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As the need for energy storage devices escalates, aqueous zinc-
ion batteries (ZIBs) have risen as a promising alternative to the
widely used Li-ion batteries, offering intrinsic safety, environmen-
tal compatibility, and cost advantages, positioning them as attrac-
tive energy storage systems for the future [1,2]. However,
challenges such as dendrite growth on Zn anodes, stemming from
uneven electric fields on the surface and active water side reac-
tions, compromise cycling stability and lifespan, posing significant
hurdles for the practical application of ZIBs [3,4]. To mitigate these
issues, strategies like electrolyte optimization, artificial solid elec-
trolyte interphase (SEI) layers, and current collector modifications
have been proposed [5,6]. Nevertheless, most long-cycle experi-
ments are conducted at low current densities and deposition
capacities, with high current density and capacity operations typ-
ically lasting less than 1000 h [7].

Interfacial chemistry plays a crucial role in regulating the Zn
deposition process [8]. The SEI layer, often formed by electrolyte
additives or artificial constructs, is vital in preventing direct zinc-
electrolyte contact, yet challenges persist regarding ion conductiv-
ity and mechanical strength [9,10]. In the absence of an SEI layer,
the electric double layer (EDL), comprising the Helmholtz layer
and diffusion layer, becomes critical in regulating interfacial reac-
tions [11–13]. The inner Helmholtz plane (IHP) within the Helm-
holtz layer dictates the de-solvation, diffusion, and
electrochemical deposition of Zn2+ ions. For instance, in a pure
ZnSO4 electrolyte, the IHP is formed by SO4

2� anions and water
dipoles, with de-solvation occurring at the outer Helmholtz
plane-IHP interface [14]. This leads to significant hydrogen evolu-
tion reactions (HER) and zinc corrosion due to the low redox
potential. Additionally, the high de-solvation energy of Zn(H2O)62+

in the outer Helmholtz plane causes local polarization, increasing
the risk of HER in the IHP [15]. Although the IHP significantly influ-
ences battery performance, its complexity makes it difficult to
manipulate for enhanced interfacial stability. The EDL structure
also critically affects the electric field distribution at the interface,
influencing the Zn2+ deposition on the zinc anode [16]. The ‘‘tip
effect” exacerbates uneven electric fields, promoting dendrite
growth and perpetuating a cycle of surface roughness [17]. There-
fore, simultaneously controlling the IHP structure and surface elec-
tric field is vital to suppress dendrite growth and reduce side
reactions but remains a considerable challenge. Herein, we intro-
duce 1-ethyl-3-methylimidazolium acetate (EMImOAc) as an inno-
vative additive to concurrently regulate the molecular distribution
within the IHP and the Zn2+ solvation sheath and fine-tune the sur-
face electric field, resulting in water-depleted IHP to mitigate
water splitting and homogenized surface electric field to thereby
ameliorate Zn2+ ion concentration polarization, culminating in
exceptional stability.

The interaction between ZnSO4 and EMImOAc in the electrolyte
was initially probed by examining the Zn2+ solvation sheath and
the hydrogen bond network. A blue shift in the OAH stretching
vibration from 3223 cm�1 in 2 mol L�1 ZnSO4 to 3230 cm�1 corrob-
orates the disruption of the H-bond network upon EMImOAc addi-
tion (Fig. 1a). Furthermore, the addition of EMImOAc led to a
downfield shift in the 2H nuclear magnetic resonance (NMR) signal
from 4.75 ppm in 2 mol L�1 ZnSO4 to 4.78 ppm, indicative of an
increased de-shielding effect (Fig. 1b). This shift is attributable to
the formation of stronger H-bonds between anions and water
molecules compared with those between water molecules alone,
weakening the nuclear shielding effect on surrounding electrons.
ing, and
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Fig. 1. (Color online) (a) Fourier transform infrared spectroscopy (FT-IR) spectra of different electrolytes (M refers to mol L�1). (b) 2H NMR spectra with various concentrations
of EMImOAc. (c) Differential capacitance curves recorded in different electrolytes. Snapshots of the simulated structures including (d) EMImOAc/ZnSO4 and (e) ZnSO4 system
under �1.5 V vs. PZC. (f) AFM and KPFM images for the Zn deposition layer on Cu foils in ZnSO4 (left) and EMImOAc/ZnSO4 (right) electrolytes. The scan size is 5 lm � 5 lm.
Electric field and concentration field simulation in (g) ZnSO4 and (h) EMImOAc/ZnSO4 electrolytes.
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Furthermore, the Raman spectra suggest that EMImOAc effectively
disrupts the hydrogen bonding network among water molecules
(Fig. S1a and b online).

Molecular dynamics simulations provided insight into the sol-
vation structure of Zn2+ ions and their radial distribution functions
(RDFs) and coordination numbers in both EMImOAc/ZnSO4 and
ZnSO4 electrolytes (Fig. S1c and d online). The RDFs showed a pro-
nounced peak at 1.92 Å with a coordination number of 4.208, cor-
responding to the Zn2+-water oxygen distance in the ZnSO4

electrolyte. The coordination peak of Zn2+ with sulfate oxygen
was observed at 1.8 Å with a coordination number of 1.792
(Fig. S1e online). In the presence of EMImOAc, these peaks shifted
slightly to 1.92 and 1.82 Å, with coordination numbers of 4.109 and
1.836, respectively (Fig. S1f and g online). A new coordination peak
emerged at 1.8 Å with a coordination number of 0.054 for Zn2+

with acetate oxygen (Fig. S1h online), indicating a reduction in
the number of water molecules in the Zn2+ solvation sheath due
to the presence of acetate, thereby elevating the energy barrier
for HER. This alteration in the solvation structure was further sub-
stantiated by the Gibbs free energy calculations for the de-
solvation processes, which showed significantly higher de-
solvation energies of �637.6 kcal mol�1 for Zn(H2O)4(OAc)+ than
�803.9 kcal mol�1 for Zn(H2O)4(SO4) (Fig. S2 online).
2026
To further explore the variations within the EDL, we assessed
differential capacitance as depicted in Fig. 1c. The observed reduc-
tion in capacitance upon the addition of EMImOAc can be ascribed
to the pronounced adsorption of voluminous EMIm+ cations on the
Zn surface, which consequently increases the EDL thickness. This
phenomenon is further corroborated by Zeta potential measure-
ments, density functional theory and contact angle measurements
(Fig. S3a–c online). Delving deeper into the structural transforma-
tion of the IHP, we investigated the effect of applied potential on
the IHP regions at the anode surface using one nano-second molec-
ular dynamics simulations with a graphene electrode as a model
system. Fig. 1d reveals that, upon increasing the potential from
the potential of zero charge (PZC) to �1.5 V, EMIm+ cations are
preferentially adsorbed and enriched on the electrode surface, dis-
placing active water molecules from the IHP. Fig. S3d (online)
graphically depicts the displacement of active water molecules
by bulky EMIm+ cations, leading to a marked reduction in the spa-
tial density of water at the interface, which is anticipated to bolster
electrode stability. In contrast, the ZnSO4 electrolyte system with-
out EMIm+ shows a persistent enrichment of water molecules in
the IHP, resulting in severe side reactions at the interface
(Fig. 1e). Encouragingly, even with a polarization voltage of
+1.5 V vs. PZC, EMIm+ remains predominantly within the IHP,
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effectively diminishing the presence of water molecules (Fig. S3e–g
online). These simulation outcomes validate that the introduction
of EMIm+ cations fosters an IHP structure deficient in water at
the interface, creating a protective barrier that prevents continuous
decomposition under polarization.

Atomic force microscopy (AFM) and Kelvin probe force micro-
scopy (KPFM) were utilized to analyze the surface topography
and potential of Zn/Cu electrodes post-cycling in distinct elec-
trolytes (Fig. 1f). AFM data indicate that the Cu foil cycled with
EMImOAc/ZnSO4 electrolyte showcases a smoother surface with
an average height of 792 nm and a reduced surface potential of
122.1 mV (Fig. S4a online). In stark contrast, cycling in pure ZnSO4

electrolyte results in an increased average height of 1.9 lm and a
heightened surface potential of 344.8 mV. The detailed height
and contact potential difference (CPD) profiles demonstrate a
direct correlation between deposition morphology and the surface
electric field (Fig. S4b and c online). Pronounced CPD fluctuations
at the peaks and troughs of the deposits highlight how irregular
deposition patterns exacerbate the uneven distribution of the local
electric field, fostering dendritic growth from the surface tips.
However, with the addition of EMImOAc, the surface height and
potential distribution become significantly more uniform, suggest-
ing that the preferential adsorption of EMImOAc effectively modu-
lates the electric field.
Fig. 2. (Color online) (a) Illustration of the EDL structure for Zn anodes in different elec
barrier, and consequently suppressed Zn dendrite growth. Galvanostatic cycling of Zn||Zn
5 mA cm�2 and 5 mAh cm�2. (d) Coulombic efficiencies of Zn||Cu asymmetric cells. (e)
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Finite element modeling simulations substantiated the electro-
static shielding impact imparted by the adsorption of EMIm+ ions
on the zinc surface. The current density and Zn2+ ion distribution
during the deposition process reveal a notable difference between
electrolytes (Fig. 1g and h). In the pure ZnSO4 electrolyte, the cur-
rent density is markedly elevated at the zinc dendrite tips, denot-
ing an irregular local electric field that tends to concentrate at the
surface irregularities. Conversely, the distribution of the electric
field in the EMImOAc/ZnSO4 electrolyte is considerably more even,
attributed to the p–p conjugated EMIm+ cations within the IHP
forming a relatively positive electrostatic layer. This layer facili-
tates a balanced Zn2+ ion distribution at the interface, resulting
in a more uniform current density across the surface. To further
elucidate this phenomenon, simulations of the Zn2+ concentration
field during deposition were conducted. These simulations
revealed a significant accumulation of Zn2+ ions at the protrusion
tips while the adjacent flat regions exhibited a markedly lower
Zn2+ concentration in the ZnSO4 electrolyte, exacerbating dendritic
growth. In contrast, the EMImOAc/ZnSO4 electrolyte demonstrated
a notably uniform Zn2+ concentration across the electrode surface.
Notably, at a simulated diffusion time of 100 s, a pronounced dis-
parity in concentration distribution on the surface emerged. This
can be ascribed to the potent electrostatic shielding effect of
EMIm+ ion clusters at the tips of zinc protrusions, which effectively
trolytes with enhanced Zn2+ interfacial de-solvation/transfer and nucleation energy
symmetric cells in different electrolytes at (b) 1 mA cm�2 and 1 mAh cm�2, and (c)

The cycling performance.
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redistributes Zn2+ ions to the neighboring areas, thereby mitigating
the preferential deposition at the tips and promoting a more uni-
form zinc layer.

Consequently, the cycling stability of Zn plating/stripping was
thoroughly assessed using Zn||Zn symmetric cells in different elec-
trolytes. By concurrently regulating the IHP structure and tailoring
the surface electric field (Fig. 2a), the symmetric cell employing the
EMImOAc/ZnSO4 electrolyte demonstrated exceptional longevity,
sustaining continuous operation for 4200 h at a current density
of 1 mA cm�2 and a capacity of 1 mAh cm�2 while maintaining a
stable overpotential (Fig. 2b). In stark contrast, the cell with the
pure ZnSO4 electrolyte succumbed to a short circuit after a mere
180 h, a failure attributed to dendritic growth that pierced the
membrane and sever side reactions (Fig. S5a–d online). When the
current density was increased to 5 mA cm�2, with a corresponding
capacity of 5 mAh cm�2, the cell containing EMImOAc still show-
cased a remarkable lifespan of over 1480 h. This performance sig-
nificantly outstripped that of the cell with pure ZnSO4 electrolyte,
which only lasted 90 h (Fig. 2c). Even more impressively, the sym-
metric cells with the EMImOAc/ZnSO4 electrolyte maintained
robust cycling stability at a range of current densities (Fig. S5e–g
online) with a slight increase in hysteresis voltage due to the
EMIm+ adsorption on the Zn anode surface, outperforming most
previous additive-based reports (Fig. S6 online). Additionally, the
reversibility of Zn plating/stripping was gauged using Zn||Cu asym-
metric cells. The cell containing EMImOAc/ZnSO4 electrolyte
achieved stable cycling for over 1700 cycles (equating to a lifespan
of more than 3400 h) at a current density of 1 mA cm�2, with a high
average Coulombic efficiency of 99.40% (Fig. 2d). In contrast, the
cell without EMImOAc demonstrated a significantly reduced cycle
life of 34 h and an ACE of 94.08%.

The practical applicability of the EMImOAc/ZnSO4 electrolyte
was demonstrated through the synthesis of polyaniline (PANI) to
fabricate batteries (Fig. S7 online). The cyclic voltammetry (CV)
curves of both ZnSO4 and EMImOAc/ZnSO4 electrolytes exhibit
similar redox peaks (Fig. S8a online). In contrast, the cell with
the EMImOAc/ZnSO4 electrolyte displays a much narrower peak
separation, indicating better redox reversibility due to the pres-
ence of EMImOAc (Fig. S8b online). Consequently, within the EMI-
mOAc/ZnSO4 electrolyte, the cell delivers significantly higher
capacities at various current densities compared with the cell with
the ZnSO4 electrolyte (Fig. S8c online). Notably, when the current
density is reverted to 0.5 A g�1, the capacity of the cell with EMI-
mOAc/ZnSO4 electrolyte recovers to 137.4 mAh g�1, confirming
the high reversibility of the electrolyte. The long-term cycling per-
formance of Zn||PANI full batteries was also evaluated (Fig. 2e). At
a current density of 2 A g�1, the full cell containing the EMImOAc
additive exhibits a superior initial capacity of 100.3 mAh g�1 and
maintains 80.0% of its capacity after 800 cycles, outperforming
the cell without the additive, which starts at 91.3 mAh g�1 and
only retains 51.0% of the capacity (Fig. S8d and e online). Even at
a higher current density of 5 A g�1, the full cell with the EMI-
mOAc/ZnSO4 electrolyte demonstrates a capacity retention of
64.3% after 1500 cycles, significantly better than the 44.5% reten-
tion in the ZnSO4 electrolyte, with the CV results confirming the
charge storage process is contributed by both capacitive and
diffusion-controlled behaviors (Figs. S8f–i and S9 online).

In summary, we have introduced 1-ethyl-3-methylimidazolium
acetate as an innovative additive not only to displace H2O mole-
cules to form water-depleted IHP, mitigating water decomposition,
but also to modulate the electric field at the Zn/electrolyte inter-
face, thereby ameliorating Zn2+ ion concentration polarization.
Consequently, the zinc anode in an EMImOAc-enhanced electrolyte
exhibits remarkable durability, with Zn||PANI full batteries demon-
strating commendable capacity retention due to the improved Zn
2028
ion transfer process and suppressed side reactions (Figs. S10–S16
online). Our findings underscore the profound impact of EMImOAc
on boosting the stability and reversibility of ZIBs, offering valuable
insights for the development of advanced electrolytes applicable to
a broad spectrum of battery technologies.
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