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Hydroxylated lonic Liquids as Functional Additives for

Stable Aqueous Zn Batteries

Qiang Yan, Yucheng Liu, Wenxu Zhu, Shengjun Xu,* Ho Mei Law, Jingwei Li,

and Francesco Ciucci*

1. Introduction

Rechargeable zinc (Zn) metal batteries are promising for large-scale energy

storage due to their safety and affordability. However, Zn anodes in aqueous
electrolytes suffer from uneven deposition and side reactions that impair
battery performance and shorten lifespan. Herein, the use of a hydroxyl-
functionalized ionic liquid, 1-hydroxyethyl-3-methylimidazolium triflate
(HO-EMImTfO), as an electrolyte additive to stabilize the Zn anode is reported
for the first time. This hydroxyl-functionalized ionic liquid acts through a

dual mechanism: 1) the hydroxyl (—OH) group of HO-EMIm™ integrates into
the Zn2* solvation shell by displacing water molecules, altering the solvation
structure, and suppressing water-induced side reactions; 2) HO-EMIm™*
accumulates on the Zn surface, forming a HO-EMIm -rich layer that facilitates
lateral Zn2* diffusion, promoting a uniform Zn deposition. The modulation of
the Zn?* solvation environment and interfacial ion flux effectively suppresses
Zn pulverization and dendrite formation. Consequently, Zn||Cu cells with HO-
EMImTfO achieve an average Coulombic efficiency of 99.5% over 1000 cycles
at 4 mA cm~2, and Zn||V,O; full cells retain 223.5 mAh g~ after 1265 cycles
at 1 A g7'. This work demonstrates the potential of strategically designed
hydroxyl-functionalized ionic liquids for durable aqueous Zn batteries.
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Rechargeable zinc (Zn) metal batteries have
emerged as a promising solution for large-
scale energy storage, owing to their in-
herent safety, environmental friendliness,
and low cost.['?] However, the practical de-
ployment of Zn technology is hindered
by several challenges associated with the
Zn anode, particularly in aqueous elec-
trolytes. These challenges include dendrite
formation, surface corrosion, Zn pulveriza-
tion, and parasitic hydrogen evolution, 3!
which lead to poor cycling stability, low
Coulombic efficiency, and potential safety
hazards. To address these issues, vari-
ous strategies have been explored, includ-
ing protective surface coatings,!®’! separa-
tor modifications,®] and electrolyte for-
mulation adjustments.'**] Among these
approaches, tailoring the electrolyte with
functional additives is particularly attrac-
tive due to its simplicity, minimal impact
on energy density, and its scalability.'!
A well-chosen functional additive can di-
rectly regulate interfacial chemistry and
Zn?* deposition behavior in situ, thus addressing the root causes
of anode instability without complex cell redesign.

One effective class of electrolyte additives for aqueous Zn bat-
teries comprises small molecules containing hydroxyl (—OH)
groups (e.g., methanol!'®7l and ethylene glycol®®']). These
—OH-containing additives stabilize Zn plating/stripping by par-
tially replacing H,O molecules in the Zn?* solvation sheath.?!
By coordinating with Zn**, —OH groups reduce the amount
of free water at the electrode interface, thereby lowering wa-
ter activity and mitigating its involvement in undesirable side
reactions.[?'-23] Nevertheless, while small organic and —OH-
containing additives can effectively modulate Zn** solvation and
interfacial chemistry, they often have high volatility or limited
ability to influence the spatial distribution of Zn?* ions during
deposition.

Recent studies have revealed that Zn pulverization, the grad-
ual crumbling of Zn metal due to repeated Zn plating and
stripping, is an equally critical failure mode alongside the cre-
ation of dendrites.l**] To address Zn pulverization, researchers
have turned to ionic liquid (IL) additives, particularly imi-
dazolium cations. Recently, Wang et al. introduced 1-ethyl-3-
methylimidazolium (EMIm*) into a Zn electrolyte to create
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an “ion-diversion dam” at the Zn/electrolyte interface.**] Ad-
sorbed EMIm® cations form a cation-rich layer on the Zn sur-
face that redistributes incoming Zn?* laterally, hindering di-
rect Zn?* flux perpendicular to the Zn surface.”] The forced
lateral diffusion prevents localized Zn** build-up, effectively
suppressing Zn pulverization. Imidazolium IL additives such
as EMIm™, 126271 methylimidazolium (MIM™*),[28] and 1-butyl-3-
methylimidazolium (BMI*)[2>3% have therefore become effective
stabilizers for Zn anodes due to this potential “ion-diversion”
effect, along with their non-volatile characteristics and adapt-
able chemical structures.’1-33] While conventional imidazolium-
based ILs can favorably influence ion flux at the interface, their
typical lack of polar functional groups means they do not sig-
nificantly modify the Zn?" solvation structure. This oversight
leaves water-induced issues, such as corrosion and hydrogen evo-
lution, largely unaddressed. Conversely, while small hydroxyl-
containing molecules can alter solvation, they often lack the in-
terfacial flux control and stability of ILs. This highlights a critical
need for additives that concurrently manage both Zn?* solvation
and interfacial dynamics. While individual components of this
strategy (hydroxylation or ILs) have been explored, their synergis-
tic integration within a single hydroxyl-functionalized ionic lig-
uid to achieve simultaneous solvation control and interfacial flux
regulation for aqueous Zn anodes has remained unexplored.

Motivated by the complementary advantages of hydroxyl
groups for Zn?* solvation control and imidazolium cations for
interfacial ion-flux regulation, here we introduce a hydroxyl-
functionalized imidazolium additive as a dual-function elec-
trolyte modifier for aqueous Zn batteries. In particular, we
employ the 1-hydroxyethyl-3-methylimidazolium cation (HO-
EMIm*, see chemical structure in Figure 1a) paired with tri-
flate anions (TfO~) as an additive in the Zn(TfO), electrolyte.
During Zn electrodeposition, the HO-EMIm* cations concen-
trate near the Zn anode surface, assembling into a dense cation-
enriched interfacial layer. This HO-EMIm™-rich layer serves as
an ion-diversion dam that redistributes Zn?* flux laterally across
the electrode and, in turn, alleviates Zn oversaturation and pul-
verization. Simultaneously, the —OH group of HO-EMIm™ par-
tially replaces H,O in the Zn?* solvation sheath, reducing inter-
facial free-water activity and suppressing water-induced side re-
actions. Owing to this synergistic dual action on interfacial chem-
istry, Zn||Cu cells with the HO-EMIm™* additive exhibit enhanced
Zn plating/stripping reversibility, achieving an average Coulom-
bic efficiency of 99.5% over 1000 cycles at a current density of
4 mA cm~2. Full Zn||V,O; batteries also demonstrate improved
longevity, sustaining stable cycling for over 1200 cycles at 1 A g~}
(even up to 4000 cycles at 2 A g=! with more than 53% capac-
ity retention). These results underscore the effectiveness of the
HO-EMImT(O additive in mitigating Zn pulverization issues and
water-induced side reactions.

2. Results and Discussion

2.1. Modulating Interfacial Interactions

To elucidate the molecular-level interactions between ionic lig-
uids and Zn metal anodes, the adsorption energies of Zn**,
EMIm®, and HO-EMIm® cations on a Zn surface were calcu-
lated. As shown in Figure 1b, HO-EMIm™" exhibits the most
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negative adsorption energy (—2.36 eV), indicating the strongest
affinity toward the Zn surface among the three species. This
strong preferential adsorption of HO-EMIm™ is crucial for es-
tablishing a robust HO-EMIm™*-rich layer at the Zn/electrolyte
interface, which is hypothesized to act as the “ion-diversion
dam.”B3*%] To further investigate the influence of ionic liquid
additives on Zn?* solvation, molecular dynamics (MD) simula-
tions were performed (Figure S1, Supporting Information). In
all electrolytes, pronounced Zn—O_TfO~ and Zn—O_H, O peaks
were observed (Figure 1c—e), confirming the presence of a pri-
mary hydration shell around Zn?*. However, in the electrolyte
containing EMIm*, no EMIm™ appears in the first solvation shell
of Zn?* (Figure 1d), suggesting that EMIm™* does not coordi-
nate with Zn?*. In contrast, when HO-EMIm™ is present, a dis-
tinct HO-EMIm™ signal emerges in the first solvation shell of
Zn?* (Figure 1le), indicating direct involvement of HO-EMIm*
in Zn?* solvation. Coordination number (CN) analysis further
quantified these solvation changes: in the baseline electrolyte,
Zn?* is coordinated by approximately five water molecules (CN
= 5.09, Figure 1c), whereas adding EMIm* only slightly low-
ers this CN to 5.01 (Figure 1d), indicating minimal disruption
of Zn?* hydration. In contrast, including HO-EMIm™* reduces
the CN significantly to 4.90 (Figure 1le), demonstrating that HO-
EMIm* disrupts the Zn?* hydration shell by partially replac-
ing water molecules.®] This altered solvation environment is
expected to suppress water-induced side reactions such as hy-
drogen evolution and corrosion, thereby enhancing interfacial
stability.’”*8] DFT calculations were conducted to investigate the
desolvation behavior of Zn?* in relation to two proposed com-
plexes derived from MD simulation results (Figure S2, Support-
ing Information). In the Zn?*-5(H,0)-TfO" model, removing
a water molecule requires only 0.72 eV, compared to 8.55 eV
needed to remove TfO . Similarly, in Zn?**-5(H,0)-HO-EMIm*,
the HO-EMIm™ cation binds more strongly to Zn?* (2.42 eV)
than a water molecule does (1.23 eV). These results suggest a
comparable stepwise desolvation behavior in both cases, where
water is removed before the TfO or HO-EMIm®. This desolva-
tion pathway was further analyzed for the HO-EMImTIO elec-
trolyte (Figure S3, Supporting Information).

To illustrate the interfacial challenges of Zn metal anodes in
aqueous electrolytes, we first examined a model system com-
prising a plain Zn(TfO), solution without additives.*] As de-
picted in Figure 1f (left), Zn?* ions are surrounded by a fully
hydrated shell. This environment facilitates parasitic reactions
such as hydrogen evolution and corrosion, which in turn ac-
celerate electrolyte consumption, Zn pulverization, and dendrite
formation.[*°] Based on the above theoretical calculation results,
we introduced HO-EMIm™ as an electrolyte additive to construct
a functional “ion-diversion dam” at the Zn/electrolyte interface
(Figure 1f, right). The —OH groups in HO-EMIm™ play a crit-
ical role in modulating the Zn?* solvation structure. Replacing
coordinated water molecules and interacting with free water re-
duces the number of active water molecules near the Zn elec-
trode, further suppressing water-related parasitic reactions.[>6-38l
Owing to their strongest adsorption energy (Figure 1b), HO-
EMIm® cations accumulate on the Zn surface, resulting in a
more compact HO-EMIm™*-rich interfacial layer compared to
EMIm™ (Figure 1f). To verify the formation of a HO-EMIm*-
rich interfacial layer, we simulated the charging process under a
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Figure 1. Interfacial design and solvation modulation by HO-EMIm™. a) Chemical structures of two ionic liquid cations (EMIm* and HO-EMIm™). b)
Calculated Zn?*, EMIm*, and HO-EMIm™ adsorption energies on a Zn metal surface. Radial distribution functions (RDFs) from MD simulations of c)
2 M Zn(TfO),, d) 2 M Zn(TfO), with EMImTfO additive, and e) 2 M Zn(TfO), with HO-EMImTfO additives. f) Schematic illustration of Zn?* solvation
sheaths and Zn anode interfaces without additives (left) and with EMIm™ (middle) and HO-EMIm™* (right). The additive-free interface enables direct
Zn%* plating, resulting in dendrites and pulverization, whereas the EMIm*™/HO-EMIm* additive creates a cationic “ijon-diversion dam” that redirects

Zn?* flux laterally for uniform deposition.

constant electric field. The simulation (Figure S4a, Supporting
Information) shows that HO-EMIm™ cations gradually assemble
into a compact interfacial layer due to electric-field-driven attrac-
tion to the Zn surface. The mass density profile (Figure S4b, Sup-
porting Information) reveals that this layer extends ~30 A from
the surface. Furthermore, calculated Zn?* diffusion coefficients
(Figure S4c,d, Supporting Information) indicate that cross-plane
Zn?* diffusion (across the HO-EMIm™-rich interfacial layer) is
significantly suppressed, whereas in-plane diffusion (parallel to
the Zn electrode surface) remains active. As a result, the HO-

Adv. Funct. Mater. 2026, 36, 12706 e12706 (3 0f11)

EMIm*-rich layer impedes direct Zn?** transport toward the Zn
electrode and instead promotes lateral ion movement, leading to
more uniform Zn deposition.

2.2. Interfacial Stabilization
To assess the interfacial stability imparted by the ionic liquid

additive, Zn||Zn symmetric cells were assembled and subjected
to long-term galvanostatic cycling tests using electrolytes with
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Figure 2. Electrochemical stability and corrosion suppression. a) Cycling performance of symmetric Zn||Zn cells utilizing a 2 m Zn(TfO), electrolyte.
b) Cycling performance of symmetric Zn||Zn cells using electrolytes with varying concentrations of EMImTfO additives. c) Cycling performance of
symmetric Zn||Zn cells employing electrolytes with varying concentrations of HO-EMImTfO additives. d) Rate performance of Zn||Zn symmetric cells in
2 M Zn(TfO), + 0.6 M HO-EMIMT(O electrolyte. SEM images of Zn metal after 7 days immersion in €) 2 M Zn(TfO),, f) 2 M Zn(TfO), + 0.2 M EMIMTfO,

and g) 2 M Zn(TfO), + 0.6 M HO-EMImTfO electrolytes.

various additive concentrations. At a current density of 1 mA
cm™?, the Zn||Zn symmetric cell with the additive-free base-
line electrolyte exhibited a limited cycling lifespan of ~60 h
(Figure 2a), whereas the cell containing 0.2 M EMImT{O showed
a dramatically prolonged lifespan of 1380 h (Figure 2b; Figure S5,
Supporting Information). Notably, the optimal concentration for
the HO-EMImTIO additive (0.6 M) was found to be higher than
that for EMImMT{O (0.2 m), as depicted in Figure 2c. This differ-
ence is likely attributed to the partial partitioning of HO-EMIm™*
cations between the interface (where they contribute to a protec-
tive layer) and the Zn?* solvation sheath, thus requiring a greater
total amount to effectively saturate both roles. Accordingly, the

Adv. Funct. Mater. 2026, 36, 12706 e12706 (4 of 1 1)

electrolyte containing 0.6 M HO-EMImTfO enabled the symmet-
ric cell to cycle for 1800 h before failure (Figure 2c; Figure S6,
Supporting Information). The rate performance of Zn||Zn sym-
metric cells was evaluated over a current density range of 0.5—
5.0mA cm~? (Figure 2d). When the current density was increased
t0 5.0 mA cm™2, an overpotential of 74 mV was observed. Subse-
quently, upon reducing the current density back to 0.5 mA cm™2,
the overpotential remained stable at 23 mV, demonstrating the
excellent rate response capability and compatibility of the HO-
EMImTIO electrolyte. These findings underscore the significant
stabilizing effect of the hydroxyl-functionalized ionic liquid addi-
tive on Zn anode performance.
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To further assess interface compatibility, Zn foils were im-
mersed for 7 days in the three electrolytes: 2 m Zn(TfO),, 2 m
Zn(TfO), with 0.2 M EMImT{O, and 2 M Zn(TfO), with 0.6 M
HO-EMImTIO. Subsequently, surface characterization was car-
ried out using scanning electron microscopy (SEM).[*!) As shown
in Figure 2e—g, the Zn surfaces exhibited markedly different
morphologies depending on the electrolyte. In the baseline elec-
trolyte, the Zn foil exhibited severe surface degradation, char-
acterized by a high porosity indicative of corrosion (Figure 2e;
Figure S7, Supporting Information). Conversely, the Zn foil in
0.2 M EMIMT{O showed a smoother and denser morphology
(Figure 2f; Figure S8, Supporting Information), indicating that
adding EMImT{O partially inhibited corrosion processes. Re-
markably, the Zn surface immersed in 0.6 M HO-EMImT{O elec-
trolyte displayed a uniform, densely packed morphology with
minimal evidence of corrosion (Figure 2g; Figure S9, Supporting
Information). These morphological observations are consistent
with theoretical predictions that HO-EMImTfO additives miti-
gate water-induced corrosion.

2.3. Enhanced Zn deposition kinetics and reversibility

Electrochemical impedance spectroscopy (EIS) measurements
were performed at various temperatures to elucidate the influ-
ence of ionic liquid additives on the interfacial Zn?* transport
and deposition kinetics (Figure S10, Supporting Information).
From the EIS data, the charge transfer resistance (R_,) for Zn plat-
ing/stripping was extracted. The incorporation of ionic liquid ad-
ditives led to a significant decrease in R, compared to the base-
line electrolyte, indicative of facilitated interfacial charge trans-
fer (Figure S11, Supporting Information). The activation energy
(E,) for the interfacial Zn?* transport and deposition reaction was
then calculated by fitting R, values as a function of temperature
using the Arrhenius equation.[***3] As presented in Figure 3a,
the baseline 2 M Zn(TfO), electrolyte possessed the lowest E,
at 37.7 k] mol~!. In contrast, the addition of 0.2 M EMIm™ in-
creased E, to 54.9 k] mol™!, and 0.6 M HO-EMIm™* resulted in
a comparable E, of 54.3 k] mol~'. This observed increase in E,
following the introduction of EMIm*™ or HO-EMIm™* suggests
a modification of the Zn?* kinetics at the Zn/electrolyte inter-
face by the additive. Chronoamperometry (CA) at an overpoten-
tial of =150 mV provided a further examination of the dynamic
Zn growth process (Figure 3b). For the baseline electrolyte, a con-
tinuous increase in deposition current from —2.98 to —27.4 mA
was recorded within the initial 50 s. This phenomenon indi-
cates an expanding electroactive surface area, likely due to den-
dritic growth or pulverization,[*”! and this behavior aligns with
the development of a porous and pulverized Zn deposit in the
baseline electrolyte as subsequently confirmed by SEM analysis
(Figure S12, Supporting Information). Conversely, when 0.2 M
EMImTfO was added, the current exhibited a more modest rise
from —2.54 to —4.44 mA over 50 s, pointing to substantially more
controlled nucleation and growth (Figure S13, Supporting Infor-
mation). Significantly, the electrolyte containing HO-EMImT{O
maintained a stabilized deposition current at a relatively low mag-
nitude, increasing merely from —0.83 to —2.70 mA in 50 s. Such
behavior signifies the establishment of uniform nucleation sites
and a homogeneous Zn** flux during plating.[** This controlled
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deposition consequently fosters a more uniform current distri-
bution, leading to dense and compact Zn deposition (Figure S14,
Supporting Information).

An additional understanding of the initial nucleation behavior
was gained through cyclic voltammetry (CV) measurements fo-
cusing on Zn?* plating/stripping on Cu substrates (Figure 3c).
The electrolyte with HO-EMImTfO demonstrated a higher nu-
cleation overpotential (AA"" = 11.7 mV) relative to the EMImTfO
system (AA’ = 5.4 mV). This suggests a more substantial energy
barrier for initial nucleation, a condition conducive to more con-
trolled and stable Zn nucleus formation.[*>*¢] Consequently, the
Zn deposits formed in the HO-EMImT{O electrolyte are charac-
terized by finer grains and improved orientation, culminating in
more uniform and stable growth during subsequent deposition
phases. The Zn deposits were subsequently analyzed using X-ray
diffraction (XRD). As shown in Figure 3d, the electrolyte compo-
sition strongly influenced the relative intensity ratio of the Zn
(002) to (100) diffraction peaks. The HO-EMImT{O-containing
electrolyte produced a high 1(002)/1(100) ratio of 2.29, compared
to 1.02 for the baseline and 0.87 for the EMImT{O-containing
electrolyte. This preferential orientation along the (002) plane is
highly desirable as it is recognized to facilitate more reversible Zn
plating/stripping and suppress dendrite formation.[*’#8] Notably,
in the baseline electrolyte, additional XRD peaks corresponding
to corrosion-induced byproducts were observed. High-resolution
X-ray photoelectron spectroscopy (XPS) analysis was performed
on Zn anodes to identify corrosion-induced byproducts. After the
depth etching, XPS spectra were collected for the C 1s (Figure
S15, Supporting Information), Zn 2p (Figure S16, Supporting
Information), O 1s (Figure S17, Supporting Information), S 2p
(Figure S18, Supporting Information), F 1s (Figure S19, Support-
ing Information), and N 1s (Figure S20, Supporting Information)
regions. In the HO-EMImTYO system, signals corresponding to
sulfate/sulfonate species (e.g., C—S, C—SO,) and Zn—O com-
pounds were markedly diminished, indicating that anion decom-
position and water-induced corrosion were suppressed. Notably,
the N 1s signal was absent, suggesting that HO-EMIm* remains
electrochemically stable at the interface.

Linear sweep voltammetry (LSV) was conducted to evalu-
ate the hydrogen evolution reaction (HER) at the Zn anode
(Figure 3e). In the baseline electrolyte, the HER onset poten-
tial (at —20 mA cm™?) was ~—1.12 V. With 0.2 m EMImT{O,
the HER onset shifted negatively to ~—1.21 V, and with 0.6 M
HO-EMImTIO it further shifted to —1.36 V. This progressively
more negative onset indicates that hydrogen evolution was ef-
fectively suppressed by HO-EMImT{O, thereby contributing to
enhanced interfacial stability. Corroborating these findings, Tafel
plots were conducted to evaluate the anti-corrosion performance
(Figure 3f). The HO-EMImT{O-containing electrolyte exhibits a
reduced exchange current density (0.23 mA cm™2), substantially
lower than those in the EMImMT{O (0.43 mA cm™2) and baseline
(2.74 mA cm™?) electrolytes, further confirming the superior cor-
rosion protection provided by the HO-EMImT{O additive.[**>
Additionally, the wettability of the electrolytes on Zn metal was
evaluated by contact angle measurements (Figure S21, Support-
ing Information). The HO-EMImTfO-containing electrolyte ex-
hibited a smaller contact angle (56.7°) than the baseline elec-
trolyte (76.7°), indicating better interfacial affinity.>!! To further
examine the influence of the HO-EMImTfO additive on Zn
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Figure 3. Zn deposition kinetics. a) Comparison of activation energies calculated using the Arrhenius equation for various electrolytes. b) Chronoamper-
ometry curves of Zn||Zn cell with various electrolytes at-150 mV. c) CV curves of Zn||Cu cell with various electrolytes at 0.2 mV s~'. d) XRD patterns of the
Zn anodes with various electrolytes after 100 cycles. e) HER and f) Tafel plots of Zn electrodes in various electrolytes. g) Voltage plateau of galvanostatic
Zn deposition on the Zn anode at 3 mA cm~2. h) Schematic diagram of the effect of ionic liquid additives on the Zn?* deposition process.

electrodeposition, we evaluated the Zn deposition potentials in
different electrolytes. As shown in Figure 3g, with 0.6 m HO-
EMImTIO, the Zn deposition potential was reduced to 9.8 mV,
significantly lower than in the 0.2 M EMImTfO system (21.1 mV)
or the 2 M Zn(TfO), baseline (17.7 mV). This result demon-
strates that the HO-EMImTfO additive effectively enhances in-
terfacial kinetics for Zn?** deposition. Overall, the results indicate
that while the ionic liquid additives introduce an interfacial “ion-
diversion dam” (an adsorbed cation-rich layer that increases the

Adv. Funct. Mater. 2026, 36, 12706 e12706 (6 of 1 1)

E, for interfacial Zn** kinetics that includes local transport and
reaction), they simultaneously lower the interfacial R, by sup-
pressing corrosion reactions. Therefore, as depicted in Figure 3h,
in the absence of additives, Zn?* ions migrate directly toward the
Zn electrode. This direct pathway results in a low E, but a rel-
atively high R, due to the formation of corrosion byproducts.
In contrast, when EMIm* or HO-EMIm™ is present, a cation-
rich ion-diversion layer is established. This layer forces the in-
coming Zn?* ions to diffuse laterally along the interface before
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Figure 4. Zn plating/stripping reversibility. SEM images and corresponding digital photographs (insets) of Zn deposited on Cu foil using a) 2 M Zn(TfO),,
b) 2 M Zn(TfO), + 0.2 M EMIMTfO, and c) 2 M Zn(TfO), + 0.6 M HO-EMImTfO electrolytes. Current density: 4 mA cm™2, areal capacity: 1 mAh cm=2.
d) Coulombic efficiency of Zn plating/stripping in Zn||Cu cells with different electrolytes. Voltage—capacity profiles of Zn||Cu cells using HO-EMImTfO-
containing electrolytes at €) 4 mA cm™2, T mAh cm™2, f) 2 mA cm=2, 4.5 mAh cm~2, and g) 4 mA cm™2, 4.5 mAh cm~2.

reduction.**] This “ion diversion dam” introduces a higher ener-
getic barrier for direct perpendicular Zn** kinetics, as reflected
in the increased E,. However, its profound impact on homoge-
nizing ion flux and drastically reducing corrosion (evidenced by
lower R,) ultimately facilitates more stable and efficient Zn plat-
ing/stripping during cycling.

To assess Zn deposition morphology, SEM was performed on
Zn||Cu cells containing the various electrolytes (Figure 4a—c).
Cells incorporating HO-EMImT{O demonstrated improved and
uniform Zn deposition (Figure 4c) relative to the irregular,
dendritic, and pulverized deposits observed in the baseline

Adv. Funct. Mater. 2026, 36, 12706 e12706 (7 0f11)

(Figure 4a) and, to a lesser extent, the EMImT{O-containing elec-
trolytes (Figure 4b). Cells with the HO-EMImT{O additive exhib-
ited excellent reversibility, achieving a CE of 99.6% at lower cur-
rent densities (0.5 and 1 mA cm~2, Figure S22, Supporting Infor-
mation). Notably, even at a high current density of 4 mA cm=2,
cells containing HO-EMImTfO maintained a stable average CE
0f 99.5% over 1000 cycles (Figure 4d). In contrast, cells with the
baseline electrolyte displayed poor reversibility; the initial CE of
96.9% rapidly decayed to 86.4% within 52 cycles, leading to cell
failure. The EMImT{O-containing electrolyte offered intermedi-
ate performance, showing some improvement over the baseline
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Figure 5. Full-cell performance. a) CV curves at 1 mV s~ of Zn||V, Os cells using various electrolytes. b) Rate capability of Zn||V,Os cells using various
electrolytes. c) Cycling performance of Zn||V, Os cells using various electrolytes at 1A g~'. d) Cycling performance of Zn||V,Os cells using HO-EMImTfO-

containing electrolytes at 2 A g~ All tests were conducted at 15 °C.

but exhibiting significant CE fluctuations during extended cy-
cling (Figure 4d, inset). Furthermore, analysis of the voltage pro-
files revealed that Zn||Cu cells with the HO-EMIm™ additive ex-
hibited lower overpotentials during both plating and stripping
compared to cells using the baseline electrolyte (Figure 4e; Figure
S23, Supporting Information).

To assess the stability imparted by the HO-EMIm™*-rich in-
terfacial layer under practical conditions, Zn||Cu cells were
also cycled at a high areal capacity of 4.5 mAh cm™2. As
shown in Figure S24 (Supporting Information), the baseline
and EMImTfO-containing electrolytes exhibited large voltage
fluctuations and rapidly rising overpotentials, indicating unsta-
ble Zn deposition and poor reversibility. In contrast, the HO-
EMImT{O-containing electrolyte maintained stable voltage pro-
files at both 2 and 4 mA cm~? (Figure 4f,g), with consistently high
Coulombic efficiencies of 98.4% and 99.3%, respectively. These
results highlight the superior interfacial stability and reversibil-
ity enabled by the HO-EMImTIO additive under high-capacity
conditions, outperforming both the additive-free baseline and
the EMImT{O additive. Notably, the HO-EMIm™-rich layer ap-
pears to dynamically self-reconstruct during cycling to sustain
its ion-regulating function, though further improvements in
long-term durability are still needed. The combination of sta-
ble CE and uniform Zn deposition morphology demonstrates
that the HO-EMImT{O additive significantly improves the re-
versibility and efficiency of Zn metal anodes, surpassing the
performance of recently reported hydroxylation-free ionic lig-
uid additives for aqueous Zn batteries (Table S1, Supporting
Information).

Adv. Funct. Mater. 2026, 36, e12706 e12706 (8 of 11)

2.4. Performance of Full Cells

Finally, to evaluate the practical viability of the HO-EMImT{O
additive, Zn||V,0s full cells were assembled, and their electro-
chemical performance was assessed. As shown in Figure 5a, CV
profiles recorded at 1 mV s7! revealed similar redox peaks for
all cells, regardless of the presence or type of additive. However,
the cell with the HO-EMImT{O additive exhibited a noticeably
smaller voltage polarization (243 mV) compared to the system
with EMImT{O (272 mV) and the baseline electrolyte (289 mV).
This reduced polarization with HO-EMImTIO reflects enhanced
reaction kinetics and lower internal resistance in the full cell,
likely attributable to the stabilized Zn anode interface as outlined
above.

Rate capability testing further demonstrated these perfor-
mance improvements (Figure 5b). As current densities increased
from 0.5 to 2 A g71, the Zn||V,O; full cell containing 0.6 m HO-
EMImTIO maintained higher capacities than the control cells.
This improved rate performance is likely ascribed to the more
stable Zn plating/stripping facilitated by the HO-EMImT{O addi-
tive. Furthermore, galvanostatic charge-discharge curves (Figure
S25, Supporting Information) corroborated these findings, il-
lustrating that the HO-EMImT{O additive led to lower polar-
ization and more stable voltage plateaus across the range of
current densities tested. Consequently, the HO-EMImTO cell
delivered higher discharge capacities compared to those using
the baseline or EMImT{O-containing electrolytes. To gain addi-
tional insight into interfacial charge transport, impedance spec-
tra were analyzed using the distribution of relaxation times
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(DRT) methodl®?! (Figure S26, Supporting Information). The
HO-EMImTIO electrolyte exhibited markedly lower interfacial
resistance (R,,,), charge-transfer resistance (R,), and diffusion re-
sistance (Ryg), confirming its superior interfacial kinetics com-
pared to both the baseline and EMImT{O systems.

The long-term cycling stability of the full cells further high-
lighted the durability enhancement provided by HO-EMImT{O.
As depicted in Figure 5c, operating at a current density of 1 A
g1, the Zn||V, 05 cell with the HO-EMImT{O additive sustained
a discharge capacity of ~223.5 mAh g~! after 1265 cycles. In con-
trast, the cell using the baseline 2 M Zn(TfO), electrolyte experi-
enced rapid capacity degradation, dropping to ~0.5 mAh g~! after
only 210 cycles under the same conditions. Moreover, the HO-
EMImTfO-containing cell demonstrated remarkable endurance
even at a high current density of 2 A g7!, retaining ~53.5% of
its initial discharge capacity after 4000 cycles (Figure 5d). Even
under a high current density of 5 A g7, the cell still delivered
~173.7 mAh g~! after 3500 cycles (Figure S27, Supporting In-
formation), demonstrating outstanding rate capability and stabil-
ity. The full cell maintained excellent capacity retention across a
wide temperature range (Figure S28, Supporting Information),
delivering ~216.6 mAh g=! at 50 °C, ~209.5 mAh g~! at 35 °C,
and ~149.2 mAh g=! at 0 °C. Furthermore, using a high-mass-
loading V,Os cathode (25 mg cm™2), the cell achieved an areal
capacity of #6 mAh cm~2 at 0.1 A g! and over 2 mAh cm=2 at
0.2 A g~! (Figure S29, Supporting Information), confirming the
compatibility of the HO-EMImTIO electrolyte with high-loading
electrodes. However, maintaining long-term cycling stability at
such high capacities remains challenging. Therefore, further in-
vestigations are needed to understand failure mechanisms and
improve interfacial stability for sustained performance.

3. Conclusion

This study demonstrates that a hydroxyl-functionalized ionic lig-
uid, HO-EMImTIO, acts as a highly effective dual-function ad-
ditive to stabilize Zn metal anodes in aqueous electrolytes. HO-
EMImTIO stabilizes the Zn anode through a dual mechanism:
1) the hydroxyl-functionalized HO-EMIm™* cations restructure
the Zn?* solvation sheath by partially replacing water molecules,
thereby mitigating corrosion reactions; and 2) the cations form
a surface-adsorbed ion-diversion layer that redistributes Zn%**
flux for uniform deposition. Electrochemical tests demonstrate
that Zn||Cu cells with HO-EMImT{O additive exhibit an average
Coulombic efficiency of 99.5% over 1000 cycles, while Zn||Zn
symmetric cells achieve a prolonged lifespan of 1800 h. Moreover,
Zn||V,0; cells incorporating the HO-EMImT{O additive main-
tain a high capacity (~223.5 mAh g™') over 1265 cycles, far out-
performing cells without the additive. Overall, this work not only
presents a highly effective additive but also validates a promis-
ing design strategy that integrates specific functionalities within
ionic liquids, thereby overcoming critical challenges in aqueous
Zn metal batteries and paving the way for their practical applica-
tion in large-scale energy storage.

4. Experimental Section

Materials:  Zn foil (100 um thick, 99.9%) and Cu foil (30 um,
99.9%) were obtained from Tianjin Aivisen Chemical Technology
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Co., Ltd. Zinc triflate (Zn(TfO),), vanadium pentoxide (V,0Os), and
1-methyl-2-pyrrolidone  (NMP) were purchased from Sigma—Aldrich.
Polyvinylidene fluoride (PVDF) and Super P carbon black were ob-
tained from Guangdong CANRD New Energy Technology Co., Ltd. 1-
Ethyl-3-methylimidazolium trifluoromethanesulfonate (EMImTfO, 98%)
and 1-hydroxyethyl-3-methylimidazolium trifluoromethanesulfonate (HO-
EMImTfO, 97%) were purchased from Qingdao lonike New Materials
Technology Co., Ltd. Glass microfiber separators (Whatman, GF/C) were
purchased from Membrane Solutions. Before use, the Zn foil was polished
using sandpaper.

Electrolyte Preparation:  First, Zn(TfO), was dissolved in deionized wa-
ter to create a 2 M Zn(TfO), electrolyte solution. Next, various amounts
(0.05,0.2,0.5, 0.8, and 1.0 M) of EMIMTfO were incorporated into the 2 m
Zn(TfO), electrolyte to make the EMImTfO-containing electrolytes. Addi-
tionally, various quantities (0.2, 0.4, 0.6, 0.8, and 1.0 m) of HO-EMImTfO
were also added to 2 M Zn(TfO), to create the HO-EMImTfO-containing
electrolytes.

Battery Assembly and Electrochemical Tests: CR2032-type coin cells
were assembled using Zn and Cu foils, which were cut into discs with a
diameter of 12 mm. In half-cell configurations, Zn and Cu foils were paired
with 100 pL of electrolyte. Symmetrical cells were constructed using two
Zn foils. The CE of half-cells and the cycling stability of symmetric cells
were evaluated at 15 °C using a NEWARE battery testing system, simu-
lating mildly cold conditions to assess electrolyte and interfacial stability.
Electrochemical measurements, including CV, CA, Tafel corrosion analysis,
LSV, and EIS, were conducted using a DH7000C electrochemical worksta-
tion. CA was performed at an overpotential of —150 mV. Tafel corrosion
tests were executed in a three-electrode system, where the electrode under
investigation served as the working electrode, a Pt foil acted as the counter
electrode, and an Ag/AgCl (saturated KCl) electrode was used as the refer-
ence electrode. EIS measurements were carried out over a frequency range
of 100 kHz to 10 mHz with an AC amplitude of 5 mV. Full cells were as-
sembled using Zn foil as the anode and V,Os as the cathode. The cathode
slurry was prepared by mixing V, 05 (80 wt.%), Super P carbon black (10
wt.%), and PVDF binder (10 wt.%) in N-methyl-2-pyrrolidone (NMP). This
slurry was then coated onto titanium foil and vacuum-dried at 60 °C for 12
h, achieving a V, 05 mass loading of ~2.5 or 25 mg cm~2. Finally, Zn||V, 05
cells were assembled using a Zn anode, the prepared V,0O5 cathode, and
100 uL of electrolyte.

Characterization: The morphology of the samples was analyzed us-
ing a Hitachi SU8010 field emission scanning electron microscope. Ele-
mental composition was evaluated with a Thermo Scientific Nexsa XPS
system. X-ray diffraction patterns were acquired with a Bruker D8 AD-
VANCE diffractometer. Contact angle measurements were performed us-
ing a Kriiss DSAT00 instrument.

DFT Calculations: ~ All density functional theory (DFT) calculations per-
formed in this study were conducted using the Dmol® code as provided
within the Materials Studio software package. Electronic exchange and cor-
relation effects were described using the generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional, employing
a double numerical plus polarization (DNP) basis set. A smearing value
of 0.005 Ha was applied to the orbital occupations. The convergence crite-
ria for energy change, maximum force, and maximum displacement were
set to 1.0 x 107> Ha, 0.002 Ha A=, and 0.005 A, respectively. Brillouin
zone integration was performed using a 3 X 3 x 1 Monkhorst-Pack k-point
mesh. The adsorption energy (E,q4s) of molecules on the Zn (002) surface
was defined as:

Bags =E'm —E" —Ey M

where E*;, E¥, and Ey, represent the total energy of the Zn (002) surface
with the adsorbed molecule, the clean Zn (002) surface, and the isolated
molecule, respectively.

To evaluate desolvation energy barriers, optimized solvation shell struc-
tures (e.g., Zn%*-5(H,0)-HO-EMIm™*) were used to compute Gibbs free
energy changes during dehydration processes. The free energy difference
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(AG) for a representative desolvation step was calculated as:
AG = G [Zn?" - 4 (H,0) - HO — EMIm*] + G [H,0]
—G[zn?** - 5 (H,0) - HO — EMIm*] )
The Gibbs free energy of each species was estimated by:
AG = E g (H) + AEzpe — TAS 3)

where AEzpe and AS were the changes in zero-point energy and entropy,
respectively.

Molecular Dynamics:  Molecular dynamics (MD) simulations were per-
formed using the Forcite module as implemented within Materials Stu-
dio 2023; the COMPASS 11 force field was employed. Van der Waals and
Coulomb interactions were handled using an atom-based method and
Ewald summation, respectively, with a cutoff distance of 12.5 A. Follow-
ing an initial energy minimization step, the electrolyte systems were fully
relaxed for 400 ps under NPT ensemble conditions (isothermal-isobaric: P
= 1atm, T=1298.0 K), utilizing the Nosé thermostat and Berendsen baro-
stat under periodic boundary conditions. This relaxation period allowed
the systems to achieve stability in terms of temperature, potential energy,
and total energy. Once equilibrium was established, an additional 400 ps
simulation was conducted under NVT ensemble conditions (canonical:
constant number of particles, volume, and temperature). During this pro-
duction phase, system trajectories and data were collected for subsequent
radial distribution function (RDF) and coordination number (CN) calcu-
lations. The dynamic trajectories for each system were recorded at 4 ps
intervals.

The CN in the first solvation sheath around Zn?* was calculated as:

Rm
CN = 47rp/ g (r) r’dr (4)
0

where Ry, was the first local minimum after the first peak in the RDF g(r)
curve, and p represents the atomic number density.

To further investigate interfacial behavior, MD simulations were also
applied to study the density distribution and mean square displacement
of Zn?* in HO-EMImTfO-containing electrolyte near a Zn (002) surface.
The Zn electrode was modeled as a slab consisting of four atomic layers
with lateral dimensions of 38.58 A x 38.18 A. After geometry optimization,
the electrolyte was placed above the surface, and the entire system was
simulated under the NVT ensemble (T = 298.15 K) for 1000 ps with a 1
fs timestep. Trajectories were recorded every 10000 steps. Temperature
was controlled via a Nosé—Hoover thermostat. Electrostatic and van der
Waals interactions were treated using the same Ewald and atom-based
cutoff methods as above.
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