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Aqueous zinc-ion batteries (ZIBs) has been regarded as a promising energy storage system for large-scale
application due to the advantages of low cost and high safety. However, the growth of Zn dendrite, hy-
drogen evolution and passivation issues induce the poor electrochemical performance of ZIBs. Herein, a
NasZr,Si; PO, (NZSP) protection layer with high ionic conductivity of 2.94 mS/cm on Zn metal anode was
fabricated by drop casting approach. The protection layer prevents Zn dendrites formation, hydrogen evo-
lution as well as passivation, and facilitates a fast Zn?* transport. As a result, the symmetric cells based
on NZSP-coated Zn show a stable cycling over 1360 h at 0.5mA/cm? with 0.5 mAh/cm? and 1000h even
at a high current density of 5mA/cm? with 2 mAh/cm?2. Moreover, the full cells combined with V,0s-
based cathode displays high capacities and high rate capability. This work offers a facile and effective
approach to stabilizing Zn metal anode for enhanced ZIBs.
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The increasingly development of clean energy technologies is
pushing the development of energy storage systems [1]. Lithium-
ion batteries (LIBs) are popular energy storage system due to their
high energy density. However, the uneven distribution of lithium
resource and increasing manufacturing cost restrain the develop-
ment of LIBs for a large-scale stationary energy storage applica-
tion [2-4]. In addition, the usage of flammable organic liquid elec-
trolytes in LIBs caused safety issue, impeding the further large-
scale stationary application of LIBs. The aqueous metal-ion batter-
ies (MIBs) have been regarded as a promising candidate for large-
scale application due to its nontoxicity, high safety, and low-price
[5,6].

Among MIBs, aqueous zinc-ion batteries (ZIBs) have attracted
huge attention since the direct use of Zn metal anode with a low
redox potential and high theoretical capacity [7-11]. However, the
Zn anode still possesses some shortcomings. The Zn anode suf-
fers from corrosion and passivation layer formation due to the
side reactions when it contacts with electrolyte. During the plat-
ing/stripping process, the uneven electric field at the surface of Zn
foil leads to ununiform Zn2* nucleation and deposition and fol-
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lowed by dendrite formation due to the “tip effect”. The Zn den-
drites can easily pierce the separator, causing a short circuit issue.
Moreover, the dendrites would break to generate “dead Zn”, re-
sulting in a low Coulombic efficiency and an increased impedance.
Beside the Zn dendrite, hydrogen evolution and passivation are
other issues for Zn anode. Once the hydrogen was formed, the
OH~concentration would increase leading the formation of by-
products (zinc hydroxides and zincates). The by-products passivate
the fresh Zn, which inhibits the further reaction of Zn and in-
creases the impedance (Fig. 1, upper case) [12]. These abovemen-
tioned issues lead to the unsatisfied cycling life and inferior capac-
ity of ZIBs.

In order to address abovementioned issues, various strategies
have been developed to stabilize the Zn metal anode, such as elec-
trolyte optimization [13-22], separator modification [23-26], struc-
ture design [27], and interface engineering [28-32]. Among these
approaches, Zn interface engineering has demonstrated as a facile
and effective approach especially directly fabricating a protection
layer on Zn surface [33-38]. Most used protection layers not only
serve as a physical layer to avoid side reactions between Zn metal
and electrolyte, but also enable a uniform Zn plating/stripping un-
derneath the protection layer suppressing dendrite formation [39-
42]. However, these protective layers may induce a large overpo-
tential due to the inferior Zn?* conductivity especially at high cur-
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Fig. 1. Schematic illustration of zinc deposition behavior for zinc foil (upper case)
and NZSP-coated Zn foil (lower case).

rent density due to the presence of additional layer [43-45]. For
example, Cao et al. [43] adopted cyanoacrylate adhesive (502 glue)
as artificial solid/electrolyte interphase on the Zn metal surface.
The protective layer effectively prevented dendrite formation and
side reactions, leading to prolonged cycle life in symmetric cells
and improved electrochemical performance in full cells. However, a
larger overpotential in symmetric cells based on modified Zn metal
was observed as compared with that of symmetric cells based on
bare Zn metal, which may be induced by unsatisfied Zn?t+ con-
ductivity. In addition, Deng et al. [44] reported that the excess of
kaolin coating would increase the charge-transfer resistance be-
cause of the low ionic conductivity of kaolin coating. Therefore,
it is crucial to fabricate a protective layer with a high ionic con-
ductivity to enable fast Zn?* transportation through the protective
layer.

Fast ion conductor as solid-state electrolyte protection layer is
a promising choice due to its high ionic conductivity. Liu et al
[46] reported NaTiy(PO4); protection layer on Zn metal anode.
NaTiy(PO4); protection layer not only prevents the dendrite for-
mation and sides reaction between Zn metal and electrolytes, but
also enables reversible and uniform Zn deposition due to its high
ionic conductivity. As a result, improved electrochemical perfor-
mance in symmetric cells and full cells combined with MnO, was
achieved. However, NaTi,(PO4); is not electrochemical stable due
to the presence of Ti**, and the dissolution of Ti in the elec-
trolyte was verified by inductively coupled plasma test. Herein, we
prepared NasZr,Si; PO, (NZSP) coating on Zn metal as protection
layer via a facile drop casting approach. The NZSP protection layer
with a high ionic conductivity of 2.94 mS/cm is conducive for the
uniform Zn deposition and reducing the overpotential during the
plating/stripping procedure, leading to a dendrite-free morphol-
ogy. Moreover, the protective layers served as a physical layer to
avoid side reactions, dendrite formation, and hydrogen evolution
(Fig. 1, lower case). Consequently, the symmetric cells based on
NZSP-coated Zn (NZSP-Zn) reach a long-term cycle life of 1360 h
at 0.5mA/cm? and 1000 h at 5mA/cm?, while the full cells coupled
with V,05-based cathode also show an improved capacity and rate
capability.

The characterization of ZNSP powder is presented in Figs. S1
and S2 (Supporting information). The X-ray diffraction (XRD) pat-
tern of ZNSP matches well with that of monoclinic NasZr,Si, PO,
with a space group of C2/c (PDF No. 04-008-8579), indicating the
high purity of the ZNSP. Scanning electron microscopy (SEM) im-
age of ZNSP demonstrated that ZNSP shows a morphology of irreg-
ular shaped micrometer-sized particles. The morphologies of the
bare Zn and NZSP-Zn are shown in Figs. 2a and b. Zn metal foil
shows several wear scars on the surface, because it was polished
with sandpaper to wipe off the oxides (Fig. 2a). After coating NZSP
via a drop casting approach, it is clear to observe that the Zn
surface was coated with a uniform NZSP protection layer with a
thickness of ~10um (Fig. 2b and Fig. S3 in Supporting informa-
tion). The energy dispersive X-ray spectroscopy (EDS) mappings of
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NZSP-Zn further confirm the uniform coating of NZSP (Fig. S4 in
Supporting information). Furthermore, both NZSP and Zn diffrac-
tion peaks are observed in XRD pattern of NZSP-Zn, indicating that
the structure of NZSP maintained after coating process (Fig. 2c).
The self-corrosion resistance of Zn and NZSP-Zn was studied via
immersing in the electrolyte (2 mol/L ZnSO,4 aqueous solution) for
48h, and the morphologies of Zn and NZSP-Zn are characterized
via SEM. Hexagonal flakes ZnsSO4(OH)g-xH,0 were formed on the
surface of bare Zn after soaking in the ZnSO,4 electrolyte, which is
ascribed to the side reaction between Zn and ZnSO,4 solution (Fig.
2d). The formed loose ZnsSO4(OH)g-xH,0 cannot act as protection
layer and prevent the further reactions between Zn and electrolyte,
leading to battery swelling due to the hydrogen evolution [47]. As
a sharp contrast, the NZSP-Zn surface shows similar morphology to
primal without observing obvious by-products (Fig. 2e), since the
NZSP protective layer prevents the direct contact between Zn and
ZnS0O,4 solution, reducing the side reactions. The corrosion rate of
Zn and NZSP-Zn anodes were evaluated with Tafel curves in the
ZnSO,4 solution using a three-electrode system (Fig. 2f). NZSP-Zn
displays a smaller corrosion current of 0.32mA/cm? than that of
Zn (0.77 mA/cm?), suggesting the reduced corrosion rate because
the introduction of NZSP protection layer avoids the direct contact
between ZnSO4 solution and Zn. The NZSP coating shows a high
electronic resistance of ~ 3.9x 10° € cm, which avoids the Zn
deposit on the NZSP coating surface (Fig. S5 in Supporting infor-
mation). More importantly, the NZSP coating delivers a high ionic
conductivity of 2.94 mS/cm and NZSP-Zn symmetric cells demon-
strates an improved Zn2t transference number (0.76), suggesting
the cation-controlled ion conduction (Figs. S6 and S7 in Support-
ing information). The ZNSP is consisted of octahedra ZrOg and
tetrahedra Si/PO4 (Fig. S8 in Supporting information) [48]. Such
structure creates a “hexagonal bottleneck” with the shortest di-
ameter of 4.6A, which enables the Zn?* with an ionic radius of
0.74 A migration [49]. Table S1 (Supporting information) shows the
ionic conductivity comparison of this work with other reported
works.

The Zn deposition behavior on Zn and NZSP-Zn and gas evolu-
tion are investigated by in situ optical microscopy at 10 mA/cm?.
The surface morphology of Zn and NZSP-Zn is relatively smooth
before the Zn?t deposition. After depositing 20 min, protrusions
appear due to non-uniform Zn?+ deposition. When the depositing
time reaches 40 min, the protrusions evolve to dendrites as red cir-
cuit marked and some small gas bubbles appear as marked with
yellow circuit owing to hydrogen evolution, and these phenomena
is more severe for 60 min deposition. In a sharp contrast, the sur-
face of NZSP-Zn remains relatively smooth without obvious den-
drites and bubbles as the state of original due to dendrite suppres-
sion and reduced side reactions (Fig. 3a). In addition, the Zn depo-
sition and cycled morphology was also investigated by SEM. After
plating 2 mAh/cm? at 0.5mA/cm?2, Zn shows a porous and bumpy
surface morphology consisted of Zn dendrites owing to the non-
uniform Zn nucleation and deposition (Fig. S9a in Supporting infor-
mation). The NZSP-Zn keeps a same surface morphology with orig-
inal, demonstrating the uniform deposition of Zn?* under the NZSP
protective layer (Fig. S9b in Supporting information). Moreover, the
EDS result of surface of deposited NZSP-Zn only showed negligi-
ble Zn content (2.29 at%) and no obvious Zn is observed in the
elemental mappings of cross-section of NZSP coating of deposited
NZSP-Zn, further suggesting deposition of Zn2* under the NZSP
protective layer (Figs. S10 and S11 in Supporting information). Af-
ter 10 cycles at 0.5mA/cm? with 0.5 mAh/cm?, the Zn shows a lot
of flake dendrites (Fig. 3b), while the NZSP-Zn anodes still keep
original surface morphology (Fig. 3c). In addition, the XRD pattern
of Zn after cycling demonstrated the formation of new phase due
to the side reactions, while NZSP-Zn maintains the pristine phase
(Fig. S12 in Supporting information). These results revealed that
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Fig. 2. SEM images of (a) Zn and (b) NZSP-coated Zn metal foils. (c) XRD pattern of NZSP-coated Zn metal. SEM images of (d) Zn metal foil and (d) NZSP-coated Zn metal
after soaking in 2 mol/L ZnSO4 aqueous electrolyte for 48 h. (f) Tafel curves of Zn and NZSP-Zn metal foils.
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Fig. 3. (a) In situ optical micrograph images of the cross-section of Zn (upper case)
and NZSP-Zn (lower case) at 10mA/cm? for different deposition time. Red circle
marks the Zn protuberances, yellow marks the hydrogen gas bubbles. SEM images
of (b) Zn and (c) NZSP-Zn after 10 cycles at 0.5 mA/cm? with 0.5 mAh/cm?.

the NZSP protective layer guides the uniform Zn deposition, pre-
vents Zn dendrites growth and hydrogen evolution.

The symmetric cells were assembled and the electrochemical
performance was evaluated and compared to further study the
effect of NZSP coating (Figs. 4a and c). Symmetric cells based
on NZSP-Zn delivers a long-term stable cycling over 1360h with
a small overpotential of ~19mV at 0.5mA/cm?, while Zn only
displays a short cycle life of 120h with a high overpotential of
~26mV. Even at 5mA/cm?2, the symmetric cells based on NZSP-
Zn still exhibit excellent stable cycling over 1000h (Fig. 4c), and
these results overperforms the previous reports (Table S2 in Sup-
porting information). The electrochemical impedance spectroscopy
(EIS) of symmetric batteries was tested to evaluate the transfer ki-
netics (Fig. 4b and Fig. S13 in Supporting information). The sym-
metric cells based on NZSP-Zn exhibit a smaller charge transfer
resistance than that of the cells based on Zn before cycling and
after cycling, demonstrating a fast transfer kinetics. To further il-
lustrate the deposition mechanism, chronoamperometry (CA) was
performed (Fig. 4d). The nucleation procedure was reflected with
the current change versus time at a constant applied potential
(=150 mV). For the Zn, the current still increase beyond 150, sug-
gesting a long 2D transfer procedure and rough deposition of Zn2*.
The Zn2* would tend to deposit on the prominent sites, thus Zn?+

aggregates to form Zn dendrites. For the NZSP-Zn, the 2D transfer
procedure occurred within 20s. Afterwards, a constant 3D diffu-
sion proceeds with the stable current density, which indicates that
the Zn2*were locally reduced at the interface. This result could be
ascribed to that the NZSP protection layer offered an additional
barrier for Zn®* to move laterally. Therefore, Zn%tis locally de-
posited at the primal region, generating the uniform nucleation
seeds and homogeneous Zn layer. The coulombic efficiency (CE)
was explored with battery configuration of Zn//Ti and Zn//NZSP-
Ti at 0.5mA/cm? (Fig. 4e). The Zn//Ti battery shows a fluctuation
CE, while Zn//NZSP-Ti battery maintains high and stable CE over
200 cycles, indicating that NZSP protection layer contributes to re-
versible Zn?+ plating/stripping.

The electrochemical performance of full batteries coupled with
V,0s5-based cathode was evaluated to further verify the impact
of NZSP protective layer. The SEM image of V,05@PEDOT shows
an irregular shaped micrometer scaled particle morphology and
V,05@PEDOT maintains the structure of V,0s after PEDOT coat-
ing, because the XRD pattern of V,05@PEDOT matches well the
reference (PDF No. 41-1426) (Figs. S14 and 15 in Supporting
information). For verifying the electrochemical performance of
NZSP-Zn//V,05@PEDOT, the rate performance measurement is per-
formed. The NZSP-Zn//V,0s@PEDOT battery delivers capacities of
446, 422, 387, 367, 342, 316, 289, 262 mAh/g at 0.1, 0.2, 0.5, 1,
2, 3, 4, 5 A/g, which are higher that of Zn//V,05@PEDOT battery,
especially at high current densities (Fig. 4f). More importantly, the
NZSP-Zn//V,0s@PEDOT batteries maintain a capacity of 250 mAh/g
after 1500 cycles at 2 A/g, while Zn//V,0s@PEDOT batteries show a
capacity decay with an increase CE (Fig. 4j). The initial capacity of
NZSP-Zn//V,05@PEDOT is lower than that of Zn//V,05@PEDOT in
Figs. 4f and j as well as NZSP-Zn//V,05@PEDOT shows a low capac-
ity at the first 160 cycles at high current density of 2 A/g in Fig. 4j
due to the activation process for electrolyte infusion into electrode.
The inferior electrochemical performance of Zn//V,0s@PEDOT may
be ascribed to the “dead Zn” and passivation layer formation [50].
The NZSP protective layer with a high ionic conductivity reduced
the side reactions and hydrogen evolution, prevented Zn dendrites
and “dead Zn” formation, and improved Zn?* transport kinetics,
thus NZSP-Zn//V,0s@PEDOT batteries show high rate capability
and cycling stability. Table S3 (Supporting information) shows the
electrochemical performance comparison of this work with other
reported works.

In conclusion, a fast ion conductor NZSP as protection layer on
Zn metal anode was fabricated for enhanced aqueous ZIBs via a
drop casting approach. NZSP protection layer prevented the side
reactions between Zn and electrolyte, guided uniform zinc depo-
sition, and reduced Hydrogen evolution, which were verified by in
situ optical microscopy and SEM images. In addition, the high ionic
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Fig. 4. (a) Cycling performance of symmetric cells based on Zn and NZSP-Zn electrodes at 0.5 mA/cm? with 0.5 mAh/cm? (inset: enlarged voltage profiles at specific time).
(b) Nyquist plots of symmetric cells based on Zn and NZSP-Zn electrodes before cycling. (c) Cycling performance of symmetric cells based on Zn and NZSP-Zn electrodes
at 5mA/cm? with 2 mAh/cm? (inset: enlarged voltage profiles at specific time). (d) Zn deposition behavior in symmetric cells based on Zn and NZSP-Zn electrodes. (e)
Coulombic efficiency of Zn//Ti and Zn//NZSP-Ti at 0.5mA/cm?. (f) Rate performance of Zn//V,05@PEDOT and NZSP-Zn//V,0s@PEDOT. (j) Long-term cycling performance of

Zn[[V,0s@PEDOT and NZSP-Zn//V,05;@PEDOT at 2 Alg.

conductivity of NZSP contribute to a fast transport of Zn%* for zinc
deposition/dissolution. As a result, a stable and prolonged cycle life
were achieved in symmetric cells, and enhanced rate capability as
well as long-term cycling stability in full cells were realized for
NZSP-Zn. This work indicated that NZSP protection layer with a
high ionic conductivity is effective in preventing the Zn dendrite,
hydrogen evolution, and side reactions.
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