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Covalent Organic Framework with 3D Ordered 
Channel and Multi‑Functional Groups Endows Zn 
Anode with Superior Stability
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HIGHLIGHTS

• A fluorinated zincophilic covalent organic framework (COF-S-F) with sulfonic acid group (-SO3H) is prepared on the surface of Zn 
anode, which promotes the desolvation of hydrated Zn ions and inhibits the side reactions.

• The highly electronegative -F group in COF-S-F promotes fast and uniform transport of Zn ions along the interconnected channels, 
which contributes to the uniform electrodeposition process of Zn metal.

• Zn@COF-S-F symmetric cell achieves a superior stability of 1,000 h and Zn@COF-S-F|MnO2 cell delivers high specific capacity of 
206.8 mAh  g−1 at current density of 1.2 A  g−1.

ABSTRACT Achieving a highly 
robust zinc (Zn) metal anode is 
extremely important for improv-
ing the performance of aqueous 
Zn-ion batteries (AZIBs) for 
advancing “carbon neutrality” 
society, which is hampered by 
the uncontrollable growth of Zn 
dendrite and severe side reactions 
including hydrogen evolution 
reaction, corrosion, and passiva-
tion, etc. Herein, an interlayer 
containing fluorinated zincophilic 
covalent organic framework with 
sulfonic acid groups (COF-S-F) is developed on Zn metal (Zn@COF-S-F) as the artificial solid electrolyte interface (SEI). Sulfonic acid 
group (−  SO3H) in COF-S-F can effectively ameliorate the desolvation process of hydrated Zn ions, and the three-dimensional channel 
with fluoride group (-F) can provide interconnected channels for the favorable transport of Zn ions with ion-confinement effects, endowing 
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Zn@COF-S-F with dendrite-free morphology and suppressed side reactions. Consequently, Zn@COF-S-F symmetric cell can stably cycle 
for 1,000 h with low average hysteresis voltage (50.5 mV) at the current density of 1.5 mA  cm−2. Zn@COF-S-F|MnO2 cell delivers the 
discharge specific capacity of 206.8 mAh  g−1 at the current density of 1.2 A  g−1 after 800 cycles with high-capacity retention (87.9%). 
Enlightening, building artificial SEI on metallic Zn surface with targeted design has been proved as the effective strategy to foster the 
practical application of high-performance AZIBs.

KEYWORDS Aqueous Zn ion batteries; Covalent organic framework; Interfacial modification; Zn ion flux regulation; Desolvation 
effect

1 Introduction

Along with the advancement of a “carbon neutrality” soci-
ety, renewable energy represented by wind energy, solar 
energy, and tidal energy has been regarded as the alternative 
energy source for the growing energy demand and environ-
mental degradation. However, its extensive application is 
still fatally challenged by the intermittent and spatiotem-
porally unstable characteristics, which is urgently needed 
to develop a highly reliable energy storage system [1–3]. 
Rechargeable lithium-ion batteries are widely used in elec-
tronic products and take in the major energy market due to 
their high energy density [4], but the limited abundance of Li 
resources and toxic electrolytes restrict their further develop-
ment [5]. Aqueous Zn-ion batteries (AZIBs) featuring low-
cost, low anodic redox potential, and high anodic theoretical 
capacity come into being [6–9], which are considered suit-
able large-scale energy storage applications to make full use 
of renewable energy [10–13]. However, the electrochemical 
performance of AZIBs is not as expected, which is attributed 
to the growth of Zn dendrites due to uneven distribution of 
the electric field and the notorious “tip effect,” as well as the 
corrosion and passivation of Zn anode from the hydrogen 
evolution reaction (HER) [14–17].

Very recently, massive researches have been ongoing to 
overcome these challenges and optimize the practical appli-
cation of AZIBs, which can be sorted into constructing arti-
ficial solid electrolyte interface (SEI), Zn anode structural 
design, Zn alloy, and electrolyte optimization, etc. [18–26]. 
Among them, building artificial SEI on Zn metal surface 
has been considered as the most effective strategy to uni-
form the electrodeposition of Zn metal through the regu-
lation of interfacial electric field as well as the inhibition 
of the side reactions. For instance, the barium titanate SEI 
with porous structure can regulate the diffusion of Zn ions 
and thus uniform the electrodeposition, while the further 

development is hampered by its low strength and brittle-
ness [27]. Hence, flexibility with higher strength is needed 
for the artificial SEI to adapt the interface-morphological 
evolution during the electrodeposition process of Zn anode. 
Meanwhile, the abundant polar bonds (-CN, etc.) in com-
mercial solvent-free cyanoacrylate SEI greatly inhibit the 
occurrence of side reactions [28]. Apart from these, covalent 
organic frameworks (COFs) with the advantages of porosity, 
semi-conductivity, and adjustable chemical properties, have 
been promoted as promising materials for building artificial 
SEI on Zn metal to jointly tackle the complicated interfacial 
issues [29, 30]. Notably, three-dimensional (3D) COFs can 
provide interconnected channels for the favorable transport 
of Zn ions across the artificial SEI. Therefore, the develop-
ment of multi-functional COFs as coating using molecular 
engineering has great potential in the construction of Zn 
anode for high-performance AZIBs.

Herein, we propose a fluorinated zincophilic COF with 
sulfonic acid groups (-SO3H) and -F group as SEI for Zn 
anode (Zn@COF-S-F), which can modulate the desolvation 
behavior of Zn ions as well as the electrodeposition of Zn 
metal. In detail, the abundant negative-charged polar -SO3H 
groups in COF layer can facilitate the desolvation process of 
Zn ions that coordinate with water molecules  (H2O). Moreo-
ver, COF with 3D porous structure can modulate the flux 
of Zn ions through the ion-confinement effect to achieve a 
uniform and stable electrodeposition of Zn. The strong inter-
action between -F group and  H2O can effectively prevent 
the permeation of electrolytes and thus improve the corro-
sion resistance of Zn anode. Consequently, Zn@COF-S-F 
symmetric cell exhibits a cycle life of 1,000 h at the current 
density of 1.5 mA  cm−2 with an average hysteresis voltage 
of 50.5 mV. Zn@COF-S-F|MnO2 cell can deliver a high 
specific capacity of 206.8 mAh  g−1 at the current density 
of 1.2 A  g−1, which can maintain 87.9% of capacity after 
800 cycles.
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2  Experimental

2.1  Materials

1,3,5-Tris(3-fluoro-4-formylphenyl) benzene was purchased 
from Zhengzhou Alpha Chemical Co., Ltd. 2,5-Diamin-
obenzenesulfonic acid and o-dichlorobenzen were pur-
chased from Shanghai Aladdin Biochemical Technology 
Co., Ltd. Other chemical substances were of analytical 
grade and had not undergone other treatments.

2.2  Preparation of Materials

2.2.1  Pretreatment of COF‑S‑F

26.67 mg of 1,3,5-tris(3-fluoro-4-formylphenyl) benzene 
was dissolved with 16.94 mg of 2,5-diaminobenzenesul-
fonic acid in a mixture of 15 mL of o-dichlorobenzene and 
15 mL of n-butanol, followed by sonication for 30 min to 
disperse the mixture. After sonication, the sonication was 
repeated for 10 min with 0.3 mL of 6 M acetic acid and 
then transferred to an autoclave and heated at 120 °C for 
72 h. The resulting sample was cooled naturally, soaked 
in tetrahydrofuran for 12 h and subsequently centrifuged 
in ethanol and rinsed several times with deionized water. 
Finally, the precipitate was dried in an oven at 80 °C to 
obtain F-SO3H-COF powder, denoted as COF-S-F.

2.2.2  Preparation of COF‑S‑F‑Coated Zn Foil (Zn@
COF‑S‑F)

The commercial Zn foil was wiped using alcohol, dried 
and prepared for use. The obtained COF-S-F and PVDF 
were mixed according to a mass ratio of 9:1, the content 
of PVDF is extremely low, only 10% of the total mass, as a 
way to reduce the impact of the F element in PVDF on the 
cells. Then an appropriate amount of N-methylpyrrolidone 
was dropped into the above mixture to form a slurry, which 
was applied to the surface of the pristine Zn foil using a 
four-sided preparator and dried naturally for 12 h to obtain 
a Zn foil coated by COF-S-F, which was cut into 14-mm-
diameter disks to serve as Zn anode, noted as Zn@COF-
S-F. Herein, the mass loading of COF-S-F coating was 
1.2 ~ 1.5 mg.

2.2.3  Synthesis of MnO2 Cathode Material

0.768 g of  MnSO4·H2O and 0.476 g of  KMnO4 were dis-
solved in 15 mL of distilled water and each stirred at room 
temperature for 15 min. The resulting  KMnO4 solution was 
then added dropwise to the above  MnSO4 solution and stirred 
again for 30 min. The mixture was transferred to an auto-
clave with a Teflon liner and heated at 160 °C for 12 h. After 
natural cooling, the resulting precipitate was centrifuged and 
washed repeatedly with deionized water. Finally, the pre-
cipitate was dried in an oven at 80 °C to obtain  MnO2. The 
obtained  MnO2, Super P, and PVDF were mixed in a 7:2:1 
mass ratio. An appropriate amount of NMP was dropped into 
the above mixture to form a slurry, which was then applied 
to a disk-shaped stainless-steel mesh and dried in an oven 
at 80 °C. After weighing on an electronic balance, a  MnO2 
loading mass of about 1.2 ~ 1.6 mg was obtained.

2.3  Characterizations

X-ray diffraction (XRD) was used to investigate the crystal-
line phase of samples by a D8 Advance A25 Instrument 
(Bruker, Germany). X-ray photoelectron spectroscopy 
(XPS) analysis of samples was conducted using k-Alpha 
Plus (Thermo Fisher, USA). Fourier transform infrared 
spectrometer (FTIR) (TENSOR II, Bruker, Germany) was 
used to characterize the chemical structure of the introduced 
polymer layer. Scanning electron microscopy (SEM, JSM-
IT100, JEOL, Japan) was used to examine the morphology 
of samples.  N2 adsorption and desorption isotherms and 
Brurauer-Emmerr-Teller (BET) surface areas were collected 
by a specific surface area analyzer (3H-2000PM1, Beijing, 
China). A contact angle goniometer (JC2001, Shanghai) was 
carried out on a graphite plate covering the samples to study 
the hydrophilicity.

2.4  Electrochemical Measurements

The electrochemical performances of Zn|MnO2 full cell, 
Zn|Cu asymmetric cell, and Zn//Zn symmetric cell were 
evaluated by using a CR2016 coin-shaped cell. All cells 
were assembled in the air at room temperature. Zn|MnO2 
full cell was assembled with bare Zn or Zn@COF-S-
F as the anode, α-MnO2 electrode as the cathode, 2 M 
 ZnSO4 + 0.1 M  MnSO4 solution as the electrolyte, and the 
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glass fiber (φ = 18 mm) as the separator. The symmetric 
cell was assembled with Zn foil (bare Zn or Zn@COF-
S-F) and 2 M  ZnSO4 electrolyte. The Zn|Cu asymmetric 
cell was assembled with Zn foil (bare Zn or Zn@COF-S-
F) as the anode, Cu foil as the cathode and 2 M  ZnSO4 
solution as electrolyte. Constant current charge–discharge 
cycle tests were carried out on the multi-channel cell test 
system (CT2001A, Wuhan Land). Galvanostatic testing of 
symmetric cells based on bare Zn or Zn@COF-S-F started 
after 4 h of assembly. The electrochemical workstation 
(Shanghai Chi 660E Chenhua) received the linear polariza-
tion curves, chronoamperogram (CA), cyclic voltammetry 
(CV), and electrochemical impedance spectroscopy (EIS). 
In 2 M  ZnSO4 solution, the corrosion curve was carried out 
at a scanning rate of 10 mV  s−1. EIS tests were performed 
in the frequency range of  105 to  10−2 Hz.

2.5  DFT Computations

The adsorption/desolvation energy was calculated using 
Gaussian 16 packages. Models for all computational mol-
ecules were optimized by PBEPBE functional with a 3–21G 
basis set. Besides, the Zn diffusion path through the COF-
S-F coating was performed using the CP2K package. The 
electronic structure approach was adopted under the frame-
work of mixed Gaussian and plane wave methods (GPW and 
GAPW). PBE functional was selected as exchange−correla-
tion functional. In addition, Goedecker-Teter-Hutter (GTH) 
pseudopotentials and DZVP-MOLOPT-SR-GTH basis sets 
were used to describe the system. A plane-wave energy cutoff 
of 500 Ry and a relative cutoff of 45 Ry were adopted. The 
energy of SCF was set to 5.0 ×  10−6 Ha.

2.6  Multi‑physical Simulation

The multi-physical field simulation is built and solved on 
COMSOL Multiphysics 6.0 software. Based on Gaussian ran-
dom and uniform random distribution functions in COMSOL, 
we constructed a Zn metal anode surface with certain surface 
roughness and achieved subsequent solutions. The average 
roughness of the Zn metal anode surface is 14.841 µm and 
the size is 100 × 100 µm2. The thickness of the COF layer is 
10 µm. The model is built by using ultrafine grid division, 
and the maximum grid size is 0.015 µm. Based on the classic 
Butler-Volmer equation, Faraday’s laws of electrolysis, and the 

Nernst-Einstein relationship that takes into account the effect 
of the electric field, with the help of deformed mesh func-
tion in COMSOL, we realized a three-dimensional, dynamic 
solution to the Zn ion deposition process. The solution pro-
cess is based on the MUMPS solver and does not consider the 
occurrence of any side reactions, that is, the electrodeposition 
efficiency is 100%.

3  Results and Discussion

3.1  Preparation Process and Action Mechanism 
of COF‑S‑F

As shown in Fig. 1a, HER happens spontaneously when 
activated  H2O molecules reach the surface of Zn, lead-
ing to the accumulation of by-products of Zn hexahydrate 
([Zn(H2O)6]2+) with sulfate. Meanwhile, uneven interface 
morphology appears due to the electrodeposition of Zn metal 
in dendritic type. Hence, unpretreated Zn is very susceptible 
to corrosion, HER, morphologically unstable interface for the 
growth of dendrites, and the like issues [31, 32]. Taking the 
synergetic impacts of the structure and chemical component 
of COF-S-F, it can alter the structure of the double electric 
layer on the Zn anode surface, endowing Zn metal anode with 
outstanding structural stability during charging/discharging 
process (Fig. 1b, c). Specifically, the hydrophilic -SO3H group 
inside COF-S-F can immobilize the active  H2O molecules and 
facilitate the desolvation process of hydrated Zn ions. Mean-
while, the highly electronegative and ionized -SO3

− group can 
capture  H+ to further prevent its contact with Zn. The hydro-
phobic -F group yields a strong repulsion to  H2O molecules, 
which improves Zn anode corrosion resistance. Structurally, 
the 3D porous structure of COF-S-F also guides the uniform 
transport of Zn ions and thus guarantees uniform electrodepo-
sition morphology. Ultimately, outstanding-performance Zn 
anode with dendrite-free, corrosion-free is achieved by build-
ing artificial SEI on Zn metal with COF-S-F.

3.2  Characterizations of Zn@COF‑S‑F

As shown in Fig. 2a, the COF-S-F powder presents uniform 
and loose, which is expected to facilitate the construction 
of flat coated Zn anode. Meanwhile, the elemental mapping 
shows that the COF-S-F possesses ample F and S elements 
(Fig. S1). The results of transmission electron microscopy 
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(TEM) demonstrate that the COF-S-F powder exhibits a 
uniform pore structure (Fig. S2). The distinct (110) plane 
peak in the XRD pattern implies the crystalline structure of 
COF-S-F powder (Fig. S3) [33]. As shown in Figs. 2b, c and 
S4a, the appearance of the peaks located at 685.5, 532, and 
168 eV in the high-resolution XPS spectra of F 1s, O 1s, S 
2p proves the present of -SO3H and -F groups in as-prepared 
COF-S-F powder [34, 35]. Furthermore, the obvious peaks 
in XPS spectra of C 1s and N 1s confirm the benzene ring 
structure and imine bonds, respectively (Fig. S4b, c) [36, 
37]. An obvious peak at 1015  cm−1 in Fourier transform 
infrared spectroscopy (FT-IR) of as-prepared COF-S-F 
powder can be identified as the stretching vibration of the 
S-OH bond, demonstrating the existence of -SO3H group 
in COF-S-F (Fig. 2d) [38]. Notably, the absorption peak 
at 1615  cm−1 is the C = N imide stretching vibration peak 
formed after the reaction [39], indicating that the formyl 
group in 1, 3, 5-tris(3-fluoro-4-formylphenyl) benzene (TF) 
undergoes a condensation reaction with the amino group 
in TpPa-SO3H. As shown in Fig. 2e, the hysteresis-free 

reversible type IV isotherm shows the distinct pore structure 
and large specific surface area (202.7  m2  g−1) of COF-S-F 
powder, providing more transport channels to facilitate the 
homogeneous and directional transport of Zn ions.

Following, the COF-S-F slurry is dropped on bare Zn 
metal surface to prepare Zn@COF-S-F, where COF-S-F 
is uniformly distributed in the spherical shape (Fig. 2f). 
As shown in Fig. 2g, contact angles of  H2O against Zn@
COF-S-F is 104.2° at 0 s and is sharply declined to 67.2° 
at 15 s with the continuous penetration of  H2O, which can 
be explained as the result that impact of hydrophilic -SO3H 
group gradually excesses the hydrophobic effect of the -F 
group inside COF-S-F [40]. The COF-S-F coating improves 
the wettability of the Zn metal anode, and the increase in 
hydrophilicity reduces the interfacial free energy between 
the Zn metal and the electrolyte, resulting in a lower charge 
transfer resistance during Zn deposition/dissolution, which 
in turn improves the long-cycle performance of the cells. 
However, contact angles against bare Zn are higher as 83.0° 
and 82.4° at 0 and 15 s [31]. Consequently, owing to the 

Fig. 1  Preparation process and action mechanism of COF-S-F. Schematic comparison of Zn deposition process on a bare Zn and b Zn@COF-S-
F. c Schematic diagram of the synthesis of COF-S-F
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Fig. 2  Characterizations of Zn@COF-S-F. a SEM image of as-prepared COF-S-F powder. High-resolution XPS b F 1s and c O 1s spectra of 
Zn@COF-S-F. d FT-IR spectrum of COF-S-F. e  N2 adsorption/desorption isotherm and pore size distribution of COF-S-F. f SEM image and 
digital photo of Zn@COF-S-F. g Contact angle of  H2O against bare Zn and Zn@COF-S-F after 0 s, 15 s. h linear polarization curves of bare Zn 
and Zn@COF-S-F symmetric cells. i XRD patterns of bare Zn and Zn@COF-S-F soaked in  ZnSO4 electrolyte for three days. j Schematic dia-
gram of the interfacial side reactions at bare Zn anode. k Mechanism of interfacial modification of Zn@COF-S-F anode



Nano-Micro Lett.           (2024) 16:76  Page 7 of 14    76 

1 3

existence of high-electronegative ionized -SO3
− group and 

hydrophobic -F group, the corrosion current density of Zn@
COF-S-F symmetric cell is decreased from 3.405 mA  cm−2 
of bare Zn symmetric cell to 0.942 mA   cm−2 (Fig. 2h) 
[41]. Although PVDF also contains F element, the cor-
rosion current density of Zn@PVDF symmetric cell is 
1.968 mA  cm−2 (Fig. S5), indicating that it is mainly F ele-
ment in COF that plays the role. Furthermore, the bare Zn 
and Zn@COF-S-F are immersed in the electrolyte for three 
days to investigate side reaction with aqueous electrolyte. 
Compared with the existence of intense peaks belonging 
to  ZnSO4·3Zn(OH)2·5H2O in XRD pattens of bare Zn that 
soaked in electrolyte, weak peak intensity of by-products in 
that of Zn@COF-S-F confirms that severe corrosion against 
aqueous electrolyte can be prevented significantly with COF-
S-F coating (Fig. 2i). Less existence of by-products on the 
surface of Zn@COF-S-F after immersion is also confirmed 
by SEM (Fig. S6). Therefore, the -SO3H and -F groups in 
COF-S-F can effectively inhibit the notorious side reaction 
against aqueous electrolyte, which is regarded as the guar-
antee for building high-performance Zn anode with superior 
interfacial stability [42]. As shown in Fig. 2j, when acti-
vated  H2O molecules reach the surface of Zn, they trigger 
the HER and combine with sulfate to produce by-products 
[43]. Conversely, the COF-S-F coating alters the structure 
of the double electric layer on the Zn anode surface, allow-
ing the Zn anode to remain more stable during charging and 
discharging (Fig. 2k). The highly electronegative sulfonic 
acid groups and fluorine atoms can immobilize the active 
water molecules in the electrolyte and facilitate the desol-
vation process of hydrated Zn ions. On the other hand, the 
migration of sulfate from the electrolyte to the Zn anode is 
repelled due to electrostatic repulsion, and the large amount 
of  H+ ionized by the sulfonic acid group neutralizes the 
 OH− obtained from the ionized water, thus inhibiting the 
formation of by-products.

3.3  Theoretical Calculations and Simulations of Zn@
COF‑S‑F

The density functional theory (DFT) is conducted to 
reveal the impact of COF-S-F on the desolvation pro-
cess of hydrated Zn ions ([Zn(H2O)6]2+) and the diffu-
sion of Zn ions through COF-S-F. As shown in Fig. 3a, 

the dissociation energy for [Zn(H2O)6]2+ to lose one  H2O 
molecule is 0.38 eV, while the adsorption energy of  H2O 
molecule to different functional groups, -F, -C, -SO3H in 
COF-S-F to water is − 0.207, − 0.28 and − 0.344 eV, respec-
tively, indicating that the solvated water molecules around 
the [Zn(H2O)6]2+ will be attracted by the -SO3H groups. 
Furthermore, the migration behavior of Zn ion in COF-S-F 
is further studied. Figure 3b shows the diffusion path of Zn 
ions at three different functional groups in COF-S-F. The 
energy barriers of Zn ion across -F group in COF-S-F is the 
lowest (0.386 eV) among that across other groups (0.827 eV 
for -C and 0.655 eV for -SO3H), due to the negative electro-
static potentials (blue region) of -F and -SO3H with strong 
electrostatic interaction with Zn ions (Fig. 3b, c). Therefore, 
the desolvation process of [Zn(H2O)6]2+ is promoted and the 
migration of Zn ions across the COF-S-F layer is acceler-
ated [44].

In addition, the multi-physical field simulation, a powerful 
tool to reveal concentration field evolution along the electro-
chemical process, is conducted based on the Butler-Volmer 
equation [45]:

with current density ( i ), exchange current density ( i0 ), 
anodic reaction constant ( � ), Faradic constant ( F ), ideal gas 
constant ( R ), Kelvin temperature ( T  ), overpotential ( � ), the 
concentration of Zn ion ( c

Zn
2+ , c0 ) to describe the electro-

deposition process of Zn metal under the impact of COF-S-F 
artificial SEI (see details in Multi-physical simulation) [46, 
47]. First, the initial surface with a roughness of 14.841 µm 
is generated by the random function and the size of the as-
generated surface is 100 µm × 100 µm. And the simulated 
geometric model is shown in Fig. S7. As shown in Fig. 3d, 
e, the concentration of Zn ions is distributed uniformly under 
the cover of COF-S-F artificial SEI, compared with the obvi-
ous existence of concentration “hot spots” on the protrusion. 
It is notable that COF-S-F artificial SEI with -F group on 
confined channels can uniform the flux of Zn ions onto the 
surface and realize the uniform concentration field. Further-
more, along with the electrodeposition of Zn, the concentra-
tion of Zn ions on Zn@COF-S-F is continually even while 
that on bare Zn metal is always uneven. Moreover, the elec-
trodeposited surface Zn@COF-S-F is flatter and smoother 
than that of bare Zn (Fig. 3f, g and Videos S1, S2). To be 
more specific, the variation of concentration of Zn ion on 
the Zn metal surface is sliced at Y = 50 µm in Fig. 3f, g. As 

(1)i = i0

[

exp
(

�F

RT
�

)

−
c
Zn2+

c0

exp

(

(1 − �)F

RT
�

)]
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shown in Fig. 3h, both of concentration of Zn ions and the 
corresponding uniformity on Zn@COF-S-F is reinforced, 
while bare Zn metal witnesses continuously uneven concen-
tration of Zn ion from the initial to the final stage. Moreo-
ver, the change of interfacial roughness is defined as the 
ratio between the roughness of the evolving surface to the 
initial roughness of 14.841 µm, which can be conducted to 
evaluate the electrodeposition uniformity of Zn metal even 
with a rough initial surface. It can be found that the final 
roughness of Zn@COF-S-F is 11.031 µm while that of bare 
Zn is 13.272 µm, and the smoothing rate of Zn@COF-S-F 
is accelerated compared to that of bare Zn metal (Fig. 3i). 

Thus, taking the synergetic impact of advantage of -SO3H 
groups on the desolvation process of [Zn(H2O)6]2+ and con-
fined channel with -F group on uniformization of flux of Zn 
ions, the corrosion-free and dendrite-free Zn metal with sat-
isfactory electrochemical performance can be predicted [48].

3.4  Electrochemical Performance of Zn@COF‑S‑F 
Symmetric Cells

As shown in Fig. S8, cyclic voltammetry (CV) curves of 
Zn@COF-S-F|Ti asymmetric cell exhibit higher peak 

Fig. 3  Desolvation and confinement of COF-S-F. a Comparison of the dissociation energy of [Zn(H2O)6]2+ with the adsorption energy between 
 H2O and different groups of COF-S-F. b Migration pathways of Zn ion and the diffusion energy barrier of Zn ion in COF-S-F. c Electrostatic 
potential of COF-S-F molecules. Distribution of Zn-ion concentration on d Zn@COF-S-F surface and e bare Zn metal at initial stage with 
random-generated surface structure. Final morphology with distribution of concentration field of f Zn@COF-S-F and g bare Zn. h Variation of 
concentration along X-axis at Y = 50 µm in Fig. 3d-g. i Change of interfacial roughness along with the electrodeposition, of which initial rough-
ness is 14.841 µm
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current densities than that of bare Zn|Ti asymmetric cell, 
demonstrating that the electrochemical kinetics of Zn plat-
ing/stripping is fostered with COF-S-F coating. Following, 
the long-term plating/stripping performances of bare Zn and 
Zn@COF-S-F symmetric cells are implemented to verify the 
effectiveness of COF-S-F artificial SEI film. At the gentle 
current density of 0.3 mA  cm−2, the bare Zn symmetric cell 
suffers from serious polarization at the beginning, and it 
shorts less than 200 h eventually. And Zn@COF-S-F sym-
metric cell shows prolongated cycling stability up to 500 h 
with smaller voltage hysteresis compared with bare Zn sym-
metric cell (62.1 vs. 78.6 mV) (Fig. S9). When higher cur-
rent density of 1.5 mA  cm−2 is applied, the Zn@COF-S-F 
symmetric cell maintains the cycling stability for 1,000 h 
with the lower voltage hysteresis of 50.5 mV, while the bare 
Zn symmetric cell is short-circuited after 123 h (Figs. 4a 
and S10). Moreover, the rate performances of symmetric 
cells at stepped current densities are compared to evaluate 
the effect of COF-S-F on the electrochemical kinetics of 
Zn plating/stripping [49]. As the current density increases 
from 0.25 to 4.0 mA  cm−2, the corresponding polarization 
voltages display a minor increase from 41 to 57 mV for Zn@
COF-S-F symmetric cells, which are lower than those of 
bare Zn and Zn@PVDF symmetric cells (Fig. S11). Then, 
chronoamperogram (CA) is conducted to investigate the 
changes of Zn nucleation and during electrodeposition. As 
shown in Figs. 4b and S12, when the constant overpotential 
is applied as − 200 mV, the current of bare Zn and Zn@
PVDF symmetric cells changes significantly and declines 
continuously for 200 s, while that of Zn@COF-S-F sym-
metric cells holds steady after only 5 s, indicating that long 
two-dimensional diffusion process of Zn ions on bare Zn 
surface with disordered nucleation has been regulated as 
short three-dimensional diffusion process with uniform 
nucleation [50]. Moreover, the overpotential for nucleation 
of Zn@COF-S-F|Cu asymmetric cell (59.1 mV) is smaller 
than Zn@PVDF|Cu (87.6 mV) and bare Zn|Cu (96.2 mV) 
asymmetric cell (Figs. 4c and S13), illustrating the facili-
tated nucleation process during the electro-crystallization 
of Zn metal. Thus, the uniform and flat electrodeposited 
Zn@COF-S-F can be expected reasonably from the clas-
sical nucleation theory [45]. On the other hand, the polari-
zation of Zn@COF-S-F|Cu asymmetric cell (75.2 mV) is 
smaller than that of bare Zn|Cu (114.6 mV) asymmetric cells 
(Fig. 4d). As expected, Zn@COF-S-F|Cu asymmetric cell 
shows higher average Coulombic efficiency (CE) of 99.66% 

at current density of 2.0 mA  cm−2 and maintains steady for 
more than 350 cycles, which is more outstanding than the 
50-cycle-life bare Zn|Cu asymmetric cell (Fig. 4e). Hence, 
the persistence and reversibility of Zn plating/stripping pro-
cess is significantly reinforced due to the design of COF-S-F 
film [51, 52]. To further investigate the impact of COF-S-F 
on the inhibition of dendrite growth and generation of by-
products, SEM and XRD tests are carried out on different Zn 
anodes after 500 h of cycling. Compared with uneven bare 
Zn surface with massive by-products, Zn@COF-S-F exhibits 
a flatter and denser surface, which are further confirmed by 
XRD patterns (Figs. S14 and S15). Promisingly, although 
other studies in this area demonstrate good performances, 
the designs and performances of this work are more pro-
found, effective and outstanding (Fig. 4f and Table S1) [16, 
20, 21, 32, 33, 53].

3.5  Electrochemical Performance of Zn@
COF‑S‑F|MnO2 Full Cells

Eventually, the full cells with α-MnO2 cathode are assem-
bled to assess the practical role of Zn@COF-S-F anode (Fig. 
S16). As shown in Fig. 5a, the CV curves have the consistent 
peak shape with same positions, indicating that the intro-
duction of COF-S-F artificial SEI does not alter the related 
electrochemical process [53, 54]. Besides, the redox peak 
current densities of the Zn@COF-S-F|MnO2 full cell are 
0.94/0.32 A and 0.85/0.36 A  g−1, respectively, which are 
both higher than those of the bare Zn|MnO2 cell (0.58/0.28 
and 0.54/0.27 A  g−1). Hence, the Zn@COF-S-F|MnO2 full 
cell delivers high electrochemical activity and lower polari-
zation. Zn@COF-S-F|MnO2 full cell at stepped current 
densities ranging from 0.1 to 4.0 A  g−1 can deliver higher 
capacities, which are higher than those of bare Zn|MnO2 full 
cell. Then the capacity of Zn@COF-S-F|MnO2 full cell can 
be restored back to 315.2 mAh  g−1 when the current density 
is back to 0.1 A  g−1 (Figs. 5b and S17). Compared with the 
continuous capacity fading of bare Zn|MnO2 full cell at the 
current density of 0.3 A  g−1, Zn@COF-S-F|MnO2 full cell 
still delivers the high specific capacity up to 190.1 mAh  g−1 
after 200 cycles with stable CE and charge/discharge voltage 
platform (Figs. 5c and S18). Moreover, when the current 
density increases to 1.2 A  g−1, the initial discharge specific 
capacity of Zn@COF-S-F|MnO2 full cell (235.3 mAh  g−1) 
is higher than that of the bare Zn|MnO2 full cell (199.9 mAh 
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 g−1). After 800 cycles, Zn@COF-S-F|MnO2 cell embraces 
an outstanding capacity retention rate of 87.9% with a more 
stable CE and charge–discharge curve, while that of bare 
Zn|MnO2 cell is only 37.9% (Fig. 5d, e). Furthermore, the 
protection impact of COF-S-F layer is investigated by the 
self-discharge test. As shown in Fig. 5f, Zn@COF-S-F|MnO2 
cell maintains a higher discharge capacity after shelving for 
24 h at 100 th cycle, and it still can deliver discharge specific 
capacity of 100.7 mAh  g−1 after 400 cycles, which is much 
improved compared with bare Zn|MnO2 cell (59.7 mAh  g−1). 
Moreover, the Zn@COF-S-F|MnO2 cell is more stable and 
less polarized at the 100th charge/discharge platform (Fig. 

S19). Therefore, the cyclic performance of the full cell is 
significantly improved with excellent self-discharge resist-
ance, which is attributed to the introduction of COF-S-F film 
with regulated desolvation process of hydrated Zn ions and 
faster diffusion rate for Zn ions to uniform the electrodeposi-
tion of Zn metal.

Following, the anodes are disassembled from the full cells 
after 800 cycles to further confirm the protection of COF-
S-F film on the Zn metal anode. As shown in Fig. 5g, the 
appearance of intense characteristic peaks that are identified 
as  ZnSO4·3Zn(OH)2·5H2O in the XRD pattern of bare Zn 
anode demonstrates the occurrence of severe side reactions. 

Fig. 4  Enhancements in stability and reversibility by Zn@COF-S-F. a Galvanostatic charge/discharge cycling voltage profiles of bare Zn and 
Zn@COF-S-F symmetric cells. b Chronoamperometry profiles of bare Zn and Zn@COF-S-F symmetric cells at the overpotential of − 200 mV. 
c Nucleation overpotentials of bare Zn|Cu and Zn@COF-S-F|Cu asymmetric cells. d Plating/stripping profiles of bare Zn|Cu and Zn@COF-S-
F|Cu asymmetric cells at a current density of 2 mA  cm−2 with a capacity of 1 mAh  cm−2. e Coulombic efficiency of Zn|Cu and Zn@COF-S-
F|Cu asymmetric cells. f Comparison of cyclic reversibility with other previous reports
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Whereas, the related characteristic peak of by-products in 
the XRD pattern of Zn@COF-S-F is obviously inferior, 
proving that the introduction of COF-S-F film can effectively 
weaken the side reaction and thus lessen the accumulation 

of by-products. Because of the certain desolvation effect of 
COF-S-F, the contact between active  H2O molecules and 
metallic Zn is blocked, thus inhibiting the production of 
 ZnSO4·3Zn(OH)2·0.5H2O, and the corresponding diffraction 

Fig. 5  Full cells enhanced electrochemical performance with COF-S-F. a CV curves of bare Zn|MnO2 and Zn@COF-S-F|MnO2 full cells. b 
Rate performances of bare Zn|MnO2 and Zn@COF-S-F|MnO2 full cells. Cycling performances of bare Zn|MnO2 and Zn@COF-S-F|MnO2 full 
cells at current density of 0.3 c and 1.2 d A  g−1. e Galvanostatic charge/discharge curves of bare Zn|MnO2 and Zn@COF-S-F|MnO2 full cells at 
200th cycle. f Cycling performances after resting for 24 h of bare Zn|MnO2 and Zn@COF-S-F|MnO2 full cells at current density of 0.5 A  g−1. 
SEM images of h bare Zn and i Zn@COF-S-F anode after 800 cycles. g XRD patterns of bare Zn and Zn@COF-S-F anode after 800 cycles. 3D 
LCSM images of j bare Zn and k Zn@COF-S-F anode after 800 cycles
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peak is not obvious. Furthermore, SEM and laser scanning 
confocal microscopy (LSCM) are conducted to investigate 
the morphology of Zn metal that protected by COF-S-F 
film. From the SEM images in Figs. 5h, i and S20, a large 
number of Zn dendrites appear on the bare Zn anode, while 
the surface of Zn@COF-S-F anode is relatively flat with 
negligible impurities. Furthermore, compared with the giant 
height difference of bare Zn anode of 50.744 µm, the surface 
of the Zn@COF-S-F anode is relatively uniform with low 
roughness of 13.13 µm (Fig. 5j, k). Hence, the introduction 
of COF-S-F film can validly uniform the electrodeposition 
of Zn metal with dendrite-free. Taking these synergistic 
impacts of COF-S-F on weakening the side reaction and 
suppressing the growth of dendritic Zn, Zn@COF-S-F anode 
embraces superiority to extend the lifespan of Zn|MnO2 full 
cell.

4  Conclusion

In this work, a fluorinated covalent organic framework 
(COF-S-F) with sulfonic acid group (-SO3H) is developed 
on the surface of Zn anode. The hydrophilic -SO3H group 
and the hydrophobic -F groups can facilitate the desolvation 
of the hydrated Zn ions, thereby inhibiting the side reactions 
with interfacial passivation. Meanwhile, the highly electron-
egative -F group in COF-S-F promotes the fast and uniform 
transport of Zn ions along the arrangement by electrostatic 
interactions, which contribute to the uniform electrodeposi-
tion process of Zn metal. Therefore, Zn@COF-S-F symmet-
ric cell exhibits outstanding cycling stability against aqueous 
electrolyte, which can stably cycle for 1,000 cycles at the 
current density of 1.5 mA  cm−2 with lower voltage hysteresis 
of 50.5 mV. In addition, Zn@COF-S-F|MnO2 full cell still 
delivers a high discharge specific capacity 206.8 mAh  g−1 at 
the current density of 1.5 A  g−1 after 800 cycles, embracing 
higher capacity retention of 87.9%. In summary, the syner-
getic effect of rapid desolvation and ion-confinement from 
COF-S-F realizes the dendrite-free and high-stable Zn metal 
anode, which effectively improves the electrochemical per-
formance of AZIBs and thus faster practicalization.

Acknowledgements This work was financially supported by 
National Natural Science Foundation of China (Nos. 51872090, 
51772097, 52372252), Hebei Natural Science Fund for Distin-
guished Young Scholar (No. E2019209433), Youth Talent Pro-
gram of Hebei Provincial Education Department (No. BJ2018020), 
Natural Science Foundation of Hebei Province (No. E2020209151).

Declarations 

Conflict of interest The authors declare no conflict of interest. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this pa-
per. Prof. Jiang Zhou is an editorial board member/editor-in-chief for 
Nano-Micro Letters and was not involved in the editorial review or the 
decision to publish this article. All authors declare that there are no 
competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 023- 01278-0.

References

 1. X. Song, L. Bai, C. Wang, D. Wang, K. Xu et al., Synergistic 
cooperation of Zn(002) texture and amorphous zinc phosphate 
for dendrite-free Zn anodes. ACS Nano 17, 15113 (2023). 
https:// doi. org/ 10. 1021/ acsna no. 3c043 43

 2. Y. Shang, D. Kundu, A path forward for the translational 
development of aqueous zinc-ion batteries. Joule 7, 244 
(2023). https:// doi. org/ 10. 1016/j. joule. 2023. 01. 011

 3. B. Qiu, K. Liang, W. Huang, G. Zhang, C. He et al., Crystal-
facet manipulation and interface regulation via tmp-modulated 
solid polymer electrolytes toward high-performance Zn metal 
batteries. Adv. Energy Mater. 13, 2301193 (2023). https:// doi. 
org/ 10. 1002/ aenm. 20230 1193

 4. J. Liu, M. Yue, S. Wang, Y. Zhao, J. Zhang, A review of per-
formance attenuation and mitigation strategies of lithium-ion 
batteries. Adv. Funct. Mater. 32, 2107769 (2021). https:// doi. 
org/ 10. 1002/ adfm. 20210 7769

 5. M. Ameziane, R. Mansell, V. Havu, P. Rinke, S. van Dijken, 
Lithium-ion battery technology for voltage control of perpen-
dicular magnetization. Adv. Funct. Mater. 32, 2113118 (2022). 
https:// doi. org/ 10. 1002/ adfm. 20211 3118

 6. Z. Peng, Y. Li, P. Ruan, Z. He, L. Dai et al., Metal-organic 
frameworks and beyond: The road toward zinc-based batter-
ies. Coord. Chem. Rev. 488, 215190 (2023). https:// doi. org/ 
10. 1016/j. ccr. 2023. 215190

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01278-0
https://doi.org/10.1007/s40820-023-01278-0
https://doi.org/10.1021/acsnano.3c04343
https://doi.org/10.1016/j.joule.2023.01.011
https://doi.org/10.1002/aenm.202301193
https://doi.org/10.1002/aenm.202301193
https://doi.org/10.1002/adfm.202107769
https://doi.org/10.1002/adfm.202107769
https://doi.org/10.1002/adfm.202113118
https://doi.org/10.1016/j.ccr.2023.215190
https://doi.org/10.1016/j.ccr.2023.215190


Nano-Micro Lett.           (2024) 16:76  Page 13 of 14    76 

1 3

 7. J. Ruan, D. Ma, K. Ouyang, S. Shen, M. Yang et al., 3D artifi-
cial array interface engineering enabling dendrite-free stable 
Zn metal anode. Nano-Micro Lett. 15, 37 (2023). https:// doi. 
org/ 10. 1007/ s40820- 022- 01007-z

 8. H. Ying, P. Huang, Z. Zhang, S. Zhang, Q. Han et al., Free-
standing and flexible interfacial layer enables bottom-up Zn 
deposition toward dendrite-free aqueous Zn-ion batteries. 
Nano-Micro Lett. 14, 180 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00921-6

 9. H. Meng, Q. Ran, T.-Y. Dai, H. Shi, S.-P. Zeng et al., Surface-
alloyed nanoporous zinc as reversible and stable anodes for 
high-performance aqueous zinc-ion battery. Nano-Micro Lett. 
14, 128 (2022). https:// doi. org/ 10. 1007/ s40820- 022- 00867-9

 10. S. Zhao, Y. Zhang, J. Li, L. Qi, Y. Tang et al., A heteroanionic 
zinc ion conductor for dendrite-free Zn metal anodes. Adv. 
Mater. 35, 2300195 (2023). https:// doi. org/ 10. 1002/ adma. 
20230 0195

 11. Z. Bie, Q. Yang, X. Cai, Z. Chen, Z. Jiao et al., One-step con-
struction of a polyporous and zincophilic interface for stable 
zinc metal anodes. Adv. Energy Mater. 12, 2202683 (2022). 
https:// doi. org/ 10. 1002/ aenm. 20220 2683

 12. G. Chen, Y. Kang, H. Yang, M. Zhang, J. Yang et al., Toward 
forty thousand-cycle aqueous zinc-iodine battery: Simultane-
ously inhibiting polyiodides shuttle and stabilizing zinc anode 
through a suspension electrolyte. Adv. Funct. Mater. 33, 
2300656 (2023). https:// doi. org/ 10. 1002/ adfm. 20230 0656

 13. Z. Yi, J. Liu, S. Tan, Z. Sang, J. Mao et al., An ultrahigh rate 
and stable zinc anode by facet-matching-induced dendrite 
regulation. Adv. Mater. 34, 2203835 (2022). https:// doi. org/ 
10. 1002/ adma. 20220 3835

 14. Y. Zhao, Y. Huang, F. Wu, R. Chen, L. Li, High-performance 
aqueous zinc batteries based on organic/organic cathodes inte-
grating multiredox centers. Adv. Mater. 33, 2106469 (2021). 
https:// doi. org/ 10. 1002/ adma. 20210 6469

 15. H. He, H. Qin, J. Wu, X. Chen, R. Huang et al., Engineering 
interfacial layers to enable Zn metal anodes for aqueous zinc-
ion batteries. Energy Storage Mater. 43, 317 (2021). https:// 
doi. org/ 10. 1016/j. ensm. 2021. 09. 012

 16. F. Wu, Y. Chen, Y. Chen, R. Yin, Y. Feng et al., Achieving 
highly reversible zinc anodes via N, N-dimethylacetamide ena-
bled Zn-ion solvation regulation. Small 18, 2202363 (2022). 
https:// doi. org/ 10. 1002/ smll. 20220 2363

 17. Y. Wu, T. Zhang, L. Chen, Z. Zhu, L. Cheng et al., Polymer 
chain-guided ion transport in aqueous electrolytes of Zn-ion 
batteries. Adv. Energy Mater. 13, 2300791 (2023). https:// doi. 
org/ 10. 1002/ aenm. 20230 0719

 18. J. Shin, J. Lee, Y. Kim, Y. Park, M. Kim et al., Highly revers-
ible, grain-directed zinc deposition in aqueous zinc ion batter-
ies. Adv. Energy Mater. 11, 2100676 (2021). https:// doi. org/ 
10. 1002/ aenm. 20210 0676

 19. N. Maeboonruan, J. Lohitkarn, C. Poochai, T. Lomas, A. Wis-
itsoraat et al., Dendrite suppression with zirconium (IV) based 
metal-organic frameworks modified glass microfiber separator 
for ultralong-life rechargeable zinc-ion batteries. J. Sci.: Adv. 
Mater. Devices 7, 100467 (2022). https:// doi. org/ 10. 1016/j. 
jsamd. 2022. 100467

 20. T. Liu, J. Hong, J. Wang, Y. Xu, Y. Wang, Uniform distribution 
of zinc ions achieved by functional supramolecules for stable 
zinc metal anode with long cycling lifespan. Energy Storage 
Mater. 45, 1074 (2022). https:// doi. org/ 10. 1016/j. ensm. 2021. 
11. 002

 21. X. Zhao, N. Dong, M. Yan, H. Pan, Unraveling the interphasial 
chemistry for highly reversible aqueous Zn ion batteries. ACS 
Appl. Mater. Interfaces 15, 4053 (2023). https:// doi. org/ 10. 
1021/ acsami. 2c190 22

 22. D. Yuan, X. Li, H. Yao, Y. Li, X. Zhu et al., A liquid crystal 
ionomer-type electrolyte toward ordering-induced regulation 
for highly reversible zinc ion battery. Adv. Sci. 10, 2206469 
(2023). https:// doi. org/ 10. 1002/ advs. 20220 6469

 23. J. Ji, Z. Zhu, H. Du, X. Qi, J. Yao et al., Zinc-contained alloy 
as a robustly adhered interfacial lattice locking layer for planar 
and stable zinc electrodeposition. Adv. Mater. 35, 2211961 
(2023). https:// doi. org/ 10. 1002/ adma. 20221 1961

 24. Y. Yang, H. Yang, R. Zhu, H. Zhou, High reversibility at high 
current density: The zinc electrodeposition principle behind 
the “trick.” Energy Environ. Sci. 16, 2723 (2023). https:// doi. 
org/ 10. 1039/ d3ee0 0925d

 25. Y. Lin, Z. Mai, H. Liang, Y. Li, G. Yang et al., Dendrite-free 
Zn anode enabled by anionic surfactant-induced horizontal 
growth for highly-stable aqueous Zn-ion pouch cells. Energy 
Environ. Sci. 16, 687–697 (2023). https:// doi. org/ 10. 1039/ 
d2ee0 3528f

 26. Y. Lin, Y. Li, Z. Mai, G. Yang, C. Wang, Interfacial regula-
tion via anionic surfactant electrolyte additive promotes stable 
(002)-textured zinc anodes at high depth of discharge. Adv. 
Energy Mater. 13, 2301999 (2023). https:// doi. org/ 10. 1002/ 
aenm. 20230 1999

 27. Q. Zong, B. Lv, C.F. Liu, Y.F. Yu, Q.L. Kang et  al., 
Dendrite-free and highly stable Zn metal anode with 
 BaTiO3/P(VDF-TrFE) coating. ACS Energy Lett. 8, 2886 
(2023). https:// doi. org/ 10. 1021/ acsen ergyl ett. 3c010 17

 28. Z. Cao, X. Zhu, D. Xu, P. Dong, M.O.L. Chee et al., Eliminat-
ing Zn dendrites by commercial cyanoacrylate adhesive for 
zinc ion battery. Energy Storage Mater. 36, 132 (2021). https:// 
doi. org/ 10. 1016/j. ensm. 2020. 12. 022

 29. C. Guo, J. Zhou, Y. Chen, H. Zhuang, Q. Li et al., Synergistic 
manipulation of hydrogen evolution and zinc ion flux in metal-
covalent organic frameworks for dendrite-free Zn-based aque-
ous batteries. Angew. Chem. Int. Ed. 61, e202210871 (2022). 
https:// doi. org/ 10. 1002/ anie. 20221 0871

 30. X. Liu, Y. Jin, H. Wang, X. Yang, P. Zhang et al., In situ 
growth of covalent organic framework nanosheets on graphene 
as the cathode for long-life high-capacity lithium-ion batter-
ies. Adv. Mater. 34, 2203605 (2022). https:// doi. org/ 10. 1002/ 
adma. 20220 3605

 31. T. Huang, K. Xu, N. Jia, L. Yang, H. Liu et al., Intrinsic inter-
facial dynamic engineering of zincophilic microbrushes via 
regulating Zn deposition for highly reversible aqueous zinc 
ion battery. Adv. Mater. 35, 2205206 (2023). https:// doi. org/ 
10. 1002/ adma. 20220 5206

 32. L. Hong, X. Wu, C. Ma, W. Huang, Y. Zhou et al., Boosting 
the zn-ion transfer kinetics to stabilize the zn metal interface 

https://doi.org/10.1007/s40820-022-01007-z
https://doi.org/10.1007/s40820-022-01007-z
https://doi.org/10.1007/s40820-022-00921-6
https://doi.org/10.1007/s40820-022-00921-6
https://doi.org/10.1007/s40820-022-00867-9
https://doi.org/10.1002/adma.202300195
https://doi.org/10.1002/adma.202300195
https://doi.org/10.1002/aenm.202202683
https://doi.org/10.1002/adfm.202300656
https://doi.org/10.1002/adma.202203835
https://doi.org/10.1002/adma.202203835
https://doi.org/10.1002/adma.202106469
https://doi.org/10.1016/j.ensm.2021.09.012
https://doi.org/10.1016/j.ensm.2021.09.012
https://doi.org/10.1002/smll.202202363
https://doi.org/10.1002/aenm.202300719
https://doi.org/10.1002/aenm.202300719
https://doi.org/10.1002/aenm.202100676
https://doi.org/10.1002/aenm.202100676
https://doi.org/10.1016/j.jsamd.2022.100467
https://doi.org/10.1016/j.jsamd.2022.100467
https://doi.org/10.1016/j.ensm.2021.11.002
https://doi.org/10.1016/j.ensm.2021.11.002
https://doi.org/10.1021/acsami.2c19022
https://doi.org/10.1021/acsami.2c19022
https://doi.org/10.1002/advs.202206469
https://doi.org/10.1002/adma.202211961
https://doi.org/10.1039/d3ee00925d
https://doi.org/10.1039/d3ee00925d
https://doi.org/10.1039/d2ee03528f
https://doi.org/10.1039/d2ee03528f
https://doi.org/10.1002/aenm.202301999
https://doi.org/10.1002/aenm.202301999
https://doi.org/10.1021/acsenergylett.3c01017
https://doi.org/10.1016/j.ensm.2020.12.022
https://doi.org/10.1016/j.ensm.2020.12.022
https://doi.org/10.1002/anie.202210871
https://doi.org/10.1002/adma.202203605
https://doi.org/10.1002/adma.202203605
https://doi.org/10.1002/adma.202205206
https://doi.org/10.1002/adma.202205206


 Nano-Micro Lett.           (2024) 16:76    76  Page 14 of 14

https://doi.org/10.1007/s40820-023-01278-0© The authors

for high-performance rechargeable zn-ion batteries. J. Mater. 
Chem. A 9, 16814 (2021). https:// doi. org/ 10. 1039/ d1ta0 3967a

 33. N. Guo, Z. Peng, W. Huo, Y. Li, S. Liu et al., Stabilizing Zn 
metal anode through regulation of Zn ion transfer and interfa-
cial behavior with a fast ion conductor protective layer. Small 
(2023). https:// doi. org/ 10. 1002/ smll. 20230 3963

 34. J. Zhao, Y. Ying, G. Wang, K. Hu, Y.D. Yuan et al., Covalent 
organic framework film protected zinc anode for highly stable 
rechargeable aqueous zinc-ion batteries. Energy Storage Mater. 
48, 82 (2022). https:// doi. org/ 10. 1016/j. ensm. 2022. 02. 054

 35. C. Hu, Z. Wei, L. Li, G. Shen, Strategy toward semiconduct-
ing  Ti3C2Tx-MXene: Phenylsulfonic acid groups modified 
 Ti3C2Tx as photosensitive material for flexible visual sensory-
neuromorphic system. Adv. Funct. Mater. 33, 2302188 (2023). 
https:// doi. org/ 10. 1002/ adfm. 20230 2188

 36. R. Kushwaha, C. Jain, P. Shekhar, D. Rase, R. Illathvalappil 
et al., Made to measure squaramide cof cathode for zinc dual-
ion battery with enriched storage via redox electrolyte. Adv. 
Energy Mater. 13, 2301049 (2023). https:// doi. org/ 10. 1002/ 
aenm. 20230 1049

 37. Z. Zhao, R. Wang, C. Peng, W. Chen, T. Wu et al., Hori-
zontally arranged zinc platelet electrodeposits modulated by 
fluorinated covalent organic framework film for high-rate and 
durable aqueous zinc ion batteries. Nat. Commun. 12, 6606 
(2021). https:// doi. org/ 10. 1038/ s41467- 021- 26947-9

 38. J. Xu, S. An, X. Song, Y. Cao, N. Wang et al., Towards high 
performance Li–S batteries via sulfonate-rich cof-modified 
separator. Adv. Mater. 33, 2105178 (2021). https:// doi. org/ 
10. 1002/ adma. 20210 5178

 39. L. Wang, Z. Zhao, Y. Yao, Y. Zhang, Y. Meng et al., Highly 
fluorinated non-aqueous solid-liquid hybrid interface realizes 
water impermeability for anti-calendar aging zinc metal bat-
teries. Energy Storage Mater. 62, 102920 (2023). https:// doi. 
org/ 10. 1016/j. ensm. 2023. 102920

 40. I. Yoshimitsu, C. Shuo, H. Ryota, K. Takeshi, A. Tsubasa 
et al., Ultrafast water permeation through nanochannels with 
a densely fluorous interior surface. Science 376, 738 (2022). 
https:// doi. org/ 10. 1126/ scien ce. abd09 66

 41. Y. Song, P. Ruan, C. Mao, Y. Chang, L. Wang et al., Metal-
organic frameworks functionalized separators for robust 
aqueous zinc-ion batteries. Nano-Micro Lett. 14, 218 (2022). 
https:// doi. org/ 10. 1007/ s40820- 022- 00960-z

 42. C. Deng, X. Xie, J. Han, Y. Tang, J. Gao et al., A sieve-func-
tional and uniform-porous kaolin layer toward stable zinc 
metal anode. Adv. Funct. Mater. 30, 2000599 (2020). https:// 
doi. org/ 10. 1002/ adfm. 20200 0599

 43. H. Dong, X. Hu, R. Liu, M. Ouyang, H. He et al., Bio-inspired 
polyanionic electrolytes for highly stable zinc-ion batteries. 
Angew. Chem. Int. Ed. 62, e202311268 (2023). https:// doi. 
org/ 10. 1002/ anie. 20231 1268

 44. K. Wu, X. Shi, F. Yu, H. Liu, Y. Zhang et al., Molecularly 
engineered three-dimensional covalent organic framework 
protection films for highly stable zinc anodes in aqueous elec-
trolyte. Energy Storage Mater. 51, 391 (2022). https:// doi. org/ 
10. 1016/j. ensm. 2022. 06. 032

 45. X. Jiao, X. Wang, X. Xu, Y. Wang, H.H. Ryu et al., Multi-
physical field simulation: A powerful tool for accelerating 
exploration of high-energy-density rechargeable lithium bat-
teries. Adv. Energy Mater. 13, 2301708 (2023). https:// doi. org/ 
10. 1002/ aenm. 20230 1708

 46. X. Xu, X. Jiao, O.O. Kapitanova, J. Wang, V.S. Volkov et al., 
Diffusion limited current density: A watershed in electrodepo-
sition of lithium metal anode. Adv. Energy Mater. 12, 2200244 
(2022). https:// doi. org/ 10. 1002/ aenm. 20220 0244

 47. X. Jiao, Y. Wang, O.O. Kapitanova, X. Xu, V.S. Volkov et al., 
Morphology evolution of electrodeposited lithium on metal 
substrates. Energy Storage Mater. 61, 102916 (2023). https:// 
doi. org/ 10. 1016/j. ensm. 2023. 102916

 48. B. Li, S. Liu, Y. Geng, C. Mao, L. Dai et al., Achieving stable 
zinc metal anode via polyaniline interface regulation of Zn ion 
flux and desolvation. Adv. Funct. Mater. (2023). https:// doi. 
org/ 10. 1002/ adfm. 20221 4033

 49. A.S. Chen, C.Y. Zhao, J.Z. Gao, Z.K. Guo, X.Y. Lu et al., Mul-
tifunctional sei-like structure coating stabilizing Zn anodes 
at a large current and capacity. Energy Environ. Sci. 16, 275 
(2023). https:// doi. org/ 10. 1039/ d2ee0 2931f

 50. T. Wang, P. Wang, L. Pan, Z. He, L. Dai et al., Stabling zinc 
metal anode with polydopamine regulation through dual 
effects of fast desolvation and ion confinement. Adv. Energy 
Mater. 13, 2203523 (2023). https:// doi. org/ 10. 1002/ aenm. 
20220 3523

 51. Y. Zeng, P.X. Sun, Z. Pei, Q. Jin, X. Zhang et al., Nitrogen-
doped carbon fibers embedded with zincophilic cu nanoboxes 
for stable Zn-metal anodes. Adv. Mater. 34, 2200342 (2022). 
https:// doi. org/ 10. 1002/ adma. 20220 0342

 52. W. Zhou, M. Chen, Q. Tian, J. Chen, X. Xu et al., Cotton-
derived cellulose film as a dendrite-inhibiting separator to 
stabilize the zinc metal anode of aqueous zinc ion batteries. 
Energy Storage Mater. 44, 57 (2022). https:// doi. org/ 10. 1016/j. 
ensm. 2021. 10. 002

 53. Q. Dong, H. Ao, Z. Qin, Z. Xu, J. Ye et al., Synergistic chao-
tropic effect and cathode interface thermal release effect ena-
bling ultralow temperature aqueous zinc battery. Small 18, 
2203347 (2022). https:// doi. org/ 10. 1002/ smll. 20220 3347

 54. M. Sun, G. Ji, J. Zheng, A hydrogel electrolyte with ultrahigh 
ionic conductivity and transference number benefit from  Zn2+ 
“highways” for dendrite-free Zn-MnO2 battery. Chem. Eng. 
J. 463, 142535 (2023). https:// doi. org/ 10. 1016/j. cej. 2023. 
142535

https://doi.org/10.1039/d1ta03967a
https://doi.org/10.1002/smll.202303963
https://doi.org/10.1016/j.ensm.2022.02.054
https://doi.org/10.1002/adfm.202302188
https://doi.org/10.1002/aenm.202301049
https://doi.org/10.1002/aenm.202301049
https://doi.org/10.1038/s41467-021-26947-9
https://doi.org/10.1002/adma.202105178
https://doi.org/10.1002/adma.202105178
https://doi.org/10.1016/j.ensm.2023.102920
https://doi.org/10.1016/j.ensm.2023.102920
https://doi.org/10.1126/science.abd0966
https://doi.org/10.1007/s40820-022-00960-z
https://doi.org/10.1002/adfm.202000599
https://doi.org/10.1002/adfm.202000599
https://doi.org/10.1002/anie.202311268
https://doi.org/10.1002/anie.202311268
https://doi.org/10.1016/j.ensm.2022.06.032
https://doi.org/10.1016/j.ensm.2022.06.032
https://doi.org/10.1002/aenm.202301708
https://doi.org/10.1002/aenm.202301708
https://doi.org/10.1002/aenm.202200244
https://doi.org/10.1016/j.ensm.2023.102916
https://doi.org/10.1016/j.ensm.2023.102916
https://doi.org/10.1002/adfm.202214033
https://doi.org/10.1002/adfm.202214033
https://doi.org/10.1039/d2ee02931f
https://doi.org/10.1002/aenm.202203523
https://doi.org/10.1002/aenm.202203523
https://doi.org/10.1002/adma.202200342
https://doi.org/10.1016/j.ensm.2021.10.002
https://doi.org/10.1016/j.ensm.2021.10.002
https://doi.org/10.1002/smll.202203347
https://doi.org/10.1016/j.cej.2023.142535
https://doi.org/10.1016/j.cej.2023.142535

	Covalent Organic Framework with 3D Ordered Channel and Multi-Functional Groups Endows Zn Anode with Superior Stability
	Highlights
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of Materials
	2.2.1 Pretreatment of COF-S-F
	2.2.2 Preparation of COF-S-F-Coated Zn Foil (Zn@COF-S-F)
	2.2.3 Synthesis of MnO2 Cathode Material

	2.3 Characterizations
	2.4 Electrochemical Measurements
	2.5 DFT Computations
	2.6 Multi-physical Simulation

	3 Results and Discussion
	3.1 Preparation Process and Action Mechanism of COF-S-F
	3.2 Characterizations of Zn@COF-S-F
	3.3 Theoretical Calculations and Simulations of Zn@COF-S-F
	3.4 Electrochemical Performance of Zn@COF-S-F Symmetric Cells
	3.5 Electrochemical Performance of Zn@COF-S-F|MnO2 Full Cells

	4 Conclusion
	Acknowledgements 
	Anchor 23
	References


