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Aqueous zinc anodes have attracted the attention of many researchers owing to their high safety, low
cost, and high theoretical specific capacity. However, its practical application is severely limited by the
dendrite growth on zinc anode. Herein, we develop an intrinsically zincophobic barium-titanate protec-
tive layer with a porous structure to suppress the zinc dendrite formation by homogenizing the ion dis-
tribution on the anode surface, increasing the nucleation sites, and limiting the irregular zinc growth.
Based on these synergistic effects, the coated zinc anode can exhibit long cycle life (840 h at 0.5 mA/cm?
for 0.5 mAh/cm?) and low voltage hysteresis (36 mV). This work can provide a feasible direction for the
design of intrinsically zincophobic coating materials to uniformize the zinc stripping and plating.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) using organic electrolytes have de-
veloped rapidly in the past two decades owing to the high energy
and power density. However, their further applications in large-
scale energy storage systems are limited by the hidden safety haz-
ards and high production costs [1-4]. Therefore, it is urgent to
develop alternative electrochemical systems for lithium-ion batter-
ies [5,6]. Aqueous zinc-ion batteries (AZIBs) have attracted more
and more attention in recent years owing to their environmen-
tal friendliness, safety, low cost, high theoretical specific capacity
(820 mAh/g), and low electrode potential (—0.76 V vs. standard hy-
drogen electrode) of zinc metal [7-10]. The big progress has been
made in the cathode materials of AZIBs (such as Li* intercalated
V,05-nH,O0, in-situ carbon reduced Mn304 and self-doped polyani-
line cathode) [11-13]. However, compared with the development
of cathode materials, zinc anodes suffer from inescapable issues,
such as the dendrites, corrosion, and hydrogen evolution reactions
[14,15]. Among them, the capacity attenuation and short circuit
problems caused by dendrites are fatal to the practical application
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of zinc-ion batteries [16-18]. Some modifications based on the fol-
lowing eq. 1 have been proposed for addressing the dendrite prob-
lem:

Zn’t +2e~ — Zn (1)

As seen clearly, the key factors affecting zinc deposition include
the zinc ion distribution, the interfacial electric field, and the spa-
tial location of zinc growth. That is, a dendrite-free zinc deposition
process can be achieved when there are more uniform electron-ion
distribution, easier electron-ion exchange process, and more regu-
lar growth direction on the reaction interface. A suitable interfacial
coating strategy can introduce the above modification effects on
zinc anode [19]. For example, the porous nano-CaCO5 coating, and
nano-ZnO coating can adjust the uniformity of ion transmission
and electric field distribution at the electrode interface [20,21]. The
UiO-66 MOF solid electrolyte coating can optimize the zinc nucle-
ation process by nanoscale wetting effects [22]. However, the in-
teraction between the coating layer and zinc is insufficiently in-
vestigated in these works. Herein, the binding energy of zinc on
different coating layers is proposed to differentiate their zincopho-
bicity and zincophilicity. Generally, if the interaction is lower than
that between the zinc crystal plane and zinc atoms, the zinc can
be guided to deposit under the coating, indicating a huge diffi-
culty to puncture the coating during zinc growth. If not, the zin-

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



C. Xie, Q. Zhang, Z. Yang et al.

=

Intensity (a.u.)

i ‘ LI il
n o M ln L] ';1 S0 e
20 {Degree)
d i e B0y g
""‘ 1483 3 * pegege
B 7 11 17 D3
§ § VNN T
E" LI K B Y X L R
£ a5 P e R e i S N .
av wn® VIV F] Shofoge e %o
e e Y S S S T
o B REEEREEAET T e A
= - aama'edE S 202 R
ey (102 (1e1) .|-|'LI“|‘|I!J|. IR 4 i i ey : :

Fig. 1. (a) XRD patterns of zinc foil and nano barium-titanate. (b, c) TEM images of
barium-titanate. (d) Calculated binding energies of zinc atom with different facets.
Calculation models of zinc absorbed on (e) BT (110) facet, (f) BT (100) facet and (g)
zinc (101) facet.

cophilic coating layer will induce the direct deposit of zinc den-
drites on its surface, leading to the rapid failure of coating layer. In
our previous work, (001) exposed TiO, protective layer was spe-
cially designed by hydrofluoric acid assisted hydrothermal method
to achieve dendrites-free zinc metal anode due to the zincophobic
crystal orientation [23]. Note that the normal TiO, tends to form
(100) exposed plane, which is zincophilic based on the density
functional theory (DFT) calculation. Therefore, it is of great signifi-
cance to find some new protective coating materials with intrinsic
zincophobicity to achieve more stable zinc anodes without special
design.

In this work, we first evaluate the interactions between zinc
and barium-titanate (BT) by density functional theory (DFT) cal-
culation, which indicates that (100) and (110) facets of barium-
titanate exhibit strong zincophobicity. These crystal facets domi-
nantly exist in common barium-titanate, that is, it can be a perfect
intrinsically zincophobic protective layer. As a result, the modified
zinc anode with commercial barium-titanate can exhibit dendrite-
free morphology, long cycle life, and low voltage hysteresis by ad-
justing the electric field and ion distribution at the zinc anode in-
terface to restrict the uneven zinc deposition. Moreover, an aque-
ous Zn||[MnO, full battery assembled with barium-titanate protec-
tive anode can deliver high specific capacity and capacity retention
ratio.

The X-ray powder diffraction (XRD) patterns (Fig. 1a) indicate
that the dominant crystal facets of zinc foil are (100), (101) and
(102) facets and those of commercial barium-titanate particles
are (100) and (110) facets. The transmission electron microscopy
(TEM) characterizations were conducted to further elucidate the
crystal structure of barium-titanate. The lattice spacing of about
0.28 nm and 0.4 nm can be observed in the high-resolution trans-
mission electron microscopy (HRTEM) image, which is well in-
dexed to (110) and (100) crystal facet of barium-titanate, respec-
tively (Figs. 1b and c). The well-crystallized nano barium-titanate
can be verified by the corresponding selected area electron diffrac-
tion result (Fig. S1 in Supporting information). Afterward, the inter-
actions between zinc atom and these dominant crystal facets are
simulated by DFT method. The calculated binding energy and the
corresponding model are shown in Figs. 1d-g.

As seen clearly, the binding energies of the binding energies
of zinc atom on barium-titanate (100) and (110) crystal facets
(—0.34 eV and —0.378 eV) are both lower than those of zinc atom
on dominant zinc facets (—0.54 eV, —1.618 eV and —1.453 eV),
which indicates that zinc prefers to deposit on zinc substrate
in comparison to the barium-titanate layer, in another word, the
as-prepared barium-titanate layer is intrinsically zincophobic. It
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should be noted that the zinc atom with the lowest binding energy
is adsorbed on the apex of the octahedron composed of oxygen
and barium atoms, indicating that the zincophobicity of barium-
titanate is mainly due to the strong repulsive force generated by
large radius Ba?* against zinc atoms [23,24]. In contrast, the high
binding energy between zinc atom and zinc facets can be as-
cribed to the strong metal bond [25]. Accordingly, the commercial
barium-titanate can be considered as a perfect interface protective
layer for zinc anodes, which can adjust the electric field and ion
distribution at the zinc anode interface and restrict the zinc depo-
sition by strong zincophobicity.

A uniform and porous barium-titanate protective layer was
coated on zinc anode by a simple blade coating method (Fig. 2a).
The cross-sectional SEM image and energy dispersive X-ray (EDX)
mapping image of as-prepared zinc anode illustrate that the thick-
ness of the coating layer is about 8 um (Fig. 2b, Figs. S3c and
d in Supporting information). Brunauere-Emmette-Teller (BET) test
results show that the pore volume density of the coating is
2.787 x 10~2 cm3/g in the range of 2-10 nm (Fig. S2 in Supporting
information). Compared with two-dimensional surface of smooth
zinc foil, the three-dimensional porous coating layer can provide
more ion transport channels and regulate ion flux, uniformize the
zinc deposition [21]. The contact angles of the electrolyte on the
bare zinc and BT coated zinc are 99.9° and 72.4° (Fig. 2c), respec-
tively, indicating the better wettability of coated anode, which can
improve the kinetic process of zinc ions at the electrode interface
and reduce the ions transmission impedance [22]. The faster ion
transport may be related to the strong space charge polarization
of barium-titanate [26-28]. The lower ion transmission impedance
of the coated anode is also proven by electrochemical impedance
spectroscopy (EIS) results (Fig. 2d, Table 1). The capacitance (C)
is obtained by calculating the slope of the i.-v (current vs. scan
rate) curves, and the i. is the half value of current difference be-
tween positive and negative scanning at 0 V (Fig. S4 in Support-
ing information) [29]. As seen in Fig. 2e, the interface capacitance
of BT coated zinc (110.2 pF/cm?2) is much higher than that of the
bare zinc (38.57 pF/cm?), indicating the stronger adsorption abil-
ity of zinc ions on the coated zinc anode (The adsorption site is at
the junction of coating and zinc foil). The enrichment of zinc ions
on the electrode interface can provide more nucleation sites for
zinc deposition, thereby optimizing the uniformity of deposition
[20]. Its lower corrosion current effectively demonstrates the bet-
ter anti-corrosion ability that can inhibit the generation of the by-
product, thereby maintaining uniformity of ion transmission and
improving the zinc anode utilization [14,30].

The zinc deposition processes on different anodes are illus-
trated in Fig. 3a. Zinc prefers to deposit at the tip sites and the
sites with high ion concentration on bare zinc electrode. These
sites distributed unevenly and sparsely on the electrode interface
can induce the zinc dendrites formation during the repeated cy-
cles. When using barium-titanate as the protective layer, zinc ions
can be enriched on the electrode surface to provide more nucle-
ation sites for zinc deposition, so that the ion flux and electric
field strength on the electrode surface are evenly divided. The layer
with strong zincophobicity (such as “gold armor”) can also homog-
enize zinc deposition by guiding zinc to grow beneath the layer.
The Zn||Cu half batteries were employed to further test the re-
versibility and Coulombic efficiency of zinc deposition/stripping. As
shown in Fig. 3b, the zinc nucleation overpotentials on bare Cu and
BT coated Cu in the first deposition are calculated to be 42 mV and
30 mV, respectively. The lower overpotential of BT coated Cu indi-
cates that the coating layer can provide more activated nucleation
sites for zinc deposition [31]. The Cu electrode coated by BT ex-
hibits much longer cycle life (500 h vs. 60 h) and lower voltage
polarization (54 mV vs. 69 mV at 25th cycle) compared with bare
Cu at a current density of 2 mA/cm? (Figs. 3c and d, Fig. S5 in
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Fig. 2. SEM images of coating (a) surface and (b) cross section. (c) Contact angles of electrolyte on bare zinc and BT coated zinc anodes. (d) EIS curve and fitting circuit
diagram of Zn||Zn symmetric batteries. (e) Capacitance fitting curves of Zn||Zn symmetric batteries. (f) Linear polarization curves displaying the corrosion on bare zinc and

BT coated zinc anodes.
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Fig. 3. (a) Schematic diagram of zinc deposition for different anodes. The electrochemical performance of Zn||Cu half batteries capacity-voltage curves of the (b) first cycle
and (c) 25 cycle, (d) Coulombic efficiencies. (e) Rate performance of Zn||Zn symmetric batteries.

Supporting information). When decreasing the current density to
0.5 mA/cm? and the specific capacity to 0.5 mAh/cm?2, the modi-
fied anode can still deliver excellent reversibility (Fig. S6 in Sup-
porting information). The Cu electrode was extracted from the cell
after 10 cycles for further morphology observation. As seen, the
zinc deposition under the coating is more homogeneous than that
on bare Cu foil because there are only few active sites on Cu foil,
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which may lead to the formation of a large amount of “dead zinc”
and cause the battery to short circuit (Fig. S7 in Supporting infor-
mation). Meanwhile, the binding energies of the (100) and (110)
crystal facets of Cu with zinc are calculated by DFT (Fig. S8 in Sup-
porting information), indicating the zincophilicity of copper host.
However, zinc dendrites can be still induced on the zincophilic Cu
due to its uneven ion distribution and disordered growth direction
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Fig. 4. The SEM images of BT coated zinc anode (a) surface, (b) cross section, (c) corresponding EDX mapping image, (d) without coating layer, cycled at 0.5 mA/cm? with
a capacity of 0.5 mAh/cm? after 10 cycles. (e) Cycling performance of Zn||Zn symmetric batteries at 0.5 mA/cm? for 0.5 mAh/cm?. Cyclic voltammetry curve (f) and cycling
performance (g) of the full batteries at a current density of 1 A/g. Scale bar: 10 pm.

[32]. For comparison, it is interesting to note that the zinc can be
guided by the porous and zincophobic coating layer to uniformly
nucleate and grow on the electrode surface, thereby obtaining a
dendritic-free electrode.

In Fig. 3e, the superior rate performance of the BT coated zinc
anode with a lower voltage hysteresis and more stable voltage
plateau can be observed when the current density is increased
from 0.5 mA/cm? to 1, 2, 5, 10 mA/cm?, whereas the bare zinc
breaks down at 10 mAj/cm?, indicating that the easier electron-
ion exchange process and more uniform stripping/deposition of the
BT coated zinc anode. The surface morphologies of the cycled an-
odes after 10 cycles are shown in optical pictures and SEM images
(Fig. 4a, Figs. S9a and b in Supporting information). The coated an-
ode is intact without the generation of "island-like dendrites" and
the well-defined distribution of Ti, Ba and Zn in the EDX map-
ping image also proves that the coating layer can protect the sep-
arator from being pierced by restricting the zinc growth (Figs. 4b
and c). Furthermore, the barium-titanate coating layer on the cy-
cled anodes was removed by using methyl-2-pyrrolidinone (NMP)
to dissolve polyvinylidene difluoride (PVDF) in the coating layer.
Fig. 4d and Fig. S8d show the morphology of zinc deposition un-
der the coating. No dendrite is observed and the surface remains
flat, which is in sharp contrast with the dendritic deposition on
bare zinc (Fig. S9c in Supporting information). In the long-cycle
symmetric batteries test, profited from the adjustment of zinc de-
position by the protective layer, the BT coated zinc can be oper-
ated steadily for more than 840 h at 0.5 mA/cm?2 for 0.5 mAh/cm?,
which is much superior to the bare zinc (60 h), and it also ex-
hibits a low voltage hysteresis (36 mV at 20t cycle) and stable
voltage plateau (Fig. 4e). When increasing the current density to
2 mA/cm? and the specific capacity to 1 mAh/cm?, the coated an-
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ode can still deposit and strip for 400 h while the bare one shows
the quick failure of 60 h (Fig. S10). The positive role of this intrinsi-
cally zincophobic barium-titanate protective layer in improving an-
ode stability has been well proven through the comparison of the
symmetrical battery electrochemical behaviors.

The full battery was assembled with BT coated zinc anode and
the fibrous 8-MnO, cathode synthesized by previous (Fig. S11 in
Supporting information) [7]. As shown in cyclic voltammetry (CV)
curves (Fig. 4f), the BT coated Zn||MnO, battery exhibits higher re-
duction peak (1.07 V vs. 1.05 V) and lower oxidation peak (1.68 V
vs. 1.70 V), indicating the faster Zn?+ kinetics and the higher de-
position/stripping efficiency, which is in consistent with the EIS re-
sults (Fig. S12a in Supporting information). The long-term cycling
performance of the batteries cycled at 1 A/g are depicted in Fig. 4g
and Fig. S12b (Supporting information), from which the battery
with BT coated zinc anode exhibits much better cycling stability
with a specific discharge capacity of 142 mAh/g remaining after
300 cycles compared with that of bare one (69 mAh/g). The excel-
lent performance of the full battery certifies the practical value of
this protective layer.

In summary, a porous and intrinsically zincophobic barium-
titanate protective layer was proposed to stabilize zinc anode. Ben-
efitting from the strong repulsive force generated by large radius
Ba2* against zinc atoms, the commercial barium-titanate exhib-
ited strong zincophobicity and the zinc ions showed strong ad-
sorption at the zinc anode interface. Accordingly, this coating layer
played an important role in regulating ion transport, zinc nucle-
ation and zinc crystal growth. Based on these synergistic effects,
the as-prepared zinc anode showed superior reversibility of zinc
stripping/deposition with a long lifespan (840 h) and a low volt-
age hysteresis (36 mV) at 0.5 mA/cm? for 0.5 mAh/cm2. This work
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provides a novel guiding direction for discovering naturally zinco-
phobic protective layer materials to modify zinc anode interface,
which can be also extended to other metal anodes.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowldgments

This research was financially supported by National Nature
Science Foundation of China (Nos. U19A2019, U22109181), Hu-
nan Provincial Science and Technology Plan Project of China (Nos.
2017TP1001 and 2020JJ2042), and the Open Research Fund of
School of Chemistry and Chemical Engineering, Henan Normal Uni-
versity.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2021.09.083.

References

[1] E. Fan, L. Li, Z. Wang, et al., Chem. Rev. 120 (2020) 7020-7063.
[2] D. Chao, W. Zhou, F. Xie, et al., Sci. Adv. 6 (2020) aba4098.

2657

Chinese Chemical Letters 33 (2022) 2653-2657

[3] X. Wang, K. Xie, ]. Li, et al., J. Cent South Univ. 18 (2011) 406-410.
[4] M. Luo, W. Sun, B. Xu, et al., Adv. Energy Mater. 11 (2021) 2002762.
[5] R. Rajagopalan, Y. Tang, C. Jia, et al.,, Energy Environ. Sci. 13 (2020) 1568-1592.
[6] S. Chu, Y. Cui, N. Liu, Nat. Mater. 16 (2017) 16-22.
[7] C. Deng, X. Xie, ]. Han, et al., Adv. Funct. Mater. 30 (2020) 2000599.
[8] Y. Qin, P. Liu, Q. Zhang, et al., Small 16 (2020) 2003106.
[9] D. Chao, W. Zhou, C. Ye, et al., Angew. Chem. Int. Ed. 58 (2019) 7823-7828.
[10] L. Zhang, D. Wu, G. Wang, et al., Chin. Chem. Lett. 32 (2020) 926-931.
[11] Y. Yang, Y. Tang, G. Fang, et al., Energy Environ. Sci. 11 (2018) 3157-3162.
[12] Q. Tan, X. Li, B. Zhang, et al., Adv. Energy Mater. 10 (2020) 2001050.
[13] H. Shi, Y. Ye, K. Liu, et al., Angew. Chem. Int. Ed. 57 (2018) 16359-16601.
[14] H. Lu, X. Zhang, M. Luo, et al, Adv. Funct. Mater. (2021)
doi.org/10.1002/adfm.202103514.
[15] M. Luo, C. Wang, H. Lu, et al., Energy Stor. Mater. 4 (2021) 515-521.
[16] C. Xie, Y. Li, Q. Wang, et al., Carbon Energy 2 (2020) 540-560.
[17] T. Zhang, Y. Tang, S. Guo, et al., Energy Environ. Sci. 13 (2020) 4625-4665.
[18] Q. Zhu, Z. Wang, ]J. Wang, et al., Rare Metals 40 (2021) 309-328.
[19] Z. Zhao, ]. Zhao, Z. Hu, et al., Energy Environ. Sci. 12 (2019) 1938-1949.
[20] L. Kang, M. Cui, F. Jiang, et al., Adv. Energy Mater. 8 (2018) 1801090.
[21] X. Xie, S. Liang, J. Gao, et al., Energy Environ. Sci. 13 (2020) 503-510.
[22] M. Liu, L Yang, H. Liu, et al, ACS Appl. Mater. Interfaces 11 (2019)
32046-32051.
[23] Q. Zhang, J. Luan, X. Huang, et al., Nat. Commun. 11 (2020) 3961.
[24] Q. He, B. Yu, Z. Li, et al., Energy Environ. Mater. 2 (2019) 264-279.
[25] M. Zhou, S. Guo, J. Li, et al., Adv. Mater. 33 (2021) 2100187.
[26] M. Arshad, H. Du, M. Javed, et al., Ceram. Int. 46 (2020) 2238-2246.
[27] P. Liang, J. Yi, X. Liu, et al., Adv. Funct. Mater. 30 (2020) 1908528.
[28] K. Wu, ]. Yi, X. Liu, et al., Nano-Micro Lett. 13 (2021) 79.
[29] Y. Jin, K.S. Han, Y. Shao, et al., Adv. Funct. Mater. 30 (2020) 2003932.
[30] M. Liu, ]. Cai, H. Ao, et al., Adv. Funct. Mater. 30 (2020) 2004885.
[31] A. Pei, G. Zheng, F. Shi, et al., Nano Lett. 17 (2017) 1132-1139.
[32] Q. Zhang, ]. Luan, L. Fu, et al., Angew. Chem. Int. Ed. 58 (2019) 15841-15847.



