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Metallic Zn is a promising anode for aqueous Zn-ion batteries, but it suffers from dendrite formation, corrosion,
and surface passivation during cycling that severely jeopardize the lifetime and charge/discharge kinetics of the
battery. Herein, we propose a delayed nucleation strategy to improve the performance of Zn anodes. Through a
liquid metal (LM) interlayer, the reduction and deposition of Zn are temporally and spatially separated, and thus

fast Zn redox kinetics and dendrite-free Zn (002) deposition can be simultaneously achieved. The accordingly
designed flexible anode (Zn@LM-AgT) demonstrates a stabilized Zn plating/stripping cycling over 700 h with a
significantly reduced overpotential. When coupled with a vanadium-based cathode, the full cell delivers a six-
times higher remaining capacity after 1000 cycles than the reference cell. Moreover, flexible batteries with good
deformability are also fabricated with the Zn@LM-AgT anode, confirming the practicability of the LM interlayer.
The delayed nucleation mechanism provides a novel approach to the high-performance metallic anodes.

1. Introduction

Compared with the widely used Li-ion batteries, mild aqueous Zn-ion
batteries are cheaper, safer, and more eco-friendly, which have gained
significant interests over the past few years. Their anode, metallic Zn, is
nontoxic and high-capacity (820 mAh g~1), making Zn-ion batteries
ideal for wearable devices and grid-scale energy storage [1-4]. How-
ever, several drawbacks associated with Zn anodes, such as dendrite
growth, corrosion, and surface passivation, severely hinder further ad-
vancements in this technology. To be specific, firstly, Zn?" ions prefer to
deposit on the local inhomogeneities with concentrated charge on the
substrate, and eventually form a porous deposition morphology
composed of rampant dendrites. With a high elastic modulus (~108
Gpa) [5], Zn dendrites bring the risk of separator penetration and bat-
tery short-circuit. In addition, the porous deposition layer produces
“dead” Zn easily, which is responsible for the poor cycling life and the
deteriorated anode/electrolyte interface. Secondly, Zn is thermody-
namically unstable against aqueous electrolytes, meaning that hydrogen
evolution reaction (HER) alone with Zn corrosion and passivation is
inevitable during battery operation. This not only induces low
Coulombic efficiency (CE), but also slows down the interfacial charge
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transfer and increases battery resistance.

To tackle the above problems of Zn anodes, various strategies have
been employed. For example, functional coating layers such as in-
organics [6-8], polymers [9,10], and metal-organic frameworks (MOFs)
[11,12] on top of Zn anodes can favor a uniform Zn deposition through
modulating Zn?" flux or providing zincophilic sites. Three-dimensional
(3D) current collectors like Zn sponge [13], Cu foam [14], and porous
carbon [15] are able to alleviate dendrite growth by increasing the
surface area and reducing the current density of anodes. Deliberately
engineered electrolyte compositions with inorganic [16,17] or organic
[18,19] additives help reduce the side reactions and stabilize the ano-
de/electrolyte interface through generating protection layers or tuning
the coordination environment of Zn?* ions. However, despite the much
progress has been made, it still remains a daunting challenge for Zn
anodes to simultaneously preserve a dense metallic deposit and fast
interfacial charge transfer during cycling. Moreover, in wearable de-
vices, one of the most promising application scenarios of Zn-ion batte-
ries, higher demands are put forward on Zn anodes, which should be
flexible as well as maintain dynamic stability at the anode/electrolyte
interface. But, the Zn plating/stripping behavior on flexible substrates is
rarely investigated [20].
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In this work, we report a dendrite-free flexible Zn anode (LM-AgT)
based on a Galinstan liquid metal (LM) coating layer and a silvercoated
Nylon textile (AgT) conductive substrate. The LM demonstrates good
affinity for the silver on the AgT and is able to tightly adhere to the
anodes under deformation. Unlike routine solid/liquid anode/electro-
lyte interfaces, the LM interlayer establishes a liquid/liquid contact
between the anode and electrolyte [21,22]. Thus, the interfacial charge
transfer is significantly boosted, resulting in a very small Zn redox
overpotential. More important, the LM interlayer supports a “delayed”
Zn nucleation mechanism during cycling, which contributes not only
fast Zn redox kinetics but also dendrite-free Zn (002) deposition. Such
merits of the delayed nucleation are detailedly discussed through a se-
ries of electrochemical analyses and density functional theory (DFT)
calculations. At last, both coin-type and flexible cells are fabricated and
tested to confirm the advancement of the LM-AgT anode.

2. Results and discussion
2.1. Design and Characterization of the LM-AgT Anode

The conceptual design of the LM-AgT anode is schematically depic-
ted in Fig. 1. The LM-AgT anode (Fig. Sla) was prepared by simply
brushing liquid metal on a piece of AgT substrate (Fig. S1c). We chose
the AgT as the flexible current collector, considering its high electrical
conductivity and the good wettability of LM on silver [23,24]. To study
the positive effect of the LM interlayer on the electrochemical proper-
ties, the pristine AgT was also characterized as a comparison. The Zn
deposition behavior on the two anodes was first investigated by chro-
noamperometry (CA) and galvanostatic techniques. In the CA profiles
(Fig. S2), the current density kept growing for the bare AgT but steadied
within 10 seconds for the LM-AgT, indicating that the LM provided a
more stable interphase for Zn deposition. As shown in Fig. 2a, under
galvanostatic deposition the AgT anode demonstrates a typical two-step
plating process. The tip (-133 mV) of the voltage curve represents Zn
nucleation, and the subsequent plateau corresponds to the growth of
deposited Zn [25]. The AgT shows a large voltage hysteresis of about 40
mV, indicating a considerable barrier for Zn deposition. In sharp
contrast, after the LM interlayer was introduced, a 10 times smaller
voltage hysteresis (4 mV) is observed in the LM-AgT, meaning that the
Zn plating barrier has been significantly reduced. To further elucidate
this, cyclic voltammetry (CV) tests were performed on Zn|AgT and Zn|
LM-AgT cells, as displayed in Fig. 2b. During the cathodic scan, Zn%*
reduction on LM-AgT (-30 mV) occurred prior to that on AgT (-68 mV),
which is consistent with the results of galvanostatic deposition.
Furthermore, the CV of the Zn|LM-AgT cell manifests more intense peak
currents, suggesting that the Zn redox kinetics on the anode is saliently
accelerated. The electrochemical impedance spectroscopy (EIS) results
of Zn|AgT and Zn|LM-AgT cells before and after Zn deposition were also
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Fig. 1. Schematic illustration for the design of the LM-AgT anode.
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compared. As shown in Fig. 2e, the interfacial charge transfer resistance
(Ret = Ry + Ryp) of the Zn|LM-AgT cell (27.7 Q) was only one quarter of
the Zn|AgT cell (107.5 Q) upon battery assembly, which decreased to
about 11.0 Q after 10 mAh cm ™2 Zn deposition. We attribute the small
Rt and the fast Zn redox kinetics of the LM-AgT anode to the liquid/-
liquid contact between the LM interlayer and the bulk electrolyte.
Although the two liquids are not miscible, the wettability of the LM-AgT
anode in electrolyte has been effectively improved, as characterized by
the contact angles of the two anodes with the electrolyte (Fig. 2c and d).
It is worth noting that the wettability of LM-AgT is also much better than
bare Zn anodes (Fig. S3).

The Zn (10 mAh cm™2) deposited anodes, denoted as Zn@LM-AgT
and Zn@AgT were used to fabricate symmetric cells and full cells in
the following study. Because the textile substrate has a 3D structure
(Fig. S4) with good electrical conductivity, uniform Zn deposition is
obtained on both anodes, as inferred from their smooth surfaces in
Fig. S1b and S1d. However, when observed with a scanning electron
microscope (SEM), the morphologies of platted Zn are quite different.
For Zn@AgT (Fig. 2i), porous and loose Zn flakes were found grown on
the fibers. While in stark contrast to the counterpart, dense metallic Zn
formed underneath the LM interlayer of LM-AgT (Fig. 2j). The results
stringently prove that the LM interlayer favors compact and dendrite-
free Zn deposition, which is essential for high reversibility and a long
battery lifespan. Such a deposition mechanism of LM-AgT will be
detailedly discussed in the following part. The average Coulombic effi-
ciency of the two samples was assessed in accordance with the approach
suggested by Xu et al. [26]. The LM-AgT exhibits a respectable average
CE of 94.3% for the first 20 cycles, as shown in Fig. S5. However, an
unexpected battery short-circuit causes the CE test for the bare AgT to
fail. The galvanostatic Zn plating/stripping performance was investi-
gated through the symmetric cells assembled with Zn@AgT and
Zn@LM-AgT, respectively. Fig. 2h shows the long-term cycling voltage
curves at 2 mA cm 2. The over potential of Zn@LM-AgT increased
slightly from 43 to 97 mV over 700 h, while in the scenario of Zn@AgT,
its over potential rapidly grew to about 300 mV in 200 h and became
shortcircuited soon afterwards. In the meantime, under different current
densities (Fig. 2g), the Zn@LM-AgT reveals not only smaller polariza-
tion, but also higher critical current compared with its counterpart. It
can survive a 20 mAh cm 2 deposition current without short circuit, but
the Zn@AgT is dead under 3 mAh cm™~2. The activation energy (Ea) is
used to evaluate the charge transfer barrier on the anodes [27]. As
calculated by the Arrhenius relationship between R (Fig. S6) and
temperature, the Ea is determined to be 46.22 and 52.38 kJ mol ™! for
the Zn@LM-AgT and Zn@AgT, respectively (Fig. S7). A smaller Ea is
obtained with the LM interlayer, indicating it facilitates the transfer and
the deposition kinetics of Zn?*. The Tafel plots of the symmetric cells
were further tested, as shown in Fig. 2f. Benefited from the LM inter-
layer, an increased corrosion potential is observed in the Zn@LM-AgT
anode, suggesting a higher resistance against HER in aqueous electro-
lyte. Moreover, the LM droplet still demonstrates a shiny appearance
after being immerged in electrolyte for 10 days (Fig. S8), confirming its
stability as an anode protection layer. Collectively, the LM has shown its
merits in stabilizing the anode/electrolyte interface, accelerating Zn
redox, and suppressing dendrite growth.

2.2. Zn Deposition Mechanism of the LM-AgT Anode

It has been reported that in aqueous electrolytes, Zn (100) and Zn
(101) crystal planes on bare Zn anode grow faster [28,29], which usually
leads to typical flaky dendrites like in Fig. 2i. While when the Zn (002)
plane dominates, a dense structure parallel aligned to the substrate will
be obtained. Therefore, to further investigate the influence of the LM
interlayer on Zn deposition, X-ray diffraction (XRD) tests were per-
formed on the anodes. Fig. 3a shows the XRD patterns of Zn@LM-AgT
and Zn@AgT with different deposition capacities. For Zn@AgT, (101)
is the dominated Zn crystal plane and the ratio of the integrated
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Fig. 2. a) Galvanostatic voltage profiles of Zn deposition on AgT and LM-AgT anodes at 2 mA cm™~2. b) CV curves of Zn|AgT and Zn|LM-AgT cells at a scan rate of 0.5
mV s~ 1. Optical images of the contact angles for ¢) AgT and d) LM-AgT with ZnSO, electrolyte. e) EIS profiles of Zn|AgT and Zn|LM-AgT cells before and after Zn
deposition at 1 mA cm ™2, 10 mAh cm 2. The inset shows the corresponding equivalent circuit model. f) Tafel plots for Zn@AgT and Zn@LM-AgT symmetric cells at a

scan rate of 1 mV s !

images of i) AgT and j) LM-AgT after Zn deposition.

intensities for (002) and (101) peaks (Ing2/1101) is almost constant (about
0.45) during Zn deposition, as displayed by the histogram in Fig. 3b. For
Zn@ LM-AgT, a high Ipo2/I101 of 4.5 is observed at the beginning of the
deposition (1.0 mAh cm™2), which decreases gradually to 1.6 when the
deposition capacity reaches 10 mAh cm 2. The XRD results indicate that
the above superior plating/stripping lifespan of Zn@LM-AgT anode
originates from the Zn (002) deposition realized by the LM interlayer. In
addition, we also found that a part of the deposited Zn alloyed with the
silver coating, as the diffraction peak belonging to AgZns (101) was
detected in both samples.

To clearly inspect the Zn deposition morphology modulated by the
LM interlayer, two-dimensional copper foils were further studied as the
current collector instead of the 3D AgT, labeled as Cu and LM-Cu,
respectively. Fig. 3c is the SEM image of the Cu current collector with
5 mAh em 2 plated Zn. A typical porous topography composed of hex-
agonal Zn flakes with random orientations is observed, which is agreed
with the previous reports [30,31]. In order to characterize the plated Zn
underneath LM, the Zn@LM-Cu was treated with ultrasonic vibration to
flick off the LM layer before SEM test. As shown in Fig. 3f, large Zn flakes
are compactly tiled on the Cu substrate, which indicates a planar growth
and well explains the dominated Zn (002) reflection in XRD. Utilizing
the substrates (such as grapheme [5]. and AgZng [28].) with low lattice
mismatch and tuning the Zn?* flux with deliberately designed electro-
lytes [29]. or porous coatings [32]. are routine strategies to realize Zn
(002) deposition. However, here we propose a different mechanism for
the LM coated anodes. The cathodic reaction of Zn anode includes two
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. g) Galvanostatic Zn plating/stripping cycles at different current densities. h) Galvanostatic Zn plating/stripping cycles at 2 mA cm™2 SEM

steps: reduction and deposition. Normally, these two steps are tempo-
rally and spatially consistent, and thus result in slow redox kinetics with
random growth of Zn, as illustrated in Fig. 3d. For the anode coated with
LM, which has a low Zn solubility of about 3.0 wt% at room temperature
[33,34], these two steps are temporally and spatially asynchronous. As
shown in Fig. 3e, the reduced Zn first dissolves in the LM interlayer (Zn;)
and then crystallizes (Znc) from it after saturation. In other words, the
nucleation of crystalline Zn is delayed. Apparently, the energy barrier of
Zn%* to Zny, transformation is smaller than that of Zn?* to Znc. That is
why higher redox kinetics has been observed in the LM-AgT anode with
a liquid/liquid interface. More important, the delayed nucleation and
growth of Zn is restricted within the thin LM interlayer, which induces
the planar growth of Zn (Fig. 3f) with exposed (002) facets. The pro-
posed delayed nucleation mechanism is also supported by the charac-
teristic two-step Zn deposition voltage profile of the LM-AgT in Fig. 2a.
Within the initial 20 min (0.81 mg cm ™2 of reduced Zn, corresponding to
3.2 wt% in LM), it roughly retains a constant overpotential of 60 mV,
representing the reduction of Zn?* to Zny; after 20 min, the slightly
increased overpotential is caused by Zn¢ deposition from the saturated
LM.

Furthermore, DFT calculations were also carried out to elucidate
how the delayed nucleation influenced the performance of the anode.
First, the interface models of the Cu and LM@Cu anodes are established
(Fig. 4a-c). As demonstrated by the electron density difference maps of
the LM@Cu anode (Fig. 4b and c), the unbalanced charge distribution
can be clearly observed, indicating strong interactions and fast Zn
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Zn plating process with/without the LM interlayer. e) XPS analysis of Zn and O elements of the Zn@AgT (top) and Zn@LM-AgT anodes (bottom).

diffusion at the interfaces [35]. Accordingly, the energy barriers for Zn
migration across the interfaces are calculated, as depicted in Fig. 4d. At
the LM/electrolyte interface, the energy barrier for Zn?* to Zny trans-
formation is 0.75 eV, which increases to 1.23 eV when the Znc
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crystalizes from the LM interlayer (Cu/LM interface). While on the bare
Cu current collector, the total energy barrier for Zn reduction and
deposition is 1.91 eV (Cu/electrolyte interface), which is significantly
higher than the delayed nucleation process. This well explains the
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higher Zn redox kinetics facilitated by the LM interlayer. Moreover, the
interface energy is estimated for the Zn nucleuses with (101) and (002)
facets at the Cu/LM interface, which is 17.21 and 14.37 J m™2, respec-
tively. The relatively lower interface energy implies the priority of Zn
(002) growth underneath the LM interlayer. Thus, the high Zn redox
kinetics and dendrite-free Zn (002) deposition have been well expoun-
ded through the delayed nucleation mechanism from both experimental
and theoretical aspects. It is also worth pointing out that the side reac-
tion of the anode can be effectively eliminated by the LM interlayer. As
shown by the X-ray photoelectron spectroscopy (XPS) results in Fig. 4e,
the peaks corresponding to the oxidation state of Zn are seen in the
Zn@AgT sample, but cannot be detected in the Zn@LM-AgT. The Ols
peaks further confirm that no byproduct is formed during Zn deposition
with the LM interlayer, as only absorbed oxygen (ab-O) is found in the
Zn@LM-AgT. Because the reduced Zn is priorly dissolved in the LM
interlayer, it is thus protected from passivation during plating.

2.3. Performance of the Full Cells

Zn-ion full batteries were assembled with an (NH4)2VgO16-1.5H20
(NVO) cathode to evaluate the practicability of the LM interlayer coated
anodes. The NVO cathode material was synthesized through a hydro-
thermal reaction of an NH4VO3 precursor, and its phase was confirmed
by XRD tests (Fig. S9). As expected, saliently improved electrochemical
performance has been observed in the Zn@LM-AgT|NVO cells by virtue
of the high Zn redox kinetics and dendrite-free deposition of the highly
reversible anode. Fig. 5a is the CV profiles at different scan rates of the
two cells with Zn@AgT and Zn@LM-AgT anodes, respectively. Owing to
higher interfacial charge transfer, the Zn@LM-AgT|NVO cell demon-
strates better electrochemical kinetics, as proved by its smaller voltage
polarization and more intensive peak currents. Moreover, according to
previous investigations [36-38], the peak current (i) is correlated to the
scan rate (v): i = av’. Once b approaches 0.5, the capacity is mainly
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attributed to the diffusion-controlled process, while b close to 1 indicates
that a capacitive process is dominated in the capacity contribution. By
means of a logarithmic transformation (Fig. S10), the b values were
calculated and marked in Fig. 5a. Because the charge storage speed of
the anode has been promoted by the LM interlayer, both anodic and
cathodic peaks of the Zn@LM-AgT cell reveal an elevated b value,
implying an excellent high-rate capability with more capacitive contri-
bution. The CV profiles for the first 5 cycles of the cells were also tested
at0.5mV s~!. As shown in Fig. S11, the Zn@LM-AgT|NVO demonstrates
substantially overlapped CV curves ascribed to the good reversibility of
the anode, while its counterpart shows a clear peak shift due to the fast
anode deterioration. Thus, better cycling stability can be envisaged for
the Zn@LM-AgT|NVO cell. To confirm this, the long-term cycling per-
formance of the cells was tested at a current density of 2.0 A g%, As
shown in Fig. 5d, benefiting from the LM interlayer on the anode, the
Zn@LM-AgT|NVO cell delivers not only higher capacity, but also stabler
cycling performance. The remaining capacity after 1000 cycles of the
Zn@LM-AgT|NVO is 163.7 mAh g1, which is about six times higher
than the counterpart (27.1 mAh g~1). The charge/discharge curves in
the selected cycles are plotted in Fig. S12 to elucidate the mechanism for
capacity degradation. During cycling, the polarization of the Zn@AgT|
NVO increased rapidly, indicating that the anode exhaustion should be
responsible for the fast capacity fading. For Zn@LM-AgT|NVO, the
voltage gap between the charge and discharge plateaus was merely
raised by about 0.2 V after 800 cycles. Such good reversibility of the
Zn@LM-AgT anode results in a low capacity fading rate of 0.19 %o per
cycle over 1000 cycles.

The inner resistance of the assembled cells was evaluated by the EIS
results in Fig. 5e. Accordingly, the interfacial impedance (R;) was
determined to be 860.9 and 664.4 Q for Zn@AgT|NVO and Zn@LM-
AgT|NVO, respectively, as simulated with the equivalent circuit in the
inset. A smaller resistance implies better rate capability, so the perfor-
mance of the two cells was further compared at different current rates.
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, respectively. c) Rate per-

formance of the NVO batteries with b) corresponding charge/discharge curves (top, Zn@AgT|NVO; bottom, Zn@LM-AgT|NVO). d) Galvanostatic cycling perfor-
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!, &) Comparison of the EIS profiles for the NVO batteries with different anodes. f) Galvanostatic cycling performance of the

flexible NVO battery at 2 A g~ with bending angles from 0° to 180°. Inset: an image of the assembled flexible NVO battery.
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As shown in Fig. 5S¢, at a low charge/discharge rate of 0.4 A g1, they
show a comparable capacity of about 280.0 mAh g~1. However, as the
current density increases, the advantages of the LM interlayer begin to
emerge. At 4.0 A g~!, the discharge capacity of Zn@LM-AgT|NVO is
165.8 mAh g1, 24 % higher than Zn@AgT|NVO, owing to the boosted
charge transfer at the LM/electrolyte interface. The charge/discharge
curves at corresponding current rates are also displayed in Fig. 5b. The
self-discharge of the full cells was also compared. As shown in Fig. S13,
the fully charged Zn@LM-AgT|NVO and Zn@AgT|NVO release 92.2 %
and 83.9 % of the capacity, respectively, after 24 h of resting. Addi-
tionally, the rested Zn@LM-AgT|NVO preserves a higher open circuit
potential than the counterpart cell. As the two cells were assembled and
tested in the same conditions, the above superior electrochemical per-
formance of Zn@LM-AgT|NVO should be attributed to the unrivalled
merits of the LM interlayer, such as high Zn redox kinetics and revers-
ibility, and dendrite-free planar Zn deposition. Finally, the Zn@LM-AgT|
NVO anode was implemented in a prototype flexible battery (inset of
Fig. 5f) with a polyacrylamide (PAM) based gel electrolyte [39]. It keeps
a stable performance with bending angles changing from 0° to 180°,
exhibiting good flexibility and mechanical durability. Benefiting from
the excellent deformability of the LM, the Zn@LM-AgT anode has shown
its reliability in practical wearable devices.

3. Conclusions

In summary, we have demonstrated a high-performance flexible
anode (LM-AgT) based on a liquid metal interlayer for aqueous Zn-ion
batteries. Unlike routine Zn anodes, the reduction and deposition of
Zn on the LM-AgT anode are temporally and spatially asynchronous, as
the reduced Zn first dissolves in the LM, and then crystalizes from it after
saturation. Benefited from such a delayed nucleation mechanism, the
LM interlayer simultaneously facilitates fast Zn redox kinetics and
dendrite-free Zn (002) deposition, as confirmed both experimentally and
theoretically. Resultantly, the Zn@LM-AgT symmetric cell manifests a
stable plating/stripping cycling over 700 h with a high critical current of
20 mA cm ™2, which is far beyond the counterpart anode without the LM
interlayer. When coupled with the NVO cathode, the Zn@LM-AgT|NVO
full cell delivers a long lifespan of over 1000 cycles with a low capacity
fading rate of 0.19 %o per cycle. The rate capability of the Zn@LM-AgT|
NVO cell is also much superior than its counterpart, especially under
high current densities. Finally, due to the good deformability of the LM
interlayer, flexible batteries are successfully fabricated with stable
cycling performance under different bending angles. The delayed Zn
nucleation mechanism provides a feasible approach to the high redox
kinetics and dendrite-free deposition on arbitrary substrates.

4. Experimental section

Preparation of the flexible anodes: A commercial silvercoated Nylon
textile (Xsilver, Qingdao, China) was rinsed with ethanol and used
directly as the AgT anode. The LM-AgT anode was prepared by simply
brushing Galinstan alloy (68.5% Ga, 21.5% In, and 10.0% Sn by weight)
on a piece of AgT substrate with a LM loading of about 25 mg cm 2. To
prepare the Znloaded anodes, a LM-AgT or AgT was used as the working
electrode to carry out electrochemical Zn deposition. The deposition
current density and capacity were 1 mA em 2 and 10 mAh em ™2,
respectively.

Synthesis of the NVO cathode material: To synthesize the
(NH4)2V6016-1.5H20 cathode material, 1.5 g NH4VO3 was dissolved in
90 mL of deionized water at 80°C by vigorous stirring, into which hy-
drochloric acid was added dropwise until the pH decreased to 1.5. After
stirring for 30 min, the solution was transferred into a Teflon-lined
stainless-steel autoclave and heated at 180°C for 24 h. When cooled
down to room temperature, the precipitate was collected by filtering,
and washed with deionized water to give the (NH4)2V¢O14-1.5H20.

Battery assembly: Unless otherwise specified, the electrochemical
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performance was investigated by CR2032 coin type cells with 2 M ZnSO4
aqueous electrolyte and airlaid paper separators. The LM-AgT or AgT
was cut into 16 mm round pieces for battery assembly. To prepare the
NVO cathode, NVO active material was mixed with acetylene black and
polyvinylidene fluoride (PVDF) in a weight ratio of 7: 2: 1, and then
dispersed in N-methyl-2-pyrrolidone (NMP) to form a homogeneous
slurry. The slurry was coated on a piece of Ti foil current collector and
dried at 80°C in vacuum for 6 h. The active material loading in the
cathode is about 1.7 mg cm™2. Coin type NVO full cells were assembled
with NVO cathodes and Zn@ LM-AgT or Zn@AgT anodes. The depth of
discharge of the anodes in the full cells at 0.4 A g~ ! is estimated to be 5
%. The PAM gel electrolyte was used to fabricate the flexible batteries.
Specifically, 4.6 g ZnSO4-7H50, 2.0 g acrylamide, and 0.4 mg N, N’-
methylenebisacrylamide were dissolved in 6.0 mL of deionized water
under continuous stirring, and then, 10 mg of ammonium persulfate was
added. The mixture was injected between a NVO cathode and a Zn@ LM-
AgT anode, which was heated at 50 °C for 2 h to let the electrolyte
polymerize. The thickness of the gel electrolyte is 1-1.2 mm.

Characterizations: XRD patterns were collected by a Rigaku Miniflex
600 X-ray diffractometer with Cu Ko radiation. SEM tests were per-
formed with a Hitatchi TM3030 Tabletop Microscope. CA, CV, EIS, and
Tafel plots were measured through a CHI-650E electrochemical working
station. XPS results were tested with Thermo Scientific K-Alpha+
equipment. The Zn plating/stripping tests and battery cycling were
performed with a LANHE CT3002A cell test system.

Computation details: First-principles calculations were carried out
using DFT with the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) implemented in the Vienna Ab-Initio
Simulation Package (VASP). The valence electronic states were
expanded on the basis of plane waves with the core-valence interaction
represented using the projector augmented plane wave (PAW) approach
and a cutoff of 520 eV. The brillouin zone integration was sampled with
2 x 2 x 1 K-point meshes for geometry optimization. The structures are
fully relaxed until the maximum force on each atom becomes less than
0.02 eV A~L. The surface models of Zn were cleaved from the optimized
bulk structures with a vacuum thickness of 15 A to suppress the inter-
action between adjacent slabs. A 4 x 4 supercell with 4 atomic layers
was used in our calculations.
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