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ABSTRACT: The formation of dendrites on a zinc (Zn) metal anode has
limited its practical applications on aqueous batteries. Herein, an artificial
composite protective layer consisting of nanosized metal−organic frame-
works (MOFs) to improve the poor wetting effect of aqueous electrolytes
on the Zn anode is proposed to reconstruct the Zn/electrolyte interface. In
this layer, hydrophilic MOF nanoparticles serve as interconnecting
electrolyte reservoirs enabling nanolevel wetting effect as well as regulating
an electrolyte flux on Zn anode. This zincophilic interface exhibits
significantly reduced charge-transfer resistance. As a result, stable and
dendrite-free Zn plating/stripping cycling performance is achieved for over
500 cycles. In addition, especially at higher C-rates, the coating layer
significantly reduces the overpotentials in a Zn/MnO2 aqueous battery during cycling. The proposed principle and method in
this work demonstrate an effective way to reconstruct a stable interface on metal anodes (e.g., Zn) where a conventional solid-
electrolyte interface (SEI) cannot be formed.
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■ INTRODUCTION

Nowadays, research on inexpensive energy storage devices with
excellent performance and a longer cycling life is becoming
increasingly more important.1 Compared with rechargeable
batteries using organic electrolytes such as Li-ion batteries,
water-based secondary batteries have drawn wide attention due
to their low costs, safety, and environmental friendliness, which
makes them suitable for mass production.2 As an outstanding
representative of water-based batteries, zinc (Zn) batteries,
based on metallic Zn anodes, have many advantages such as
abundant natural reserves, inexpensive price, high hydrogen
evolution overpotential, high specific energy, high energy
density, etc. Compared with lead−acid and nickel−cadmium
batteries, zinc-based batteries are nontoxic and noncorrosive.3,4

Zinc metal is still a widely used anode material in many Zn-
based battery systems.5−9 Among battery systems, Zn/MnO2
batteries with neutral aqueous electrolytes demonstrate high
energy density and cycling stability making them highly
desirable for large-scale energy storage.9,10 However, one main
limiting factor for Zn batteries is the poor electrochemical
reversibility of Zn in aqueous electrolytes.11 Similar with Li
anodes, owing to the uneven Zn deposition on the “hostless”
negative electrode, the formation of dendritic metallic Zn
metals could eventually penetrate the separator and cause a
short circuit of the battery.12−14 One possible solution is to
replace the cycled Zn anode with fresh one,15 which is not
practical for large-scale energy grids. Methods such as
electrolyte modification3,16−18 and structured anodes19−26

have been applied to improve the cycling stability of the Zn

anode. Nevertheless, Zn electrodes with a high specific area
suffer from low energy densities and more severe hydrogen
evolution.27 In addition, a backside charge/discharge reaction
configuration of Zn anodes is designed to improve the
longevity of metal-based batteries without short circuit.28

Unlike alkali metal anodes (e.g., Li and Na), solid-electrolyte
interfaces (SEIs) cannot be formed between a Zn metal anode
and an aqueous electrolyte. Consequently, the poorly wetted
Zn anode by aqueous electrolytes could lead to high plating/
stripping polarization; therefore, one promising strategy is to
reconstruct an artificial SEI layer for the Zn anode to achieve a
well-contacted interface. Herein, a thin protective coating layer
that consists of poly(vinylidene fluoride) (PVDF) and an
electrochemically inert microporous metal−organic framework
(MOF) is applied on a Zn electrode by a simple method.
Compared with the bare Zn metal anode, which exhibits poor
wettability by aqueous electrolytes, the microporous structure
of the MOF enables a nanolevel wetting effect with Zn and
creates a zincophilic interface with significantly reduced
interfacial charge-transfer resistance. The nanowetting effect
facilitates an electrolyte flux on the Zn anode to maximize the
interface contact between the solid and liquid resulting in a
uniform Zn plating process at a current density of 3 mA cm−2

for over 500 cycles. Furthermore, Zn/MnO2 aqueous batteries
are also assembled and tested. It is found that compared to
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bare Zn, the coated Zn anode exhibits a significantly improved
rate performance.

■ RESULTS AND DISCUSSIONS

Figure S1a shows the SEM image of as-prepared UIO-66
(Universistetet I Oslo-66) MOFs with an average particle size
of 100 nm. The crystal information of the MOF particles is
examined by X-ray diffraction (XRD). As shown in Figure S1b,
all peaks are consistent with previously reported crystal
structures.29 Furthermore, according to the N2 adsorption/
desorption, results in the BET specific area and BJH pore
volume of the MOF particles, presented in Figure S1c and
Figure S1d, are measured to be 1276 m2 g−1 and 0.64 cm3 g−1,
respectively. The pore size distribution also suggests the
microporous structures of MOF particles. From the cross-
section image of MOF−PVDF-coated Zn (shown in Figure
S2), it can be observed that a dense layer of MOF−PVDF with
an average thickness of 8 μm is coated in the Zn foil.
The wetting abilities of an aqueous electrolyte (3 M ZnSO4

+ 0.1 M MnSO4) on different electrodes are compared in
Figure 1a−c. It can be observed that the wetting angle of the
electrolyte on PVDF-coated Zn (88.5°) is even slightly higher
than that of bare Zn (88.3°), indicating that, due to its
hydrophobic nature, the PVDF coating layer cannot improve
the interfacial property between Zn and the electrolyte. By
contrast, the addition of MOFs facilitates a hydrophilic
interface by significantly lowering the wetting angle to 53.4°,
which can be attributed to the hydrophilic surface and good
water absorption capability of UIO-66 MOFs.30 Since MOF

particles are ideal carriers for the aqueous electrolyte, it is
equally important to investigate the contact between Zn and

Figure 1. (a)−(c) Images of contact angles between the electrolyte and different anodes. (d) Electrochemical impedance spectra of Zn-symmetric
cells with different anodes.

Figure 2. Voltage curves of Zn plating on (a) bare Zn and (b) coated
Zn at various current densities.
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MOF particles, which are impregnated with an aqueous
electrolyte. To explore this issue, first, electrochemical
impedance spectroscopy (EIS) was carried out for Zn-
symmetric cells using different anodes. As shown in Figure
1d, compared with bare Zn, the interfacial charge-transfer
impedance (Rct, represented by the semicircles in the Nyquist
plot) between the electrolyte and Zn anode is significantly
reduced from 2500 to 530 Ω in the presence of the MOF−
PVDF coating layer. This indicates a greatly improved
interfacial contact. To eliminate the effect of zinc oxide, Zn
plating/stripping was carried out for 10 cycles. As shown in
Figure S3, the cell coated with Zn still exhibits lower interfacial

impedances. These results have shown that after impregnated
with a liquid electrolyte, the coating layer exhibits excellent
zincophilic features, which can be attributed to the nano-
wetting effect of MOF particles.31 Then, each MOF nano-
particle is closely contacted with Zn and served as a nanosized
electrolyte reservoir. Consequently, this fully wetted solid−
liquid interface exhibits a much lower charge-transfer
resistance. The densely packed MOF particles also allow fast
ion transport between wetted particle surfaces.
Similar to a lithium-metal deposition process,32 voltage

profiles of galvanostatic Zn plating processes on different
electrodes can be used to evaluate the nucleation energy of Zn
deposition. As shown in Figure 2, the Zn nucleation
overpotentials on bare Zn are measured to be 92, 82, and 74
mV at current densities of 0.5, 1, and 2 mA cm−2, respectively.
In comparison, under the same current densities, the coating
layer has reduced the nucleation overpotentials to 41, 29, and
29 mV, respectively. This result is in positive agreement with
the cyclic voltameter results presented in Figure S4 where
reduced overpotentials were obtained for both Zn deposition
and stripping processes. As a result, the reduced nucleation
overpotentials indicate lower nucleation energies as well as
zincophilic interfaces facilitated by the MOF−PVDF coating.
Ti/Zn cells were also fabricated to measure the Coulombic
efficiency. It can be seen from Figure S5 that the coated Zn
shows higher Coulombic efficiency compared with the bare
Zn, indicating less severe side reactions (e.g., hydrogen
evolution) during Zn plating/stripping on Ti current
collectors.
Zn-symmetric cells were assembled to compare the Zn

plating/stripping performances of different Zn electrodes. As
shown in Figure 3, the current density increased to 7.5 mA
cm−2, and the voltage profiles MOF−PVDF-coated Zn
remained very stable. The cell using bare Zn electrodes were

Figure 3. Voltage profiles of different Zn-symmetric cells using (a)
coated Zn and (b) bare Zn during Zn plating/stripping using step-up
current densities.

Figure 4. Voltage profiles of galvanostatic Zn plating/stripping for
different Zn electrodes at (a) 1 mA cm−2 and (b) 3 mA cm−2.

Figure 5. SEM images of bare Zn foil (a) before cycling and (b, c)
after cycling and MOF-coated Zn foil (d) before cycling and (e, f)
after cycling.

Scheme 1. Proposed Zn Plating Mechanisms on Bare Zn
and MOF−PVDF-Coated Zn
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short-circuited (as evidenced by the impedance spectra shown
in Figure S6) due to the growth of Zn dendrites as the current
density reached 4.5 mA cm−2. This result indicates that the
MOF−PVDF-coated Zn could withstand higher Zn plating/
stripping current density without short circuit. For comparison,
symmetric cells using PVDF-coated Zn electrodes are also
tested. As shown in Figure S7, the voltage curve spiked when
the current density increased to 1.5 mA cm−2, indicating a
large charge-transfer resistance.
Furthermore, the long-term cycling performances of Zn

plating/stripping of different anodes are presented in Figure 4.
The MOF−PVDF-coated Zn electrodes enable stable cycling
for 500 cycles at the current densities of 1 and 3 mA cm−2,
whereas the cells with bare Zn electrodes, under the same
testing condition, short-circuited after around 150 and 125
cycles. The improved cycling performances can be attributed
to more uniform Zn plating/stripping behaviors in the
presence of the coating layer; therefore, it can be clearly
observed in the insets that the overpotentials of Zn plating/
stripping on the MOF−PVDF-coated electrode is also
significantly reduced compared to those on bare Zn. This
further indicates reduced interfacial charge-transfer resistance
enabled by the nanowetted interface. As shown in Figure S8,
under a larger areal plating/stripping capacity of 3 mAh cm−2,
the coated Zn exhibits stable cycling for 100 h, whereas the
bare Zn is short-circuited after 25 h.
To better understand the details of Zn plating/stripping

electrochemistry, the postcycling SEM images of different Zn
electrodes are presented in Figure 5. From Figure 5a−c, it can
be clearly observed that after 200 cycles at a current density of
1 mA cm−2, significant morphology changes can be observed:
not only micron-sized Zn flakes are to be formed but severe Zn
pulverization can also be observed in Figure 5c. By contrast, as
shown in Figure 5d,e, the morphology of the PVDF−MOF-

coated electrode remains almost unchanged after cycling. From
the cross section in Figure 5f, it can be observed that the
MOF−PVDF coating layer remains perfectly intact. Compared
with Figure 5c, a much denser Zn layer is formed under the
MOF−PVDF layer in Figure 5f. The proposed schematic
illustration of different Zn plating mechanisms is presented in
Scheme 1. The poor interfacial wetting of the electrolyte on
the bare Zn anode leads to localized current flow, which
further causes dendrite formation, but, on the other hand, the
MOF particles impregnated with electrolyte enables well-
contacted interfaces and regulates uniform Zn plating, hence
the dendrite formation that can be suppressed.
To investigate the impact of this coating strategy on practical

uses, Zn|MnO2 batteries using bare Zn and the coated Zn
anode are assembled and tested. The XRD pattern of the
cathode material is presented in Figure 6a, which can be
indexed to β-MnO2. In addition, the SEM image of the
prepared δ-MnO2 (Figure S9) exhibits morphology of
nanorods with a diameter of 50 nm. From Figure 6b, it can
be observed that the cell using the MOF−PVDF-coated Zn
anode exhibits much lower interfacial impedance than the cell
using the bare Zn anode, which is in correlation with the
results in Figure 2a. The cyclic voltammograms of both cells
are compared in Figure S10: two cathodic peaks at 1.38 and
1.24 V are attributed to the 2 electron reduction from Mn4+ to
Mn2+, whereas two asymmetric anodic peaks at 1.58 and 1.62
V represent the reverse oxidation processes. Next, rate
capability tests were performed for both cells, and the voltage
curves of both cells are presented in Figure 6c where both
discharging and charging curves exhibit two plateaus, which
correspond to the 2 electron redox reactions. At a C-rate of 0.1
C, the cell using coated Zn exhibits a slightly lower
overpotential compared with the cell using bare Zn due to
the lower interfacial impedance. As the current increases, the

Figure 6. (a) XRD patterns of prepared MnO2 cathode material, (b) electrochemical impedance spectra of Zn/MnO2 cells using different anodes,
and (c) voltage profiles and (d) rate performances of Zn/MnO2 cells using different anodes under different C-rates.
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difference in overpotentials becomes more evident. As a result,
better rate performance is achieved by the cell using the coated
Zn electrode (as shown in Figure 6d). In addition, the long-
term cycling stability of both cells was also tested and
compared in Figure S11. After 5 cycles, the cell with the coated
Zn anode achieved higher capacity retention compared to the
cell using bare Zn, which could be ascribed to the higher
stability of the coated Zn anode.

■ CONCLUSIONS

To summarize, a thin protective layer consisting of MOFs and
PVDF is applied on a Zn anode to pursue stable Zn anodes in
aqueous electrolytes. It is found that instead of a poorly wetted
interface between bare Zn and an aqueous electrolyte, a
zincophilic interface with a lowered Zn plating nucleation
overpotential is achieved by the MOF−PVDF coating layer,
owing to the nanowetting effect of electrolyte-impregnated
MOF nanoparticles. Results have shown that the coated Zn
anode allows stable Zn plating/stripping at a current density of
as high as 7.5 mA cm−2 without short circuit. In addition, a
stable cycling performance is achieved by the coated Zn anode
for over 500 cycles at 3 mA cm−2. It is proposed that uniform
Zn plating is enabled by the nanoscale interfacial contact as
well as the regulated current flow on the Zn electrode, which
further leads to a dendrite-free Zn anode. The performance of
coated Zn is, also, evaluated in a Zn/MnO2 aqueous battery.
The results show that the coating significantly reduces the
overpotential during cycling, especially at higher C-rates.
Improved full-cell cycling stability is also exhibited by the
coated Zn anode. The proposed principle and method in this
work could offer useful guidance on future protection for metal
anodes with dendrite issues.
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