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A B S T R A C T   

Zn metal serving as anode endows aqueous Zn-ion batteries (AZBs) attractive advantages of high energy density, 
inherent safety and low cost. However, direct contact between electrolytes and Zn metal leads to severe surface 
corrosion and dendrite growth, which have greatly compromised the calendar life and Coulombic efficiency (CE) 
of AZBs. Herein, a novel hydrophobic-zincophilic bifunctional layer (HZBL) is introduced on Zn surface (HZBL- 
Zn) to provide hydrophobic and uniform pathways for zinc ions. In this unique design, hydrophobic framework 
serves as a buffer layer to isolate active Zn from bulk electrolytes, and meanwhile zincophilic functional groups 
on sidechains form uniform pathways to regulate Zn deposition behavior. Correspondingly, HZBL can not only 
inhibit notorious side reaction but promote the uniform deposition on Zn surface. With this synergy effect, HZBL- 
Zn symmetrical cells stably perform 2500 h with 40 mV polarization voltage at 1 mA cm− 2 with a capacity of 1 
mAh cm− 2. Surprisingly, the average CE of Zn stripping/plating underneath HZBL reach 99.88% after 2700 
cycles. This concept of hydrophobic-zincophilic bifunctional molecular reassembly holds great prospects in the 
development of highly stable Zn metal anodes.   

Introduction 

Considering the increasing focus on safety, those rechargeable bat-
teries with aqueous electrolytes usher in an opportunity for their re-
naissance [1,2], among which aqueous Zn-ion batteries (AZBs) are 
highly preferred to be next generation electronics owing to the high 
resource abundance, low reduction potential (versus standard hydrogen 
electrode, -0.762V) and high theoretical specific capacity (820 mAh g− 1 

and 5855 mAh cm− 3) of Zn metal [3,4]. However, as the most common 
anode, Zn metal tremendously hampers the further development of 
AZBs due to its intrinsic drawbacks: both thermodynamic and electro-
chemical instability in conventional aqueous electrolyte, which are 
manifested as surface corrosion and dendrite growth [5,6]. These 
problems are mainly related to the direct contact of electrolytes and Zn 
metal surface [7]. Generally in aqueous electrolytes, zinc ion exists in a 
solvated structure formed with six water molecules [8]. The desolvation 
process must be achieved to release free zinc ions for the further 

deposition behavior in the inner Helmholtz plane (IHP) when solvated 
zinc ions pass through the Helmholtz plane (HP) from the diffusion layer 
[9]. However, because of the rising overpotential caused by strong 
interaction, water molecules that form solvated shells with zinc ions are 
more inclined to be reduced to H2 on the surface of Zn anodes [10]. 
Afterwards, the local increased OH− induced by hydrogen evolution 
reaction (HER) will combine with zinc ions to form insulating 
by-products (e.g., Zn4(OH)6SO4⋅xH2O), which consumes excess elec-
trolytes and reduces the Coulombic efficiency (CE) of limited Zn metal 
[11]. Unlike the desirable dense solid electrolyte interphase (SEI) film in 
LIBs, the by-products from HER in AZBs are too loose to prevent inner Zn 
metal from further corrosion [12]. As depicted in Fig. 1a, bare Zn surface 
inevitably undergoes HER induced by water and followed by the for-
mation of by-products. And in the case of electrification, zinc ions prefer 
to nucleate and grow on lumped sites rather than their nearby areas to 
form protuberances since the lower surface energy and higher migration 
energy [13,14]. The already formed protuberances will provide more 

* Corresponding author. 
E-mail address: linxu@whut.edu.cn (L. Xu).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Energy Storage Materials 

journal homepage: www.elsevier.com/locate/ensm 

https://doi.org/10.1016/j.ensm.2022.12.019 
Received 22 August 2022; Received in revised form 1 December 2022; Accepted 12 December 2022   

mailto:linxu@whut.edu.cn
www.sciencedirect.com/science/journal/24058297
https://www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2022.12.019
https://doi.org/10.1016/j.ensm.2022.12.019
https://doi.org/10.1016/j.ensm.2022.12.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2022.12.019&domain=pdf


Energy Storage Materials 55 (2023) 538–545

539

active sites for the deposition of zinc ions as a result of so-called “tip 
effect”, and promote the formation of dendrites in the form of positive 
feedback. After conductive dendrites pierce the separator and connect 
both electrodes of the battery, it will lead the battery to fail [15,16]. 

Up to now, great efforts have been paid to address the obsession of 
notorious corrosion and dendrite growth in AZBs. A conventional 
method of designing conductive hosts with increased specific surface 
area, including 3D Cu [17,18], Zn/CNTs foam [19,20], MOF-derived Zn 
[21,22] and so on [23,24], can alleviate polarization and provide more 
sites for deposition. In addition, exploiting new electrolytes with 
reduced water activity to ameliorate HER has aroused wide interest, 
such as preparing high concentration electrolytes [25,26], adopting 
nonaqueous electrolytes [27,28] and adding electrolyte additives [29, 
30]. Among those methods, surface coating is a more direct one to 
separate Zn anodes from electrolytes and less constrained by the avail-
ability of electrodes and electrolytes. Recently, various attractive stra-
tegies about coating layers on Zn surface have been reported to solve the 
corrosion and dendrite issues, such as gel-based layer [31,32], elastic 
interface [33] and hydrophobic supramolecular network [34], which 
are proved to be truly effective. As a scalable strategy with simple 
preparation process, introducing coating layer onto the surface of Zn 
anodes is a potential candidate, which include inorganic, organic, and 
hybrid ones [35–38]. However, the inorganic coating layers tend to 
crush or fall off when the Zn surface undergoes volume expansion due to 
continuous plating/stripping behavior [39]. Meanwhile, the poor dis-
persibility of inorganic particles in organic systems greatly compromises 

the expected function of the hybrid protective layers [38]. In compari-
son, organic coatings with good mechanical properties can be uniformly 
dispersed and accommodate continuous volume change during charging 
and discharging. Among those organic layers, a hydrophobic mono-
functional one causes an increased surface polarization which is not 
conducive to Zn deposition. Similarly, an excessively hydrophilic 
organic layer with zincophilic groups that can promote the uniform 
deposition of zinc ions dissolves easily in aqueous electrolytes, unable to 
protect Zn anodes. Since corrosion and dendrites are symbiotic issues 
that need to be simultaneously addressed, the adverse effect of hydro-
phobicity of organic coating layers should be properly solved. 

Herein, we design a novel hydrophobic-zincophilic bifunctional 
layer (HZBL) that can not only inhibit surface corrosion but induce the 
uniform Zn deposition. The HZBL artificial layer, synthesized by free 
radical polymerization of polyvinylidene fluoride (PVDF) and acrylic 
acid, is coated on the surface of Zn anodes (HZBL-Zn). It is clear in 
Fig. 1b that HZBL can not only effectively inhibit the corrosion, but 
precisely control the deposition of zinc ions. That is because, on the one 
hand, the hydrophobic framework is favorable for isolating active water; 
on the other hand, zincophilic ‒COOH groups will provide uniform 
transport pathways for zinc ions through the strong adsorption (Fig. 1c), 
which is confirmed by density functional theory (DFT) calculations. 
Moreover, the desolvation energy is significantly reduced, which favors 
the deposition kinetics of zinc ions for higher rate performance and 
longer cycle life [40]. Correspondingly, HZBL enables symmetrical cells 
to stably perform 2500 h with 40 mV polarization voltage at 1 mA cm− 2, 

Fig. 1. Schematic diagrams of corrosion situation and Zn plating behavior during charge process on the anodes of a) bare Zn and b) HZBL-Zn. c) Gradually enlarged 
schematic of the uniform transport pathways of zinc ions in HZBL. 
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greatly prolonging the cycle life of Zn anodes. Moreover, the average 
Coulombic efficiency (CE) of Zn stripping/plating underneath the HZBL 
reach 99.88% after 2700 cycles, 15 times longer than bare Zn. When 
assembled with MnO2, HZBL-Zn full cell delivers a stinkingly enhanced 
capacity retention which is higher than that of bare Zn full cell. This 
simple and low-cost but effective strategy designates a new way for the 
development of Zn anodes. 

Results and Discussion 

Fig. 2a depicts the structure diagram of the repeating units of HZBL. 
This target product was obtained by first dissolving PVDF in 2 M KOH/ 
ethanol solution to generate C=C bonds, and followed by free radical 
polymerization to grow branches in N-Methylpyrrolidone (NMP). In 
order to confirm the successful preparation of HZBL, a series of char-
acterizations were carried out. As shown in X-ray photoelectron spec-
troscopy (XPS) results, the characteristic peaks of C‒O and C=O can be 
observed in both C 1s (Fig. 1b) and O 1s (Fig. 1c) spectra of HZBL [41, 
42]. The appearance of C‒F in C 1s spectrum is consistent with that in F 
1s spectrum (Fig. S1) [43]. Then, in Fourier transform infrared spec-
trometer (FTIR) (Fig. 2d) spectrum, the characteristic peaks of 3428 
cm− 1 and 1620 cm− 1 are attributed to the emerging of O‒H. And the 
absorption peaks located at 1723 cm− 1, 840 cm− 1 and 510 cm− 1 are 
related to the existence of C=O (vibrating), CH2 (rocking) and CF2 
(bending), respectively [44,45]. The flow diagram about the preparation 
of HZBL-Zn is shown in Fig. S2. During this progress, HZBL was first 
evenly dissolved in NMP with constant stirring for 7 days to produce 
sample solution. Then, the as-prepared solution was tiled on the surface 
of Zn anode by spin coating method. The successful preparation of 
HZBL-Zn was also proved. According to the scanning electron micro-
scopy (SEM) images, HZBL-Zn (Fig. 2e) delivers a much smoother and 
flatter surface than bare Zn (Fig. S3). And around 15 μm coating 
thickness in this work (Fig. 2f) is much thinner than that of the reported 
one [46]. Importantly, the close contact of HZBL and Zn anode can be 
clearly seen from the element mapping images (Fig. 2g), with uniform 

distribution of C, O, F elements on Zn. This is mainly ascribed to the 
strong adhesion of oxygen-containing functional groups to Zn metal. 

In order to testify the improved anti-corrosion properties of the Zn 
anodes with designed layer, bare Zn, HZBL-Zn were soaked in 2 M ZnSO4 
electrolyte for 14 days. As shown in Fig. S4, the optical photos of two 
initial Zn foils all present their metallic luster. However, after being 
soaked and drying in the air, the surface flatness of them differs signif-
icantly. Apparently, a large number white blocks are observed on bare 
Zn after being soaked for 14 days compared to much cleaner and flatter 
surface of HZBL-Zn, which is consistent with SEM results (Fig. S5). The 
different surface conditions of the as-two foils after long-time immersion 
disclose that HZBL can prevent Zn surface from direct contact with 
electrolytes to inhibit corrosion. Further, taffel test was conducted to 
prove the positive effect of HZBL on interfacial corrosion of Zn anode in 
2 M ZnSO4 solution (Fig. S6). It is obvious that HZBL-Zn exhibits an 
increased corrosion potential from -1.09 V to -1.06 V and a decreased 
corrosion current from 2.27 mA cm− 2 to 0.79 mA cm− 2 compared to 
bare Zn. These changes demonstrate that with HZBL, Zn anode delivers a 
lower tendency to be corroded and a lower corrosion rate [47]. Mean-
while, the effect of the modified layer on HER can also be verified by 
linear polarization curves (Figure S7). HZBL-Zn shows higher over-
potential of HER than that of bare Zn, further reflecting that the HZBL 
can suppress HER on Zn surface. 

Besides corrosion suppression, it is also essential for artificial layer to 
regulate the transmission and growth behavior of Zn to avoid dendrites. 
PVDF was coated on Zn foil (denoted as PVDF-Zn) as control sample to 
highlight the superiority of our HZBL on restricting Zn uniform depo-
sition. Symmetrical Zn cells were assembled in a transparent tank to 
obtain Zn-deposited anodes. Apparently in digital photos, HZBL-Zn de-
livers a uniform surface appearance after Zn plating, while Zn is un-
evenly and randomly deposited on bare Zn and PVDF-Zn (Fig. S8). This 
sharp difference can also be identified in their cross-sectional SEM im-
ages (Fig. 3a,b and Fig. S9). It is obvious in Fig. 3b that deposited Zn is 
uniformly distributed under the intact HZBL, which is consistent with its 
plane SEM image in Fig. S10, meanwhile indicating the strong 

Fig. 2. Designed synthesis and characterizations of HZBL-Zn. a) The structure diagram of repeating units of HZBL. b, c) XPS C 1s and O 1s spectrum of HZBL, 
respectively. d) FTIR spectrum of HZBL. e) Plane and f) cross-sectional SEM images of initial HZBL-Zn. g) Element mapping images of cross-section for HZBL-Zn. 
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mechanical properties of this artificial layer. Then, we used a four-point 
probe tester (HPS2661) to test the resistance value of HZBL membrane. 
According to the result, the resistivity of HZBL membrane is beyond the 
range of 2 MΩ cm− 1, which can be considered electrical insulation. 
Thus, when HZBL is coated on Zn surface, plated Zn will grow under 
HZBL layer. To visually evaluate the influence of HZBL on uniform 
deposition, an in-situ observation was conducted under an optical mi-
croscopy. That is to monitor the evolution of the Zn-electrode surface 
morphology under 10 mA cm− 2 for 30 min. As Fig. 3c shows, the Zn 
deposition on bare Zn surface has been already nonuniform with messy 
protuberances within the first 10 minutes. And gradually, spiny den-
drites appear over time since zinc ions prefer to deposit on existing 
protrusions. If these dendrites continue to grow, they will pierce the 
glass fiber to connect the electrodes, resulting in short circuit of the 
battery, which causes great trouble to its application. In Fig. S11, 
although sharp dendrites like those on the surface of bare Zn cannot be 
seen on PVDF-Zn surface, it is obvious that the nucleation of Zn 
remained uneven. This is mainly due to the increased surface polariza-
tion caused by the hydrophobicity of PVDF. In sharp contrast, HZBL-Zn 
surface keeps flat and smooth during the whole plating process and 
almost no protrusions form, indicating that HZBL can restrain the 
deposition of zinc ions (Fig. 3d). 

Additionally, chronoamperometry (CA) test was conducted to 
examine the intrinsic mechanism of Zn nucleation and growth. That is to 
apply an overpotential of − 150 mV on symmetric cells and record 
current-time profiles. As shown in Fig. 3e, the current of bare Zn con-
tinues to increase during the whole process while that of HZBL-Zn rea-
ches 9.7 mA cm− 2 within 30 s and remains stable for the rest of the time. 
In fact, an increased current indicates a 2D diffusion process where zinc 
ions are inclined to aggregate and form dendrites to minimize specific 
surface area and surface energy [48]. And a stable current indicates a 3D 
state, which is ascribed to an additional energy barrier provided by 
HZBL to force zinc ions to nucleate in very close sites and facilitate 
uniform growth [49]. This energy barrier is derived from the strong 
adsorption of zinc ion with zincophilic ‒COOH group on HZBL, which is 

confirmed by DFT calculation results. As shown in Fig. 3f and Fig. S12, 
the adsorption energy of zinc ion with ‒F group on PVDF (-2.66 eV) and 
‒F group on HZBL (-2.80 eV) is lower than the binding energy of zinc ion 
with water molecule (-3.08 eV), while the adsorption energy of zinc ion 
with zincophilic ‒COOH group on HZBL (-3.59 eV) is the highest. The 
comparison result demonstrates that zinc ions are prone to combine with 
‒COOH groups on HZBL and -F groups cannot realize Zn uniform 
plating. So that under the effect of electric field, zincophilic ‒COOH 
groups in HZBL will form uniform pathways with multiple transfer sites 
for zinc ions, thus restraining the process of their deposition. 

Since solvated zinc ions must be released to be free ions when they 
pass through HP from diffusion layer to perform plating behavior in IHP, 
the desolvation process is crucial to the stability of Zn anodes. The EIS 
measurements of bare Zn, PVDF-Zn and HZBL-Zn symmetric cells at 
different temperatures were conducted to obtain their activation energy 
during Zn deposition (Fig. S13). HZBL-Zn cell delivers lower charge- 
transfer resistance than the other two cells under different tempera-
tures. According to the Arrhenius equation [50], the activation energy of 
HZBL-Zn is calculated as 26.02 kJ mol− 1, much lower than 30.66 kJ 
mol− 1 of PVDF-Zn and 31.15 kJ mol− 1 of bare Zn (Fig. S14). The 
decreased activation energy of HZBL-Zn indicats that HZBL could pro-
mote the transfer rate and desolvation process of zinc ions, which was 
confirmed by DFT results of the desolvation energy on different Zn an-
odes. As depicted in Fig. 4a, each zinc ion will form a solvated structure 
with six water molecules, which delivers a high desolvation energy of 
-9.72 eV. Meanwhile, without protection, the removed active water 
molecules will directly contact with Zn metal surface to induce corro-
sion. However, the desolvation energy of zinc ion is reduced to -6.79 eV 
with the protection of our designed HZBL (Fig. 4b), which greatly 
improve the kinetics of Zn plating/stripping and ensure uniform depo-
sition. Importantly, due to the hydrophobic skeleton of HZBL, the 
removed water molecules will be isolated from metal surface, thus 
preventing corrosion and realizing highly stable Zn metal anodes. 

The cycling reversibility and stability in a long-term electrochemical 
environment is an important basis for evaluating the quality of Zn 

Fig. 3. Characterizations of Zn plating behavior on HZBL-Zn. Cross-sectional SEM images of a) bare Zn and b) HZBL-Zn after continuous Zn plating/stripping at a 
current density of 2 mA cm− 2 in transparent symmetrical cells for 1 h. In situ optical microscope results of c) bare Zn and d) HZBL-Zn at the current density of 10 mA 
cm− 2. Scale bar: 200 µm. e) CAs of bare Zn and HZBL-Zn at a -150 mV overpotential. f) DFT calculation results for adsorption energy of zinc ion with ‒F groups and ‒ 
COOH groups on HZBL. 
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anodes. As shown in Fig. 5a, HZBL-Zn symmetric cells display much 
longer lifespan of 2500 h at 1 mA cm− 2/1 mAh cm− 2 than PVDF-Zn (350 
h) and bare Zn (190 h) cells. It is obvious in the inserts that HZBL-Zn 
leads cells to a smaller and more stable polarization voltage (around 
40 mV), which is mainly because HZBL can promote the desolvation 

process of zinc ions and accelerate ion transport. Surprisingly, such a 
long lifespan is superior to most of the reported Zn anodes with other 
different coating layers (Table S1). Then, X-ray diffraction (XRD) was 
conducted to analyze the different corrosion conditions between bare Zn 
and HZBL-Zn surface after 100 cycles (200 h). In Fig. 5c, cycled HZBL-Zn 

Fig. 4. Mechanism of the transmission and deposition process of zinc ions. Schematic diagrams of the desolvation and deposition process of zinc ions on a) bare Zn 
and b) HZBL-Zn. 

Fig. 5. Reversibility of Zn plating/stripping behavior in different symmetric cells. a) Long-term cycling performance of bare Zn||bare Zn, PVDF-Zn||PVDF-Zn and 
HZBL-Zn||HZBL-Zn at constant current density of 1 mA cm− 2 with the inset showing partial enlarged profiles of them. b) Voltage-time profiles of Zn symmetric cells 
with bare Zn and HZBL-Zn at 12 mA cm− 2, 6 mAh cm− 2. c) XRD patterns of bare Zn and HZBL-Zn and corresponding SEM images of d) bare Zn and e) HZBL-Zn after 
cycling for 200 h at current density of 1 mA cm− 2. f) CE of long-term cycles in Zn||bare Cu and Zn||HZBL-Cu at a current density of 2 mA cm− 2. g) Comparison 
between this work and others about CE and cycle number. 
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delivers much weaker peaks of by-products Zn4(OH)6SO4⋅xH2O 
compared to cycled bare Zn, which suggests the important role of HZBL 
in terms of anti-corrosion. Correspondingly, many irregular protrusions 
and fibrous substances are observed on the surface of cycled bare Zn 
after (Fig. 5d), which indicates that dendrites might have punctured the 
separator. However, cycled HZBL-Zn remained flat and clean, with few 
dendrites on it (Fig. 5e). Even as the current density and areal capacity 
are increased to 12 mA cm− 2 and 6 mAh cm− 2 in Fig. 5b, HZBL-Zn cells 
can circulate stably for 1000 h with polarization voltage of 160 mV, 
proving the enhanced ability of HZBL to inhibit dendrite growth and 
corrosion on the surface of Zn anodes. In sharp contrast, bare Zn cell is 
unbearable to this high current density and failed after several cycles. 
The rapid failure of bare Zn cells should be attributed to drastic dendrite 
growth and unstoppable electrolyte corrosion at the solid-liquid inter-
face (Fig. S15). The increased overpotential from 40 mV of 1 mA cm− 2 to 
160 mV of 12 mA cm− 2 should be attributed to the positive relativity of 
overpotential with current rate, and the shorter cycle time of cells under 
12 mA cm− 2 is due to the decreased Sand’s time [51]. 

Further, the improved rate performance of coated Zn anodes was also 
proved. With current density increased from 0.2 to 10 mA cm− 2, HZBL- 
Zn cells display almost no obvious fluctuation in the voltage range 
compared to bare Zn cell that is more sensitive to current changes 
(Fig. S16). The conductivity of zinc ions was determined by EIS test 
(Fig. S17). Calculation and analysis show that the ionic conductivity of 
HZBL is 1.17 mS cm− 1, much higher than that of PVDF layer (0.59 mS 
cm− 1). The enhanced ionic conductivity of HZBL should be ascribed to 
the zincophilic groups favoring the migration of zinc ions. The excellent 
rate performance of HZBL-Zn cells should be ascribed to enhanced 
transfer rate of zinc ions at the solid-liquid interface, which is consistent 
with the enhanced hydrophilicity. The dynamic contact angle test was 
conducted to confirm the enhanced hydrophilicity of HZBL-Zn at room 
temperature, and the results were illustrated in Fig. S18. Due to the 
intrinsic hydrophobicity of PVDF, the initial contact angle of PVDF-Zn is 
the largest initially and delivers the minimize decrease after 20 min. 
However, the contact angle of HZBL-Zn is smaller than bare Zn. From the 
perspective of thermodynamics, zinc ions display faster transfer rate and 
more uniform deposition on HZBL-Zn surface where the interfacial free 
energy between electrode and electrolyte is reduced because of the 
enhanced hydrophilicity [52]. Meanwhile, the electrochemical imped-
ance spectroscopy (EIS) of symmetric cells was measured after different 
cycles. As shown in Fig. S19, the impedance of bare Zn cells delivers an 
intense fluctuation and is always greater than that of HZBL-Zn. The 
reason of this difference in stability might be attributed to the fewer 
by-products and dendrites on HZBL-Zn. 

The Zn||Cu cells were constructed to further explore the CE (defined 
as the amount of plating/stripping) of limited Zn in enclosed environ-
ment, which is also crucial to the lifespan of anodes. PVDF and designed 
HZBL were coated on Cu foils by the same preparation method as HZBL- 
Zn (denoted as PVDF-Cu and HZBL-Cu, respectively). The mechanism of 
this test is that 1 mAh cm− 2 of zinc ions is first dissolved from Zn metal 
anodes and deposited on the working electrode Cu while discharging, 
and then check how many zinc ions can be peeled off from the Cu during 
charging. As apparently shown in Fig. 5f, the CE of bare Cu fluctuates 
drastically at 180 cycles, even reaching 150%, indicating the short- 
circuiting of battery. Because of the intrinsic hydrophobicity, PVDF-Cu 
cells failed at the 170th cycle with an average CE of 99.42% 
(Fig. S20). In sharp contrast, HZBL-Cu cells display incredible stability 
for 2700 cycles (15 times longer than that of bare Cu cells) with the 
average CE of 99.88%. Fig. 5g represents the ultra-long cycle number 
and ultra-high average CE of HZBL-Cu when compared with other 
excellent works, proving its rationality and feasibility. Moreover, the 
enhanced cyclability and reversibility of coated Cu can also be 
confirmed by comparing the variation of polarization voltages between 
bare Cu cell and HZBL-Cu cell. In Fig. S21, the polarization voltage of 
bare Cu cell at the first cycle is 46.7 mV and it increases to 65.3 mV just 
after 100 cycles. Such a large change demonstrates that the plating and 

stripping of zinc ions without constraint is unstable. However, even after 
2500 cycles, the polarization voltage of HZBL-Cu cell is still smaller than 
that of bare Cu cell, with a negligible change of 7 mV. This great supe-
riority of HZBL-Cu in stability should give credit to the hydrophobic and 
uniform pathways for zinc ions. The SEM images of bare Cu and HZBL- 
Cu after 150 cycles are shown in Fig. S22. It can be seen that a large 
number of irregular block crystals are randomly covered on the surface 
of bare Cu and even pierced into the separator, which caused the crash of 
cells. By contrast, HZBL-Cu remains clean and smooth without pores or 
cracks. Meanwhile, the lower voltage hysteresis and nucleation over-
potential of HZBL-Cu cells (Fig. S23) demonstrate that more sites for the 
deposition of zinc ions could be provided, thereby in a manner pro-
moting the uniform deposition. 

The contribution of HZBL-Zn to AZBs in full cells was further esti-
mated by assembling with MnO2 as cathodes. Traditional hydrothermal 
method was adopted to synthesize the cathode material MnO2, whose 
morphology and purity were affirmed by SEM and XRD (Fig. S24 and 
Fig. S25), respectively. In order to prevent the disproportionation re-
action of MnO2 from affecting the evaluation of anode materials, 0.2 M 
MnSO4 serving as additive was mixed with 2 M ZnSO4. The stark 
contrast of the long-term cycling property between cells with bare Zn 
and HZBL-Zn is depicted in Fig. 6a. When tested at the current density of 
3 C (C = 308 mA g− 1) and voltage range of 0.9-1.8 V, HZBL-Zn||MnO2 
presents an initial discharge specific capacity of 206.7 mAh g− 1, slightly 
higher than that of bare Zn||MnO2 (198.9 mAh g− 1), and remains 166.1 
mAh g− 1 after 900 cycles with a high retention of 80.4%. Not surpris-
ingly, the capacity of bare Zn||MnO2 decays to 99.3 mAh g− 1, with a 
much lower retention of only 49.9%. As can be seen, the CEs of both the 
as-mentioned two full cells are above 99%. The better cycling perfor-
mance of HZBL-Zn full cells should be ascribed to the ability of coating 
layer to inhibit side reaction and Zn dendrites, which is confirmed by the 
smooth surface of cycled HZBL-Zn (Fig. S26). It is apparent in Fig. 6b 
that the galvanostatic charge/discharge (GCD) curves of cells with bare 
Zn and HZBL-Zn have the similar characteristic platforms except for the 
higher capacity of the latter, which are in line well with their cyclic 
voltammogram (CV) results (Fig. 6c). As expected, there are two pairs of 
oxidation/reduction peaks in CV curves that represent the insertion/ 
extraction reactions of zinc ions or hydrogen ions. Further, it can be 
inferred from Fig. 6d that HZBL-Zn full cell exhibits much better rate 
performance compared with bare Zn full cell. Both cells were examined 
under the current density from 1 C to 10 C. Despite the capacity of the 
bare Zn full cell (263.7 mAh g− 1) and HZBL-Zn full cell (266.7 mAh g− 1) 
are similar at first cycle, the latter can remain 106.8 mAh g− 1 at 10 C and 
rise back to 251.6 mAh g− 1 at 1 C, superior to the former. Even with 
limited Zn sources, HZBL-Zn full cells delivered a high capacity of 1.47 
mAh initially and remained 0.7 mAh after 100 cycles (Fig. S27). 
Conversely, bare Zn full cells displayed an initial capacity of 1.36 mAh 
and decayed rapidly within 35 cycles and failed at around the 70th cycle. 
The better performance of HZBL-Zn in the case of limited Zn source 
should be ascribed to the high reversibility of Zn platting/stripping 
under HZBL. Moreover, another reason of HZBL-Zn to improve the 
performance of its full battery—the designed layer can facilitate ion 
transmission, is indicated by the results of EIS (Fig. 6e). 

In order to further prove the practical application of HZBL-Zn, it was 
packaged with MnO2 into punch cells. As shown in Fig. 6f, the punch cell 
with HZBL-Zn delivered a stable open circuit voltage (OCV) of 1.417V. 
When a couple of the as-mentioned punch cells were in series and served 
as power supply, multiple light-emitting diodes (LEDs) could be suc-
cessfully lighted up (Fig. 6g). Surprisingly, the OCV of the punch cell 
presented almost no or a little decrease after being folded and cut, 
demonstrating its intrinsic flexibility and safety (Fig. 6h,i). As shown in 
Fig. S28, the HZBL-Zn pouch cell keeps stable for 130 cycles and displays 
a high capacity retention of 85.9% (compared to the highest specific 
capacity of 205.1 mAh g− 1). The truth can be concluded from these test 
that the unique design in this work can not only solve the corrosion and 
dendrite-growth issues but adapt to practical application. 
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Conclusion 

To sum up, we have designed a novel HZBL on the surface of Zn 
anodes to realize highly stable anodes in AZBs. Through the reorgani-
zation of functional groups, the as-prepared HZBL provides hydrophobic 
and uniform pathways for zinc ions. On the one hand, hydrophobic 
skeleton only allow zinc ions to pass through, which can effectively 
inhibit the HER by prohibiting Zn metal from directly connecting with 
electrolyte. On the other hand, a succession of zincophilic ‒COOH 
groups on sidechains have strong interaction with zinc ions, which can 
propel the transport of zinc ions and restrict its deposition to ameliorate 
dendrite growth. As a result, the symmetrical cells with HZBL-Zn pro-
long the lifespan to 2700 h at a current density of 1 mA cm− 2. Moreover, 
Zn||HZBL-Cu delivers an ultrahigh average CE of 99.88% after 2700 
cycles, which is 15 times longer than Zn||bare Cu. Importantly, the su-
periority of coated Zn in practical application is also confirmed in full 
batteries coupled with MnO2. Compared with bare Zn||MnO2, the full 
cell with HZBL-Zn produces a higher capacity retention of 80.4% after 
900 cycles at 3 C. This unique design of HZBL is expected to open up a 
bright avenue for the development of high-performance metal anodes in 
aqueous rechargeable batteries. 
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Fig. 6. Electrochemical performance of full cells with HZBL-Zn. a) CE and specific discharge capacity of full cells with bare Zn and HZBL-Zn at 3 C and their b) GCD 
curves. c) Corresponding CV profiles of full cells. d) Rate performance and e) EIS results of full cell with bare Zn and HZBL-Zn. Digital photos of f) OCV of a punch cell 
with HZBL-Zn, g) bright LEDs powered by a couple of in series punch cells, OCV of the punch after being h) bent and i) cut. 
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