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zinc-ion batteries.

rsc.li/chemical-science



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
 1

44
5.

 D
ow

nl
oa

de
d 

on
 1

3/
08

/4
7 

03
:5

4:
56

 . 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In situ Nafion-na
aShanghai Key Lab of Chemical Assessmen

Science and Engineering, Tongji University,

liumx@tongji.edu.cn
bCollege of Chemical Engineering, Zhejian

310014, P. R. China

† Electronic supplementary informa
https://doi.org/10.1039/d3sc06935d

Cite this: Chem. Sci., 2024, 15, 4322

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 25th December 2023
Accepted 20th February 2024

DOI: 10.1039/d3sc06935d

rsc.li/chemical-science

4322 | Chem. Sci., 2024, 15, 4322–4
nofilm oriented (002) Zn
electrodeposition for long-term zinc-ion batteries†

Da Zhang,a Ziyang Song,a Ling Miao,a Yaokang Lv, b Lihua Gan a

and Mingxian Liu *a

Dendrite growth and parasitic reactions of a Zn metal anode in aqueous media hinder the development of

up-and-coming Zn-ion batteries. Optimizing the crystal growth after Zn nucleation is promising to enable

stable cyclic performance of the anode, but directly regulating specific crystal plane growth for

homogenized Zn electrodeposition remains highly challenging. Herein, a perfluoropolymer (Nafion) is

introduced into an aqueous electrolyte to activate a thermodynamically ultrastable Zn/electrolyte

interface for long-term Zn-ion batteries. The low adsorption energy (−2.09 eV) of Nafion molecules on

Zn metal ensures the in situ formation of a Nafion-nanofilm during the first charge process. This ultrathin

artificial solid electrolyte interface with zincophilic –SO3
− groups guides the directional Zn2+

electrodeposition along the (002) crystal surface even at high current density, yielding a dendrite-free Zn

anode. The synergic Zn/electrolyte interphase electrochemistry contributes an average coulombic

efficiency of 99.71% after 4500 cycles for Zn‖Cu cells, and Zn‖Zn cells achieve an ultralong lifespan of

over 7000 h at 5 mA cm−2. Besides, Zn‖MnO2 cells operate well over 3000 cycles. Even at −40 °C,

Zn‖Zn cells achieve stable Zn2+ plating/stripping for 1200 h.
Introduction

Aqueous zinc-ion batteries (ZIBs) have emerged as one of the
advanced electrochemical energy storage systems, character-
ized by their excellent safety, low cost, and high energy and
power densities (820 mA h g−1 and 5855 mA h cm−3).1–6

However, the Zn metal anode in ZIBs encounters signicant
challenges, including the formation of disordered dendrites
and grievous interface polarization reactions (Zn anode corro-
sion and hydrogen evolution), which restrict cycling
performance.7–12 Conspicuously, the low plating/stripping effi-
ciency of the anode at high current densities ($5 mA cm−2) and
in low-concentration Zn salt (1 M and below) signicantly
hinders the practical application of ZIBs.13–16 Typically, pro-
tecting the Zn anode by organic–inorganic composite coating is
an effective strategy, but the slow ion transport caused by the
thicker organic hydrophobic layer limits the diffusion of Zn2+ at
the solid phase interface (SEI), resulting in an increase in the
nucleation potential of Zn2+ ions. Besides, organic co-solvents
disrupt the hydrogen bonding network of the electrolyte and
reduce the ionic conductivity of the original electrolyte.
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Accordingly, it is necessary to achieve deposition induction and
rapid diffusion of Zn2+ ions.

Proting from the stable structure and the abundant zinco-
philic groups, polymers are widely used as electrode protective
layers and electrolyte additives to deliver a widened electro-
chemical window and accelerate the dissociation of Zn salts.17–22

As a common cation transfer polymer separator, the protons of
Naon are gradually replaced by Zn2+ as the cycling proceeds,
causing uniform Zn2+ transport at the electrode/electrolyte
interface. Specically, Naon is combined with zeolite
through a solution pouring method to construct an organic–
inorganic layer, where the zincophilic Naon benets the
transport of zinc ions and inorganic zeolites with 0.74 nm
micropores inhibit the side reactions at the anode/electrolyte
interface to prevent dendrite growth.23 However, such pouring
strategy generally yields a micrometer-scale protective layer
which is not conducive to the rapid plating/stripping of zinc
ions.24–29 Beyond that, the present Naon-based layer at the Zn
anode oen results in uncontrollable Zn nucleation with a (101)
and (110)-dominated texture due to high Zn2+ concentration
polarization, causing deteriorated hydrogen evolution reaction
(HER) and loose Zn plating.30–32 In contrast, the (002) crystal
plane is the most stable texture due to its lowest surface
nucleation energy, which can homogenize the Zn electrodepo-
sition to suppress the growth of dendrites and HER reactions,
achieving long-term ZIBs.33–35 Therefore, reducing the thickness
of the Naon-based protective layer from the micrometer to
nanometer for rapid plating/stripping of zinc ions,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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accompanied by decreasing the surface nucleation energy for
achieving stable Zn electrodeposition to inhibit the HER is ex-
pected to boost the anode reversibility and long-term ZIBs, yet
not reported.

In this work, we introduce peruoropolymer (Naon) mole-
cules to construct an anode micro-electric eld and activate
a thermodynamically ultrastable zinc anode/electrolyte inter-
face for propelling high-performance ZMBs. The spontaneous
adsorption of Naon (NAF) molecules on the Zn anode ensures
the in situ generation of zincophilic NAF-lm, which regulates
the directional and dendrite-free deposition of solvated Zn2+

ions, signicantly improving the plating/stripping efficiency of
the Zn anode. Therefore, Zn‖Zn cells using a Zn(OTF)2-NAF
(OTF− = CF3SO3

−) electrolyte can cycle over 5000 h, and Zn‖Cu
cells achieve an average CE of 99.71% aer 4500 cycles at 5 mA
cm−2. Signicantly, Zn‖MnO2 cells exhibit remarkable cyclic
stability over 3000 cycles. Even at −40 °C, the reversible plating/
stripping of Zn‖Zn cells can work over 1200 h. This work offers
a design avenue of dendrite-free Zn deposition for ultrastable
ZMBs.

Results and discussion

First-principles calculations and systemic experiments were
performed to study the Zn2+ transport mechanisms in Zn(OTF)2-
H2O and Zn(OTF)2-NAF electrolytes.36–39 For the Zn(OTF)2-H2O
electrolyte interface (Fig. 1a), when the solvated Zn2+ ions
migrate to the anode/electrolyte interface, the inhomogeneous
Zn2+ plating and Zn(OTF)2 decomposition result in potential
differentiation at the Zn anode, further leading to the fracturing
of the SEI and the generation of H2 (Fig. S1†). In comparison,
NAF molecules show a high binding energy with Zn metal
(Fig. S2–S4 and Table S1†), which indicates their great predi-
lection to form a NAF-nanolm on the Zn anode.40–45 The
unique –SO3

− functional groups in NAF molecules accept Zn2+

ion transportation to the anode interface, avoiding excessive
plating on the Cu collector. When a smooth NAF-nanolm is
formed at the anode/electrolyte interface (Fig. 1b), the Zn anode
exhibits dense Zn2+ plating even at high current densities.

The ionic conductivity of Zn2+ ions in various electrolytes
was analyzed by electrochemical impedance spectroscopy (EIS)
using the formula s = L/RS (where L, R, and S are the separator
thickness, bulk resistance, and area, respectively). The
Zn(OTF)2-NAF electrolyte shows the smallest resistance of 3.7
U (Fig. 1c), corresponding to the fastest Zn2+ conductivity of
1.22 × 10−2 S cm−1 (Table S2†). The cyclic voltammetry (CV)
curves of Zn‖Cu cells show the enhancement of Zn ion trans-
port kinetics by the Zn(OTF)2-NAF electrolyte. With the
increase of scan rate from 1 to 4 mV s−1, the thicker SEI affects
the transfer rate of Zn2+ ions, resulting in lower plating/
stripping efficiency in the Zn(OTF)2-H2O electrolyte
(Fig. S5†). Compared to the Zn(OTF)2-H2O electrolyte, the
higher amount of Zn2+ ions transported in the Zn(OTF)2-NAF
electrolyte (0.85 vs. 0.33) also demonstrates the rapid transfer
and storage of Zn2+ ions in the solid/liquid phase interface
(Fig. S6†). Of note, there is no signicant polarization reaction
at the Zn anode demonstrating stable Zn2+ plating/stripping.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The X-ray diffraction (XRD) patterns of the Cu substrate of
Zn‖Cu cells aer cycling at 1 mA cm−2 in various electrolytes
show obviously different Zn2+ plating/stripping (Fig. 1d).
Fig. 1e demonstrates the geometric models of charge distri-
butions at the Zn/electrolyte interface. Among different Zn/
electrolyte interfaces, Zn–NAF interaction and signicant
charge transfer induce a larger binding energy of Zn(OTF)2,
which accelerates the interfacial Zn2+ transfer. The Zn depos-
ited through the NAF-nanolm, unlike the previous Naon–
zeolite protective layer,46–51 preferentially grows along the (002)
crystal surface to form a dense anode aer 200 h, due to a lower
binding energy of the NAF-nanolm and zinc metal anode
(Fig. 1f).52 Notably, the charge density of Zn2+ ions deposited in
the Zn(OTF)2-NAF electrolyte is more uniform compared to
that in the Zn(OTF)2-H2O electrolyte, which is crucial for dense
Zn nucleation and a dendrite-free anode (Fig. 1g). Even when
the plating/stripping continues for 2000 h, Zn2+ ions still
preferentially nucleate along the (002) crystal plane (Fig. S7†).

The Zn2+ deposition evolution in electrolytes was analyzed by
eld emission scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). For the Zn(OTF)2-H2O
electrolyte (Fig. 1h), a large amount of blocky Zn appeared on
the Cu substrate aer a plating/stripping of 24 h. As the oper-
ating time increases to 200 h, the irregular growth of dendrites
on the Zn anode inevitably leads to SEI damage and Zn(OTF)2
consumption (Fig. S8†). In contrast, the deposition morphology
in the Zn(OTF)2-NAF electrolyte is smoother (predominantly
hexagonal deposition), maintaining a stable (002) crystal
growth (Fig. 1i). The interface of directional crystal growth
((002) plane) reduces the formation of dendrites and delays the
corrosion rates of Zn anodes (Fig. S9 and S10†). TEM images
clearly show the plating of Zn2+ in different electrolytes. With
a lower current density (1 mA cm−2 and 0.5 mA h cm−2), an
inhomogeneous SEI was obtained on the Zn anode, about 480
and 570 nm (Fig. 1j). Besides, obvious uctuations occur at the
Zn anode interface at 5 mA cm−2 (Fig. S11†), resulting in uneven
SEI thickness and disordered Zn deposition. Notably, the NAF-
nanolm (15 nm in thickness) and SEI (100 nm in thickness)
can be observed at the interface between the anode and elec-
trolyte (Fig. 1k), which promises high-kinetics Zn2+ transfer.
Even at 10 mA cm−2, the SEI in the Zn(OTF)2-NAF electrolyte
maintains higher crystallinity compared to that in the Zn(OTF)2-
H2O electrolyte (Fig. S12†).

Ab initio molecular dynamics (AIMD) simulations and
density functional theory (DFT) calculations were used to
explore the solvation structure and coordination potential
during the (dis)charging of ZIBs. For 2 M Zn(OTF)2-H2O elec-
trolyte (Fig. 2a and S13†), the Zn2+ solvation structure includes
ve H2O molecules and one OTF− ion. The more solvated the
H2O molecules, the more severe the hydrogen evolution reac-
tions (Fig. S14–16†). Consequently, NAF co-migrated with Zn2+

ions to form a NAF-nanolm on the Zn anode, effectively
guiding the stable deposition of Zn2+ ions (Fig. 2b). Compared
with the Zn(OTF)2-H2O electrolyte, the solvated structure of the
Zn(OTF)2-NAF electrolyte indicates the decreased proportion of
H2O molecules around Zn2+ ions in the solvated shell (Fig. 2c
and d). According to molecular dynamics simulations,53 the
Chem. Sci., 2024, 15, 4322–4330 | 4323
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Fig. 1 Schematic diagrams of Zn2+ deposition in (a) Zn(OTF)2-H2O and (b) Zn(OTF)2-NAF electrolytes. (c) Ionic conductivities of various
electrolytes. (d) XRD patterns after Zn2+ plating/stripping with different electrolytes. (e) Charge distribution at different anode/electrolyte
interfaces. (f) Interfacial charge transfer on different crystal planes. (g) The electron density difference of the Zn anode after Zn2+ plating on the
(002) crystal plane. SEM images of Zn2+ plating/stripping evolution after 24 h in (h) Zn(OTF)2-H2O and (i) Zn(OTF)2-NAF electrolytes. TEM images
of SEI thickness at 1 mA cm−2 in (j) Zn(OTF)2-H2O and (k) Zn(OTF)2-NAF electrolytes.
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coordination probability of OTF−with Zn2+ in the Zn(OTF)2-NAF
electrolyte is signicantly higher than that in the Zn(OTF)2-H2O
electrolyte, triggering favorable solvated environments to limit
the hydrogen evolution reaction of H2O molecules, and boost-
ing the Zn2+ plating/stripping efficiency at high current densi-
ties. The chemical components on the surface of the Zn anode
were detected by Ar+ sputtering X-ray photoelectron spectros-
copy (XPS). To maintain the uniformity and integrity of the SEI,
all cells were subjected to two constant-current (dis)charging
cycles. The elemental contents of the SEI show signicant
differences for different electrolytes (Fig. S17†). For the
Zn(OTF)2-H2O electrolyte, the inorganic components in the SEI
4324 | Chem. Sci., 2024, 15, 4322–4330
are mainly ZnCO3, ZnO, ZnF2, and ZnS (Fig. 2e). Notably, ZnF2
almost disappears with the increase of sputtering time (20 and
40 s), indicating the scarcity of high Zn2+ conductivity compo-
nents in the SEI, and the uneven SEI impedes the rapid transfer
and plating/stripping of Zn2+. The detected characteristic peak
of OTF− conrms the continuous decomposition of Zn(OTF)2
during the (dis)charging of ZIBs.54

For Zn(OTF)2-MeOH (MeOH = methanol) electrolyte
(Fig. S18†), ZnF2 (684.8 eV) and *CF3 (689.4 eV)55 can be
captured aer the etching time reaches 20 s (Table S3†). The
results indicate the formation of a ZnF2 and ZnCO3 poly-
crystalline phase SEI. However, the solvation structure of Zn2+
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a and b) 3D snapshots and corresponding enlarged images of solvation sheaths, and (c and d) radial distribution functions of Zn2+–O in
Zn(OTF)2-H2O and Zn(OTF)2-NAF electrolytes. (e and f) In-depth XPS spectra analysis of different electrolytes. (g) The atomic concentration
percentages corresponding to different SEIs. In situ Raman test of Zn‖Cu cells in (h) Zn(OTF)2-H2O and (i) Zn(OTF)2-NAF electrolytes.
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ions in the Zn(OTF)2-MeOH electrolyte damages the formed SEI
and causes sustained consumption of Zn(OTF)2, restricting the
long-term cycling performance of ZIBs. Therefore, specic
protection needs to be implemented for the Zn anode. Even
when the etching time reaches 40 s, the detected ZnF2 conrms
that NAF-SEI has a more complete polycrystalline phase struc-
ture (Fig. 2f). As the sputtering time increases, the SO3

− fraction
of NAF is captured on the Zn surface, which veries the self-
adsorption of NAF with Zn.56 Besides, the protection of the
NAF-nanolm on the Zn anode is conrmed by the disappear-
ance of OTF− ions. Fig. 2g shows the variation in elemental
content of the formed SEI in different electrolytes. The intro-
duction of NAF solution increases the ratio of ZnF2 and ZnCO3

content in the SEI.
In situ Raman spectroscopy was applied to monitor the

Raman peak variations of the Zn anode in the Zn(OTF)2-H2O
electrolyte (Fig. S19†). During discharging (Zn2+ migrating to
the Cu collector), a signicant Zn(OTF)2 component is detected,
which is reected by the peaks at 1036 and 1256 cm−1

(Fig. 2h).57 The characteristic peak of Zn(OTF)2 (1224 cm−1)58 is
accurately observed, further conrming the severe hysteresis in
the desolvation process of Zn(OTF)2. For the Zn(OTF)2-NAF
electrolyte, a noticeable voltage drop at the beginning of the
voltage–time curve is attributed to the binding between NAF
and Zn (Fig. 2i). Besides, the S–H binding sites of NAF at
156 cm−1 are captured.59 The characteristic peaks of vs(SO3) and
vas(SO3) derived from Zn(OTF)2 can be detected in the Zn(OTF)2-
© 2024 The Author(s). Published by the Royal Society of Chemistry
H2O electrolyte, conrming the precipitation of a large amount
of Zn(OTF)2. In contrast, the characteristic peak of Zn(OTF)2 in
the Zn(OTF)2-NAF electrolyte is very weak, indicating little
Zn(OTF)2 precipitates at the Zn/electrolyte interface and
ensuring the long-term stability of ZIBs. The in situ attenuated
total reectance-Fourier transform infrared (ATR-FTIR) spec-
troscopy was utilized to analyse the evolution pattern of the
solvation conformation in electrolytes (Fig. 3a). The process of
Zn2+ plating/stripping was studied under constant-current
density (1 mA cm−2) (dis)charging. An obvious OTF− peak
(1032 cm−1) is captured during discharging (Fig. 3b and S20†),
indicating that OTF− molecules remain at the anode/electrolyte
interface during Zn2+ stripping.

In the voltage–time curves of Zn2+ plating/stripping, the cell
using the Zn(OTF)2-H2O electrolyte has a higher overpotential
than that using Zn(OTF)2-NAF. A sharp increase in voltage
(0.0958 V) is even observed at the end of the charging process
(voltage–time curve constant coordinate for 1.7 h, Fig. 3b),
which is attributed to the precipitation and decomposition of
Zn(OTF)2, leading to an increase in the proportion of H2O
molecules around solvated Zn2+ ions, producingmore hydrogen
gas. Besides, the reversible change of MeOH molecules during
(dis)charging indicates the rapid migration of Zn2+ ions
(Fig. 3c). More importantly, the appearance of the C]O peak
suggests a possible bimolecular Cannizzaro disproportionation
of MeOH molecules to form methoxy, followed by dehydroge-
nation to CH2O

−. The generated CH2O
− promotes a charge-rich
Chem. Sci., 2024, 15, 4322–4330 | 4325
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Fig. 3 (a) Schematic diagram of in situ ATR-FTIR analysis. (b and c) Voltage–time curves and corresponding ATR-FTIR characterizations in
Zn(OTF)2-H2O and Zn(OTF)2-NAF electrolytes. In situ DOF microscope plating images in (d) Zn(OTF)2-H2O and (e) Zn(OTF)2-NAF electrolytes.
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state in the solvation sheath of Zn2+ ions and shields it from
H2O molecules, which is crucial for rapid Zn2+ transport.60–62

The dendrite growth and hydrogen production on the Zn anode
were directly observed through in situ depth of eld (DOF)
microscopy. For the Zn(OTF)2-H2O electrolyte, the generation of
bubbles can be observed when the Zn2+ plating capacity reaches
0.1 mA h cm−2 (Fig. 3d). As the discharging process continues,
obvious gray-black dendrites appear on the Zn anode, accom-
panied by severe corrosion aer deposition (Fig. S21†). Due to
the direct contact between the Zn anode and electrolyte, similar
phenomena can also be examined in the Zn(OTF)2-MeOH
electrolyte (Fig. S22†). Without the regulation by the NAF-
nanolm, the Zn2+ transport kinetics is slower, and the
growth of dendrites remains uncontrolled. Compared with the
Zn(OTF)2-H2O electrolyte, the Zn corrosion can be delayed in
the Zn(OTF)2-MeOH electrolyte because MeOH signicantly
reduces the proportion of active H2O molecules in the solvation
sheath of Zn2+ ions. No bubbles are observed when the plating
capacity reaches 4 mA h cm−2, and the color of the deposited Zn
is almost the same as that of the original Zn (Fig. 3e). The in situ
DOF plating results further indicate the substantially sup-
pressed dendrite growth and H2 generation in the Zn(OTF)2-
NAF electrolyte.

Scanning probe microscopy (SPM) was applied to investigate
the plating morphology and interface potential of the Zn
anode.63 Based on the working principle and test results of SPM,
the calculation rules of the Zn anode interface potential are
obtained:

Test 1: Vsample − Vtip = (Ftip − Fsample)/e (1)

Test 2: VHOPG − Vtip = (Ftip − FHOPG)/e (2)

e(Test 1) = Ftip − Fsample (3)
4326 | Chem. Sci., 2024, 15, 4322–4330
e(Test 2) = Ftip − FHOPG (4)

Based on formulae (1) and (2), the conversion formulae (3)
and (4) between the probe potential and the sample surface
potential, and further formula (5) for calculating the surface
potential of the sample can be obtained. Fsample and Ftip denote
the test sample surface potential and probe tip potential,
respectively. FHOPG is a xed applied potential of 4.5 eV.

Fsample = FHOPG + e(Test 1 − Test 2) (5)

The height difference of the Zn anode aer plating reaches
1.81 and 2.95 mm (plating capacities are 1 and 2 mA h cm−2) in
the Zn(OTF)2-H2O electrolyte (Fig. 4a), together with
a minimum local potential value of −2.64 V and a maximum
value of 0.93 V through the interfacial potential distribution
maps. In contrast, more uniform deposition and potential are
achieved in the Zn(OTF)2-NAF electrolyte, as reected by the
height difference of 1.36 mm and the minimum potential value
of−0.41 V (Fig. 4b). As a result, the average surface potentials in
Zn(OTF)2-H2O and Zn(OTF)2-NAF electrolytes are determined to
be 5.67 and 4.94 eV. The larger average potential on the sample
surface indicates the more disordered interfacial charge distri-
bution and irregular Zn2+ deposition. The tted interfacial
average potentials in the Zn(OTF)2-H2O electrolyte are 102.7 and
817.4 mV, which are inferior to those of the Zn(OTF)2-NAF
electrolyte (93.3 and 328.1 mV, Fig. 4c and d). The more
homogeneous interfacial potential implies a lower activation
energy for Zn2+ ion migration, thus enabling the dissociation of
Zn(OTF)2 at the Zn/NAF interface and accelerating the transport
efficiency of Zn2+ ions.64,65 Besides, the Zn2+ plating test in the
Zn(OTF)2-MeOH electrolyte (Fig. S23†) conrms the attenuated
desolvation of Zn2+ ions by the NAF-nanolm. Without the
protection of the NAF-nanolm, the solvation effect remains the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) Potential distribution and height variation on the anode surface after Zn2+ plating in different electrolytes, tests 1 and 2 were Zn2+

plated to 1 and 2 mA h cm−2, respectively (the current density was 0.5 mA cm−2). Gaussian statistical distribution of the interfacial potential in (c)
Zn(OTF)2-H2O and (d) Zn(OTF)2-NAF electrolytes. Simulation of the potential evolution of Zn2+ plating/stripping in (e) Zn/electrolyte and (f) Zn-
NAF/electrolyte interfaces.
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main reason for the slow Zn2+ plating/stripping. Based on the
deposition potential analysis, the potential simulation of the
Zn2+ plating/stripping process was performed through the
COMSOL potential eld.66 During Zn2+ plating (from 5 to 25
min) in Zn(OTF)2-H2O electrolyte, a local micro-electric eld is
formed due to the polarization of the electrolyte concentration
near the Zn anode (Fig. 4e), which exacerbates the hydrogen
evolution reaction (HER) of solvation H2O molecules and
dendrite growth. The potential gradient near the Zn anode
remains less than 0 mV during the stripping (35 to 50 min). In
the Zn(OTF)2-NAF electrolyte, a microporous lm (NAF-
nanolm) is formed on the Zn anode, and the migration of
Zn2+ is induced by –SO3F groups on the NAF-nanolm. The
solvation structure fails to reach the Zn anode (Fig. 4f), resulting
in a smaller potential gradient compared with the Zn(OTF)2-
H2O electrolyte aer 25 min. During Zn2+ stripping from the
anode interface (35 to 50 min), the potential gradient response
of the Zn/NAF/electrolyte interface is faster than that of Zn/
electrolyte, which is attributed to the rapid co-migration of
dissociated Zn(OTF)2 with the solvated structure. For the ZnSO4-
NAF-H2O electrolyte (Fig. S24–S27†), the micro-electric eld
constructed by the NAF-nanolm also enhances the electro-
chemical performance of ZIBs. The electrochemical properties
of Zn‖Cu, Zn‖Zn, and Zn‖MnO2 cells were systematically
© 2024 The Author(s). Published by the Royal Society of Chemistry
studied to verify the facilitation of solvation reconguration and
Zn2+ ion transportation channels in modied electrolytes on
Zn2+ plating/stripping. According to the voltage–capacity curves
of Zn‖Cu cells in Zn(OTF)2-H2O and Zn(OTF)2-NAF electrolytes
(Fig. 5a and b), there is no signicant difference in the plating/
stripping voltage even aer 500 cycles. The maximum voltage
drop in the Zn(OTF)2-H2O electrolyte is 0.39 V (20th cycle),
which is attributed to the concentration polarization of the
interfacial electrolyte and the disordered deposition of Zn2+.
Drastic voltage uctuations lead to the decomposition of
Zn(OTF)2 and dendrite growth. The maximum voltage drop in
the Zn(OTF)2-NAF electrolyte is only 0.069 V (200th of the
cycles), thus ensuring the long-term cycling of ZIBs. The
modied Aurbach method was used to analyze the Zn2+ des-
olvation kinetics.67,68 The NAF-nanolm signicantly improves
the Zn2+ plating/stripping coulombic efficiency (CE) (Fig. 5c),
with the highest value of 99.86%.

Fig. 5d shows the Zn2+ plating/stripping CE of Zn‖Cu cells
using different electrolytes at 5 mA cm−2. An impressive CE of
99.71% is achieved for Zn‖Cu cells using the Zn(OTF)2-NAF
electrolyte aer 4500 cycles. The corresponding charge–
discharge curves show more stable voltage uctuations and
gradually decreasing polarization reactions (from the 1st to
4000th cycles), proving the improvement of coulombic
Chem. Sci., 2024, 15, 4322–4330 | 4327
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Fig. 5 Long-term deposition voltage–capacity curves and corresponding voltage fluctuation of Zn‖Cu cells in (a) Zn(OTF)2-H2O and (b)
Zn(OTF)2-NAF electrolytes. (c) Zn‖Cu cells with different electrolytes. (d) The plating/stripping CE of Zn‖Cu cells. (e) Long-term performance of
Zn‖Zn cells. (f) Cycling performance of Zn‖MnO2 cells in different electrolytes at 30 °C.
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efficiency in Zn2+ ion plating/deposition (Fig. S28†). For
comparison, Zn‖Cu cells using the Zn(OTF)2-H2O electrolyte
show a CE of 96.12%. Despite the Zn2+ plating/stripping in the
Zn(OTF)2-MeOH electrolyte reaching 2700 h (while 280 h for the
Zn(OTF)2-H2O electrolyte), the deposition overpotential of Zn2+

is continuously increased from 0.3 to 0.65 V. Beneting from
the regulation of Zn2+ transportation channels at the Zn anode,
the NAF-nanolm accelerates Zn2+ transport in the anode/
electrolyte interface. Consequently, Zn‖Zn cells using the
Zn(OTF)2-NAF electrolyte exhibit remarkable cycling stability
with Zn2+ plating/stripping for over 7000 h at 5 mA cm−2

(Fig. 5e).
Besides, the cell capacity starts to decrease aer 100 cycles,

corresponding to the gradual depletion of Zn(OTF)2 and the
continuous breakage/generation of the SEI (Fig. S29†). In
contrast, the Zn‖MnO2 cell using the Zn(OTF)2-NAF electrolyte
at 30 °C demonstrates stable 3000 (dis)charging cycles at 1 A g−1

with a capacity retention of 77.74% (Fig. 5f). Similar to previous
studies,69 the binding of MeOH to Zn2+ ions improves the ionic
conductivity of the Zn(OTF)2-NAF electrolyte at low tempera-
tures. Therefore, Zn‖Zn cells achieve stable plating/stripping at
1 mA cm−2 for 1200 h even at−40 °C (Fig. S30†). Even at−40 °C,
Zn‖MnO2 cells using the Zn(OTF)2-NAF electrolyte demonstrate
stable 2000 (dis)charging cycles at 0.5 A g−1 with a capacity
retention of 66.41% (Fig. S31 and S32†). Zn(OTF)2-NAF with
excellent electrochemical performance highlights its promising
4328 | Chem. Sci., 2024, 15, 4322–4330
application prospects in advanced ZIBs (Tables S4 and S5†),
especially in harsh environments.

Conclusion

In conclusion, Naon as an additive is introduced into an
aqueous electrolyte to construct Zn2+ ion directional trans-
mission channels for establishing an ultrastable Zn/electrolyte
interface for advanced ZIBs. NAF molecules allow the in situ
generation of a zincophilic nanolm which serves as directional
Zn2+ transport channels with a more negative binding energy to
induce Zn2+ nucleation along the (002) crystal surface.
Beneting from the articial ion transportation channels, the
dendrite growth and anode corrosion are substantially
controlled in Zn(OTF)2-NAF electrolyte. Consequently, Zn‖Cu
cells achieve an impressive coulombic efficiency of 99.71% aer
4500 cycles, and Zn‖Zn cells demonstrate stable plating/
stripping for 7000 h at 5 mA cm−2. Even at −40 °C, the revers-
ible plating/stripping of Zn‖Zn cells can work over 1200 h. This
work offers appealing insights into the microscopic Zn/
electrolyte interfacial modulation with obviated Zn-dendrites
and H2O-originated parasitic reactions for advanced ZIBs.

Data availability

The data that support the ndings of this study are available
within the article and its ESI,† or from the corresponding
author on reasonable request.
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