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Fluorinated Aromatic Anode-electrolyte Interface for Highly

Reversible Zinc Anode

Tao Shen, Changyuan Li, Yifan Wang, Zhaoqgian Li, Menghao Yang, Long Yang,

and Chaofeng Liu*

The issues of dendrite formation and side reactions at the zinc
anode—electrolyte interface are the primary factors limiting the reversibility
and stability of aqueous zinc-ion batteries (AZIBs). Herein, the functionalities
of fluorinated aromatic additive on zinc anode—electrolyte interface

are investigated by comparing a series of organics with N-, phenyl-, and F-
groups individually or jointly. An additive, 3-(trifluoromethyl)-phenyltrimethyl-
ammonium bromide (TFPM), featuring the hydrophobic groups from benzene
ring and fluorine together, effectively regulates zinc ion deposition to prevent
dendrite formation. It also isolates high-activity water during the desolvation
process and forms a robust solid electrolyte interphase (SEI) layer to suppress
interfacial parasitic reactions. As a result, Zn//Zn symmetric batteries with
TFPM additive exhibit an ultralong cycling lifetime over 5900 h (over 8 months)
at 0.5 mA cm~2, and improved Coulombic efficiency (CE) of 99.93% over 4000 h
at 1 mA cm~2 than bare ZnSO, electrolyte in Zn//Cu symmetric batteries.
Paring with Mn?* preintercalated V,0:nH,O cathode (MnVO), the full battery
delivers a high capacity of 263 mAh g=' at 8 A g~ with a retention 0f 94.9% over
6000 cycles. This work provides a promising interface-engineering strategy
from the functional group design of additives for high-performance AZIBs.

1. Introduction

Aqueous zinc-ion batteries (AZIBs) have garnered significant
attention due to their unique advantages, including the rela-
tively low redox potential of zinc metal (—0.76 V vs. SHE), high
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theoretical capacity (820 mAh g~! or 5855
mAh cm™3), abundant resource availabil-
ity, and high safety, presenting their great
potential as one of the most promising
sustainable energy storage devices.!'! How-
ever, dendrite growth and side reactions
at the zinc—electrolyte interface not only
shorten the cycling lifespan and reduce the
CE of the battery but also increase the risk
of battery swelling, leakage, and separa-
tor puncture, potentially leading to short
circuits.?l These issues are primarily at-
tributed to the uneven charge distribution
on the zinc surface and the highly reactive
water molecules involved in the desolvation
process. The uneven charge distribution,
caused by the inherent surface irregularities
of Zn plates, could induce preferential zinc
ion deposition at the protrusions, a phe-
nomenon known as the “tip effect”.}] Ad-
ditionally, the desolvated water molecules
located in the electric double layer (EDL),
characterized by high thermodynamic ac-
tivity, could severely corrode Zn metal, ac-
celerate the hydrogen evolution reaction
(HER), and induce the formation of zinc hydroxide sulfate
(ZHS).[ These two issues mutually interfere, further restricting
their potential applications in energy storage.!>]

Extensive efforts have been dedicated to improving the re-
versibility and stability of the Zn anode, including separa-
tor modification,!! low-lattice mismatch substrates,’) Zn metal
structure design,®°! and electrolyte optimization.'”) Among
these strategies, electrolyte optimization has emerged as a par-
ticularly promising approach due to its simplicity, high efficiency,
and low cost."!l Reducing the water content in the Zn ion solva-
tion sheath, a key approach in electrolyte optimization becomes
an effective and efficient way to mitigate side reactions because
the highly reactive water is replaced by molecular additives in the
chemical coordination surrounding zinc ions.[*>'2] However, side
reactions cannot be fundamentally and completely suppressed
due to the limited coordination sites in the solvation sheath. The
EDL at the zinc anode-electrolyte interface plays a critical role
in governing the desolvation and reduction processes of zinc
anodes,*] thereby fundamentally determining the electrochem-
ical performance of aqueous zinc-ion batteries. Constructing an
H,O-poor EDL structure would be advantageous for isolating
water from the zinc metal, offering a dendrite-free and HER-
free zinc redox process.!'* The aforementioned functions require
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additives with strong zincophilicity. Generally, elements with
high electronegativity (such as O, S, N, F) possess a strong ability
to attract electrons, thus organic molecules containing functional
groups like (N-, F-) prefer to adsorb on zinc metal.®! In addi-
tion, the benzene ring, a hydrophobic functional group, is prone
to form stable adsorption states with metals due to the interac-
tion between its z-electrons and the metal’s d-orbital electrons.['®]
In addition to the effective adsorption, the partial decomposi-
tion of additives forms SEI that could enhance the interfacial
stability during cycling.'”l According to molecular orbital the-
ory, molecules with the lower LUMO (lowest unoccupied molec-
ular orbital) energy levels are preferentially reduced by gaining
electrons at the anode surface rather than the decomposition
of water, resulting in SEI formation. The well-constructed SEI
can provide zincophilic sites for uniform metal deposition and
inhibit HER.["®! Fluorinated SEI engineering has been demon-
strated to effectively suppress side reactions and dendrite forma-
tion, thereby enhancing the stability of the zinc anode-electrolyte
interface.['%) Therefore, it is essential to explore multifunctional
additives capable of simultaneously establishing an H,O-poor
EDL and a stable and robust fluorinated SEI to achieve high-
performance AZIBs.

In this work, a series of organics with different func-
tional groups are systematically investigated to verify
their respective and synergistic effects. An additive, 3-
(trifluoromethyl)phenyltrimethyl-ammonium bromide (TFPM),
with the hydrophobic groups of benzene ring and fluorine
together, has been proven to be the best interfacial stabilizer in
ZnSO, (denoted as ZSO) electrolyte. Density functional theory
(DFT) calculations suggest that the adsorption energy of TFPM*
on the zinc surface is higher than that of H,O molecules,
facilitating the formation of H,O-poor EDL to inhibit HER at
the Zn metal surface. The adsorbed TFPM™ also regulates the
diffusion of Zn ions at the anode-electrolyte interface, inducing
stacked layered growth and a preferred Zn(002) texture. Besides,
the partial TFPM cation decomposes to form a ZnF,-rich SEI
layer, effectively suppressing side reactions at anode-electrolyte
interface and regulating the transport of Zn?* toward the elec-
trode surface for the ZnF, has been demonstrated to exhibit
high ionic conductivity.?! Taking advantage of this H,O-poor
EDL and stable SEI layer, Zn//Zn symmetric batteries using
TFPM/ZSO electrolyte deliver an ultra-long cycle life of 5900 h
at a current density of 0.5 mA cm™ with an areal capacity
of 0.5 mAh cm~2. Using Zn//Cu half batteries tested in the
TFPM/ZSO electrolyte, a high CE of 99.93% is achieved at 1 mA
cm~2 and 0.5 mAh cm™?, indicating the excellent reversibility
of the Zn plating—stripping process. The synergistic effects of
TFPM are further demonstrated in the Zn-MnVO full batteries
with a stable cycle lifespan over 6000 cycles and higher capacity
retention of 94.9% at 8 A g,

2. Results and Discussion

To reveal the functionality and synergy of the functional groups
in the additives, three additives with N-, phenyl-, and F- groups
individually or jointly are investigated. Firstly, the adsorption en-
ergies of the Zn atom, H,O molecule, tetramethylammonium
bromide (TM*), trimethylphenylammonium bromide (TPMY),
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and TFPM* cations on Zn (002) facet are calculated using first-
principles calculations. The molecular structure and adsorption
model of TM*, TPM*, and TFPM* are shown in Figure 1a.
Figure 1b compares the adsorption energies of these species
on the Zn(002) facets. TFPM* presents the largest adsorption
energy (absolute value) of —2.64 eV with Zn, manifesting the
most preferential affinity. The increasing adsorption energies
of TM*, TPM*, and TFPM* suggest the synergistic contribu-
tion of phenyl- and trifluoromethyl- and fluorine groups to en-
hance their interaction with Zn anode. Tafel curves in Figure 1c
verify that TFPM/ZSO electrolyte exhibits the lowest corrosion
current (0.103 mA cm™2) and the highest corrosion potential
(16 mV) compared to other electrolytes, indicating the allevi-
ated Zn corrosion. The linear sweep voltammetry (LSV) results
in Figure 1d show the lowest hydrogen evolution potential of
80 mV in TFPM/ZSO electrolyte than other electrolytes, suggest-
ing the TFPM™ inhibits HER. The chronoamperometry (CA) re-
sults (Figure 1e) show the continuously increasing current den-
sity for over 150 s in the ZSO electrolyte, indicating that the Zn
deposition is mainly primarily governed by a typical 2D diffusion
process. This phenomenon is attributed to inhomogeneous zinc
deposition behavior and dendritic Zn formation caused by the
“tip effect”.>) In contrast, the initial decrease in current density
originates from the adsorption of additives on the zinc surface in
TM/ZSO, TPM/ZSO, and TFPM/ZSO electrolytes. TFPM/ZSO
electrolyte presents a stable and constant 3D diffusion after a
short 2D diffusion within 20 s. It is attributed to TFPM with
higher adsorption energy towards zinc, enabling rapid and sta-
ble adsorption on the anode surface. Such strong interfacial in-
teraction effectively regulates Zn** deposition. However, the cur-
rent densities increase in TM/ZSO and TPM/ZSO after 20 s. This
is attributed to the low adsorption energies of TM and TPM on
the zinc anode surface, resulting in insufficiently stable adsorp-
tion that renders them prone to detachment. Consequently, the
current density progressively increases, exhibiting a 2D diffusion
behavior. The confocal laser scanning microscope (CLSM) im-
ages in Figures 1f—i show that the zinc anode in TFPM/ZSO elec-
trolyte exhibits more compact and flat deposition, and the statis-
tical height distribution of Zn-deposit is also more centralized
compared to other electrolytes (Figures 1j-m). Considering the
comprehensive impacts of electrolyte additives, the optimal con-
centration of TFPM is 1073 m (Figures S1-S4).

Figure 2a shows TFPM* with a higher HOMO (highest oc-
cupied molecular orbital) and lower LUMO energy levels com-
pared to H,O. Electrostatic potential (ESP) map analysis suggests
TFPM* with lower charge density, indicating a greater tendency
to attract electrons and interact with zinc metal (Figure 2b). The
contact angle of TFPM/ZSO electrolyte is 77.8° on Zn metal,
much lower than 93.2°0f ZSO bare electrolyte (Figure 2c), sug-
gesting TFPM™ added electrolyte with better wettability and zin-
cophilic properties. The ab initio molecular dynamics simulation
(AIMD) shows that the Zn—F bond between TFPM™* and the Zn
surface remains stable after 3 ps, demonstrating a stable adsorp-
tion (Figure S5). The Zn metal electroplated in the TFPM/ZSO
electrolyte at a current density of 5 mA cm~ for 1 h, the presence
of the characteristic N1s and F1s peaks and the positive shift of
the Zn 2p peak in the X-ray photoelectron spectroscopy (XPS)
results confirm the adsorption behavior of TFPM* on Zn metal
surface (Figures 2d,e). The C 1s spectrum in the XPS has been
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Figure 1. a) Optimal adsorption configuration for Zn atom, H,O molecule, TM*, TPM*, and TFPM™* cations on the Zn (002) facet. b) The adsorption
energies of the species on the Zn (002) facet. (c) Tafel curves, (d) LSV curves, and (e) CA curves of Zn metal in different electrolytes. f~i) CLSM images
of the Zn metal after deposition in (f) ZSO, (g) TM/ZSO, (h) TPM/ZSO, (i) TFPM/ZSO electrolytes at a current density of 10 mA cm=2 for 1 h. j-m) The
statistical height distribution of Zn deposit in (j) ZSO, (k) TM/ZSO, (I) TPM/ZSO, (m) TFPM/ZSO electrolytes.

charge-corrected to guarantee the reliability of the Zn peak shift
(Figure S6). The electrokinetic (Zeta) potential measurements
confirm the strong electrostatic adsorption of TFPM* on the Zn
surface, as evidenced by the positive shift in potential from —1.88
to —0.41 mV compared to bare ZSO electrolyte (Figure 2f). The
decreased capacitance in Figure 2g indicates that TFPM™ regu-
lates the EDL structure, demonstrating its preferentially strong
adsorption with Zn metal. The higher nucleation overpotential
in the TFPM/ZSO electrolyte further validates an additional en-
ergy for constructing EDL and a restrained nucleation process
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(Figure 2h and Figure S7).[1%] These results above demonstrate
that the adsorption of TFPM* on the Zn surface constructs an
H,O-poor EDL structure at the Zn anode-electrolyte interface.
TFPM* adsorbed on zinc surfaces strengthens the repulsion of
hydrated Zn ions at EDL to inhibit hydrogen evolution and corro-
sion by isolating the active H,O molecules in the solvent sheath
and the zinc anode surface. The positively charged TFPM* also
tends to accumulate at the tips of electron-rich protrusions, form-
ing a dynamic electrostatic shielding layer that homogenizes the
local surface electric field to suppress the “tip effect”. Moreover,
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Figure 2. a) LUMO and HOMO isosurfaces of TFPM* and H,O molecule. b) ESP maps of TFPM* and H,0 molecule. c¢) Contact angles of Zn metal
with different electrolytes. d) XPS survey and e) Zn 2p spectra of Zn anodes after electroplating for 1 h in different electrolytes. f) Zeta potentials of Zn
powders in different electrolytes. g) Differential capacitance curves for Zn metal in Na,SO, solution with and without TFPM additive. h) The nucleation
potential in CV tests of Zn//Cu batteries with different electrolytes at the scan rate of 1 mV s~

the (002) facet exhibits the highest adsorption energy (absolute
value) for TFPM*, which significantly reduces the deposition rate
on this facet. As a result, zinc preferentially deposits along the
(002) facet, leading to the formation of plate-like zinc structures.

Zn anode presents less byproducts in TFPM/ZSO than in bare
ZSO0 electrolytes after plating—stripping as shown in Figure 3a.
Besides, the zinc anode exhibits a characteristic (002) texture, in-
dicating that TFPM* regulates the deposition behavior of zinc
ions. Time-dependent X-ray Diffraction (XRD) patterns show the
intensity ratio between (002) and (100) facets (denoted as R =
Inoa/I101) (Figure 3b,c) continuously increases from 0.42 to 7.21
with the deposition time increase. The progressively increasing
R ()value is associated with a greater exposure of the Zn(002)
facet. SEM images in Figure S8 show that the electrodeposited
Zn metal consists of hexagonal Zn plates with an epitaxial mi-
crostructure, corresponding to the Zn(002) crystal facet paral-
lel to the Zn substrate. These results indicate that TFPM* ben-
efits promote the preferential growth of the (002) facet. X-ray
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diffraction pole figures also demonstrate the Zn plate deposited
in the ZSO electrolyte manifests a widely distributed signal for
(002) with lower intensity (Figure 3d). In contrast, the concen-
trated distribution and higher intensity in TFPM/ZSO verify the
formation of a predominant (002) facet (Figure 3e). To inves-
tigate the underlying deposition mechanism, ab initio calcula-
tions based on DFT in Figure 3f show that the adsorption en-
ergy (absolute value) of TFPM* (—2.64 eV) on Zn(002) facet is
highest than that on (100) and (101) facets (—1.32 and —2.08 eV),
revealing its preferential interaction with the (002) facet and
thereby providing epitaxial deposition of Zn(002) facet. Accord-
ing to Bravais’ law, the orientation of crystal facets is largely de-
termined by the ion deposition rates on different facets. The
crystallographic facets that are ultimately exposed typically have
the lowest growth rates, while the faster-growing facets become
to disappear. Therefore, the lowest Zn deposition rate on the
Zn(002) facet facilitates their orderly stacking in the TFPM/ZSO
electrolyte.

© 2025 Wiley-VCH GmbH

85U801 7 SUOLULLIOD @A) 3[cedldde 8Ly Ag peuenob ae sajoiie YO ‘SN JO Sa|ni o} Akeidi8UlJUO AB]IAA UO (SUONIPUOO-PUR-SLUIB)/WIO A8 | 1M Ale.ql U1 [Uo//Sdiy) SUOIPUOD pue sWs 1 84} 88S *[520z/2T/vz] uo AkeiqiTauluo A8jim ‘Aiseaun 1Buo ) Aq 502606202 WiPe/Z00T OT/I0p/L0 A8 i Ake.q 1l |uo’peoueApe;/sdny woiy pepeojumod ‘Lt ‘5202 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a — b c 8
— Pristine Zn TFPM/ZSO TFPM/ZSO 7.21
—— 7S0 f\
— —— TFPM/ZSO — 100 h 6
3 3
S . . S 75h 5
2 [Zn.S0,(0H);5H,0 2 :; 4 3.62
L e - 2 50 h 8
2 .2 = & 2
IS IE l“ & 22 g < 25h 2
i ] =< & = - 1.15
8 8 S 4 071
‘ PDF# 39-0688 Zn,SO,(OH)g'5H,0 N z Oh z 0 0.
Lo _alily r r . .
10 30 50 70 35 40 45 0 25 50 75 100
2-Theta (degree) 2-Theta (degree) Time (h)
d f o
3932 35852
L
>-1
oy
2 -1.32
(0]
D
£-2
2 -2.08
o
-2.64
l5§3¥1 .1%% -3
Zn(002)  Zn(100)  Zn(101)

Figure 3. a) XRD patterns of Zn anodes after cycling in different electrolytes. b) XRD patterns of Zn anodes after cycling in TFPM/ZSO electrolyte for
different times. c) The intensity ratio between the (002) and (101) facets. X-ray diffraction (002) pole figures of the Zn deposits in ZSO d) and TFPM/ZSO
e) electrolytes. f) The adsorption energy of TFPM* on the Zn (002), (100), (101) facets.

Figure 4a shows the morphological evolution of Zn deposi-
tion at a current density of 4 mA cm~2, random and irregular Zn
particles are distributed on the anode surface in the ZSO elec-
trolyte. The TFPM/ZSO electrolyte enables uniform and dense
Zn deposits, and the hexagon-shaped Zn plates with layered
stacking correspond to Zn(002) facets (Figure 4b). As shown
in Figure 4c,d, digital photographs of Zn metal exhibit distinct
color differences after electrodeposition at a current density of
10 mA cm=2 for 1 h in different electrolytes, which can serve
as an indicator for determining the compactness of the Zn de-
position. In the ZSO electrolyte, the black Zn surface is due to
its loose and porous deposits (Figure 4e), and the gray Zn sur-
face from the TFPM/ZSO electrolyte is attributed to the com-
pact and homogeneous deposition topography (Figure 4f). The
cross—sectional images in Figure 4g,h, show the disordered and
random deposition with a thicker deposition layer in the ZSO
electrolyte, while the TFPM/ZSO electrolyte renders a flat and
dense deposition layer. In situ optical microscopies are shown
in Figure 4i,j, a random spot-like distribution appears after 10
min in ZSO electrolyte, which gradually evolves into large and
isolated Zn dendrites with an increased deposition time to 30
min. In TFPM/ZSO electrolyte, the Zn deposition maintains a
flat surface without any dendrites in the whole evolution process,
verifying that TFPM* regulates the deposition of zinc ions to
suppress the tip effect by homogenizing the local surface electric
field as verified by Zeta potential and differential capacitance re-
sults. In addition, the lower LUMO energy level of TFPM* men-
tioned in Figure 2a suggests that it is easy to gain electrons and
undergo reduction during the deposition process in comparison
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with water. In the transmission electron microscope (TEM) im-
ages (Figure 4k,]), the interplanar spacing matches well with the
(200) and (101) facets of ZnF,, it is also confirmed by the binding
energy of Zn 2p;;, peak (1022.7 eV) in XPS results (Table S1).
Energy dispersive spectroscopy (EDS) mapping further verifies
that the elemental composition of the SEI originates from the
TFPM*(Figure 4m and Figure S9).

The reversibility and stability of Zn?* plating-stripping were
evaluated using Zn//Zn symmetric and Zn//Cu asymmetric bat-
teries under different current densities. Figure S10 shows the
rate performance of the symmetric batteries with/without TFPM
atvarious current densities ranging from 0.5 to 10 mA cm=2. The
Dbattery tested in the TFPM/ZSO electrolyte shows a steadier volt-
age profile than that in the ZSO electrolyte. When the current
density returned to 0.5 mA cm™?, the battery with TFPM/ZSO
electrolyte continued to operate, whereas the battery with ZSO
electrolyte failed. As shown in Figure 5a, the battery with ZSO
electrolyte short-circuits after 300 h at a current density of 0.5 mA
cm~2 with an areal capacity of 0.5 mAh cm~2, while the battery
with TFPM/ZSO electrolyte exhibits a stable cycle over 5900 h
with a steady voltage hysteresis. The symmetric battery also
achieves a cycle life of 3300 h within TFPM/ZSO electrolyte un-
der a current density of 1 mA cm~2 and an areal capacity of 1
mAh cm~? (Figure S11). Increasing the current density to 4 mA
cm~2 with an areal capacity of 2 mAh cm~2, the symmetric bat-
tery with TFPM/ZSO electrolyte can stably cycle for more than
1900 h, superior to 100 h of the battery with bare ZSO elec-
trolyte (Figure 5b). Even after being cycled under harsh condi-
tions of 10 mA cm~2 and 5 mAh cm~2, a symmetric battery with
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Figure 4. SEM images of Zn anodes after cycling in ZSO (a) and TFPM/ZSO (b) electrolytes at a current density of 4 mA cm~2 for 100 h. Digital
photographs, surface, and cross—section SEM images of Zn metal after electroplated in ZSO (c), (e), (g) and TFPM/ZSO electrolytes (d), (f), (h) at
a current density of 10 mA cm™2 for 1 h, respectively. In situ optical microscopic observations of Zn deposition in the ZSO (i) and TFPM/ZSO (j)
electrolytes at a current density of 10 mA cm~2. k-I) The high-resolution TEM images of the deposited Zn with SEI. m) The corresponding EDS-mapping

results of Zn, O, C, S, N, and F elements.

TFPM/ZSO electrolyte still exhibits stable voltage polarization
and high cycling stability for over 640 h. Conversely, a symmet-
ric battery with ZSO electrolyte fails quickly due to an increased
polarization after only a few cycles (Figure 5c¢). In addition, the
cumulative plated capacity (CPC) in this work is superior to most
works adopting the electrolyte modification strategy (Figure 5d).

The Zn//Cu asymmetric battery with the TFPM/ZSO elec-
trolyte delivers an ultrahigh CE of 99.91% for 400 cycles at the
current density of 5 mA cm~2, more stable than that in the bare

Adv. Funct. Mater. 2025, 35, 2509705
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ZSO electrolyte (Figure S12). At a current density of 1 mA cm™2,
the asymmetric battery with TFPM/ZSO electrolyte exhibits an
ultralong cycle number of 4000 times and an ultrahigh average
CE of 99.93%, whereas the battery with the ZSO electrolyte fails
after several cycles due to the short circuit induced by the Zn den-
drites (Figure 5e and Figure S13). Benefiting from the regulation
of the EDL structure by the TFPM additive, it isolates highly reac-
tive water from contact with the zinc anode, effectively preventing
the occurrence of side reactions. This significantly reduces the

© 2025 Wiley-VCH GmbH
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Figure 5. Voltage profiles of Zn//Zn symmetric batteries at various current densities and area capacity combinations of (a) 0.5 mA cm~2 and 0.5 mAh
cm~2; (b) 4 mA cm=2 and 2 mAh cm~2; ¢) 10 mA cm~2 and 5 mAh cm™2. d) Comparison in CPC of Zn//Zn batteries among AZIBs aiming advancements
by electrolyte modification.[1%215¢21] (e) CE of Zn//Cu asymmetric batteries at 1 mA cm~2 and 0.5 mAh cm~2. f) Comparison in CE and CPC of Zn//Cu
batteries with current advancements from electrolyte modification and SE| engineering at a current density of 1 mA cm~2,[10b.c.15¢,22]

irreversible consumption of the zinc anode, leading to a substan-
tial improvement in Coulombic efficiency. Figure 5f and Table
S2 demonstrate the great enhancements in CE and CPC in this
work in comparison with other works by electrolyte modification,
demonstrating the promising prospect of the TFPM additive.
Paring with MnVO synthesized through a hydrother-
mal method,[?)] full batteries were assembled using elec-
trolytes with and without TFPM additive. Figure 6a shows
the charge/discharge curves, Zn//MnVO full battery with
TFPM/ZSO electrolyte achieves a higher specific capacity of 311
mAh g~! compared with 256 mAh g=' from bare ZSO electrolyte
at4 A g1. The full battery using TFPM/ZSO electrolyte exhibits
less polarization as reflected by the dQ/dV curves. In contrast,
the full battery using ZSO electrolyte demonstrates progressively
intensified polarization with prolonged cycling (Figure 6b and
Figure S14). The Nyquist plots in Figure 6¢ show that the full
battery with TFPM/ZSO electrolyte exhibits a lower reactive
resistance compared to its counterpart, indicating improved
ionic transfer and faster electron transport kinetics. Moreover,
the full battery with TFPM/ZSO electrolyte delivers batter rate
performance compared with the full battery using bare ZSO
electrolyte (Figure 6d). At 0.5 A g=!, a high capacity of 410
mAh g~ is achieved in the TFPM/ZSO electrolyte. The current
density increases to 8 A g1, and the specific capacity keeps at
260 mAh g1, while a full battery using bare ZSO electrolyte
only achieves 210 mAh g~'. For the self-discharge evaluation,
the full battery with the TFPM/ZSO electrolyte shows higher
voltage of 1.34 V and a higher capacity retention of 98.1% than
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that in the ZSO electrolyte (1.07 V and 69.6%) after resting
for 24 h (Figure 6e), demonstrating the alleviated side reaction
and suppressed self-discharge from TFPM additive. The cycling
performance was also tested at a current density of 8 A g~}
(Figure 6f). Benefiting from the construction of an H,O-poor
EDL, the polarization is effectively reduced, while anode failure
induced by dendrite growth and side reactions is prevented, the
full battery with TFPM/ZSO electrolyte delivers a high reversible
capacity of 263 mAh g! with a capacity retention of 94.9% over
6000 cycles and nearly 100% CE, higher than specific capacity of
217 mAh g~! and capacity retention of 76.1% over 1700 cycles in
bare ZSO electrolyte.

3. Conclusions

A series of organics with N-, phenyl-, and F- groups individually
or jointly were systematically investigated to reveal their synergis-
tic effects on the reversibility and stability of Zn anode in aque-
ous zinc ion batteries. The additive, TFPM, with the hydrophobic
groups of benzene ring and fluorine together, has been proven to
be the best interfacial stabilizer at the Zn anode- electrolyte inter-
face due to its strong affinity to zinc. TFPM™* with fluorinated
aromatic groups isolate the active water molecule from the Zn
anode surface, leading to the formation of H,O-poor EDL, and
preventing the side reactions between water and the zinc an-
ode. Additionally, the adsorbed TFPM™ regulates the diffusion
of Zn ions at the anode-electrolyte interface to induce preferred

© 2025 Wiley-VCH GmbH
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Figure 6. a) Charge—discharge curves of full batteries with different electrolytes at a current density of 4 A g=1. b) dQ/dV curves of Tst cycle of full
batteries with different electrolytes at a current density of 8 A g~'. ¢) Electrochemical impedance spectroscopy (EIS) plots. d) Rate performance. e)

Self-discharge curves. f) Long-term cycling performance at 8 Ag~'.

Zn(002) texture, and the ZnF,-rich SEI formed from partial
TFPM* decomposition further inhibits subsequent side reac-
tions and dendrite formation. As a result, Zn//Zn symmetric
batteries using TFPM additive deliver an ultralong cycle life of
5900 h at 0.5 mA cm~2, and a high CE 0£99.93% at a current den-
sity of 1 mA cm™ in Zn//Cu asymmetric batteries over 4000 h.
More importantly, Zn full batteries paring with Mn?* preinter-
calated V,0-nH,0 cathode exhibit higher cycle stability in the
TFPM/ZSO electrolyte than that in bare ZSO electrolyte. This
work provides a promising interface-engineering strategy from
the functional group design of additives for high-performance
aqueous zinc ion batteries.
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