
Energy Storage Materials 51 (2022) 391–399

Available online 21 June 2022
2405-8297/© 2022 Elsevier B.V. All rights reserved.

Molecularly engineered three-dimensional covalent organic framework 
protection films for highly stable zinc anodes in aqueous electrolyte 

Kuan Wu a,1, Xiansong Shi c,1, Fangfang Yu b, Haoxuan Liu b, Yuanjun Zhang a, Minghong Wu a, 
Hua-Kun Liu b, Shi-Xue Dou b, Yong Wang c, Chao Wu a,b,* 

a School of Environmental and Chemical Engineering, Shanghai University, Shanghai 200444, China 
b Institute for Superconducting & Electronic Materials, Australian Institute of Innovative Materials, University of Wollongong, NSW 2522, Australia 
c State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemical Engineering, Nanjing Tech University, Nanjing 211816, Jiangsu, PR China   

A R T I C L E  I N F O   

Keywords: 
Covalent organic frameworks 
Zn anode 
Aqueous electrolyte 
Protective film 
Zn dendrites 

A B S T R A C T   

Metallic Zn has been regarded as ideal anodes in aqueous electrolyte owing to its high theoretical capacity, 
intrinsic safety, low cost, and nontoxicity. However, the Zn dendrite growth and the side-reactions hindered the 
practical application of Zn anode. Herein, a thin and uniform three-dimensional (3D) COOH-functionalized 
covalent organic frameworks (COF) film (denoted as 3D-COOH-COF) is designed and in-situ synthesized as a 
protective layer to stabilize the Zn anode. The thin 3D-COOH-COF protection film with abundant negative 
functional groups and homogeneous nanochannels facilitates the fast transport of Zn2+, impedes the pass through 
of SO4

2− , and significantly suppresses the corrosion reactions, leading to an excellent electrochemical perfor-
mance. The novel 3D-COOH-COF protective film enables the Zn||Zn symmetric cells to stably cycle for over 2000 
h at 1 mA cm− 2 and an average Coulombic efficiency of Zn plating/stripping as high as 99.5% for 1000 cycles at 
1 mA cm− 2.This finding provides a facile and promising route to regulate the deposition behavior of Zn in 
aqueous electrolyte.   

1. Introduction 

The development of grid energy storage as sparked an ever- 
increasing interest in investigating alternative energy storage technol-
ogies to Li-ion batteries owing to their safety issues and high cost [1,2]. 
Aqueous rechargeable batteries, which are based on safe and low-cost 
water-based electrolytes, have been regarded as one of the most prom-
ising candidates for grid energy storage. As for the anode choice of 
aqueous batteries, metallic zinc (Zn) has attracted tremendous attention 
as anode owing to its low cost, high theoretical capacity (820 mA h g− 1), 
and low potential (− 0.762 V versus the standard hydrogen electrodes) 
[3–8]. However, Zn anodes suffer from a few challenging issues such as 
the poor reversibility and the growth of Zn dendrites in neutral aqueous 
solutions which not only shorten the lifespan of batteries but also bring 
the safety concerns [5–10]. 

Recently, a variety of strategies have been developed to stabilize the 
Zn anode, such as the constructing the nucleation layer or skeletons [10, 
11], optimizing the electrolytes or additives [12–16], and creating the 

surface protective layers [17–23]. Among these strategies, the creation 
of protective layer offers a facile and promising route to guide the uni-
form Zn deposition. Although the reported protective layers can modify 
the electrochemical performance of Zn, there are still some problems in 
the design of the protective film. First, most of the reported films are 
constructed by coating functional inorganic/organic fillers mixed with 
the polymer binder on the Zn foil [24,25]. These fillers were coated on 
the Zn foil by the polymer binder, and the distribution of fillers is easy to 
be inhomogeous. Additionally, the size and distribution of pores be-
tween fillers are also nonuniform, which affect Zn2+ to uniformly pass 
through the protective layer homogeneously. Finally, the reported 
polymer composite film generally shows a single function and cannot 
block the anions to pass through the protective film, which cannot 
suppress the side reactions that anoions take part in on the Zn surface 
[4]. Therefore, rational design and construction of protective films on 
the Zn anode is essential to overcome the above problems, which re-
mains a challenge. 

As an emerging versatile material, covalent organic frameworks 
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Fig. 1. Schematic illustration of the Zn deposition behavior on the bare Zn and 3D-COOH–COF@Zn.  

Fig. 2. (a) Schematic illustration of synthesis of OH–COF precursor@Zn and 3D-COOH–COF@Zn. (b) Optical photos of bare Zn and 3D-COOH–COF@Zn. (c) Top- 
view and (d) cross-sectional SEM images of 3D-COOH–COF@Zn. (e) AFM image of 3D-COOH–COF@Zn. (f) XRD patterns of bare Zn, 3D-COOH–COF@Zn, and 3D- 
COOH–COF powder. (g) BET measurement and pore size distribution (inset) of 3D-COOH–COF@Zn. (h) FTIR spectra of OH–COF precursor@Zn and 3D- 
COOH–COF@Zn. (i) N1s spectrum of OH–COF precursor@Zn. (j) C1s and (k) O1s spectra of OH–COF precursor@Zn and 3D-COOH–COF@Zn. (l–n) The contact 
angles of aqueous electrolyte on the bare Zn (l), OH–COF precursor@Zn (m), and 3D-COOH–COF@Zn (n). 
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(COFs) have received tremendous attention due to their designable 
structures and extremely ordered mass transfer channels. By deeply 
exerting these distinctive advantages, COFs have shown great potentials 
in a variety of advanced applications, such as sensing, separation, energy 
storage and conversion [26–28]. Owing to the nano-sized aperture sizes 
and prominent porosities, COFs potentially allow the fast and exclusive 
transport of metal ions, benefiting the performance improvement during 
charge and discharge cycles. In addition, the post-synthetic modification 
promises the precise engineering of COF pore wall environments for 
on-demand purposes, in favor of devising specific functions without 
compromising structural stability and uniformity. Moreover, as a sub-
family of COFs, three-dimensional (3D) COFs constructed by reticular 
chemistry can provide interconnected channels, which potentially 
benefit for the promotion of ion transport. Thus, the molecular engi-
neering of COFs has huge potential to construct novel protective layers 

to obtain high-performance and stable Zn anode. 
Here, we have designed and in-situ synthesized a ultrathin and uni-

form three-dimensional (3D) COOH-functionalized covalent organic 
frameworks (COF) film (denoted as 3D-COOH-COF) with high me-
chanical strength to protect the Zn anodes. This unique and novel 3D- 
COOH-COF protective layer provides a variety of advantages. First, a 
thin thickness and uniform nanochannels of COF layer facilitate the fast 
and homogeneously transport of Zn2+ around the surface of Zn anode. 
Second, abundant negative COOH-functionalized groups of 3D skeleton 
and nanochannels of the COF film impede sulfate ions to pass through 
the protective film, resulting a high transfer number of Zn2+ and 
dendrite-free deposition of Zn metal. Third, the 3D-COOH-COF film can 
uniformly and fully cover the current collectors and Zn anodes without 
any gaps, effectively prevent the direct contact between Zn anode and 
aqueous electrolyte, and significantly suppress the corrosion reactions. 

Fig. 3. (a) Molecular Dynamics Simulations of Zn2+ and SO42- ions to pass through the 3D-COOH–COF film (b) The calculated binding energy of Zn2+ on the 3D- 
COOH–COF. (c) Electron density difference map of the 3D-COOH–COF with Zn2+adsorption and (d) the corresponding sliced 2D contour map. (e) The optimized 
Zn-ion diffusion pathway in the 3D-COOH–COF layer and (f) the correponding migration energy barrier. (g) Ionic conductivity of OH–COF precursor@Zn and 3D- 
COOH–COF@Zn. (h) Current variations of bare Zn, OH–COF precursor@Zn, and 3D-COOH–COF@Zn in symmetric cell with a potentiostatic polarization. (i) The 
Zn2+ transference number in the cells using bare Zn, OH–COF precursor@Zn, and 3D-COOH–COF@Zn electrodes. The whole system is in zinc sulfate aqueous 
solution.To show clearly, water molecules are expressed in transparent color without direct marking. 
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Such advantages of 3D-COOH-COF film can not only reduce side reac-
tion through selectively accelerating Zn2+ and inhibiting anions trans-
port, but also suppress dendrite growth by ensuring even Zn2+ plating/ 
stripping (Fig. 1). Consequently, Zn-ion batteries based on Zn anodes 
with 3D-COOH-COF layers exhibit excellent electrochemical 
performance. 

2. Results and discussions 

The fabrication process of 3D-COOH–COF film coated on the Zn foil 
is illustrated in Fig. 2a, which involves two major steps. First, -OH 
functionalized 3D-OH–COF precursor film was synthesized on the Zn 
foil by in-situ growth method [26,27]. The thickness and surface flatness 
are dependent on the concentration of tetra(4-formylphenyl) methane 
(TFPM) and 3,3′-dihydroxybenzidine (DHBD), as shown in Fig. S1. 
Scanning electron microscopy (SEM) images reveal that the prepared 
OH–COF precursor film is densely loaded on the Zn foil with a smooth 
surface at the concentration of 1.08 mg mL− 1 (Fig. S1d–f). Additionally, 
the photos show that the obvious color changes (insets of Fig. S1) under 
different concentrations of TFPM and DHBD. Subsequently, the 
OH–COF precursor film was further funtionlized to achieve the -COOH 
functionalized 3D-COOH–COF film coated on the Zn foil (denoted as 
3D-COOH–COF@Zn) through post-synthetic modification @Zn. It 
should be mentioned that the obtained film has an excellent chemical 
stability in aqueous solution in our previous study [26]. The 
3D-COOH–COF film with a microporous structure and hydrophilic 
functional groups (Fig. S2) could provide high ionic conductivity and 
good hydrophilic property [22]. Moreover, the 3D-COOH–COF film 
shows good adhesion to the Zn foil and did not peer off even under the 
twisting and bending state (Fig. 2b). The top-view SEM image reveals a 
dense and uniform 3D-COOH–COF film with a thickness of ~150 nm on 
the Zn foil (Figs. 2c, d and S3a). Moreover, energy dispersive spectros-
copy (EDS) mapping images display that C, O, and N elements are ho-
mogeneously distributed on the surface, indicating the excellent 
integrity of 3D-COOH–COF (Fig. S4). Atomic force microscopy (AFM) 
image shows that the Zn foil is evenly and homogeneously covered by 
3D-COOH–COF film (Fig. 2e). It should be noted that the surface 
morphology of 3D-COOH–COF film is related to the concentrations of 
TFPM and DHBD. 3D-COOH–COF film shows great unevenness on the 
Zn foil at the concentration of 0.51, 2.05, and 3.07 mg mL− 1, which is 
confirmed by the result of AFM (Fig. S5). 

The 3D-COOH–COF film were further investigated by X-ray 
diffraction (XRD) and Brunauer-Emmett-Teller (BET). 3D- 
COOH–COF@Zn shows the same XRD diffraction peaks with the Zn foil 
(PDF# 87–0713) without the phase of 3D-COOH–COF, which is 
attributed to the thin thickness of the COF protective film (Fig. 2f) [29]. 
From the XRD pattern of the powder generated during film synthesis 
(Fig. S3b, c), we can observe the diffraction signals corresponding to 
crystalline 3D-COOH–COF. This reflects the crystallinity of films as 
they are concurrently generated under the same solvothermal condi-
tions. BET measurement reveals the surface area of the 3D-COOH–COF 
film (Fig. 2g) is up to 121 m2 g− 1, higher than that of OH–COF pre-
cursor film (107.4 m2 g− 1), which is shown in Fig. S6. The centered pore 
size distribution of 3D-COOH–COF film is at 1.3 nm in diameter 
compared with OH–COF precursor film (~1.6 nm), indicating that the 
modification of functional groups has little effect on the specific surface 
and pore size distribution. Fig. 2h shows Fourier transform infrared 
(FT-IR) spectrum of 3D-COOH–COF@Zn. The characteristic absorption 
band of C = N (1626 cm− 1) displayed the presence of imine linkages of 
3D-COOH–COF in the protection film. The absorption peak of 
3D-COOH–COF@Zn at 3649 cm− 1 originates from the COOH bond [19, 
30]. High-resolution X-ray photoelectron spectroscopy (XPS) displays 
that the N1s spectra have the weak peak at 399.91 eV, corresponding to 
the N–H bond (Fig. 2i), indicating that COF films contain a small 
amount of residual amino groups, consistent with the FTIR result [30]. 
The conversion of OH–COF precursor@Zn to 3D-COOH–COF@Zn can 

also be confirmed by XPS analysis. Compared to the OH–COF precur-
sor, the peak intensity of O–C = O (288.4 eV) and C = O (530.9 eV) in 
the C1s and O1s spectra of 3D-COOH–COF@Zn (Fig. 2j, k) are 
increased, suggesting the successful linkage of COOH functional groups 
on the COF skeletons [27,31]. The hydrophilicity of 
3D-COOH–COF@Zn for the electrolytes (2 M ZnSO4) was estimated by 
the contact angle test at ambient temperature (Fig. 2l–n). After 10 min, 
the contact angle of the bare Zn is still found to be 81.8◦, indicating the 
limited hydrophilicity of the Zn surface (Fig. 2l). In contrast, the contact 
angles of OH–COF precursor and 3D-COOH–COF films are smaller 
than that of the bare Zn, indicating that the 3D-COOH–COF protective 
films enhance the hydrophilicity owing to their rich functional groups. It 
is worth noting that the hydrophilicity of 3D-COOH–COF film is su-
perior to OH–COF precursor because of its rich carboxyl groups on the 
COF skeleton. The interfacial free energy at the electrode/electrolyte 
interface will be reduced as the hydrophilicity enhances [22,32] which 
is beneficial for Zn nucleation and uniform Zn deposition. 

3D-COOH–COF protective film allows for the fast transport of Zn2+

and hinders the transport of sulfate ions because of its unique structure 
and rich COOH functional groups. Molecular Dynamics Simulations 
(MDS) was used to investigate the Zn2+ and SO4

2− anion transport 
behavior to pass through the 3D-COOH–COF protective film in 2 M 
ZnSO4 solution. Before the simulation, cation and anion ions were set at 
one side of this 3D-COOH–COF film. After a period of time, it was 
obvious that zinc ions can pass through the 3D-COOH–COF film while 
sulfate ions were blocked because of COOH-rich electronegative skel-
eton and microporous channel of 3D-COOH–COF (Fig. 3a), which could 
also be seen in the simulated trajectory diagram of MDS (Video 1). To 
further understand the role of the 3D-COOH–COF film for the Zn pro-
tection, density functional theory (DFT) calculations were carried out. 
The calculated models of the interaction between Zn2+ and 3D- 
COOH–COF are displayed in Fig. 3b. The 3D-COOH–COF layer has a 
strong adsorption with Zn2+, with a binding energy of − 1.6804 eV, 
indicating the electrostatic interaction between Zn2+ and the 3D- 
COOH–COF layer [33–36]. Fig. 3c, d show differential charge density 
and the corresponding sliced 2D contour map for 3D-COOH–COF with 
Zn2+adsorption, indicating that the 3D-COOH–COF layer can adhere 
Zn2+ to increase the local Zn2+ around the surface Zn foil and reduce the 
concentration gradient at the interface. This feature is beneficial to 
inhibit the zinc dendrite growth. 

To further explore the transport behavior of Zn2+ to pass through the 
3D-COOH–COF film, the diffusion channel in the 3D-COOH–COF film 
was simulated, as shown in Fig. 3e and 3f. It shows that the zinc ion 
diffusion energy barrier under this optimized pathway is 0.1337 eV, 
which is lower than thant of preveiouly reported Zn or Zn-ion aqueous 
batteries (Table S1), further indicating that 3D-COOH–COF protection 
film can facilitate the transport of Zn2+ and homogenize the distribution 
of Zn2+ [34,37–40] As shown in Figs. 3g and S7, the 3D-COOH–COF 
film presents a high ionic conductivity, which is higher than that of 
OH–COF precursor film. In addition to ionic conductivity, Zn2+ trans-
ference number (t+) was measured, and the specific equation is given in 
Supporting Information (Fig. S8) [20,40]. The initial currents (I0) and 
the steady-state current (Iss) after potentiostatic polarization for 10000s 
were shown in Fig. 3h. As shown in Fig. 3i, the Zn-ion transference 
number (tzn

2+) of 3D-COOH–COF@Zn electrode is as high as 0.82, 
which was higher than that of OH–COF precursor@Zn electrode (0.69), 
indicating the faster Zn2+ cation than SO42− anion in the 
3D-COOH–COF film. In contrast, for the bare Zn electrode, the tzn

2+ is 
only 0.24. According to the study of Rosso et al. [41], the larger trans-
ference number of cations can inhibit the growth of Zn dendrite. The 
high Zn2+ transfer number is attributed to a strong electronegative 
functional group, which is confirmed by Zeta potential curves. These 
functional groups can adsorb Zn2+ well and have a good blocking effect 
on anions (Fig. S9). These results illustrate that the protective layer can 
effectively promote the rapid transport of Zn2+ and prevent the anion 
transport, suppressing the generation of Zn dendrites, which is 
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consistent with the simulation results. 
3D-COOH–COF protective film shows excellent kinetics of Zn2+ and 

homogenize the Zn2+ distribution around the Zn foil, which inhibits the 
growth of Zn dendrites. To visually observe the electrodeposition 
behavior of Zn metal underneath the 3D-COOH–COF film, the Zn 
plating process was monitored through in-situ optical microscope. As 
shown in Fig. 4a, some zinc protuberances with a random distribution 
can be visible on the bare Zn foil after electrodeposition for 8 min. As the 
plating time increases to 20 min, the protrusions continuously grew and 
the zinc dendrites could be obviously observed. By contrast, for 3D- 
COOH–COF protected Zn foil, a smooth surface morphology was pre-
sented over the whole deposition process, and no obvious dendrites were 
detected (Fig. 4b), verifying the uniform Zn electrodeposition behavior 

under the 3D-COOH–COF protective film. The scanning electron mi-
croscopy (SEM) images reveal that the Zn deposition located under the 
3D-COOH–COF protection layer is dense (Fig. 4c, d) and the surface is 
also smooth (Fig. S10) . 

The COF protective layer not only promotes the homogenous depo-
sition of Zn, but also significantly reduces the corrosion between 
aqueous electrolyte and Zn foil. To study the anti-corrosion effect of the 
3D-COOH–COF protective layer, Zn foils covered without and with the 
3D-COOH–COF film were soaked into an aqueous electrolyte (2 M 
ZnSO4 solution) (Fig. S11a). As shown in the SEM images (Fig. 4e), 
obvious chemical-corrosion products appeared on the surface of Zn foil 
after 5 days. As the soaking time increases, more by-products were 
detected along with the interfacial side reactions. In striking contrast, 

Fig. 4. (a, b) The in-situ optical microscopy images of bare Zn (a) and 3D-COOH–COF@Zn (b) electrode recorded at the specified deposition time at 3 mA cm− 2. (c, 
d) Cross-seactional SEM images of bare Zn (c) and 3D-COOH–COF@Zn (d) at 1 mA cm− 2 for 1 h. (e, f) SEM images of (e) bare Zn and (f) 3D-COOH–COF@Zn after 
being soaked for 5 days, 15 days, and 30 days, respectively. (g, h) XRD patterns of (g) bare Zn and (h) 3D-COOH–COF@Zn after different days. (i) Linear polarization 
curves of bare Zn and 3D-COOH–COF@Zn. 
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even after soaked for 30 days, the 3D-COOH–COF film was still main-
tained, with a flat surface (Fig. 4f). Bare Zn and 3D-COOH–COF@Zn 
were further examined after being soaked for 100 days. The Zn plate 
turned completely gray and 3D-COOH–COF@Zn remained lustrous 
(Fig. S11b, c). These results demonstrate the excellent chemical stability 
of 3D-COOH–COF@Zn against to the electrolyte. Moreover, XRD 
spectra were used to identify the surface composition of Zn foil without 
and with the COF protective film after different soaking time (Fig. 4g, h). 

For the bare Zn foil, a few new peaks are found, corresponding to 
Zn4SO4(OH)6⋅5H2O (PDF# 78–0246) and Zn4SO4(OH)6⋅4H2O (PDF# 
44–0673) [22,30]. Additionally, as soaking time increases, the intensity 
of these peaks become stronger (Fig. 4g), further confirming the 
increased corrosion reactions. For 3D-COOH–COF protected Zn foil, no 
new peaks were generated (Fig. 4h), which is consistent with the result 
of SEM. The anti-corrosion effect of the COF protective film was inves-
tigated by linear polarization experiment in 2 M ZnSO4 electrolyte. 

Fig. 5. (a, b) Long-term cycling performance of Zn plating/stripping in symmetrical cells based on bare Zn, OH–COF precursor@Zn, and 3D-COOH–COF@Zn at 1 
mA cm− 2 and 1 mA h cm− 2 (a) as well as 3 mA cm− 2 and 3 mA h cm− 2 (b). Top-view SEM images of bare Zn (c) and 3D-COOH–COF@Zn electrode (d), and cross- 
sectional SEM image of 3D-COOH–COF@Zn electrode (e) after 100 h at 1 mA cm− 2 and 1 mA h cm− 2, the insets show the photos of the cycled electrodes. (f) CE of Zn 
plating/stripping on bare Cu, OH–COF precursor@Cu, and 3D-COOH–COF@Cu at 1 mA cm− 2 and (g) the corresponding voltage profiles at various cycles on 
3D-COOH–COF@Cu. 
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Compared to the bare Zn foil, the corrosion potential of the 
3D-COOH–COF@Zn electrode increased from − 0.977 to − 0.954 V due 
to the 3D-COOH–COF film and the corresponding corrosion current 
decreased from 6.31 to 3.98 μA cm− 2 (Fig. 4i). 

3D-COOH–COF protective film significantly promotes the uniform 
deposition of Zn metal and inhibits the corrosion reactions in aqueous 
electrolyte, leading to an excellent electrochemical performance. Strip-
ping/plating measurements were carried out in symmetric Zn||Zn cells 
to validate the role of the COF layer sl at 1 mA cm− 2 and 1 mA h cm− 2. 
Fig. 5a shows the voltage profile as a function of time. A sudden voltage 
drop appears after 112 h in the bare Zn cell, signaled by short-circuit 
because of the growth of Zn dendrites. In contrast, 3D- 
COOH–COF@Zn shows a very stable cycling for more than 2000 h, 

which is longer than that (1272 h) of the OH–COF precursor protected 
Zn foil. It should be mentioned that soft shorts are easy to happen after 
long-term cycling [42,43]. However, in this study, it is found that the 
voltage curve is not a line after long-term cycling, indicating that the soft 
short circuit do not occur. As shown in Fig. S12, the weak diffraction 
peaks, except for the peaks of pure Zn, can be observed for 
3D-COOH–COF@Zn. However, for bare Zn electrode, the strong 
diffraction peaks are presented owing to the byproduct. These XRD re-
sults indicated that 3D-COOH–COF films can effectively protect the 
zinc electrode and improve the electrochemical performance [44,45]. 
Additionally, as the current density and areal capacity are further 
increased to 3 mA cm− 2 and 3 mA h cm− 2, 3D-COOH–COF@Zn shows a 
minor change of voltage polarization, and a high cycle stability for more 

Fig. 6. The electrochemical performance of bare Zn||MnO2 and 3D-COOH–COF@Zn||MnO2 cell: (a, b) long-term cycling stability and efficiency (a) and galva-
nostatic charge/discharge curves (b) at 1 A g− 1, (c) rate capability, and (d, e) SEM images of the bare Zn anode (d) and the 3D-COOH–COF@Zn anode after 500 
cycles (e). 
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than 1200 h, while the bare Zn foil exhibits a large voltage fluctuation 
and poor cycling stability (Fig. 5b). It was worth mentioned that 
3D-COOH–COF@Zn can be repeatedly plated/stripped over 350 h at 5 
mA cm− 2 and 5 mA h cm− 2 (Fig. S13a), suggesting the superior per-
formance of the 3D-COOH–COF film in protecting zinc metal. The 
3D-COOH–COF film enable a great improvement in terms of cycle 
stability of Zn foil in aqueous electrolytes, which are better than that of 
protected Zn anodes reported in the previous studies (Table S2). 

The Zn foil morphology after cycling was investigated by SEM, 
confirming the superior protection effect of 3D-COOH–COF film. As 
shown in Fig. 5c and S14, the surface of bare Zn after 100 h becomes 
uneven owing to the serious side reactions, and large amount of “dead” 
zinc caused by dendrites can be observed after cycling [34,46]. More-
over, the optical photo of the Zn electrode after cycling reveals that the 
bare Zn is corroded badly (the inset of Fig. 5c). In contrast, SEM image 
verifies that 3D-COOH–COF protective layer remains smooth and dense 
without obvious dendrites after the same cycling (Fig. 5d). The corre-
sponding optical photo also further confirms that the 3D-COOH–COF 
film is very well maintained (the inset of Fig. 5d). The side-view SEM 
image shows the plating/stripping Zn is located under the 
3D-COOH–COF protective layer (Fig. 5e). As displayed in Fig. S15, after 
400 h and even 800 h of repeadly plating/stripping of Zn, the 
3D-COOH–COF protective film still maintains a good integrity and in-
hibits the growth of dendrites. 

The electrochemical performance of the COF film was further eval-
uated by the Coulombic efficiency (CE) of Zn plating/stripping, and the 
half cell of Zn|3D-COOH–COF@Cu and Zn|Cu cells were assembled to 
test CEs. The Zn|3D-COOH–COF@Cu exhibits excellent cycling per-
formance for more than 1000 cycles, with an average CE as high as 
above 99.5% (Fig. 5f). In contrast, the Zn|Cu cell fails after only ~70 
cycles, and the CE rapidly decreases after 70 cylces. Moreover, the po-
larization voltage plateau of Zn plating/stripping decreases from ~ 52 to 
~ 30 mV from 50th to 1000th cycle underneath the 3D-COOH–COF 
layer (Fig. 5g) owing to excellent kinetics of Zn2+ to pass through the 
COF layer. Remarkably, the Zn|3D-COOH–COF@Cu cell can cycle 
stably for over 550 cycles with high efficiency (>99%) even at 3 mA 
cm− 2 and 3 mA h cm− 2 (Fig. S13b). With increasing the current density 
and the areal specific capacity to 5 mA cm− 2 and 5 mA h cm− 2, the cell 
with 3D-COOH–COF film can still achieve cycle stability for 350 cycles 
(Fig. S13c). Such high CE and stability of the Zn|3D-COOH–COF@Cu 
cell are better than that of previously reported Zn plating/stripping 
(Table S3). 

The performance of the COF-protected Zn as an anode was further 
investigated in a full cell using MnO2 as the cathode in 2 M ZnSO4 + 0.1 
M MnSO4 electrolyte. Fig. 6a shows the cycling performance of full cells 
at 1 A g− 1. In a cell with a 3D-COOH–COF protected Zn anode, the 
reversible capacity is 163.61 mA h g− 1 after 500 cycles at 1 A g− 1, with a 
capacity retention of 78.7% compared to the second cycle. In contrast, 
the cell with a bare Zn anode delivers a poor electrochemical perfor-
mance, showing an obvious decrease of the capacity below 32 mA h g− 1 

after 250 cycles. The strong contrast is also reflected by the charge/ 
discharge profiles of the full cells of bare Zn||MnO2 and 3D- 
COOH–COF@Zn||MnO2 cell, which show a lower polarization voltage 
at the same current rate for the latter (Fig. 6b). Moreover, the full cell of 
3D-COOH–COF@Zn||MnO2 cell also presents a better rate perfor-
mance, as displayed in Fig. 6c. The surface of the bare Zn was investi-
gated after long-term cycling, showing large amount of dendrites 
(Fig. 6d), while the 3D-COOH–COF protected Zn anode still maintains a 
dense and flat surface (Fig. 6e). These results indicate that the 3D- 
COOH–COF protective layer can significantly reduce the side reactions 
between the Zn anode and the electrolyte and effectively inhibit the 
growth of Zn dendrites in the full cells. 

3. Conclusions 

In summary, we have demonstrated that the rationally designed 3D- 

COOH–COF films on Zn plates realize the fast and stable Zn electro-
deposition. The thin 3D-COOH–COF film has uniform distribution, 
homogenesous nanochannels, and abundent negative COOH groups, 
facilitating the Zn2+ transport and impeding the pass through of anions. 
Moreover, the in-situ generated COF film significantly reduces the cor-
rosions between metallic Zn and aqueous electrolyte. This novel COF 
protective film enables the dendrite-free deposition in a symmetric cell 
over 2000 h at 1 mA cm− 2 and 1 mA h cm− 2. A long-term stable cycling 
of Zn plating/striping for over 2000 h with an average CE of >99.5% 
was realized by using 3D-COOH–COF film on the Cu foil. The full cell 
couped MnO2 cathode and the COF film protected Zn anode shows an 
excellent cycling and rate performance. Our finding is important since it 
provides a simple and effective strategy to stabilize Zn metal, which 
fundamentally regulates the Zn plating/stripping behavior and has po-
tential to be extend to other akali-metel batteries. 
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