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ARTICLE INFO ABSTRACT

Keywords: Aqueous zinc-ion batteries (AZIBs) based on Zn metal anodes are promising candidates for next-generation
Polyelectrolytes energy storage due to their high performance, environmental friendliness, low cost, and high abundance.
Nanoporous

However, the excessive dendrite growth and continuous hydrogen evolution of Zn metal anodes in aqueous
electrolytes severely deteriorate the electrochemical performance of AZIBs. Here, a highly stable Zn metal anode
is designed by reconstructing its surface with a self-assembled nanoporous polyelectrolytic interlayer. This
unique protective layer consisting of polyacrylic acid-zinc (PAAZn) nanospheres is highly hydrophilic and can act
as a physical barrier to reduce the contact between Zn metal and water molecules, thus suppressing hydrogen
evolution and Zn corrosion. Meanwhile, the unique nanostructures and chemical compositions of the PAAZn
interlayer ensure fast Zn plating/stripping kinetics and facilitate the homogeneous growth of Zn deposits by
redistributing Zn ion flux and local electric field at Zn/electrolyte interfaces. Therefore, symmetric cells based on
the PAAZn-modified Zn metal anode (PAAZn@Zn) exhibited a significantly prolonged cycle life of 2,850 h and
low voltage hysteresis. This work reports a uniquely designed nanoporous polyelectrolytic interlayer for highly
reversible Zn metal anodes and provides a new strategy to enhance the electrochemical performance of AZIBs.

Dendrite growth
Hydrogen evolution
Zinc metal anodes
Zinc-ion batteries

1. Introduction

Rechargeable aqueous batteries are promising candidates for safe,
low-cost, and eco-friendly energy storage in a wide range of applications
from wearable devices to grid-scale applications [1,2]. Among them,
aqueous zinc-ion batteries (AZIBs) based on Zn metal anodes have
become competitive candidates because of their high theoretical ca-
pacity (820 mAh/g), high elemental availability, low toxicity, and
relatively good stability in aqueous electrolytes [3,4]. However, the
widespread usage of AZIBs remains a significant challenge arising from
the unfavorable interfacial chemistry of Zn metal anodes, including se-
vere dendrite growth, fast corrosion, and inevitable parasitic reactions
(e.g., hydrogen evolution reaction — HER) [5,6]. Particularly, the
irregular morphology and preferential growth of Zn deposits and the
uneven ion diffusion within cells result in the continuous, vertical
growth of Zn dendrites during long-term charge/discharge processes
[7,8]. The uncontrollable dendrite growth will severely deteriorate the
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electrochemical performance and induce the internal short circuit in
batteries. Therefore, regulating dendrite growth at the Zn/electrolyte
interface is essential to enable highly reversible Zn metal anodes and
realize the widespread use of AZIBs.

In recent years, considerable efforts have been made to improve the
reversibility of Zn metal anodes and the electrochemical performance of
AZIBs. For instance, incorporating various additives into bulk electro-
lytes, such as 2 M ZnSOy4, has been shown to effectively improve the
reversibility of Zn metal anodes [9-11]. Other techniques, including
functionalizing the separators, reconstructing the Zn surface morphol-
ogies, and controlling the crystallographic characteristics of Zn metal,
can also suppress the dendrite growth and extend the cycle life of AZIBs
[12-15]. Although these methods could improve the reversibility of Zn
metal anodes, complicated fabrication processes and high cost severely
hinder their practical applications. In this regard, low-cost and scalable
strategies by constructing artificial interlayers between Zn metal and
electrolyte have shown great potential to stabilize Zn metal anodes in
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aqueous environments. To date, a wide range of metallic, organic, and
inorganic materials such as liquid alloy [16], Ag [17], Cu [18], Au [19],
carbon-based materials [20,21], gelatin [22], poly zwitterionic ionic
liquid [5], polymeric materials [23,24], AlyO3 [25], TiOy [26-28],
CaCOj3 [29], SiO5 [30] and ZrO, [31,32] have been reported as artificial
interlayers. Among them, polymeric interlayers containing abundant
hydrophilic and zincophilic functional groups are promising candidates
due to their ability to regulate dendrite growth and stabilize Zn metal
anodes by redistributing Zn ion flux, suppressing side reactions, and
homogenizing charge distributions at the artificial interfaces [33].
However, fundamental limitations still exist in conventional polymeric
materials since the ion transport is strongly restricted by the slow
segmental relaxation of polymer chains, leading to low capacities and
poor cycle life in batteries [34,35]. Therefore, designing new polymeric
interlayers that facilitate ion transport through the artificial interfaces
remains an open challenge in the pursuit of highly stable Zn metal
anodes.

Here, we report a self-assembled nanoporous polyelectrolytic inter-
layer to regulate dendrite growth and suppress hydrogen evolution to
achieve highly reversible Zn metal anodes. The electrochemically inert
polyacrylic acid-zinc (PAAZn) nanospheres with abundant zincophilic
carboxyl groups and electrostatically bonded Zn ions can effectively
promote homogeneous Zn deposition, as confirmed by scanning electron
microscopy (SEM). Moreover, the uniquely designed nanoporous inter-
layer is conducive to protect Zn metal from corrosions and undesirable
parasitic reactions in aqueous electrolytes, while ensuring rapid Zn-ion
diffusions and fast charge transfer kinetics at the nanoporous PAAZn-
modified interfaces. Due to these advantages, the symmetric cells
based on PAAZn-modified Zn metal anode (PAAZn@Zn) exhibited low
voltage hysteresis and long cycle life at various current densities (e.g.,
2,850 hat1l mA/cmZ, 800 h at 5 mA/cm?). When paired with sodium-
doped vanadium oxide (NVO) cathodes, assembled PAAZn@Zn||NVO
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full cells displayed significantly increased stability compared with bare
Zn||NVO cells, rendering the uniquely designed PAAZn@Zn anodes a
promising candidate for high-performance AZIBs.

2. Results and discussions

The PAAZn@Zn anodes were prepared via a facile solution-based
process by etching bare Zn in aqueous polyacrylic acid (PAA) solu-
tions, resembling the synthesis of PAA-metal (e.g., Li, Zn, Ca) complexes
reported in prior work [36-38]. During the etching process (Fig. S1), gas
bubbles were produced continuously via chemical reactions, and PAAZn
complex was subsequently formed on the Zn surface. Fig. 1a schemati-
cally shows the overall chemical reaction between PAA and Zn metal in
aqueous environments. This overall reaction includes three steps, as
illustrated in Fig. S2. In the first step, PAA molecules become negatively
charged (PAA™) accompanied by the release of protons (H") because of
the ionization of carboxyl groups [39]. Then, these protons react with Zn
metal to form Zn?" in aqueous environments and result in the generation
of bubbles, which could be hydrogen (step 2). Finally, the localized Zn
ions are electrostatically bonded with negatively charged PAA™ chains
to form a complex of PAAZn (step 3), similar to the complexation be-
tween PAA and metal ions such as Li", Zn®*, and Ca®* reported in
previous studies [36-38]. Consequently, a layer of PAAZn nanospheres
could be self-assembled on the surface of Zn via electrostatic in-
teractions, as schematically illustrated in Fig. S3. In contrast to bare Zn
with a typical metallic grey surface, the etched Zn (PAAZn@Zn)
exhibited a matte-like surface (Fig. 1b) in the presence of the self-
assembled interlayer.

Fig. lc—f shows the SEM images of bare Zn and PAAZn@Zn. The
surface of bare Zn displayed an irregular morphology in the presence of
many trenches (Fig. 1c and Fig. S4a) and defects (Fig. 1d). In contrast,
PAAZn@Zn exhibited a distinctly different morphology (Fig. 1e-f and
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Fig. 1. (a) The chemical reaction between PAA molecules and Zn metal in aqueous environments. (b) Optical images of the pristine Zn and etched Zn disks (14 mm in
diameter). SEM images showing the morphology of the (c) cross section and (d) top surface of bare Zn, (e) cross section and (f) top surface of PAAZn@Zn. (g) EDAX
mapping of the self-assembled PAAZn nanospheres exfoliated on a carbon tape showing the elemental distributions of C, O, and Zn. Characterization of pure PAA and

PAAZn nanospheres: (h) XPS, (i) Raman spectroscopy, and (j) XRD.
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Fig. S4b), and the entire surface of PAAZn@Zn was covered by a thin (e.
g., 3 pm) layer of nanospheres. As the etching time increased from 6 to
24 h (Fig. S5), the thickness of the interfacial layer increased from
approximately 318 nm to 3 pm, and the nanospheres were packed more
densely. However, as shown in Fig. S6, the Zn substrates before and after
being etched by PAA solutions for 24 h exhibited a similar flat surface,
suggesting that the etching process had no significant effect on the
flatness of the Zn substrates. In addition, because of the self-assembled
nanoporous interlayer, PAAZn@Zn exhibited a water contact angle of
36.0°, significantly smaller than that (77.8°) of bare Zn (Fig. S7),
signifying the excellent hydrophilicity that could facilitate electrolyte
wetting on the chemically modified Zn metal surface.

To analyze the chemical structures of these polyelectrolytic nano-
spheres, energy dispersive X-ray analysis (EDAX), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, X-ray diffraction (XRD), and
Fourier transform inferred (FTIR) tests were conducted. Fig. 1g shows
the SEM image and the corresponding elemental distributions of PAAZn
nanospheres. The EDAX mapping and spectrum (Fig. S8) of the PAAZn
nanospheres revealed that these nanospheres contained three elemental
compositions: carbon (C), oxygen (O), and zinc (Zn). The O and Zn
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elements were well-confined within the region of nanospheres. Fig. 1h
shows the XPS spectrum of PAAZn nanospheres. The characteristic
peaks of C, O and Zn were clearly observed in the spectrum. Particularly,
the two peaks located at 1,022 (Zn 2p3) and 1,045 (Zn 2p1) eV can be
attributed to ionically bonded Zn%t [401, confirming the existence of
Zn?* in the nanospheres. In addition, semi-quantitative analysis of the
XPS spectrum indicated that the atomic ratio of C:0:Zn in the PAAZn
nanospheres was 51.2:34.3:14.5, implying that the ~-COOH groups in
PAA molecules were only partially substituted by Zn?* during etching.
Note that the C:0 atomic ratio in PAAZn nanospheres was 1.49, close to
that (1.50) of pure PAA according to its chemical formula (CH,-CH-
COOH),.

Fig. 1i presents the Raman spectra of pure PAA and PAAZn nano-
spheres. For pure PAA, several characteristic peaks were observed,
including C-CH,, vibration at 1,114 cm™ !, C-H vibration at 2,934 cm ™,
—COOH vibration at 861 cm’l, —CHo— vibration at 1,454 c¢m ! and C=0
stretching vibration at 1,685 em~! [41-43]. Upon complexation with
Zn2+, the peaks associated with C-CHy and C-H vibrations remained
largely unchanged, while the peaks assigned to —CHy-, -COOH, and
C=O0 vibrations shifted due to the strong electrostatic interactions
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Fig. 2. SEM images of cycled bare Zn anodes showing the morphologies of (a), (c) top surface and (b), (d) cross section. SEM images of cycled PAAZn@Zn anodes
showing the morphologies of: (e), (g) top surface and (f), (h) cross section. (i) Tafel curves and (j) LSV curves of bare Zn and PAAZn@Zn electrodes. Schematic
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between Zn?* and ~-COO ™~ groups. Notably, the appearance of C-COO
stretching at 913 cm ™! and COO~ bending at 1,420 cm™! in the Raman
spectrum of PAAZn nanospheres further indicated the complexation of
Zn?* with PAA [44,45]. Fig. S9 shows the FTIR curves of pure PAA and
PAAZn nanospheres. Similarly, the interaction between Zn?' and
—COO  in the PAAZn nanospheres induced significant changes and shifts
to the peaks that correspond to —OH vibration at 1,451 cm ™' and -COOH
vibration at 1,701 em ! in pure PAA [46,47], agreeing well with the
phenomena observed in the Raman spectra shown in Fig. 1i.

Fig. 1j shows the XRD patterns of pure PAA and PAAZn nanospheres.
Similar to pure PAA, the PAAZn nanospheres displayed a broad
diffraction peak centered at 25°, which is a typical characteristic of
amorphous polymers. The absence of diffraction peaks from Zn oxida-
tion products, such as ZnO and Zn(OH), [48], suggested the formation of
a clean PAAZn complex. As shown in Fig. S10, the XRD curves of bare Zn
and PAAZn@Zn further confirmed that no new crystalline phases were
produced during etching. These characterization results provided strong
evidences to support that the self-assembled nanospheres are the
complexation product of Zn?>* and PAA.

To investigate the influence of the interfacial layer on the revers-
ibility of Zn-metal anodes, morphologies of Zn deposits on bare Zn and
PAAZn@Zn during cyclic plating/stripping were observed by SEM. After
the first cycle, a large number of porous, mossy aggregates (Fig. 2a-b and
Fig. S11) of Zn deposits were randomly distributed on the surface of bare
Zn, suggesting the uneven plating/stripping behavior of the bare Zn
anode due to its irregular surface morphology and the poor wetting
between Zn and electrolyte [49-51]. As shown in Fig. S12a-c and Fig. 2c-
d, the surface of the bare Zn anode remained uneven in the subsequent
cycles. The height of a typical Zn aggregate reached approximately 32
(Fig. S12¢) and 34 pm (Fig. 2d) after 10 and 30 cycles, respectively. The
fast Zn dendrite growth could be attributed to the high electric field
intensity around the protuberances on the surface of bare Zn, thus
attracting excessive Zn>* around the tip and promoting highly localized
Zn depositions [52,53]. Notably, a large amount of residual glass fibers
from the separators were embedded in Zn deposits (Fig. 2a-d) because of
the progressive, vertical growth of Zn dendrites, which can eventually
trigger the internal short circuit in batteries. In contrast, Zn deposits
were uniformly distributed in the nanoconfined spaces between PAAZn
nanospheres on the surface of PAAZn@Zn (Fig. 2e-f) at the initial state,
which effectively prevented the formation of large dendrites and porous,
mossy aggregates. As shown in Fig. S12d-f, the evenly distributed Zn
deposits with a thickness of approximately 5 pm co-existed with
numerous PAAZn nanospheres after 10 cycles. After 30 cycles, the
PAAZn@Zn anode retained an even and flat surface, and the thickness of
the Zn deposits increased to around 8 pm (Fig. 2 g-h and Fig. S13). In
addition, the continuous PAAZn interlayer turned into scattered nano-
spheres mixed with Zn deposits. During cycling, the chemical structure
of the PAAZn nanospheres remained stable, as indicated by the char-
acteristic peaks of PAAZn in the Raman (Fig. S14) and FTIR (Fig. S15)
spectra of cycled PAAZn@Zn anodes. These results suggested that the
nanoporous PAAZn interlayer could significantly regulate dendrite
growth by facilitating uniform Zn deposition at the Zn/electrolyte
interface, thus enabling highly reversible Zn metal anodes during long-
term cycling.

The anti-corrosive behavior of PAAZn@Zn was investigated by Tafel
and linear sweep voltammetry (LSV) tests in a three-electrode configu-
ration. Fig. 2i shows the comparative Tafel curves of bare Zn and
PAAZn@Zn electrodes in 2 M ZnSOy4 electrolyte. Compared with bare
Zn, a lower corrosion current density of 4.39 mA/cm? was achieved for
the PAAZn@Zn electrode, suggesting that the nanoporous poly-
electrolytic interlayer can effectively suppress the corrosion of Zn in the
electrolyte. The superior anti-corrosive property of PAAZn@Zn was
further confirmed by aging the electrode in 2 M ZnSOy4 electrolyte for 5
days. As shown in Fig. S16a-b, due to the fast corrosion of Zn metal in
mild acidic electrolytes, large flakes and numerous vertically standing
petals were observed on the surface of aged Zn. Comparatively, the
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surface of PAAZn@Zn remained nearly intact (Fig. S16c-d), confirming
that the interfacial PAAZn layer can act as a physical barrier to protect
Zn metal from corrosions and undesirable side reactions in aqueous
electrolytes.

Additionally, the hydrogen evolution behaviors (Fig. 2j) of bare Zn
and PAAZn@Zn were investigated by LSV tests in 1 M NaySO4 electro-
lyte. The PAAZn@Zn electrode exhibited a significantly lower current
density (—5 mA/cm?) of HER than that (—12.5 mA/cm?) of bare Zn
electrode at —2.0 V vs Ag/AgCl. Moreover, the HER onset potential
(—1.89Vvs Ag/AgCl) of the PAAZn@Zn electrode was noticeable higher
than that (—1.85 V vs Ag/AgCl) of bare Zn electrode. These results
demonstrated that the nanoporous yet densely packed PAAZn nano-
spheres can synergistically regulate dendrite growth and suppress
hydrogen evolution at the Zn/electrolyte interface because of their
unique chemical compositions and nanostructures, as schematically
illustrated in Fig. 2k-1. In the aqueous electrolytes, bare Zn underwent
heterogeneous nucleation and sequential rapid dendrite growth
(Fig. 2k) during cyclic plating/stripping due to its irregular geometries
[54]. Meanwhile, the competitive HER — reduction of H0 to Hy (Fig. 2k)
proceeded continuously throughout the entire electrochemical process,
and the HER could become worse in the presence of Zn dendrites and
porous Zn deposits [52]. As illustrated in Fig. 21, both dendrite growth
and HER can be substantially suppressed because of the existence of the
nanoporous PAAZn interlayer, which not only acted as a physical barrier
to alleviate Zn metal from corrosions in aqueous electrolytes but also
facilitate homogeneous deposition of Zn.

To further investigate the Zn nucleation and deposition mechanisms,
chronoamperometry (CA) tests were conducted with an overpotential of
—150 mV (Fig. 3a). For bare Zn electrode, the current density rapidly
increased to 25.5 mA/cm? within 150 s, suggesting the long 2D diffusion
process and remarkable tipping effect induced by dendrite growth. Zn
ions can be preferentially absorbed on the tips of Zn dendrites and then
deposited locally to promote the vertical growth of Zn dendrites [55]. In
comparison, PAAZn@Zn electrode displayed a stable 3D diffusion
behavior with a low current density of 12.1 mA/cm? after the initial Zn
nucleation and 2D diffusion processes, implying that the nanoporous
PAAZn interlayer could facilitate uniform Zn nucleation and deposition
[56]. Fig. 3b displays the nucleation overpotential (NOP) obtained in
Cu||Zn half cells at a current density of 1 mA/cm? The PAAZn@Zn
anode exhibited a NOP of 30.0 mV, lower than that (38.2 mV) of bare Zn
anode. This suggested that the nanoporous PAAZn interlayer effectively
reduced the energy barrier for Zn nucleation [57]. Moreover, as shown
in Fig. 3c, the Cu||PAAZn@Zn half cell possessed a high average
Coulombic efficiency (CE) of 99.54 % over 150 cycles due to alleviated
side reactions between water and Zn [58,59].

To understand the advantages of the nanoporous PAAZn interlayer,
Raman tests were conducted to investigate the influence of PAAZn
nanospheres on the chemical structure of water at the PAAZn@Zn/
electrolyte interface, as shown in Fig. S17. The baseline electrolyte (BE,
2 M ZnSO;4 in water) showed a typical broad peak associated with O-H
stretching vibration ranging from 2,900 to 3,600 cm™! due to the
presence of water [60]. In comparison, the O-H stretching vibration
peak showed a lower intensity and was blue-shifted by PAAZn nano-
spheres, suggesting limited free water molecules and suppressed water
activities at the PAAZn@Zn/electrolyte interface [61]. Furthermore,
molecular dynamics (MD) simulations were performed to investigate the
interactions between PAAZn and water (Fig. S18, see details in SI).
Fig. S19 shows the radial distribution function — g(r) of the Zn?* from
ZnSO4 or PAAZn with respect to the oxygen atom in water molecules.
The results showed that the first peak of the g(r) of Zn?* from ZnSO4 was
located at 2.07 A, in good agreement with previous findings [62].
However, due to the strong interaction between PAAZn and water
molecules, the first peak of the g(r) of electrostatically bonded Zn®" in
PAAZn molecule shifted to 1.80 A. Moreover, the lower peak intensity of
the g(r) implied that the Zn ions in PAAZn were less solvated by water
molecules compared to those in the bulk electrolyte, which could
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Fig. 3. Electrochemical performance of symmetric cells based on bare Zn and PAAZn@Zn electrodes. (a) CA curves of bare Zn and PAAZn@Zn electrodes. (b) Voltage
curves and (c) CEs of Cu||Zn half cells based on bare Zn and PAAZn@Zn electrodes. (d) Comparative EIS curves of bare Zn- and PAAZn@Zn-based symmetric cells. (e)
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of Zn||Zn and PAAZn@Zn||PAAZn@Zn symmetric cells at different current densities derived from the rate test. (g) Long-term voltage-time profiles of Zn||Zn and
PAAZn@Zn||PAAZn@Zn symmetric cells at a plating/stripping current density of 1 mA/cm? and a capacity of 1 mAh/cm?.

enhance the kinetics and reversibility of Zn plating/stripping at the
PAAZn@Zn/electrolyte interface [63].

To investigate the effectiveness of the nanoporous protective layer at
the cell level, electrochemical tests were conducted on Zn||Zn and
PAAZn@Zn||PAAZn@Zn symmetric cells. Fig. 3d shows the compara-
tive electrochemical impedance spectroscopy (EIS) curves of bare Zn-
and PAAZn@Zn-based symmetric cells. Both EIS curves displayed a
typical semicircle, which can be used to determine charge transfer
resistance (R¢y). Compared with the typical Zn||Zn symmetric cell, the
PAAZn@Zn-based cell possessed a significantly lower R (—~500 Q) and
a slightly higher interfacial resistance (Rs, 6.0 Q). The low R of
PAAZn@Zn suggested that the nanoporous PAAZn greatly facilitated the
charge transfer kinetics at the Zn/electrolyte interface, which could be
attributed to the excellent electrolyte-electrode wetting [64] and the
abundant carboxyl groups in PAAZn molecules that could effectively
reconstruct the solvation structure of Zn ions [5].

Fig. 3e-f shows the rate capabilities and voltage hysteresis of the bare
Zn- and PAAZn@Zn-based symmetric cells. The voltage hysteresis of the
Zn||Zn cell increased from 42.4 to 104.9 mV when increasing current
density from 1 to 10 mA/cm?, Comparatively, the PAAZn@Zn-based
symmetric cell exhibited stable and low voltage hysteresis of 30.7,
34.4,39.1, 47.3, and 68.2 mV in the range of 1-10 mA/cm?, much lower
than those of the Zn||Zn symmetric cell (Fig. 3f) and other symmetric

cells reported in previous studies (Table S1). Moreover, the voltage
hysteresis (21.0 mV) of the PAAZn@Zn-based symmetric cell remained
stable and was lower than that (28.9 mV) of the Zn||Zn symmetric cell
when switching the current density from 10 to 1 mA/cm?. These results
implied that PAAZn@Zn electrodes required lower voltage activation
during cyclic plating/stripping because of their fast charge transfer ki-
netics [51], agreeing well with the EIS results presented in Fig. 3d.
Further, long-term galvanostatic cycling tests of Zn||Zn and
PAAZn@Zn||PAAZn@Zn symmetric cells were performed at a current
density of 1 mA/cm? with the plating/stripping capacity of 1 mAh/cm?
(Fig. 3g). Such a plating/stripping condition has been widely used to
evaluate the reversibility of Zn metal anodes [33,56,61,65]. After 200 h
of plating/stripping, the overpotential of Zn||Zn suddenly dropped to
approximately zero, suggesting the internal short circuit in the sym-
metric cell triggered by rapid dendrite growth and severe hydrogen
evolution. In the presence of a nanoporous PAAZn interlayer, the cycle
life of symmetric cells could be significantly enhanced. Notably, when
the Zn metal was etched with an optimal time of 24 h, the PAAZn@Zn-
based symmetric cell showed a significantly extended lifespan of 2,850
h, surpassing those of symmetric cells reported in previous studies
(Table S1). During the entire cycling process, the PAAZn@Zn-based
symmetric cell exhibited low plating/stripping voltages, indicating its
fast charge transfer kinetics. Even at high current densities up to 5 mA/
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Fig. 4. Electrochemical performance of full cells based on bare Zn and PAAZn@Zn anodes. (a) CV curves of Zn||NVO and PAAZn@Zn||NVO full cells at a scan rate of
0.1 mV/s. (b) EIS curves of Zn||NVO and PAAZn@Zn||NVO full cells in the frequency ranging from 0.01 Hz to 100 kHz. (c) Charge/discharge curves of Zn||NVO and
PAAZn@Zn||NVO full cells at a current density of 0.1 A/g. (d) and (e) Self-discharge tests of Zn||[NVO and PAAZn@Zn||NVO full cells. (f) Rate tests of Zn||NVO and
PAAZn@Zn||NVO full cells. (g) Long-term cyclic tests of Zn||[NVO and PAAZn@Zn||NVO full cells at a current density of 1 A/g.

cm?, the PAAZn@Zn-based symmetric cells still exhibited excellent
stability over 2,000 cycles (Fig. S20). The long lifespan and high stability
of PAAZn@Zn-based symmetric cells confirmed that the nanoporous
PAAZn layer could effectively suppress the dendrite growth and HER,
thus ensuring the extraordinary reversibility of Zn metal anodes and the
superior long-term cycling stability of PAAZn@Zn-based symmetric
cells in aqueous electrolytes.

Fig. 4 shows the electrochemical performance of bare Zn- and
PAAZn@Zn-based full cells paired with sodium-doped V505 (NVO)
cathodes in 2 M ZnSO4. The NVO nanoneedles were prepared following
the procedures described in prior work [66], and their structures were
verified by SEM (Fig. S21) and XRD (Fig. S22). The SEM image and XRD
of NVO-coated carbon paper as cathodes were further presented in
Fig. 523 and Fig. S24, respectively. Fig. 4a-b shows the comparative
cyclic voltammetry (CV) and EIS curves of the two typical Zn||NVO and
PAAZn@Zn||NVO full cells. The PAAZn@Zn||NVO full cell possessed
lower voltage polarizations (Fig. 4a) and a smaller Ry (Fig. 4b)
compared with Zn||NVO, suggesting the fast charge transfer kinetics in
the presence of PAAZn nanospheres and agreeing well with the results
obtained in the symmetric cells. Meanwhile, as indicated by the similar

redox peaks of the CV curves of both cells, PAAZn nanospheres were
electrochemically inert and exerted no influence on the electrochemical
reactions during charge/discharge. The charge/discharge curves
(Fig. 4¢) of Zn||NVO and PAAZn@Zn||NVO full cells further confirmed
that they have similar Zn?" insertion/extraction behavior, coinciding
well with the results obtained from CV tests (Fig. 4a). The influence of
the nanoporous PAAZn layer on parasitic reactions was further evalu-
ated by self-discharge tests (Fig. 4d-e). The results showed that the Zn||
NVO cell exhibited a relatively low CE of 68.0 % after resting for 48 h,
while the CE of the PAAZn@Zn||NVO cell significantly increased to
95.2 % under the same conditions. This phenomenon strongly suggested
that the interfacial layer of nanoporous PAAZn can effectively suppress
parasitic reactions such as Zn corrosion and Hj evolution.

Fig. 4f shows the rate capabilities of full cells at various current
densities ranging from 0.1 to 5 A/g. The corresponding charge/
discharge curves of the PAAZn@Zn||NVO full cell are given in Fig. S25.
The Zn||NVO full cell displayed inferior rate capabilities and low ca-
pacities (e.g., 128.6 mAh/g at 1 A/g), which could be attributed to the
sluggish charge transfer kinetics and severe side reactions occurring at
Zn/electrolyte interfaces [67]. On the contrary, the PAAZn@Zn||NVO
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full cell delivered higher discharge capacities of 329.1, 239.9, 202.2,
161.7, and 113.9 mAh/g with increasing current densities of 0.1, 0.5, 1,
2, and 5 A/g, respectively. The superior rate capabilities of the
PAAZn@Zn||NVO full cell suggested that the nanoporous PAAZn
interlayer facilitated fast ion transport through the artificial interface.
When the current density switched from 5 to 1 A/g, the PAAZn@Zn||
NVO cell displayed a stable discharge capacity of 192.5 mAh/g, corre-
sponding to a capacity retention rate of 95.2 % compared to that (202.2
mAh/g) of the first cycle at 1 A/g. As shown in Fig. 26, in sharp contrast
to the surface of bare Zn with large amounts of vertically standing and
porous Zn deposits, the surface of PAAZn@Zn after the rate tests
retained its original structure and exhibited a dendrite-free morphology.
Fig. 4g further demonstrates the comparative long-term cyclic stability
of Zn||NVO and PAAZn@Zn||NVO full cells at a current density of 1 A/g.
The PAAZn@Zn||NVO full cell delivered an initial discharge capacity of
204.2 mAh/g and remained 120.6 mAh/g after 2,000 charge/discharge
cycles with a stable CE of nearly 100 %, while the discharge capacities of
Zn||NVO full cell decreased substantially from 190.8 to 46.4 mAh/g. As
shown in Fig. 527, at a low current density of 0.1 A/g, the PAAZn@Zn| |
NVO full cell exhibited a capacity retention rate of 77.4 % after 100
cycles, higher than that (35.7 %) of the Zn||NVO full cell. These results
confirmed that the nanoporous PAAZn interlayer could effectively
improve the reversibility of Zn metal anodes for high-performance
AZIBs.

3. Conclusions

In this work, we designed a highly stable Zn metal anode chemically
modified with a self-assembled, nanoporous PAAZn interlayer via a
facile solution-based process. Because of its unique nanostructures and
chemical compositions, the nanoporous PAAZn interlayer between Zn
and electrolyte not only effectively regulated the dendrite growth but
also significantly suppressed the hydrogen evolutions. In comparison to
bare Zn, the voltage polarizations of Zn plating/stripping were largely
decreased with the modification of PAAZn. Consequently, highly
reversible Zn plating/stripping was achieved even at high current den-
sities. Moreover, a significantly prolonged cycle life up to 2,850 h was
achieved for PAAZn@Zn-based symmetric cells while bare Zn-based
symmetric cells failed after 200 h. Compared with Zn||NVO full cells
(e.g., 46.4 mAh/g), PAAZn@Zn||NVO full cells can deliver a substan-
tially higher capacity of 120.6 mAh/g at a current density of 1 A/g after
2,000 charge/discharge cycles. These results highlight the importance of
synergistically regulating the dendrite growth and suppressing the
hydrogen evolution reaction for highly reversible Zn metal anodes. The
findings of our work contribute to an in-depth understanding of the
functionalities of nanoporous polyelectrolytic interlayers and provide a
new strategy for the design of high-performance Zn metal anodes.

4. Experimental procedures
4.1. Material synthesis

Bare Zn discs (100 pm, ®14 mm) were cleaned with 0.05 M H3SOy4,
isopropyl alcohol, and ultra-pure (18 MQ) water sequentially. The
PAAZn@Zn electrode was prepared by etching the cleaned Zn discs in
PAA solutions (2 g/L, average M,, ~ 450,000) for 6, 12, and 24 h. After
that, the obtained PAAZn@Zn anodes were thoroughly washed with
ultra-pure water to remove PAA residues and were dried under ambient
conditions for further tests. The PAAZn nanospheres can uniformly
cover the entire surface of Zn foil after 24 h, which was considered the
optimal etching time. Therefore, the as-obtained PAAZn@Zn electrodes
after etching for 24 h were selected for electrochemical tests unless
otherwise noted.
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4.2. Material characterization

Scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDAX) were conducted on a field emission scanning electron
microscope (Supra 40, Zeiss). The material structures were analyzed by
X-ray photoelectron spectroscopy (XPS, Versa Probe II), Raman spec-
troscopy (NRS-5100, Jasco), Fourier transformation infrared spectro-
scope (FTIR, Agilent 660) and X-ray diffraction (XRD, Rigaku Ultima IV
diffractometer). Contact angles of bare Zn and PAAZn@Zn were
measured by a goniometer (Kruss DSA 100) with a droplet size of 10 pL.

4.3. Cell assembling

The Zn||Zn symmetric cells were assembled using Zn discs with a
thickness of 0.1 mm and diameter of 14 mm. The glass fiber (®16 mm,
GF/D, Whatman) and 2 M ZnSO4 (100 pL) were used as separator and
electrolyte, respectively. The cathode material — sodium-doped vana-
dium oxide (NVO) was prepared by the hydrothermal method reported
in prior work [66]. Briefly, 3.638 g V205 and 0.8 g NaOH were added
into 80 mL of ultra-pure water under magnetically stirring for 4 h. After
that, the solution was transferred to a 200 mL autoclave and kept at
180 °C for 48 h. The solid products after hydrothermal treatment were
collected and centrifuged with ultra-pure water at 5,000 RPM for 15 min
and repeated 5 times. The sediments after centrifuge were freeze-dried
for 48 h followed by vacuum drying at 80 °C for 12 h to obtain the
final active materials. The active material (NVO), carbon black, and
binder (PVDF) were mixed in a weight ratio of 7:2:1 and grinded with
NMP to form a slurry. Then, the slurry was uniformly coated on carbon
paper (10 x 10 cm?) and dried under vacuum at 80 °C overnight. The
mass loading of the active materials was 1.5 ~ 2 mg/cm?. Finally, the
NVO electrodes were obtained by punching the NVO-coated carbon
paper into ®14 mm discs and were used as the cathode for assembling
full cells.

4.4. Electrochemical measurements

All the cells were rested for 2 h before electrochemical tests. The
cyclic voltammetry (CV, 0.4 — 1.4 V), linear sweep voltammetry (LSV),
Tafel, and electrochemical impedance spectroscopy (EIS, 0.01 Hz-100
kHz) tests were conducted on an electrochemical workstation (Interface
1010E, Gamry). Among them, Tafel and LSV tests of bare Zn and
PAAZn@Zn electrodes were performed in a three-electrode configura-
tion, in which Zn or PAAZn@Zn plate (1 x 2 cm?), Pt mesh, and Ag/AgCl
electrode were used as the working, counter, and reference electrodes,
respectively. Tafel tests were performed in 2 M ZnSOj4 electrolyte with
voltage window between —300 to 300 mV vs the open circuit potential
at a scan rate of 1 mV/s. LSV measurements were carried out in 1 M
NaySO4 at a sweep rate of 5 mV/s from —1.1 V to —2.0 V. Galvanostatic
charge-discharge and chronopotentiometry tests were performed on a
multi-channel battery testing system (NEWARE). All the electrochemical
tests were performed under ambient conditions.
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