, N 1s signal exists as Zn—N at 399.4 eV
is attributed to the bonding of the imidazole ring with
Zn** . Notably, the O 1s spectra exhibit significant differ-
ences between the two electrolyte systems. In the BE, O 1s
spectra has two major components corresponding to SO,*~
and the Zn(OH),, which still remains with increasing
sputtering time. This indicates that in BE, due to the lack of
SEI, the side reactions continuously corrode the Zn anode.
(Figure S24). Conversely, in the ZS-CMIM,, electrolyte, the
O 1s spectra of the surface of Zn anode shows only one
component: Zn(RCOO),, representing the organic compo-
nent forming the SEI. After further sputtering to a depth of
3min, the organic component disappears, replaced by
inorganic components represented by ZnO and ZnCO;
(Figure S25). The formation of a layered SEI with an
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Figure 3. Characterization and theoretical simulation of EDL and SEI structure. (a) The snapshot of EDL structure for Zn anode interface in ZS-
CMIMy, electrolyte at negative charged. (b) Normalized density profiles of different ingredients on Zn anode surfaces in ZS-CMIM,, electrolyte at
negative charged. (c) TOF-SIMS three-dimensional render images of Zn anode surface tested in ZS-CMIMy; electrolyte for 30 cycles. (d) The XPS
depth spectra for S 2p, N Ts and C 1s of Zn anode tested in ZS-CMIMy, electrolyte for 30 cycles. (e) Transmission electron microscopy
characterization (TEM) for SEI morphology formed in ZS-CMIMy, electrolyte. (f) High-resolution TEM (HRTEM) images of amorphous organic
component, ZnCO; and ZnS within SEI formed in ZS-CMIM; electrolyte. (g) ATR-SEIRAS spectra of the v-SO,>~ bond for BE and ZS-CMIMy,
electrolyte. (h) DFT calculations of binding energies between any two ingredients in ZS-CMIM, electrolytes. (i) LUMO, HUMO iso-surfaces of

CMIM-SO4*~ (left) and free SO4* (right).

organic upper layer and an inorganic inner layer is
confirmed. This layered SEI is further confirmed in the C 1s
and S 2p spectra primarily. The C 1s spectra consist of three
main species: ZnCO; (~290.0 eV), C-N/C-O (286.2 ¢V),
and C—C/C—H (285.1 eV). As the sputtering time increases,
the intensity levels of the inorganic component represented
by ZnCO; and that of C—O/C—N/C-H represented by the
intensity levels of the organic components are inversely
related. In addition, —SO; species (169.9 eV) and ZnS
(162.3 eV), representing inorganic components, are also
confirmed in the S 2p spectra.” Consequently, the SEI
formed in the ZS-CMIM,, electrolyte exhibits an ultrathin
layered SEI with an outer organic-rich layer and an inner
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inorganic-rich layer. To verify the stability of this layered
SEI, XPS analysis is also performed on the surface of the Zn
anode after long cycling. The results showed that the
organic-inorganic layered SEI structure still existed stably
on the surface of the Zn anode after long cycling. (Fig-
ure S26-27)

To confirm the presence of the SEI, Transmission
Electron Microscopy (TEM) is utilized to image the zinc
surface after cycling. An even and intact interphase layer,
with a thickness of 23 nm, is defined as an ultrathin SEI
layer on the Zn anode surface (Figure 3e and S28). The
microstructure of the SEI components is thoroughly ana-
lyzed by High-Resolution TEM (HRTEM) with further
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magnification (Figure 3f). It's notable that along the yellow
arrows from the outer region of the SEI to the inner side of
the Zn anode, the amorphous organic component gradually
decreases, and well-crystallized inorganic grains are mainly
exposed in the inner region of the SEI. The inorganic
components identified by lattice spacing are predominantly
ZnS and ZnCO;. To confirm the formation mechanism of
this ultra-thin layered SEI, spectral analysis is employed to
characterize the surface chemistry of the interface between
the Zn anode and electrolyte. Through the ATR-SIRAS
spectroscopy, it’s observed changes in the v-SO,*~ bond at
the electrode interface in the range of 981-985 cm™', which
can be attributed to the presence of solvent-shared ion pairs
(SSIPs) and contact ion pairs (CIPs) (Figure 3g). In the ZS-
CMIMy; system, the proportion of CIPs increases from 3 %
to 13%, confirming the strong electrostatic interactions
between CMIM and SO,*" at the interface, which promotes
the entry of SO,* into the inner solvation sheath and thus
facilitates the SO,*~ reduction process.”>* Similarly, the
ATR-FTIR spectra of Zn anode soaked in ZS-CMIM,,
electrolyte shows —C—N— and —N-H- functional group
absorption peaks (Figure $29).° Compared with the CMIM
standard sample, the change of peak shape and the shift of
position indicate the spontaneous electrostatic reaction
between CMIM and Zn>*/SO*".

DFT calculations are employed to explore the electro-
static interactions between CMIM, Zn?** and SO,*". The
results show that the interaction energy between Zn’" and
SO,*", as well as CMIM, significantly exceeds that between
Zn** and H,0O (Figure 3h). CMIM couples more readily
subjected to spontaneous electrostatic reaction with Zn**
and SO,*, facilitating the formation of an organic-rich SEI
layer at the electrode-electrolyte interface (Figure S30). This
organic-rich SEI layer exhibits high flexibility and adheres
tightly to the Zn anode surface to prevent peeling. It also
forms a fast Zn’>" conduction channel, facilitated by the
strong interaction between CMIM and Zn**. This feature is
particularly important at high current densities and contrib-
utes to the overall stability of the battery. Importantly, the
imidazole ring of CMIM has a strong adsorption capacity for
SO, (—500.61 kcal/mol), which can trap SO,>~ on the
surface of the Zn anode, probably contributing to the
electrochemical decomposition of SO,*~ and thus forming
the inorganic-rich SEI layer.

Molecular orbital level calculations are also conducted
to further investigate the SEI formation mechanism of dual
reaction strategy. As illustrated in Figure 3i, which compares
the reduction ability of SO,>~ bound to CMIM and free
SO/ in the electrolyte. The results showed that SO,
bound to CMIM has a lower lowest unoccupied molecular
orbital (LUMO) energy level, indicating that it is more
susceptible to reduction and the formation of low-valence
sulfur products such as ZnS.’) And the CMIM molecule
exhibits a higher position of the highest occupied molecular
orbital (HOMO) compared to that of H,O (—7.81¢eV vs.
—6.84 €V), which easily transfer electron to Zn>* via electro-
static interaction for in situ SEI construction(Figure $31).5
In addition, the LUMO energy level of CMIM (—1.87 eV) is
much lower than that of H,O (0.64 V), which facilitates its
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preferential formation of SEI by coordinating SO,>~ before
Zn deposition.

CMIM is enriched on the surface of Zn anode, contribu-
ting to the spontaneous formation of the organic component
of the SEI during Zn stripping/plating process, whereas
SO,*" trapping by the imidazole ring preferentially con-
structs the ZnS inorganic component by electrochemical
decomposition. Generally, hybrid SEI containing both
organic and inorganic species may be more expected, which
generally inherits the advantages of organic and inorganic
species at the same time. The organic outer layer inhibits
water penetration into the Zn surface and prevents layer
fracture, while the inorganic inner layer promotes Zn*"
diffusion and inhibits the vertical growth of dendrites.

The Zn deposition behavior and the morphology
evolution of Zn anode in BE and ZS-CMIM,; electrolytes
are studied. DFT calculations are employed to determine
the migration energies of Zn*" on the Zn anode surface.
The migration energies of Zn** remain low and do not
exceed 0.136 €V in the BE (Figure S32). Consequently, Zn*"
ions exhibit a strong thermodynamic tendency to proceed
two-dimensional (2D) diffusion across the surface, ulti-
mately leading to dendrite formation. However, with the
introduction of CMIM molecules, the migration energy
barriers for Zn?>* increase to 0.857 eV, significantly hinder-
ing the 2D diffusion (Figure 4a). SEM is performed to
observe Zn*" nucleation at different plating times. In the
BE, the initial nuclei display a larger volume, irregular
shape, and sparse distribution. Additionally, as highlighted
by high-resolution SEM images, the deposited metallic Zn
exhibits micrometer-sized blocky crystals with predomi-
nantly (101) directional vertical texture (Figure 4b and S33).
In contrast, the nuclei in the ZS-CMIM,; electrolyte are
much smaller and densely distributed, readily forming dense
deposition as nuclei merge. The nucleation mechanism is
examined using cyclic voltammetry (CV) and chrono-
amperometry (CA) measurements. In the BE, the current
intensity continued to increase steadily throughout the
process. This pattern indicates a prolonged duration of the
two-dimensional (2D) diffusion process, where Zn’* ions
tend to aggregate and grow into dendrites to minimize
surface energy and exposed area. Contrastingly, in the ZS-
CMIM,; electrolyte, the diffusion of Zn?* ions exhibit a
three-dimensional dominance owing to the robust ligand
interactions between Zn*" and CMIM, enhancing charge
transfer kinetics (Figure 4c). Consequently, Zn*" ions in this
environment are more susceptible to reduction and nuclea-
tion in the active site, thereby promoting uniform and dense
Zn deposition. The superior charge transfer in the ZS-
CMIM,; electrolyte is corroborated by CV curves. As
illustrated in Figure S34, the onset potential for Zn**
nucleation in ZS-CMIM,; is notably higher than that in the
BE, suggesting that the ZS-CMIM,, electrolyte is more
conducive to the rapid transfer and nucleation of Zn?*.
These findings indicate that the ultrathin layered SEI can
modulate the orientation of Zn deposition and promote
dendrite-free behavior.

The uniform Zn nucleation and constrained 2D diffusion
contribute to the even deposition with high CE, as

© 2024 Wiley-VCH GmbH

8518017 SUOWWOD @A1Ie8.D 3(ded|(dde ayy Ag pausienob ake sjoiie YO ‘8sn JO Sa|n. o Akeiq 1T 8Ul|UO AB]IM UO (SUORIPUOD-PUR-SWLBY WD A3 1M ARe.q1 Ul juo//:SdNU) SUORIPUOD PUe swiie | 8L} 89S *[Z02/0T/62] Uo A%eiqiauluo AB]IM ‘[alusyd JO 8InHsu| Ueled Aq 606.07202 31Ue/z00T OT/I0p/Wo0" A3 1M Afe.q 1 puljuo//Sdny Wwolj pepeojumod ‘Tt ‘v20e ‘€LLETEST


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fanie.202407909&mode=

-

- = AE=0.857 eV

Research Article Anglydte

Chemie

Zn migration on Zn (002) with CMIM

b
BE
100 pm 100 pm

2min 6 min

Zs-
CMIM,,

C
—_ BE
E ——ZS.CMIM,
= 2D diffusion
- 4—\.
i\
g o Jitinsdons 2D diffusion
Q Rt
0 50 100
Time (S)
| 4zn0m s0,~m,0
:; 101
g 002
103
::“ ZS-CMIM, 100 102
g
2
= |* BE L ] i
20 40 60 80

2 Theta (degree)

Figure 4. Characterization for electrodeposition morphology of Zn anode. (a) Zn>" migration positions and migration energy on Zn (002) in ZS-
CMIM,, electrolyte. (b) SEM images of Zn nucleation under different deposition time in BE and ZS-CMIMy,, electrolytes at 1 mAcm™. (c) Chrono-
amperometry (CA) curves of Zn anode in BE and ZS-CMIM,, electrolytes, respectively. (d) In situ optical microscopy images of Zn electrode
during Zn plating/stripping in BE and ZS-CMIM,, electrolyte, respectively. (e) XRD patterns of Zn anode in BE and ZS-CMIM,, electrolytes at 100"
cycles, respectively. (f) 2D GIXRD pattern of deposited Zn in ZS-CMIM,, electrolytes at 100™ cycles.

evidenced by the in situ optical microscopy characterization
of Zn deposition at 1 mA cm 2 (Figure 4d). In the BE, Zn
anode surface is overgrown with the randomly-distributed
protrusions after 10 min. Due to the “tip effect,” these
protrusions trigger self-amplifying growth with electrodepo-
sition, gradually evolving into large isolated Zn dendrites,
accompanied by bubble generation. In contrast, in the ZS-
CMIM,; electrolyte, the Zn anode maintains a flat surface
without dendrites during the plating process. Therefore, the
in situ SEI regulates the Zn nucleation and Zn** diffusion,
thus ensuring the uniform Zn deposition.
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To further investigate the in situ SEI on Zn reversibility,
the morphology evolution of Zn anode after the 10", 30,
and 100™ cycles are compared by SEM images. In the BE,
Zn anode presents a rough surface with a large number of
Zn dendrites and glass fibers. In contrast, after cycling for
100 cycles in the ZS-CMIM,, electrolyte, the Zn anode
shows a smooth surface (Figure S35). Meanwhile, XRD
pattern of the Zn anode after 100 cycles in the ZS-CMIM,;
electrolyte does not reveal any by-products originating from
irreversible corrosion (Figure 4¢). More importantly, an
enhancement of the (002) crystal plane is observed. In
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contrast, distinct characteristic peaks of Zn,SO,(OH),xH,0O
are visible in the XRD pattern of the Zn anode cycled in the
BE. Similarly, two-dimensional grazing-incidence X-ray
diffraction (2D-GIXRD) patterns of Zn anode further
reveal the enhanced (002) crystal plane orientation in the
ZS-CMIM,; electrolyte(Figure 4f and S36).These findings
reveal that the in situ SEI effectively achieves the dendrite-
free Zn anode and manipulates the crystal orientation.””
The working mechanism of in situ SEI on the modu-
lation of Zn deposition behavior under different current
densities is investigated through detailed morphology analy-
sis of Zn deposition in the BE and ZS-CMIM,, electrolytes,
where a consistent deposition capacity of 10 mAhcm™ is
maintained in the experiments (Figure 5a-5f and S37). The
Zn deposition involves two main phases, nucleation and
growth, and is controlled by various factors, such as
crystallographic  thermodynamics, kinetics, and Zn®"
diffusion. At low current densities (0.5mAcm™2), Zn
deposition is controlled by surface energy, and the morphol-
ogy coincides with the crystal thermodynamics of the (101)
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plane. In the BE, a deposition layer is formed by the
accumulation of a large number of large-sized spherical Zn
dendrites with discrete distribution. However, in the ZS-
CMIM,, electrolyte, a large, dense, and flat Zn deposition
layer is formed, containing many connected grains, where
thickness of deposition layer (142 um) is much thinner than
that in the BE (288 um). This indicates that the in situ SEI
promotes ionic diffusion and guides Zn deposition at low
current densities, which acts as “nucleation binders,” con-
necting Zn deposition grains, significantly increasing the
quantity of Zn nucleation and the compaction of Zn
deposition. When the current density increases to
10mAcm™, the Zn deposition behavior alters, with the
process kinetically controlled, activating high-index crystal
surfaces. Zn electrode deposition shifts morphologically
from nanosheets to bulk crystals. In the BE, the uneven and
thick deposition layer (29 um) adopts a hillock-like mor-
phology, comprising disordered stacked hexagonal plates.
Conversely, ZS-CMIM,; electrolyte delivers a uniform and
dense Zn deposition layer with an approximate uniform

102 103
1 | 50 mA cm™ Llll)

" | 10 mA em? |

Intensity (a.u.)

30 40 50 60 70
2 Theta (degree)

Figure 5. Structure evolution of Zn anodes at different current densities. (a) SEM images of the Zn metal deposited at different current densities

(0.5-50 mAcm™) in the BE (a, c, €) and ZS-CMIM,, electrolyte (b, d, f). (

g) Schematic illustration of deposition mechanism in BE and ZS-CMIM,,

electrolyte. (h) XRD patterns of the deposited Zn at different current densities (0.5-50 mAcm™?) in ZS-CMIM; electrolyte.
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thickness of 18 um, comprising horizontally arranged hex-
agonal crystal blocks and demonstrating a robust (002)
texture.

Under higher current density conditions (50 mA cm?),
in situ SEI serve as “orientation regulator” for Zn deposi-
tion. The ZS-CMIM,; electrolyte affords the orderly and
fine Zn deposition composed of large-sized lamellar Zn
plates with single crystal orientation. The regular morphol-
ogy of Zn deposition results in a reduced electrolyte-
accessible surface, minimizing dendrite-growth and facilitat-
ing Zn anode reversibility. Conversely, in the BE, Zn
deposition manifest as a porous and mess layer, where
evident cracks, uneven plating heights, and poor morpho-
logical uniformity exacerbate side reactions. The rapidly
depleted Zn ions within the electrolyte and insufficient Zn**
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diffusion at high current density result in a loosely packed
and porous Zn deposition, which is susceptible to peel off
from Zn anode."! The in situ SEI effectively achieves
uniform electrochemical Zn deposition under high current
conditions.

To assess the practical applicability of the CMIM
additive, PANI cathode is coupled with Zn metal to
construct full ZIBs. CV curves with the ZS-CMIM,, electro-
lyte show the identical redox behavior compared to the BE,
implying that the cathode reaction mechanism remains
unchanged (Figure 6a).1”! Subsequently, the long-term cycle
performance is evaluated at 3 Ag'. Figure 6b shows that
the Zn//PANI cell operating in BE displays rapid capacity
degradation after 3000 cycles, with a relatively low CE and a
retention rate of only 28 %. This degradation is attributed to
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Figure 6. Electrochemical performance of Zn//PANI batteries using BE and ZS-CMIMy; electrolytes. (a) Cyclic voltammetry (CV) curves for Zn//
PANI batteries using BE and ZS-CMIMy; electrolyte. (b) Galvanostatic cycling performance and CE of Zn//PANI batteries using BE and ZS-CMIM,,
electrolyte. (c) Rate performance of Zn//PANI batteries using ZS-CMIM,, electrolyte. (d) Charge-discharge profiles at different current densities
using ZS-CMIMy, electrolytes. (e) Cycling performance and CE of Zn//PANI batteries using ZS-CMIM,, electrolyte with high mass loading

14.8 mgcm 2 (f) Cycling performance and CE of Zn//PANI pouch cell using ZS-CMIM, electrolyte with high mass loading 25.48 mgcm ™. (g) A
digital photograph showing LEDs powered by Zn//PANI pouch cells in series operated in ZS-CMIM,, electrolytes.

Angew. Chem. Int. Ed. 2024, 63, €202407909 (10 of 12)

RIGHTSE LI MN iy

© 2024 Wiley-VCH GmbH

8518017 SUOWWOD @A1Ie8.D 3(ded|(dde ayy Ag pausienob ake sjoiie YO ‘8sn JO Sa|n. o Akeiq 1T 8Ul|UO AB]IM UO (SUORIPUOD-PUR-SWLBY WD A3 1M ARe.q1 Ul juo//:SdNU) SUORIPUOD PUe swiie | 8L} 89S *[Z02/0T/62] Uo A%eiqiauluo AB]IM ‘[alusyd JO 8InHsu| Ueled Aq 606.07202 31Ue/z00T OT/I0p/Wo0" A3 1M Afe.q 1 puljuo//Sdny Wwolj pepeojumod ‘Tt ‘v20e ‘€LLETEST


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fanie.202407909&mode=

GDCh
=

dendrite formation and increased side reactions. Conversely,
the ZS-CMIM,,; battery demonstrates superior long-term
cycling stability after 3000 cycles, maintaining a CE above
99 %. Furthermore, the Zn//PANI cell with ZS-CMIM,;
electrolyte exhibits a fast capacitive-dominated charge
storage mechanism and superior rate performance. At
currents of 0.1, 0.5, 1.0, 2.0, 5.0, and 10.0 Ag™', it achieves
specific capacities of 244.8, 231.7, 212.5, 199.3, 185.3, and
168.8 mAhg™, respectively (Figure 6¢c, 6d, and Figure S39).
All these values surpass the discharge-specific capacity of
the ZS electrolyte at the corresponding current densities,
demonstrating the crucial role of CMIM in interfacial
stability and reaction kinetics. Importantly, when the current
density reverts to 0.5 Ag™', the full cell using ZS-CMIM,,
electrolyte retains a satisfactory capacity, strongly indicating
that CMIM additive suppress dendrite growth and alleviate
H,O-induced parasitic reactions. More impressively, the
Zn//PANI full cells with ZS-CMIM,, electrolyte are able to
cycle stably for more than 700 cycles and maintain 97.5 %
reversible capacity, even at a high active mass—loaded
cathode of 14.8 mgecm ™ (Figure 6¢). Pouch cells of Zn//
PANI are assembled to extend the assessment of the ZS-
CMIM,, application potential. As shown in Figure 6f, pouch
cells utilizing the ZS-CMIM,, electrolyte exhibit an impres-
sive initial capacity of 68 mAh and sustain a lifespan of 250
cycles. Furthermore, when two pouch cells are connected in
series, they successfully power an LED bulb (3eV),
providing tangible evidence of the practical application
potential of the designed Zn batteries (Figure 6g).

Conclusion

We present a dual-reaction strategy for in situ SEI
construction that aims to manipulate the distinctive molec-
ular structure of CMIM additives to form an ultrathin
layered SEI consisting of an organic-rich top layer and an
inorganic-rich inner layer through the synergistic effect of
spontaneous electrostatic reaction and electrolyte electro-
chemical decomposition. A multi-scale analysis reveals the
dual role of in situ SEI as a “growth binder” at low current
densities and an “orientation regulator” at high current
densities for Zn deposits. As a consequence, symmetric Zn//
Zn cells present record-breaking cumulative stability com-
pared to previous reports (1300 h at 50 mAcm 2 400 h at
100 mAcm ). Demonstrating excellent reversibility, the
Zn//PANI full batteries exhibit ultra stable cycling perform-
ance over 3000 cycles. Even under harsh conditions, Zn//
PANI full cells have excellent cycling performance with
high-mass loading condition. This work demonstrates a
promising dual reaction strategy for the composition and
structural design of SEI, not only advances the under-
standing of SEI formation in ZIBs but also opens a new
avenue to design advanced SEIs for other emerging battery
systems.
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Supporting Information

Detailed experimental procedures, characterization analysis
and electrochemical measurement. Including Figures S1-
S33, and Tables S1-S3.
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