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Ferroelectric small molecule enabled
high-performance zinc-ion batteries†

Lixin Song,‡a Ruizhe Zhang, ‡a Zhiyong Liao,‡a Yongbo Fan, *b Yawen Li,a

Longtao Mac and Huiqing Fan *a

To address the challenges of zinc-anode corrosion, hydrogen

evolution reactions and dendrite growth in aqueous zinc-ion bat-

teries, we introduce tetraethylammonium perchlorate (TEACC) as

ferroelectric small molecules additives in an aqueous electrolyte.

The TEACC molecules partially replace water molecules in the Zn2+

solvation sheath and enrich the electrode/electrolyte interface with

TEACC–OTf, creating a water-deficient inner Helmholtz plane. As a

result, the activity of free water is suppressed and the hydrogen-

evolution potential shifts from �0.124 V to �0.271 V versus Zn/

Zn2+. This interfacial restructuring also facilitates the in situ for-

mation of a stable solid electrolyte interphase (SEI) consisting of

ZnCO3, ZnCl2 and ZnS compounds, promoting highly reversible Zn

plating/stripping with the coulombic efficiency exceeding

99.5%. Furthermore, the inherent ferroelectric properties of TEACC

generate localized electric fields that help homogenize the distri-

bution of Zn2+ across the electrode surface. This effectively sup-

presses dendritic growth and reduces the Zn2+ nucleation

overpotential by 35 mV. Electrochemical evaluation of full cells

with Zn8TBABr3 demonstrated impressive performance, with

92.94% capacity retention after 380 cycles at 1.25 A g�1 and

excellent rate capability across current densities from 0.5 to

3 A g�1. The system’s practical applicability was further validated

through flexible pouch cell configurations, where two series-

connected cells powered 32 commercial LED indicators, showcas-

ing the potential of this approach for flexible energy storage

devices. Overall, the findings not only present a promising strategy

for stabilizing zinc anode interfaces but also highlight the potential

of ferroelectric molecular additives in advanced aqueous battery

systems.

1. Introduction

Under the dual pressures of the global energy crisis and
environmental pollution, the development of efficient and
environmentally sustainable energy storage systems has
emerged as one of the most prominent research areas.1–3

Among various energy storage technologies, rechargeable bat-
teries have gained prominence due to their stable and efficient
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New concepts
This research presents a novel approach for stabilizing zinc anodes in
aqueous zinc-ion batteries through the incorporation of ferroelectric
small molecule additives, specifically tetraethylammonium perchlorate
(TEACC), into an electrolyte. The broader impacts of this work extend
across environmental sustainability, technological advancement, and
societal benefits. Environmentally, the use of water-based electrolytes
and non-toxic ferroelectric additives contributes to the development of
safer, more sustainable alternatives to flammable organic systems, align-
ing with global efforts to decarbonize energy storage. Technologically, the
introduction of TEACC enables significant improvements in interfacial
stability, dendrite suppression, and coulombic efficiency (499.5%),
offering a robust path toward long-lifetime and high-rate zinc-based
batteries. These improvements are directly relevant for applications such
as grid-scale energy storage, wearable electronics, and emergency power
systems. The successful demonstration of flexible pouch cells capable of
powering commercial LEDs further reinforces the feasibility of this
strategy in real-world scenarios. Moreover, the interdisciplinary nature
of the work—spanning electrochemistry, materials science, and interface
engineering—contributes to the training of highly skilled researchers and
promotes knowledge transfer into clean energy innovation pipelines. This
research thus represents a critical step forward in the realization of
affordable, safe, and high-performance aqueous energy storage technol-
ogies for a low-carbon future.
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energy conversion capabilities.4,5 Particularly, aqueous zinc-ion
batteries (AZIBs) have garnered considerable attention from
researchers due to their low redox potential (�0.76 V vs. SHE),
high safety, low cost, high theoretical specific capacity
(820 mAh g�1 or 5855 mAh cm�3), and environmentally friendly
nature.6–10 However, the performance of aqueous zinc-ion
batteries is limited by the low decomposition voltage of
water (B1.23 V), which results in a narrow electrochemical
window.11,12 Additionally, the coulombic efficiency of zinc
plating/stripping in aqueous electrolytes is relatively low.13,14

The zinc anode is susceptible to corrosion, hydrogen evolution,
and the accumulation of by-products, leading to non-uniform
zinc deposition and an uneven electric field distribution. These
factors accelerate dendrite growth, ultimately causing prema-
ture battery failure.

To overcome the existing technical challenges in AZIBs,
extensive global research efforts have yielded significant
advancements, particularly in electrolyte engineering. Several
innovative strategies have been developed, including solid-state
electrolytes,15–18 concentrated ‘‘water-in-salt’’ electrolytes,19–21

gel polymer electrolytes,22–24 functional additives,25–27 ionic
liquids, and deep eutectic solvents (DESs).28–30 Among these
approaches, the incorporation of functional additives stands
out as a particularly promising solution due to its simplicity,
cost-effectiveness, and operational efficiency. These additives
function by directly modulating the electrochemical reaction
environment, enabling dynamic regulation of the electroche-
mical interface stability, which consequently enhances the
adaptability of the battery to diverse operating conditions and
improves the overall performance metrics. Ferroelectric materi-
als, with their high dielectric constant and spontaneous polar-
ization, have attracted considerable research interest. Their
large dielectric constant can effectively suppress the formation
of space charge layers, thereby enhancing the transport effi-
ciency of metal ions. Additionally, ferroelectric molecules
adsorbed on the metal anode can generate a localized built-in
electric field. During downward polarization, the electric field
lines point from the metallic protrusions toward the zinc
anode, driving Zn2+ ions to migrate to the base of the protru-
sions. This reduces the ‘‘tip effect,’’ thereby suppressing den-
drite growth.31,32 Moreover, given the piezoelectric nature of
ferroelectric materials, their volume changes can be strategi-
cally utilized to regulate ion transport at the cathode. When
deposited on a substrate, piezoelectric materials can generate a
localized piezoelectric field near the electrode surface under
applied mechanical pressure.33 Upon the application of com-
pressive stress, a piezoelectric field directed from the cathode
to the anode is established. This piezoelectric field can function
as an ‘‘ion pump,’’ facilitating ion migration and ensuring a
more uniform ion distribution across the electrode surface.34–36

Considering that Zn2+ is a representative Lewis acid, the
tetraethylammonium perchlorate (TEACC) additive was intro-
duced into the aqueous electrolyte to regulate the solvation
structure of Zn2+. Based on the Lewis acid–base theory, TEACC
partially replaces H2O molecules in the solvation sheath, form-
ing a solvation structure of Zn(H2O)4.8(TEACC)0.2(OTF)1.

Moreover, TEACC molecules exhibit strong charge transfer
interactions with the Zn anode, preferentially adsorbing onto
its surface to generate a TEACC–OTF enriched electric double
layer (EDL) and a robust solid electrolyte interphase (SEI). This
dual-layer structure effectively modulates the Zn2+ distribution
gradient and nucleation behavior on the anode surface, achiev-
ing an exceptional cycling stability of up to 3500 h, and this
performance surpasses that of previously reported studies
based on similar principles (Table S1, ESI†). The assembled
Zn8TBABr3 battery demonstrates a remarkable capacity reten-
tion rate of 92.94%. Additionally, two large-format soft-pack
batteries connected in series successfully powered 32 LED
bulbs, highlighting their substantial potential for practical
applications in flexible electronic devices. Finally, we believe
that this work offers a new perspective on the significant
application potential of ferroelectric molecules in AZIBs.

2. Results and discussion
2.1 Intrinsic properties of the electrolyte

The chemical structure of tetraethylammonium perchlorate
(TEACC), a ferroelectric small molecule, is shown in Fig. S1
(ESI†). The electrostatic potential (ESP) of TEACC is depicted in
Fig. 1a, in which the TEACC molecule contains more negatively
charged functional groups compared to H2O, facilitating stron-
ger interactions between TEACC and Zn2+, thereby incorporat-
ing it into the solvation structure of Zn2+. As shown in the
energy level diagram (Fig. 1b), the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the TEACC molecule
is narrower, and its LUMO level is significantly lower
(�4.5 eV vs. �7.24 eV). This indicates that the TEACC molecule
can more readily accept electrons and be reduced to form a
solid electrolyte interphase (SEI) prior to the reduction of H2O
molecules. In the Fourier transform infrared spectrum (FT-IR,
Fig. 1c), as the content of TEACC increases, the characteristic
vibration peak of H–O stretching in H2O (3200–3400 cm�1)
shifts slightly to a higher wavenumber. This indicates the
formation of a hydrogen bonding network between H2O and
the oxygen atoms in TEACC, which have higher electronegativ-
ity. The stronger electron-withdrawing effect and the formation
of new O(TEACC)–H(H2O) covalent bonds, which are stronger
than the original hydrogen bonds between H2O, result from the
higher negative charge density of the oxygen atoms in TEACC
compared to those in H2O. The absorption peak at 1100 cm�1

in the infrared spectrum corresponds to the –C–O– bond
stretching vibration, indicating that TEACC retains their mole-
cular form in the electrolyte without dissociating into ions.
Fig. 1d presents the 1H nuclear magnetic resonance (NMR)
spectra of the electrolyte with different concentrations of the
TEACC. As the additive content increases, the proton peaks
shift downfield to higher chemical shifts. This shift is attrib-
uted to the disruption of the original hydrogen bonding net-
work by the additive, leading to a reduction in the electron
cloud density around the hydrogen atoms. Consequently, the
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proton transport rate in the electrolyte is lowered, which helps
mitigate side reactions induced by H2O molecules. Raman
spectroscopy was employed to analyze the structural evolution
of electrolytes with different compositions (Fig. 1e). The Raman
characteristic peaks in the fingerprint region (1000–1100 cm�1)
were deconvoluted, with two distinct peaks representing
solvent-separated ion pairs (SSIP, Zn2+–OTF�–xTEACC–yH2O)
and contact ion pairs (CIP, Zn2+–OTF�). As the additive content
increased, the proportion of SSIP decreased, while the propor-
tion of CIP increased. This shift caused the LUMO to transition
from the solvent to the anion, resulting in the preferential
decomposition of the anion and the formation of an inorganic-

rich SEI, which can promote more uniform zinc deposition and
this will be discussed in detail in Section 2.4. Benefiting from
the excellent properties of the electrolyte, the hydrogen evolu-
tion potential of the Zn(OTf)2(TEACC)0.5 electrolyte extended
from �0.124 V to �0.271 V, resulting in a reduced activity of
free H2O. This phenomenon is further demonstrated by
the galvanostatic charge–discharge performance of the Zn8Zn
symmetric battery. In the Zn(OTf)2 electrolyte, the anode
becomes visibly blackened, with numerous pits and bubbles
forming on its surface. In contrast, the anode maintains a
smoother, denser surface in the Zn(OTf)2(TEACC)0.5 electrolyte
(Fig. S2, ESI†).

Fig. 1 (a) Electrostatic potential (ESP) map of H2O and TEACC. (b) HOMO and LUMO energy levels of Zn(OTf)2 and TEACC. (c) The FT-IR spectra, (d) the
1H (H2O) chemical shifts and (e) Raman spectra of Zn(OTf)2, Zn(OTf)2(TEACC)0.1, Zn(OTf)2(TEACC)0.2, Zn(OTf)2(TEACC)0.5 and Zn(OTf)2(TEACC)0.8

electrolytes. (f) Electrochemical stability window of Zn(OTf)2 and Zn(OTf)2(TEACC)0.5 electrolytes. Radial distribution function (RDF) g(r) (solid curves)
and corresponding coordination number n(r) (dashed curves) for Zn2+–H2O(O), Zn2+–TEACC(O), and Zn2+–OTf�(O) in (g) Zn(OTf)2 and
(i) Zn(OTf)2(TEACC)0.5 electrolytes obtained by MD simulations, snapshots during MD simulations and the corresponding Zn2+ solvation sheath in
(h) Zn(OTf)2 and (j) Zn(OTf)2(TEACC)0.5 electrolytes. (k) Diagram of the Zn2+ solvation structure.
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The evolution of the solvation structure of the electrolyte
with the addition of the additive was further quantified and
analyzed using statistical molecular dynamics (MD) simula-
tions. Radial distribution functions (RDFs) and coordination
numbers (CNs) were employed for theoretical calculations of
the Zn(OTf)2(TEACC)0.5 and Zn(OTf)2 electrolytes. Fig. 1g illus-
trates the specific coordination environment in the Zn(OTf)2

electrolyte. The first solvation shell of Zn2+ shows a peak at
1.92 Å, corresponding to a Zn–OH2 coordination number of 5,
and a peak at 1.95 Å, representing a Zn–OTf� coordination
number of 1. This confirms the formation of a
Zn(H2O)5

2+(OTf)� solvation structure, as shown in Fig. 1h. In
the Zn(OTf)2(TEACC)0.5 electrolyte, the Zn–OH2 peak position
remains unchanged, but the coordination number decreases to
4.8. The Zn–OTf� coordination number remains at 1, with a
slight peak shift to 1.92 Å. Additionally, a new peak at 1.92 Å
appears, representing Zn–ClO4 coordination with a coordina-
tion number of 0.2. These results indicate that TEACC mole-
cules successfully replace some of H2O in the first solvation
shell of Zn2+, forming a new solvation structure,
Zn(H2O)4.8(TEACC)0.2(OTf)2, as shown in Fig. 1g. The schematic
diagram of the specific solvation structure is shown in Fig. 1k.

The Zn2+ transference number reflects the ion transport
capability. As shown in Fig. S3 (ESI†), it increases and then
decreases with the addition of TEACC, but remains higher than
that in the Zn(OTf)2 electrolyte. The Zn(OTf)2(TEACC)0.5 elec-
trolyte achieves the highest transference number of 0.79,
indicating faster Zn2+ migration and reduced interference from
other ions like H+. The ion transport in the electrolyte is also
related to the spatial volume occupied by the solvation struc-
ture. Smaller solvation structures are more favorable for Zn2+

transport. When the additive concentration reaches 0.8 M,
more TEACC molecules may participate in the solvation

structure, increasing the spatial volume of hydrated zinc ions,
thereby affecting the Zn2+ transport process.

2.2 Double layer capacitance (EDL)

The electric double layer (EDL) structure, a critical feature at
the electrode–electrolyte interface in zinc-ion batteries, com-
prises a compact layer and a diffuse layer, with the inner
Helmholtz layer playing a pivotal role in determining battery
performance, including cycling stability, power density, energy
density, and charge–discharge efficiency. This study focuses on
the influence of additives on the inner Helmholtz layer. As
illustrated in Fig. 2a, the ferroelectric properties of TEACC
molecules were characterized via piezo-response force micro-
scopy (PFM) under voltages ranging from �4 V to 4 V. In high-
voltage regions (o�1 V and 41 V), TEACC molecules exhibit
stable amplitude and phase responses, attributed to the align-
ment of their polarization direction with the external electric
field, thereby stabilizing the system. Conversely, near-zero
voltages (�1 V to 1 V), both an amplitude and a phase display
nonlinear behavior, marked by a sharp amplitude decrease and
a 1801 phase shift, indicative of the polarization reversal
characteristic switching behavior of ferroelectric materials.
These results demonstrate the effective electric field respon-
siveness of TEACC molecules, establishing a foundation for
their use as additives in modulating the internal electric field of
batteries. Furthermore, we assembled the TEACC material into
an electrode and applied a constant force of approximately 10 N
to investigate its voltage–current output characteristics. As
shown in Fig. 2a–c, under this applied force, the TEACC
electrode generated an average output current of 1 mA and a
voltage of 13 V, demonstrating its ability to effectively convert
mechanical pressure into electrical energy. Notably, while the
pressure generated during the zinc deposition and stripping

Fig. 2 (a) The butterfly curve and hysteresis loop of TEACC. (b) The output current and (c) output voltage of the TEACC electrode under the 10 N applied
force. (d) The dynamic evolution of molecular adsorption in the Zn(OTf)2(TEACC)0.5 electrolyte. (e) The electric double layer capacitance diagram of the
Zn(OTf)2(TEACC)x electrolyte.
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processes is inherently small, the resulting stress becomes
significant due to the micron-scale thickness of the deposi-
tion/stripping layers. This phenomenon underscores the
potential of TEACC as a functional material capable of harnes-
sing the mechanical energy generated during battery operation.
TEACC molecules, characterized by their high dielectric con-
stant and abundant negatively charged functional groups,
readily adsorb onto the Zn anode surface, thereby modifying
the composition of the IHP. Given the experimental challenges
in directly observing the Helmholtz layer, we employed mole-
cular dynamics (MD) simulations in Materials Studio to model
the adsorption dynamics at the electrolyte–anode interface
(Fig. 2d). The simulations reveal that TEACC molecules gradu-
ally migrate toward the Zn anode, adsorb onto its surface, and
progressively displace active H2O within the IHP, ultimately
forming a water-deficient interfacial structure. To further vali-
date these findings, we performed CV tests to evaluate the
electric double layer (EDL) capacitance of the Zn(OTf)2(TEACC)x

electrolytes. The introduction of TEACC enhances the EDL
capacitance due to its high dielectric constant and larger
atomic size, which facilitates its incorporation into the IHP.
As illustrated in Fig. 2e, the Zn(OTf)2(TEACC)x system exhibits a
higher EDL capacitance compared to Zn(OTf)2, providing indir-
ect evidence that TEACC molecules effectively replace H2O in
the IHP; similarly, as shown in Fig. S4 (ESI†), the differential
capacitance (DC) measurements further support the above-
mentioned conclusion. A schematic comparison of the Helm-
holtz layer structure in the Zn(OTf)2 and Zn(OTf)2(TEACC)0.5

electrolytes is further depicted in Fig. S5 (ESI†).
The presence of H2O in the Helmholtz layer is widely

recognized as a primary cause of zinc metal corrosion, repre-
senting a critical failure mechanism in zinc batteries. To assess
the corrosion inhibition capability of TEACC molecules, Tafel
was performed on Zn(OTf)2(TEACC)x electrolytes (Fig. S6 and
Table S1, ESI†). Compared to the Zn(OTf)2 electrolyte, the
Zn(OTf)2(TEACC)0.5 system exhibits significantly enhanced
anti-corrosion performance, as evidenced by a notably lower
corrosion current density (�0.004 mA cm�2 vs. 0.152 mA cm�2).
Further insights into the effect of TEACC molecules on zinc
deposition behavior were obtained through CA tests (Fig. S7,
ESI†). Under an applied overpotential of �150 mV, the current
density in the Zn(OTf)2 electrolyte displayed a continuous
increase, indicative of a predominant two-dimensional (2D)
diffusion pathway for Zn2+ deposition. This growth mode is
often associated with inhomogeneous deposition, promoting
the formation of zinc dendrites. In contrast, the current density
in the Zn(OTf)2(TEACC)0.5 electrolyte gradually stabilized, sug-
gesting a successful transition from 2D to a more uniform
three-dimensional (3D) diffusion mode following the initial
nucleation of small zinc particles. This shift in the deposition
mechanism is critical for achieving homogeneous zinc deposi-
tion and effectively suppressing dendrite formation.

2.3 Reversibility of zinc deposition and stripping

Galvanostatic cycling (GCD) tests were performed on Zn8Zn
symmetric batteries using Zn(OTf)2(TEACC)x electrolytes with a

current density of 1 mA cm�2 and an areal capacity of
0.5 mAh cm�2. The Zn8Zn symmetric cell with the Zn(OTf)2

electrolyte exhibited the highest electrode polarization with an
overpotential of approximately 0.1 V and experienced short-
circuit failure after 200 h of cycling. In contrast, the Zn8Zn
symmetric battery with the Zn(OTf)2(TEACC)0.5 electrolyte
demonstrated significantly lower polarization with an over-
potential of around 0.05 V and achieved the longest cycling
life, exceeding 3500 h (Fig. 3a). Even at higher current densities,
the Zn8Zn symmetric cell with the Zn(OTf)2(TEACC)0.5 electro-
lyte exhibited superior cycling performance (Fig. S8, ESI†).
Consequently, the Zn(OTf)2(TEACC)0.5 electrolyte was identified
as the optimal sample for further investigation of its underlying
optimization mechanism. Long-term cycling tests demon-
strated that TEACC molecules played a crucial role in regulating
the solvation structure and reducing polarization. Cyclic vol-
tammetry tests (CV, Fig. S9, ESI†) showed that all electrolytes
exhibited stable reversibility after the initial two cycles. The
Zn(OTf)2(TEACC)0.5 electrolyte displayed the smallest redox
peak area, while larger peak areas in other electrolytes indi-
cated a greater number of electrons transferred during the
redox process. This increase in the peak area was attributed
to side reactions, leading to overlapping currents with the
original redox peaks, which was further confirmed by XRD
analysis (Fig. 3c). Furthermore, the reversibility of zinc deposi-
tion and stripping was further evaluated using the Zn8Cu
battery under a current density of 1 mA cm�2, an areal capacity
of 0.5 mAh cm�2, and a cutoff voltage of 0.5 V, as shown in
Fig. 3b. The Zn8Cu battery with the Zn(OTf)2(TEACC)0.5 electro-
lyte exhibited an initial nucleation overpotential of 70 mV,
which increased to 120 mV after the cycling stabilized. Higher
nucleation overpotential suggests an enhanced nucleation driv-
ing force, facilitating finer zinc deposition. In contrast, a lower
nucleation overpotential may accelerate dendritic growth due
to the ‘‘tip effect.’’ The surface and cross-sectional morpholo-
gies of the Zn electrode after 100 cycles under a current density
of 1 mA cm�2, and an areal capacity of 0.5 mAh cm�2 were
further examined using scanning electron microscopy (SEM,
Fig. 3d). The zinc electrode deposited from the Zn(OTf)2

electrolyte exhibited a porous morphology with an uneven
surface featuring numerous small protrusions, which were
identified as zinc dendrites under higher magnification
(Fig. S10, ESI†). In contrast, the electrode deposited from the
Zn(OTf)2(TEACC)0.5 electrolyte displayed a remarkably smooth
and uniform surface without any visible by-products or den-
drites. Notably, the TEACC-modified electrolyte produced a
dense and compact deposition layer with a thickness of 66.2
mm, significantly thinner than the 96.4 mm layer formed in the
conventional electrolyte.

XRD characterization (Fig. 3c) provides critical insights into
the composition and crystallographic orientation of deposited
zinc electrodes. In the Zn(OTf)2(TEACC)0.5 electrolyte, a ZnS
peak appeared around 301, indicating the formation of ZnS,
which serves as a foundation for constructing a robust solid
electrolyte interphase (SEI). Additionally, the (002) crystal plane
of Zn exhibited the strongest peak in the Zn(OTf)2(TEACC)0.5

Materials Horizons Communication

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

1/
20

25
 8

:1
3:

23
 A

M
. 

View Article Online

https://doi.org/10.1039/d5mh01168j


Mater. Horiz. This journal is © The Royal Society of Chemistry 2025

sample. The preferential growth along the (002) plane facil-
itates zinc deposition parallel to the substrate, contributing to
the formation of a uniform and dense deposition layer. In situ
optical microscopy and AFM (Fig. 3f) reveal striking contrasts
between electrolyte systems. Under 5 mA cm�2 deposition
current, the Zn(OTf)2 electrolyte exhibits progressive dendrite
formation after 20 minutes, accompanied by persistent hydro-
gen evolution evidenced by growing gas bubbles. Conversely,
the Zn(OTf)2(TEACC)0.5 system maintains exceptional morpho-
logical stability, showing only thickness-increase deposition
without any dendritic features.

2.4 Solid electrolyte interphase (SEI) composition

To gain further insight into the structure and composition of
the SEI formed in the Zn(OTf)2(TEACC)0.5 electrolyte, transmis-
sion electron microscopy (TEM) and X-ray photoelectron

spectroscopy (XPS) analyses were performed. The TEM images
(Fig. 4a–g) clearly reveal the formation of a distinct SEI layer on
the Zn anode (the thickness of the SEI layer is approximately
22–30 nm, Fig. S11, ESI†), with a smooth edge morphology
attributed to volume shrinkage caused by electron beam
damage. This characteristic suggests the presence of organic
components within the SEI. Additionally, lattice fringes corres-
ponding to ZnO(100), ZnS(111), and ZnCO3(006) were identi-
fied, indicating the formation of multiple inorganic phases.
XPS combined with Ar+ sputtering was further employed to
investigate the depth-resolved composition of the SEI layer after
50 cycles.

Fig. 4h presents the XPS spectra of the C 1s, O 1s, N 1s, S 2p,
and Cl 2p regions at sputtering times of 5 min, 10 min, 15 min,
and 20 min. The C 1s spectrum predominantly exhibited three
distinct components, corresponding to ZnCO3 (289.38 eV), C–

Fig. 3 (a) Zn plating/stripping in Zn8Zn symmetrical cells using the Zn(OTf)2(TEACC)x electrolyte at current density of 1 mA cm�2 with an areal capacity
of 0.5 mAh cm�2. (b) Voltage curves of the Zn8Cu asymmetric cells for selected cycles in the Zn(OTf)2(TEACC)0.5 electrolyte. (c) XRD spectra of zinc
deposited on the anode after cycling. (d) Top-view SEM images and cross-sectional SEM images of the Zn electrode after 100 cycles with Zn(OTf)2 and
Zn(OTf)2(TEACC)0.5 electrolytes. (e) Schematic diagram of the growth mechanism. (f) In situ optical microscopy and AFM images of the cross-sectional
Zn deposition morphology on the Zn foil with plating times in Zn(OTf)2(TEACC)x electrolytes at 5 mA cm�2.
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N/C–O (286.6 eV), and C–C/C–H (284.8 eV). The O 1s spectrum
displayed two characteristic peaks attributed to ZnO (529.78 eV)
and ZnCO3 (531.56 eV), further confirming the presence of
ZnCO3. The N 1s and Cl 2p spectra each exhibited a single peak,
assigned to C–NH2 (398.96 eV) and ZnCl2 (199.47 eV), respec-
tively. These species are attributed to the decomposition of the
TEACC additive. The S 2p spectrum presented a more complex
profile. At the surface, only a sulfate (–SO4) peak was detected.
However, after 5 minutes of sputtering, the S 2p spectrum
showed the presence of three components: –SO4 (169.11 eV),
–SO3(166.20 eV), and ZnS (162.00 eV). Notably, the ZnS signal
gradually diminished with increasing sputtering time. ZnCO3,
ZnO, and ZnCl2 were identified as representative inorganic
components, while C–H, C–C, and C–NH2 were indicative of
the organic fraction. The inorganic components were found to
be more abundant than the organic ones, facilitating efficient
Zn2+ transport and uniform deposition. This dual-phase
organic/inorganic SEI layer originates from the electrochemical

reduction and decomposition of TEACC and OTf�. Importantly,
it enables Zn2+ migration while effectively isolating the Zn
anode surface from water molecules, thereby mitigating side
reactions and suppressing dendrite growth.

2.5 Zn8TBABr3 full batteries

Fig. 5a shows the CV curves of the Zn8TBABr3 full cell using
Zn(OTf)2(TEACC)0.5 as the electrolyte at different scan rates,
within a voltage range of 0.8 V to 2.1 V. All the CV curves exhibit
a distinct reduction peak (Br0 - Br�, 1.64 V) and an oxidation
peak (Br� - Br0, 1.8 V). The well-defined redox peaks remain
evident even at high scan rates, indicating that the Zn8TBABr3

cell with the Zn(OTf)2(TEACC)0.5 electrolyte exhibits fast ion/
electron transport kinetics and excellent structural stability.
The b-values approaching 1 suggests that the redox process is
primarily dominated by capacitive behavior (Fig. 5b). This
further implies a rapid ion diffusion rate in the electrolyte,
effectively minimizing diffusion limitations and enhancing

Fig. 4 (a) and (b) TEM, (c)–(f) HR-TEM images and (g) SAED of the SEI formed in Zn(OTf)2(TEACC)0.15 electrolytes after 50 cycles. (h) High resolution XPS
spectra of C 1s, O 1s, N 1s, S 2p and Cl 2p after Ar+ sputtering for 0, 5, 10 and 15 min.
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reaction kinetics. Fig. S11 (ESI†) illustrates the discharge capa-
cities of Zn8TBABr3 full cells using different electrolytes at a
current density of 1 A g�1. The initial discharge specific
capacities are 143.1 mAh g�1, 226.5 mAh g�1, 132.3 mAh g�1,
265.1 mAh g�1 and 226.5 mAh g�1. These results demonstrate
that the unique solvation structure and the formation of an
inner Helmholtz plane (IHP) facilitated by TEACC significantly
enhance the reaction kinetics of the TBABr3, leading to
improved discharge capacity.

Fig. 5c presents the long-term cycling performance of
Zn8TBABr3 full cells with Zn(OTf)2 and Zn(OTf)2(TEACC)0.5

electrolytes under a constant current density of 1.25 A g�1.
When using the Zn(OTf)2(TEACC)0.5 electrolyte, the initial dis-
charge specific capacity reaches 238.2 mAh g�1 with a first-cycle
coulombic efficiency of 92.94%. Even after 380 cycles, the
discharge specific capacity remains at 215.1 mAh g�1, corres-
ponding to a capacity retention of 90.3%. In contrast,
the Zn(OTf)2 electrolyte results in a much lower initial dis-
charge specific capacity of 148.2 mAh g�1, which declines to
97.8 mAh g�1 after 100 cycles, with a capacity retention of only
66.2%. The significant improvement in capacity retention can
be attributed to the high dielectric constant and intrinsic
ferroelectric properties of TEACC. These properties effectively
promote the decoupling of zinc triflate salts in the electrolyte,
enhancing Zn2+ mobility and accelerating the reaction kinetics.
To evaluate the discharge performance of Zn8TBABr3 batteries
under various current densities, rate capability tests were
conducted. As shown in Fig. 5d, the current density was
progressively increased from 0.5 A g�1 to 3 A g�1 and then
decreased back to 0.5 A g�1. The corresponding voltage profiles
at each current density are presented in Fig. S12 (ESI†). Using

the Zn(OTf)2(TEACC)0.5 electrolyte, the reversible charge–dis-
charge capacities at current densities of 0.5, 1, 1.5, 2, 2.5, and
3 A g�1 were 282.1, 258.4, 232.1, 220.9, 208.3 and 220.8 mAh g�1,
respectively, exhibiting significantly superior performance com-
pared to Zn8TBABr3 batteries with the Zn(OTf)2 electrolyte. This
enhancement can be attributed to the unique solvation structure
of TEACC, which effectively suppresses Zn dendrite growth and
mitigates the HER. Consequently, side reactions at the bromine
electrode are reduced, allowing the Zn8TBABr3 battery to main-
tain high discharge capacities across a range of current densi-
ties. To further assess the practical applicability of the TEACC-
containing electrolyte in flexible devices and large-scale energy
storage, a Zn8TBABr3 pouch cell was assembled. The open-
circuit voltage (OCV) of a single pouch cell was approximately
1.7 V. To achieve a higher operating voltage, two identical pouch
cells were connected in series, successfully powering 32 LED
bulbs (Fig. 5e and Fig. S13, ESI†). This demonstration under-
scores the promising potential of Zn8TBABr3 batteries for large-
scale energy storage applications.

3 Conclusions

By incorporating TEACC ferroelectric molecules, H2O mole-
cules in the Zn2+ solvation structure are partially displaced,
resulting in the formation of a TEACC–OTf� rich electrode/
electrolyte interface. Additionally, TEACC molecules substitute
H2O in the IHP, creating a water-deficient inner Helmholtz
plane (IHP). This unique solvation structure reduced the activ-
ity of free H2O molecules, enhanced the Zn2+ transport rate in
the electrolyte, and promoted the formation of the SEI rich
in inorganic components such as ZnCO3, ZnCl2, and ZnS.

Fig. 5 (a) CV curves of the Zn8TBABr3 cell using the Zn(OTf)2(TEACC)0.5 electrolyte at different scan rates. (b) The b values of different peaks. (c) Long-
term cycling of the Zn8TBABr3 full cells at Zn(OTF)2 and Zn(OTF)2(EDTACC)0.5 electrolytes at current density of 1.25 A g�1. (d) Rate performance of
Zn8TBABr3 batteries using Zn(OTF)2 and Zn(OTF)2(EDTACC)0.5 electrolytes. (e) Digital photograph of the lighted 23 LED lights powered by 2 Zn8TBABr3

batteries.
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Consequently, highly reversible Zn deposition and stripping
without dendrite growth were achieved. The water-deficient
IHP further minimized the direct contact between H2O mole-
cules and the zinc anode, effectively suppressing the HER and
extending the hydrogen evolution potential from �0.124 V to
�0.271 V. Moreover, the distinctive ferroelectric properties of
TEACC facilitated the decoupling of zinc triflate salts in
the electrolyte. Combined with the stress induced by the Zn
deposition and stripping processes, this promoted the for-
mation of a uniform Zn2+ concentration gradient. As a result,
the Zn8TBABr3 battery demonstrated an outstanding capacity
retention of 92.94%. Additionally, two large pouch cells con-
nected in series successfully powered 32 LED bulbs, highlight-
ing the significant potential of Zn8TBABr3 batteries for
practical applications in flexible and large-scale energy storage
systems.
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