eScience 3 (2023) 100096

Contents lists available at ScienceDirect

K@A.i eScience

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/escience

Research Paper

Hybrid working mechanism enables highly reversible Zn electrodes R

Check for
updates

Libei Yuan™", Junnan Hao ", Bernt Johannessen °, Chao Ye ® Fuhua Yang?, Chao Wu™,
Shi-Xue Dou®, Hua-Kun Liu®’, Shi-Zhang Qiao ™’

2 Institute for Superconducting and Electronic Materials, Australian Institute for Innovative Materials, University of Wollongong, Wollongong, New South Wales, 2522
Australia

b School of Chemical Engineering and Advanced Materials, The University of Adelaide, Adelaide, South Australia, 5005 Australia

¢ Australian Synchrotron, 800 Blackburn Rd, Clayton, VIC, 3168 Australia

HIGHLIGHTS GRAPHICAL ABSTRACT

o New working mechanism by combining
solid/electrolyte interphase (SEI) and
nucleation layers is reported.

e A preferred (002) Zn deposition under
SEI layer is realized for first time.

e Nafion exhibits the SEI mechanism by
blocking water and providing Zn%*
channels.

e Boron nitride (BN) guides the Zn (002)
deposition based on the epitaxial
mechanism.

ARTICLE INFO ABSTRACT
Keywords: Zn dendrite growth and water-related side reactions have been criticized to hinder actual applications of aqueous
Aqueous Zn-ion batteries Zn-ion batteries. To address these issues, a series of Zn interfacial modifications of building solid/electrolyte

Hybrid working mechanism
Boron nitride
Nafion

interphase (SEI) and nucleation layers have been widely proposed, however, their effectiveness remains debat-
able. Here, we report a boron nitride (BN)/Nafion layer on the Zn surface to efficiently solve Zn problems through
combining the hybrid working mechanisms of SEI and nucleation layers. In our protective layer, Nafion exhibits
the SEI mechanism by blocking water from the Zn surface and providing abundant channels for rapid Zn?*
transmission, whilst BN nanosheets induce Zn deposition underneath with a preferred (002) orientation.
Accordingly, dendrite-free and side-reaction-free Zn electrode with (002) deposition under the protective layer is
realized for the first time, as reflected by its high reversibility with average Coulombic efficiency of 99.2% for >
3000 h. The protected Zn electrode also shows excellent performance in full cells when coupling with polyaniline
cathode under the strict condition of lean electrolyte addition. This work highlights insights for designing highly
reversible metal electrodes towards practical applications.

1. Introduction benignity [1]. Additionally, the insensitivity to moisture and oxygen of
the aqueous electrolyte simplifies the battery assembly and lowers the

Aqueous batteries have attracted great attention for scalable energy requirements of the assembly environment, contributing to the efficiency
storage because of their advantages in cost, safety, and environmental of battery manufacturing [2,3]. Among aqueous batteries, Zn-ion
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batteries (ZIBs) have shown promising potential for large-scale applica-
tions due to the direct utilization of metallic Zn electrodes [4]. Zn elec-
trodes not only exhibit a high overpotential against H, evolution but also
feature a high theoretical specific capacity of 820 mA h g1, which helps
to broaden the working voltage window and enhance the energy density
of ZIBs as well [5-71].

Although metallic Zn electrodes have shown attractive advantages,
their thermodynamic stability in the water-based electrolytes and uneven
Zn deposition during stripping/plating processes also bring challenges
for practical applications of ZIBs, such as water-induced Zn corrosion, Hy
evolution, and Zn dendrite growth [8-10]. These side reactions and the
dendritic deposition significantly reduce the reversibility of Zn elec-
trodes, resulting in short circuits and a shortened battery lifespan [11].
Lots of efforts have been devoted to addressing these issues with a variety
of strategies being proposed, such as electrolyte optimization and inter-
facial modifications of the Zn electrodes [12]. In terms of the electrolyte
optimizations, two methods, specifically developing highly concentrated
electrolytes and/or introducing other cosolvents, can suppress side re-
actions and dendrite growth to some extent [13,14]. However, they
inevitably increase both cost and viscosity, raise safety concerns, and
significantly compromise the superiority of aqueous electrolytes [15].
For the interfacial modification of Zn electrodes, two main methods of
building artificial solid/electrolyte interphase (SEI) layers and/or
nucleation layers, have been widely reported [16]. Generally, the arti-
ficial SEI layer needs poor electronic conductivity and high Zn?* con-
ductivity to guarantee the Zn?" transportation through the layer.
Meanwhile, the SEI protective layer prevents direct contact between the
aqueous electrolyte and Zn electrodes to reduce water-induced H; evo-
lution and Zn corrosion [17,18]. To date, a variety of organic and inor-
ganic SEI protective layers have been proposed [19,20]. Specifically, the
organic-based SEI layers feature high Zn?* ionic conductivity, but such
layers suffer from inferior mechanical strength, leading to unsatisfactory
effects in terms of inhibiting the growth of Zn dendrites [21]. As for the
inorganic SEI layers, they often exhibit poor adhesion with the Zn sub-
strate underneath, and thus easily detach from the Zn substrate under
long-term cycling, canceling the initial benefits of the SEI layer.

Unlike the interfacial SEI protection strategy, the nucleation layer
works with a significantly different mechanism. It generally triggers the
preferred orientation and deposition of Zn?* on top of its surface through
the crystal lattice matching interaction between the nucleation layer and
deposited Zn [22]. Although the nucleation layer induces dendrite-free
deposition on the Zn surface, the freshly deposited Zn still directly con-
tacts the aqueous electrolyte [23]. Under the circumstances, the
water-induced side reactions can continually occur both whilst the bat-
tery is in operation and idle, which compromises the effectiveness of the
nucleation layers with respect to the Zn reversibility. Therefore, it is a
reasonable strategy to construct a protective film that integrates the
advantages of the traditional interface SEI layer and the interface
nucleation layer to achieve a better Zn electrode.

Here, we report an artificial protective film composed of Nafion
polymer and two-dimensional (2D) boron nitride (BN) sheets to achieve
highly reversible Zn electrodes. Nafion polymer has abundant sulfonic
acid side chains along the polymer backbone, which are organized in
clusters with a tunnel size of ~4 nm (40 [o\), which is much larger than the
diameter of Zn** ion (0.74 A). Thus, Nafion can not only block water
molecules from the surface of Zn electrode but also enable the fast
transfer of Zn?* through the protective layer during the Zn plating/
stripping processes. As an isoelectronic analog of graphene, BN has the
same hexagonal structure as the Zn (002) facet, which can effectively
guide the orientation of Zn deposition (crystal lattice matching) [24]. As
a result, the BN/Nafion layer allows a side-reaction-free Zn electrode
with dendrite-free Zn (002) deposition underneath according to the
hybrid working mechanism by combining the SEI layer and the nucle-
ation layer. This finding was evidenced by three-dimensional (3D)
confocal images and scanning electron microscopy (SEM). The
BN/Nafion-protected Zn electrode (denoted as BN/Nafion@Zn)
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delivered a high average Coulombic efficiency (CE) of 99.2% under a
small current density of 1 mA em™2 in Cu-Zn cells and stable plati-
ng/stripping cycling for > 3000 h in symmetric cells under 1 mA cm 2
and the capacity of 0.5 mA h cm™2. Impressively, when the polyaniline
(PANI) cathode was coupled with the BN/Nafion@Zn anode, the full cell
displayed an excellent lifespan of over 2000 cycles at 5 C with a capacity
retention of ~92.5%, which is much higher than the counterpart with the
bare Zn electrode.

2. Results and discussion

The original process of Zn?* ions plating on a Zn substrate is shown in
Fig. 1a. The unprotected Zn?* ions closed to the bare Zn surface are
initially reduced to Zn®, which leads to a concentration gradient of Zn>*
in the aqueous electrolyte. Protrusions on the surface of Zn electrode can
accumulate relatively more Zn?* ions during the initial plating process,
as opposed to other areas of the electrode, resulting in a considerably
higher electric field [25]. Consequently, these protrusions will gradually
evolve into Zn nuclei and eventually form Zn dendrites upon cycling.
Moreover, the active Zn electrode will react with water upon Zn plati-
ng/stripping by generating Hp and parasitic Zn4SO4(OH)e-xH20
by-products, which seriously reduces the Zn reversibility and battery
lifespan [26]. To solve these problems, our method is proposed by
combining the working mechanism of the SEI and nucleation layer.
Accordingly, the BN /Nafion layer was built on the surface of Zn elec-
trode through a facile spin-coating method, in which BN was dispersed
into ethyl alcohol through ultrasonic treatment to avoid serious
agglomeration (details in the Supporting Information), as confirmed by
SEM (Fig. S1, Supporting Information). Benefiting from hydrophilic
clusters of Nafion with a tunnel size of ~4 nm (40 A) that is much larger
than the Zn?" diameter of ~0.74 A, this SEI layer provides abundant
pathways for Zn?" transportation, enabling the successful Zn deposition
underneath the layer [27]. Importantly, BN features the same atomic
structure as graphene and epitaxially matches the basal (002) plane of
metallic Zn, which helps to guide the layer-by-layer Zn (002) deposition
under the coating layer based on the epitaxial mechanism, as illustrated
in Fig. 1b. Unlike traditional working mechanism of nucleation layer to
induce the surfaced Zn (002) deposition, our deposited fresh Zn did not
damage the SEI layer nor come into direct contact with water molecules.
Thus, water-induced side reactions were effectively suppressed.

To confirm the successful coating of BN/Nafion, X-ray powder
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and
Raman spectroscopy analyses were carried out. XRD measurements show
that Nafion has an amorphous structure, as evidenced by the broad peak
in its diffraction pattern (Fig. 2a). Because of the low BN content in the
BN/Nafion coating layer and the high crystallinity of Zn metal, its peak at
~27° is significantly weak in the XRD pattern of BN/Nafion@Zn. Raman
and FTIR spectra of pure Zn electrode, BN, Nafion, and BN/Nafion@Zn
electrode were collected in Figs. 2b and c. It is clear that the bare Zn foil
has no obvious Raman peak. The protected Zn electrode, however, shows
similar peaks with pure BN and Nafion, indicating the presence of both
materials, which was further confirmed by FTIR. Unlike the pure Zn
electrode, this artificial BN/Nafion SEI coated Zn electrode exhibits
several peaks. These peaks at 1060 cm ™%, 1145 em ™}, 1201 ecm™), and
976 cm ™! are attributed to the symmetric S-O stretching, symmetric C-F
stretching, asymmetric C-F stretching, and the C-O-C stretching of the
Nafion, respectively, as shown in Fig. 2c. While, the absorption peaks at
~1129 cm ! and 1726 cm™! correspond to the C=0 and C-H stretching
vibration of Nafion, respectively [28]. Small peaks at 632 em ! and 512
cm ™! are assigned to the stretching of C-S groups and symmetric O-S-O
bending of Nafion, respectively. In addition, the peak respectively
located at 798 cm ' and 1352 cm™! is attributed to the B-N-B
out-of-plane bending vibration and the in-plane B-N stretching vibration
[24].

The physical properties of the BN/Nafion coating layer were studied,
and its feasibility for enhancing the Zn stability was proven. The
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Fig. 1. Schematic illustration of the morphology evolution upon the Zn plating/stripping process of bare Zn-Zn cell (a) and BN/Nafion@Zn-BN/Nafion@Zn cell (b).
The bare Zn electrode suffers from dendrite growth, water-induced H, evolution, and the accumulation of ZnsSO4(OH)g¢-xH20 by-product. In comparison, with the
hybrid BN/Nafion protection, the dendrite-free Zn (002) deposition can be obtained without side reactions.

thickness of the BN/Nafion coating was established through SEM with
energy dispersive spectroscopy (EDS) mapping. After the spin-coating,
the Zn electrode was successfully coated by a uniform and dense BN/
Nafion layer with a thickness of ~0.5 pm (Fig. 2d), which was evidenced
by EDS mapping of Zn, F, and O elements (Fig. S2). The hydrophilicity of
the BN/Nafion layer was evaluated in the electrolyte via studying the
contact angle of bare Zn and BN/Nafion coated Zn electrodes, as pre-
sented in Figs. 2e and f.

Results show that the bare Zn has a large contact angle of ~85.8° with
the electrolyte, indicating its poor hydrophilicity in the aqueous media.
Whereas, the contact angle of BN/Nafion@Zn electrode reduces to only
31.5°, which demonstrates that the BN/Nafion artificial layer dramati-
cally improves the hydrophilicity. This is mainly because of the rich polar
functional groups of Nafion [29]. Importantly, the enhanced hydrophi-
licity of Zn electrode thermodynamically reduces its free energy towards
the aqueous electrolyte, which contributes to the homogeneous nucle-
ation formation. The corrosion resistance of Zn electrodes with/without
BN/Nafion protection in the aqueous electrolyte was evaluated by linear
sweep voltammetry (LSV, Fig. 2g). The bare Zn has a corrosion potential
of —1.02 V, whilst the potential of BN/Nafion@Zn moves to —0.99 V,
elucidating the enhanced corrosion resistance [30].

The effectiveness of BN/Nafion protection on the suppression of Hy
evolution and by-product formation was studied. Fig. 2h shows LSV
curves of Zn electrodes with/out BN/Nafion protection in Zn*'-free
electrolyte of 2 M NaySOg4. Results revealed that the Hy evolution po-
tential moves from —1.62 V to —2.01 V with BN/Nafion protection,
indicating effective suppression of Hy evolution by the BN/Nafion
coating [31]. To evaluate the by-product generation of water-induced
corrosion reaction, both Zn electrodes with/without protection were
immersed in 2 M ZnSOy electrolyte for 10 days, and their morphology
was studied by 3D laser confocal scanning microscopy (Fig. S3). The bare
Zn electrode surface is severely corroded after soaking for 10 days, as
evidenced by its uneven surface morphology. With the protection of
BN/Nafion, the Zn electrode still exhibits an even surface, indicating
suppression of corrosive reactions [32]. Fig. 2i compares the XRD pat-
terns of both soaked electrodes. In the case of the bare Zn foil, its pattern

shows strong peaks at 8.9° and 16.5° that belong to ZnsSO4(OH)g-xH20
by-product, which confirms the severe corrosion of bare Zn electrodes.
The BN/Nafion@Zn foil only shows the peaks of Zn metal without any
Zn4S04(OH)g-xHo0 peaks after immersion in electrolyte for 10 days,
indicating that the corrosion reactions were inhibited due to the
BN/Nafion coating.

The electronic resistance and Zn®" conductivity are vital parameters
for the artificial layer to protect Zn electrodes. Thus, these measurements
on the BN/Nafion layer were carried out. As presented in Fig. S4, the
electrical resistivity was tested to be ~8.8 x 10° Q cm (the conductivity
of 6 is ~1.25 x 107® S cm™, the detail information can be found in
Supporting information), demonstrating that the BN/Nafion layer is
electronically insulating. Meanwhile, the ionic conductivity of the BN/
Nafion based on the ZnSO4 electrolyte was also investigated (Fig. S5),
which shows the high Zn?** conductivity of ~2.17 x 107> S cm ™. Due to
the high electronic resistance and high Zn?* conductivity of the insu-
lating BN/Nafion layer, the high potential gradient could drive the rapid
Zn?* diffusion through the BN/Nafion layer [33]. To quantitatively
describe the diffusion of Zn?" in the BN/Nafion layer, Zn?" transference
(tz2+) was further calculated. In the symmetric cell with bare Zn, ty2+
was obtained to be 0.32 (Fig. S6a), which is similar to previous reports
[34]. After introducing the BN/Nafion layer, t;.- was improved to 0.61
(Fig. S6b). This is because rich O-containing groups in Nafion provide
active sites for Zn?" transfer. And the dense BN/Nafion layer also blocks
the solvated water and SO42~ from diffusing through it.

The function of the BN/Nafion protective layer in enhancing the Zn
stability was evaluated through repeated plating/stripping measure-
ments by testing symmetrical Zn cells at 0.5 mA cm 2. It can be found
from Fig. 3a that the bare Zn-Zn symmetrical cell fails after cycling for
approximately 260 h because of the internal short-circuit. The BN/
Nafion@Zn-based symmetrical cell, however, displays a much longer
cycling life of over 3000 h without short-circuit benefiting from the
dendrite-free Zn deposition. After increasing the high current density of
5 mA cm 2 and large capacity of 5 mA h cm™2, the bare Zn cell shows a
battery failure after cycling for only ~40 h (Fig. S7). In contrast, the
symmetrical Zn cell with the BN/Nafion protection displays good cycling
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Fig. 2. The Zn electrode characterization with the BN/Nafion protection. (a) XRD patterns of bare Zn, BN, Nafion, and BN/Nafion@Zn. (b) Raman spectra and (c) FTIR
spectra of four samples. (d) Cross-sectional SEM image of BN/Nafion@Zn electrode. Contact angle measurements in aqueous media of (e) bare Zn and (f) BN/
Nafion@Zn. (g) Linear polarization curves showing the corrosion of bare Zn and BN/Nafion@Zn. (h) LSV response curves for different electrodes in the Zn?*-free
electrolyte at 0.1 mV s~ . (i) XRD patterns of both bare Zn and BN/Nafion@Zn electrodes after soaking for 10 days in electrolyte.

stability. There is no battery failure or significant voltage fluctuation
found even after cycling for 320 h, indicating the effectiveness of BN/
Nafion protection under the high current density. The battery rate per-
formance was further studied under the increased current densities from
0.5 mA cm 2 to 20 mA cm ™2 (Fig. 3b). Compared to the BN/Nafion@Zn
cell, the bare Zn cell consistently exhibits higher voltage hysteresis. The
low polarization and favorable stability confirm the benefits of the BN/
Nafion layer to promote the Zn stripping/plating. The CE of Zn stripping/
plating is one of the most vital parameters for effectively evaluating Zn
reversibility. For the Cu-Zn half cell, it displays a low initial CE of only
~77.5%, and the CE gradually increases in the following cycles with an
average value of ~97.8% (Fig. 3c). Such low CE indexed to the poor Zn
reversibility is mainly caused by dendrite growth and side reactions.
Moreover, the CE value fluctuates after ~170 cycles, which demonstrates

the failure of the battery. In comparison, the Cu-BN/Nafion@Zn cell
shows an initial CE of ~88.5% and a higher average value of ~99.2%
after 1200 cycles. This mainly benefits from the suppression of dendrite
formation and side reactions. To clearly see the extent of Zn corrosion, Zn
electrodes after the 200th cycle were stripped out of the Cu-Zn cells for
XRD measurements, as shown in Fig. 3d. The bare Zn electrode shows a
significant peak at ~9.8°, indexed to the (002) plane of
Zn4S04(0OH)g-xH20, which confirms the significant corrosion during
battery cycling. For the protected Zn electrode, however, the peak at
~9.8° is barely discernible, indicating that Zn electrode corrosion was
significantly suppressed [35]. The ratio of the diffraction intensity of the
(002) planes to that of the (101) planes, Ijoo2)/I(101), (the diffraction in-
tensity ratio) can reflect the preferred growth direction of Zn deposition.
The obtained I(gg2)/I(101) ratio of the BN/Nafion@Zn electrode is ~2.1,
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Arrhenius curves fitted from the series of R, obtained at different temperatures.

which is much higher than that of the bare Zn electrode (0.34) [36]. This
demonstrates that the BN/Nafion@Zn electrode features preferential
Zn?* deposition parallel to the (002) crystal planes. The activation en-
ergy (E,) for the de-solvation of 7Zn%" can be obtained based on the
Arrhenius Equation (Equation (1)), which can be employed to study the
Zn deposition kinetics

le: Ae F 6})
Where R, A, Eg, R, and T are interfacial resistance, frequency factor,
gas constant, and absolute temperature, respectively [37]. E, can be
simulated by Nyquist plots and measured in symmetric cells at various
temperatures from O to 40 °C (Figs. 3e-g). E, of BN/Nafion@Zn electrode
was measured to be 30.98 kJ mol’l, smaller than that of bare Zn (48.31
kJ mol ™), further indicating promotion of the de-solvation effect and
acceleration of the Zn deposition kinetics of the BN/Nafion layer [38].

To intrinsically study the feasibility of BN/Nafion layer in protecting
Zn electrodes, 3D laser confocal scanning microscopy and SEM of Zn
electrodes with/without BN/Nafion protection were carried out after
100 cycles in symmetrical cells. The 3D confocal image shows that
serious corrosion has occurred at the edges and the surface of bare Zn
electrode (Fig. 4a). After increasing the cycle number to 150 and 200
cycles, the Zn corrosion was aggravated, as evidenced by the by-product
accumulation (Figs. 4b and c). In comparison, the BN/Nafion@Zn elec-
trode shows a smooth surface even after 200 cycles (Figs. 4d-f),
demonstrating suppression of side reactions by the BN/Nafion layer.
More detailed information about the surfaces of the cycled Zn was pre-
sented in SEM images. It can be observed that the Zn plating on the bare
Zn electrode is dendritic, loose, and porous (Fig. 4g), which significantly
impacts the Zn reversibility for plating/stripping. The Zn electrode sur-
face would be damaged after repeated cycling (Figs. 4h and i). In strong
contrast, the Zn plating/stripping on the surface of BN/Nafion@Zn
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Fig. 4. The Zn plating behavior. 3D confocal images of bare Zn electrode (a-c) and BN/Nafion@Zn electrode after 100 to 200 cycles (d-f). SEM images of bare Zn

electrode (g-i) and BN/Nafion@Zn electrode after different cycles (j-1).

electrode is compact, dense, and homogeneous (Figs. 4j-1). As proved by
the XRD pattern, the uniform (002) deposition contributes to the high
reversibility of the Zn chemistry [39]. After the ultrasonic cleaning, the
cross-sectional image further confirmed uniform Zn deposition without
dendrite formation (Fig. S8a). The EDS map of Zn element shows the
layer-by-layer Zn deposition, demonstrating that the BN/Nafion layer
contributes to dendrite-free (002) Zn deposition (Fig. S8b) [40].

In addition to dendrite studies, it is of vital importance to study Hj
evolution during battery operation, since Hy evolution reaction is one of
the most significant hazards for aqueous ZIBs. Fig. 5a shows the in-situ gas
chromatography (GC) tests conducted upon the Zn plating/stripping
process under a current density of 5.0 mA cm 2. It can be found that the
H, evolution occurs simultaneously with Zn plating. The intensity of Hy

evolution is ~172 ppm at the beginning of Zn plating in the bare Zn cell
(Fig. S9). Although the H; evolution decreases to some extent during the
following plating/stripping processes, it still maintains a high value of
~105 ppm after plating/stripping for 3.5 h. This significant Hy evolution
was also confirmed by the cycled Zn symmetric cell, which shows serious
swelling of the cell after 500 cycles (Fig. S10). After coating the Zn with a
protective BN/Nafion layer, the intensity of Hy evolution is effectively
suppressed, as shown in Fig. 5b. Fig. S11 summarizes the specific amount
of Hy evolution, which maintains a low value of ~46 ppm during the
entire process of Zn plating/stripping. These findings reveal the effec-
tiveness of the BN/Nafion layer in inhibiting water-induced Hy evolution
during battery operation. To understand the BN/Nafion function towards
guiding Zn (002) deposition in depth, the density functional theory (DFT)
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simulation was carried out. Fig. 5c presents models of the BN molecule
with different Zn lattice planes at the interphase, including Zn (002), Zn
(101), and Zn (100) [41]. Fig. 5d summarizes the geometrical structures
after the structure optimization. After repeated simulations, only the Zn
(002) facet can come into close contact with the BN molecule, which is
mainly due to their highly matched hexagonal structures [42]. Benefiting
from the same hexagonal structure, the BN in the protective layer con-
tributes to the layer-by-layer Zn (002) deposition.

The function of the BN/Nafion layer in the Zn full cell was assessed in
PANI-Zn batteries. The PANI cathode was obtained through liquid-
phase synthesis, and its morphology was studied after freeze drying
(Fig. S12). SEM images show that PANI features a porous 3D network
structure, which facilitates the infiltration of electrolyte as well as the
diffusion of ions [43-45]. The galvanostatic discharge-charge curves
under a low current density of 1 A g~ were collected for the full cells of
PANI-Zn with/without BN/Nafion, as illustrated in Fig. 6a. Compared to
the full cell with the bare Zn electrode, the cell with BN/Nafion@Zn
electrode shows a distinct and long second plateau, demonstrating the
larger storage amount of Zn?* [46,47]. Accordingly, the discharge ca-
pacity of the cell with BN/Nafion@Zn electrode increases from ~175.2

to ~195.1 mA h g1 In addition, the cycling stability of both coin cells
with bare Zn electrode and BN/Nafion@Zn electrode was then tested at a
higher current density of 5 A g~*, in which the added electrolyte amount
(30 pL) was controlled to only infiltrate the separator of glass fiber. As
presented in Fig. 6b, the coin cell with bare Zn electrode exhibits a rapid
capacity fading in the initial 200 cycles with a low capacity retention of
~41.5% after 2000 cycles. While, the superior cycling stability in the
PANI-BN/Nafion@Zn cell is pronounced. A capacity of ~86.3mA h g
remains after 2000 cycles, which equates to the capacity retention of
~95.8%. SEM images were collected to compare the morphology of
cycled Zn electrodes in Fig. S13. The bare Zn electrode shows serious
corrosion and significant by-product accumulation after 500 cycles.
Meanwhile, the corrosion and by-product formation on the BN/Na-
fion@Zn is suppressed, which contributes to the high Zn reversibility.
By replacing the small-capacity coin cell, the PANI-BN/Nafion@Zn
pouch cells were further assembled and tested under strict conditions
with the lean electrolyte addition of 2 pL mg~! (Fig. S14). Because the
lean electrolyte study is helpful for the real battery performance evolu-
tion, which is also one of the most vital steps to actually realize battery
commercialization [48]. Under a low current of 50 mA, the
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Fig. 6. Full-cell performance characterization. (a) Galvanostatic charge-discharge curves of PANI—Zn coin cells with/without BN/Nafion layer at 1 A g~'. (b) Cycling
performance of PANI—Zn coin cells with/without BN/Nafion layer at 5 A g~. (c) Charge-discharge curves for PANI—Zn pouch cells at 50 mA, in which the lean
electrolyte of 2 L. mg~! was added. (d) Cycling performance of PANI—Zn pouch cells at 80 mA. The practical evaluation of PANI—Zn pouch cells: (e) by illuminating
eight LEDs, (f) by powering an alarm clock after battery piercing and (g) after a whole week, indicating its superior safety.

BN/Nafion@Zn-based pouch cell displays similar charge-discharge
curves to those for the counterpart in the coin cell, which indicates the
electrochemical performance uniformity of the battery after scaling up in
a large cell (Fig. 6¢). Moreover, this pouch cell with the single layer
electrode showed a high reversible capacity of 2.2 mA h. The cycling
performance of BN/Nafion@Zn-based pouch cell at a high current of 80
mA was also measured in Fig. 6d. The result indicates that the cell shows
outstanding reversibility with the CE of ~100%. After 200 cycles, the
capacity remained at ~86.2% of its initial value. This cycling perfor-
mance is also much better than those previous PANI-Zn pouch cells
[32], demonstrating the strong ability of BN/Nafion layer to guarantee
an excellent battery lifespan. The practicability and safety performance
of this pouch cell was confirmed by powering different devices under
harsh conditions. As shown in Fig. 6e, three small pouch cells in series
could illuminate eight light-emitting diodes (LEDs). A single pouch cell
can also power other devices, such as an alarm clock (Fig. 6f). Impor-
tantly, the cell could still power the alarm clock for a whole week after

piercing the cell (Fig. 6g and Fig. S15), indicating its advantage of high
safety.

3. Conclusion

In this contribution, a hybrid working mechanism for the Zn electrode
modification was realized through coating a BN/Nafion layer on the
surface of Zn, which not only guides the traditional Zn (002) deposition
underneath but also successfully prevents contact between the water in
the electrolyte and fresh Zn. Benefiting from the hydrophilic clusters with
a tunnel size of 40 A, Nafion provided abundant pathways for Zn2*
transportation, which guarantees the successful Zn deposition under-
neath the layer. Meanwhile, BN epitaxially matched the basal (002) plane
of metallic Zn, which triggers layer-by-layer Zn deposition under the
coating layer. In addition, Hy evolution and the corrosion reaction during
battery cycling were also effectively suppressed owing to the BN/Nafion
coating, resulting in the high reversibility of Zn electrodes. As a result,
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the BN/Nafion@Zn electrode showed a high average CE of 99.2% in the
Cu—Zn cell under a low current density of 1 mA cm™2 and an extra-long
cycling life of over 3000 h in the symmetrical Zn cell. When coupled with
a PANI cathode, the BN/Nafion@Zn-based coin cell displayed excellent
cycling stability with a capacity retention of 95.8% after 2000 cycles.
After scaling up into a pouch cell, our BN/Nafion@Zn-based battery still
featured a long lifespan of 200 cycles under the strict condition of lean
electrolyte addition. This work provides new insights to guide layer-by-
layer (002) Zn deposition underneath the SEI, which lays a solid foun-
dation for the development of highly reversible Zn batteries.
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