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ABSTRACT: Understanding the crystallization occurring at the inner interfaces
during electrochemical deposition is crucial for achieving a high reversibility in zinc
anodes. However, design rules for crystallization kinetics still lack predictive power,
particularly at the atomic scale, posing a significant challenge. Herein, we propose a
crystal facet terminating agent, LaCl;, which modulates the preferential crystallization
orientation of Zn by regulating its growth kinetics through the synergistic adsorption of
dual ions. Interface molecular dynamics (MD) simulations and crucial experimental
parameters reveal that the strong (002) facet texture of Zn deposits primarily depends
on the adsorption of strong inhibitors. Specifically, the high adsorption free energy of
CI™ on the Zn (002) facet and the concomitant aggregation of La*" reduces the growth
rate of the Zn (002) facet, thereby favoring its preservation as the final crystal facet.
Consequently, this terminating agent enables the Zn anodes to deliver a high
cumulative capacity of 12 Ah cm > at 40 mA cm 2, 20 mAh cm ™2 The ZnlIMnO, full
cell, when coupled with a high-mass-loading cathode and limited Zn supply, can

CFTA-Limited (002) Facet Growth

(CFTA: Crystal Facet Terminating Agent)

maintain a practical areal capacity of 3.39 mAh cm>. Furthermore, rigorous testing conditions and the successful scaling up to

a 0.34 Ah pouch cell further confirm its promising prospects for practical applications.
KEYWORDS: CFTA, crystal growth kinetics, Zn texture, high-areal-capacity, Zinc-ion battery
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the most potential candidate for large-scale energy

storage system, because of the advantages of Zn metal,
including superior capacity (5854 Ah L7'), low potential
(—0.762 V vs the standard hydrogen electrode), and inherent
safety.' Unfortunately, Zn anodes suffer from severe
dendrites and irreversible byproducts, which lead to poor
electrochemical reversibility, low Coulombic efficiency (CE),
and limited battery lifespan.””" Especially for practical
applications, the long-term cycling stability of ZAB is more
challenging under high depth of discharge (DOD) and high
areal capacity.*™'? Various strategies have been proposed to
improve the reversibility of Zn anodes, including metal-host
anode design (e.g, fluorinated alloy'' or 3D porous frame-
works”'?), epitaxial electrodeposition,'’ and (002)-surface-
preferred Zn anodes.'¥'> However, these strategies rely on
modification of Zn anodes, which limits them to subdued
performance levels in practical application scenarios such as
high areal capacity.'® For instance, the design of 3D porous
frameworks could help to inhibit dendrite growth by improving
the uniformity of Zn flux, but the limited space of the 3D
structure cannot achieve uniform deposition under the high-
areal-capacity conditions.” Epitaxial deposition is effective for

T he rechargeable Zn-based aqueous battery (ZAB) is
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promoting preferential orientation growth, while the epitaxial
effect will gradually weaken or even disappear under high areal
capacity.'® Therefore, it is highly desired to develop solutions
to enable high reversibility and high DOD Zn anodes without
relying on the current collector substrate and fundamentally
solve the issues of uncontrollable Zn growth.

In the traditional aqueous ZnSO, electrolyte, numerous
discrete Zn protrusions are generated on the Zn anode due to
the uncontrollable growth rate and orientation of the crystal
facet. The electric field tends to accumulate at the top of these
Zn protrusions, which is attributed to the tip effect of the
electric field, and this intense charge density distribution easily
induces dendrite growth.'” To realize homogeneous and
smooth Zn plating, it is necessary to regulate the growth rate
and behavior of specific crystal facets to avoid tip growth.
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Figure 1. (a) Zn crystal growth process in ZnSO,—H,0 system. (b) SEM image of Zn anode after cycled at 10 mA cm™? in ZnSO,—H,0
electrolyte. Scale bar = 10 ym. (c) Zn crystal growth process in ZnSO,—CFTA—H,O system. (d) SEM image of Zn anode after being cycled
at 10 mA cm™? in ZnSO,—CFTA—H,O electrolyte. Scale bar = § um. (e, f) SEM images of the Zn electrodeposits at $ mA cm ™2, 5 mAh cm™>
with Ti substrate (panel (e)) and Cu substrate (panel (f)). Scale bar = 10 ym. (g, h) SEM images of the Zn electrodeposits at 40 mA cm 2, 20
mAh cm™ with Ti substrate (panel (g)) and Cu substrate (panel (h)). Scale bar = 5 pm. (i, j) Ex situ SEM of Zn crystal growth behavior at 5
mA cm 2 in the ZnSO,—H,0 electrolyte (panel (i)) and ZnSO,—~CFTA—H,O (panel (j)).

Electrolyte modification strategy has been reported to be able
to effectively change Zn deposition behavior and achieve
uniform Zn deposition.'* >* Note that electrolyte optimization
is not limited to the deposition substrate and is the most
promising approach to achieve a high DOD,, and highly
chemically reversible Zn anodes simultaneously. Nevertheless,
the above strategy faces some practical limitations, which make
it unable to adapt to large-scale industrialization processes.
Specifically, heavy-metal ions (Pb**, Bi**) and organic additives
have severe environmental pollution and possible health
hazards, which greatly restricts their application scenarios.””**
High concentration electrolytes sacrifice the ionic conductivity
and rate performance due to high viscosity and lead to an
increase in overall costs.””**"*” In addition, to the best of our
knowledge, the above electrolyte modification is difficult to
accurately regulate the crystal orientation of Zn deposition,
which is crucial to further improving the stability of Zn anodes.
Therefore, achieving customized crystallization kinetics for
highly oriented growth of zinc crystals and fabricating high
DOD;,, anodes that can be used in practical applications
remain a formidable task.
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In this work, a crystal facet terminating strategy has been
proposed assisted by dual ions to tailor electrolyte solvation
structure and precisely control Zn deposition behavior under
high Zn utilization rate. Lanthanum chloride (LaCl;), a rare-
earth-metal salt, has been demonstrated to be a crystal facet
terminating agent (CFTA) for Zn crystals. In detail, the
anionic group Cl™ can be specifically adsorbed on the (002)
facet, while La** ions with lower reduction potentials tend to
preferentially accumulate in the vicinity of CI™ adsorption sites,
reducing the growth kinetics of the (002) plane through
electrostatic repulsion. Furthermore, the adsorption layer
formed by the dual ions is not consumed during repeated
Zn plating/stripping cycles, allowing for highly preferred (002)
orientation growth even at high areal capacities. As a result, the
cycling lifespan of ZABs has been significantly increased several
times under practical conditions with high-loading cathodes

and limited Zn anodes.
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Figure 2. (a—c) Interfacial layering structure of different Zn facets obtained from MD simulations. (d) Analysis of the numbers of different
ions in the innermost interfacial layer. (e) Adsorption free energy of Cl~ on different Zn facets. (f) TEM and HRTEM images of the
hexagonal zinc deposits with ZnSO,—CFTA—-H,O electrolyte. (g) HRTEM images of the hexagonal zinc deposits with ZnSO,—H,0
electrolyte. (h, i) (002) facet pole figures of the Zn deposits in ZnSO,—CFTA—H,O electrolyte (panel (h)) and ZnSO,—H,O electrolyte
(panel (i)). (j) XRD results of Zn deposits. [Legend: green spectrum, bare Zn; blue spectrum, Zn deposits in the ZnSO,—H,O electrolyte;
and red spectrum, Zn deposits in ZnSO,—CFTA—H,0 electrolyte.

RESULTS AND DISCUSSION

In the traditional pure ZnSO, electrolyte, the growth process
of Zn crystals is shown in Figure 1a. Within the current density
range of 1 to 100 mA cm™? the crystal growth behavior is
mainly controlled by kinetics."> The (002) crystal facet exhibits
a large exposure at the initial stage due to its low exponential
and fast growth rate. However, according to the Bravais
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principle, with the progressive growth of the Zn crystal, the
intensity of the rapidly growing (002) facet tends to gradually
decrease, while the strength of the slowly growing (101) facet
is expected to increase steadily over time. The crystal
eventually exhibits anisotropy mainly dominated by the
(101) and (002) planes with no obvious preferred orientation.
As shown in Figure 1b, in pure ZnSO, electrolyte, the Zn
deposits exhibit a disorderly dendritic morphology, which is
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extremely harmful to the cycling stability of the ZABs. Herein,
the incorporation of dual-ion CFTA, specifically LaCl;, can
modify the preferred orientation of Zn crystals by manipulating
the crystal growth kinetics, as schematically illustrated in
Figure 1c. In detail, CI” ions are preferentially adsorbed onto
the (002) crystal facet of the Zn anode with a high coverage.
The CI™ adsorption sites on the (002) crystal facet, through
electrostatic attraction, result in the formation of a rare-earth-
ion adsorption layer containing La*" on their surfaces. This
layer displays strong electrostatic repulsion, preventing the
movement of Zn®" toward the (002) facet, resulting in a
slowdown of the growth rate of the (002) facet and thereby
enhancing the intensity of the (002) crystal facet. Due to the
sustained effect of the CFTA additive, the Zn deposits exhibit
dominant (002) facet orientation. Furthermore, while the Zn
deposits gradually thicken, the Cl™ and La** ions continue to
migrate toward the surface without impeding the subsequent
Zn deposition process. As illustrated in Figure 1d, the Zn
deposits exhibit a compact hexagonal morphology parallel to
the substrate in the electrolyte containing dual-ion CFTA,
indicating that the synergistic effect of Cl~ and La** can
effectively regulate the growth kinetics during Zn plating and
generate highly oriented Zn deposits.

To directly visualize the effects of the CFTA on the
microstructure of Zn deposits, the transparent ZnllZn
symmetric cells using different electrolytes were assembled,
and the Zn deposition processes were monitored in situ, using
a combined electrochemical—optical system. Zn deposition
was conducted at a current density of S mA cm™> for 30 min
(Figure S1). It has been observed that, in pure ZnSO,
electrolyte (ZnSO,—H,0), the Zn deposits initially exhibit
discrete protrusions with faster growth rates at the tips,
primarily due to the sharp edge effect of the electric field. As
the plating progresses, the Zn deposits gradually take on a
loose structure, which can further increase the electrolyte
consumption and promote the continuous growth of Zn
dendritic protrusions (Figure Sla). Inversely, Zn deposits in
the electrolyte containing CFTA (ZnSO,—CFTA-H,0) is
smooth and no obvious Zn dendrites are observed even after
30 min, as evidenced in Figure S1b. The direct support for
substrate-independent is obtained from (scanning electron
microscopy) SEM images of Zn deposition morphologies on
Cu and Ti substrates (Figures le—h). The SEM images show
that the surfaces of both Cu and Ti substrates exhibit a similar
Zn deposition morphology. The horizontally arranged
hexagonal crystal particles have microsteps, and many
microsteps connect to form a large area of dense film under
electroplating conditions of S mA cm™ and 5 mAh cm™
Under the high current density of 40 mA cm™ and the large
areal capacity deposition condition of 20 mAh cm™, the two
substrates mentioned above exhibit similar horizontally
arranged morphologies with larger hexagonal crystal particles.
This indicates that the CFTA strategy can achieve a dense
(002) Zn texture under high areal capacity and substrate-
independent conditions. To investigate the evolution of the
crystal facet preferred orientation during Zn deposition, ex situ
SEM and X-ray diffraction (XRD) were performed in ZnSO,—
CFTA-H,0O electrolyte and ZnSO,—H,0 electrolyte at a
current density of S mA cm ™ for 10 min, respectively. In the
ZnSO,—H,0 electrolyte, the (002) facet exhibits a higher
diffraction peak intensity than the (101) facet at the initial
stage (Figure 1i). As the crystal grows over time, the diffraction
peak at (101) becomes more prominent, and the SEM image
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shows a loose and flaky morphology (Figure S2), which is
consistent with our proposal in Figure 1a that the slow growing
(101) plane gradually strengthens. In the ZnSO,—CFTA—
H,O electrolyte, the (101) facet of the initial Zn deposit has a
high diffraction intensity, but the deposition behavior and
orientation of Zn change significantly during the subsequent
deposition process (Figure 1j). The (002) facet gradually
becomes more pronounced and exhibits high preferred
orientation. The Zn deposits exhibit a hexagonal morphology,
growing parallel to the substrate direction and uniformly
covering the surface of the Zn foil. Eventually, a relatively
smooth, dense, and dendrite-free deposition morphology is
obtained (Figure S3). Therefore, the introduction of CFTA
into the pure ZnSO,—H,0 system can effectively modulate the
crystal growth behavior with the inhibition of Zn dendrites.

To reveal the influence mechanism of CFTA on Zn
deposition behavior, molecular dynamics (MD) simulations
were conducted by using ideal interface models. In these
models, ZnSO, electrolyte supplemented with LaCl; is
confined between two planar single-crystal Zn electrodes
(Figure S4). The (002), (101), and (110) crystal facets of Zn
are selected as single crystal electrodes, as they are prone to be
exposed during the growth of Zn crystals (Figure 2a—c).**
Compared to those of the (101) and (110) facets, the CI~ and
La** tend to accumulate and preferentially adsorb in the
vicinity of the Zn(002) facet. The chemical composition of the
innermost interface layer is further analyzed, via dividing the
simulation box into two regions, namely, the area adjacent to
the electrode surface within 23.2 A and the bulk phase. The
number of metal cations and halogen ions in the internal
interface layer under all simulated crystal facets is plotted in
Figure 2d. The number of La*/CI” ions in the innermost
interface layer of (002), (101), and (110) facets are 22/50, 4/
11, and 8/20, respectively.

The inner interface of the (002) facet has the highest
concentration of CI~ and La®", mainly because the increased
Cl™ negative charge on the (002) facet makes the innermost
La** cation enriched. Inversely, the numbers of Zn** in the
inner layers of (002), (101), and (110) facets are 45, 78, and
63, respectively. Additionally, we performed zeta potential
examination of the Zn anodes and differential capacitance
curve tests. During the zeta potential measurement process,
ZnSO,—H,0 and ZnSO,—CFTA-H,0 were utilized as
electrolytes. Because of the experimental necessity of
dispersing Zn within the electrolyte, commercial Zn powder
was employed as a substitute for Zn foil. As shown in Figure
SS, the zeta potential in the ZnSO,—~CFTA—H,O0 electrolyte is
negatively shifted, compared with that of the ZnSO,—H,0
electrolyte, confirming the specific adsorption of CI™ on the
surface of the Zn crystal. To further substantiate the specific
adsorption of Cl”™ on the (002) crystal facet, we conducted
differential capacitance curve measurements, as shown in
Figure S6, using high (002) preferentially oriented Zn and
polycrystalline commercial Zn anodes as the working electro-
des. To avoid influence from Zn?**, Na,$O,—H,O, and
Na,SO,—NaCl-H,0 were employed as electrolytes, respec-
tively. The results demonstrated that the highest capacitance
values were observed when Zn foil with a (002) preferential
orientation was used in Na,SO,—NaCl—H,O electrolyte. In
contrast, commercial polycrystalline Zn foil exhibited the
lowest capacitance in the Na,SO,—H,O electrolyte. This
phenomenon is primarily due to the smaller radius of CI7,
compared to H,O molecules, which reduces the thickness of
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Figure 3. (a) 3D snapshot of ZnSO,—CFTA—H,O system. (b) Partial enlarged snapshot representing Zn>" solvation structure in ZnSO,—

CFTA-H,0 system. (c) RDFs for Zn>*~0 (H,0) and (d) Zn**-0

(80,27) collected from MD simulations in ZnSO,—CFTA—H,O

electrolyte. (e) Zn NMR spectra in ZnSO,—H,O system and ZnSO,—CFTA—H,O system, respectively. (f) Electrostatic potential mapping
of the original Zn**—6H,0 (left) and Zn**—2H,0—-250,> (right) solvation structures. (g) Solvation energy of different ions.

the electric double layer, leading to an increase in capacitance.
This further demonstrates the specific adsorption of CI™ on the
(002) surface. The highest concentration of La** and the
lowest concentration of Zn>" at the inner interface of the (002)
facet indicate that La** and Zn*" are competing to enter the
innermost layer to compensate for the negative charge of CI”
ions on the Zn (002) facet. Specifically, La** has a significantly
lower reduction potential (—2.38 V vs standard hydrogen
electrode (SHE)), compared to that of Zn** (—0.76 V vs
standard hydrogen electrode). Therefore, when Zn>* are
reduced to Zn metal, it leads to further aggregation of La'**,
which, in turn, repels the adsorption of subsequent Zn** and
reduces the growth rate of Zn (002) facet.

According to the MD simulation, the selective adsorption of
CI™ and La*" on the Zn (002) facet is the intrinsic determinant
of the formation of the Zn (002) texture. This specific
adsorption makes the (002) facet grow slowly and be
preferentially exposed, which is the crystal facet inhibition
theory proposed at the beginning. To further substantiate the
validity of this theory, the adsorption free energy of CI” on
different crystal facets was calculated through density func-
tional theory (DFT), as depicted in Figure 2e. Cl~ exhibits the
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highest adsorption free energy (—1.92 eV) on the Zn (002)
facet, significantly surpassing that on the Zn(101) facet (—0.68
eV) and the Zn(110) facet (—1.25 eV). The difference of
adsorption free energy of CI”~ on (002) and (101) facets is as
high as 1.24 eV, which confirms that CI” can achieve specific
adsorption and high coverage on the Zn(002) facet. This is
consistent with MD simulation results, validating that the
specific effect of CFTA on the (002) facet is primarily
attributed to the high adsorption energy.

To thoroughly investigate the impact of CFTA on Zn
electrocrystallization behavior, cyclic voltammetry (CV) tests
were carried out (Figure S7). The electrodes selected for the
experiments were Zn(101) highly preferred crystal, Zn
polycrystal, and Zn(002) highly preferred crystal. Quantita-
tively, the peak intensity ratio of (101) to (002) in the
Zn(101) highly preferred crystal is 12.3, while the peak
intensity ratio of (002) to (101) in the Zn(002) highly
preferred crystal is 16.67, as illustrated in Figure S8. In detail,
the deposition potential of polycrystalline Zn is —0.98 V (vs
SCE) in 2 M ZnSO, electrolyte (Figure S9). In contrast, the
deposition potential on (101) highly preferred crystal,
polycrystalline Zn and (002) highly preferred crystal substrates
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gradually shifted negatively to —0.99, —1.01, and —1.03 V (vs
SCE) in the ZnSO,—CFTA—H,O electrolyte, respectively.
This is mainly because ClI™ forms an anion adsorption layer in
the internal interface layer on the Zn(002) facet. The
adsorption layer forms a double electric layer at the
electrode—solution interface, facilitating the accumulation of
positively charged La®* on the (002) facet and resulting in a
more negative deposition potential. Combined with the results
of MD simulation and DFT, it is inferred that the robust
specific adsorption capacity of Cl~ enhances the deposition
potential of Zn on the (002) facet and attenuates the growth
rate of the (002) facets.

To discern the texture characteristics of the Zn crystal, the
hexagonal zinc deposit cut by focused ion beam (FIB) was
observed under a high-resolution transmission electron
microscopy (HRTEM) analysis. Note that the majority of
lattice spacings on the surface of the deposit are 0.247 nm,
which has been identified as (002) plane of Zn (Figure 2f),
demonstrating a pronounced preferred orientation of the
(002) crystal plane. The lattice fringes of (100) and (101)
planes are clearly observed in the zinc anode with pure ZnSO,
electrolyte, demonstrating the selectivity-free orientations
(Figure 2g). To further emphasize the crystallographic
orientation of zinc deposition process, X-ray diffraction pole
figure analysis was employed. The (002) pole figure of Zn,
obtained after circulation in the ZnSO,—CFTA—H,O electro-
lyte (Figure 2h), exhibits a significantly high intensity of 9.04.
This suggests that the circulated Zn crystal possesses a
pronounced texture predominantly aligned along the (002)
facet and is nearly parallel to the electrode substrate.
Differently, the Zn(002) pole diagram after circulation in the
ZnSO,—H,0 electrolyte exhibits anisotropy (Figure 2i),
revealing a random (nonpreferred) process. Moreover, the
XRD spectra indicate that the relative intensity ratio of the
(002) peak to the (101) peak of Zn crystals deposited in the
ZnSO,—CFTA—H,0O electrolyte reaches 2.21 (Figure 2j),
while in the ZnSO,—H,O electrolyte, the intensity ratio of the
(002) crystal facet to the (101) crystal plane is 0.59, indicating
a smaller proportion of the (002) facet exposure area. This
suggests that Zn deposition in the ZnSO,—CFTA-H,0O
electrolyte exhibits a highly oriented (002) crystal facet,
attributed to the synergistic effect of dual ions in CFTA.
Additionally, distinct peaks corresponding to Zn,SO,(OH)
SH,O (PDF File No. 00-039-0688) are observed on the Zn
anode after cycling in the ZnSO,—H,O electrolyte, which is
ascribed to the side reactions between the Zn anode and the
electrolyte.”” In contrast, the peak of the byproduct is greatly
inhibited in the ZnSO,—CFTA—H,O electrolyte. To demon-
strate the inhibitory effect of CFTA on byproducts, we
immersed Zn metal samples in ZnSO,—H,0 and ZnSO,—
CFTA—H,0 electrolytes for 48 h and subsequently charac-
terized their surfaces using SEM and XRD (Figure $10). SEM
analysis revealed that a considerable number of flakelike
byproducts formed on the Zn surface in ZnSO,—H,0
electrolyte, while in ZnSO,—CFTA—H,O, the surface
remained relatively smooth and uniform with no obvious
byproducts. Further XRD comparative analysis showed
significant peaks for byproducts on the Zn surface in
ZnSO,—H,0, whereas the Zn samples treated in ZnSO,—
CFTA—H,O exhibited very weak peaks for surface byproducts.
This indicates that the addition of CFTA effectively suppresses
the formation. Summarily, the dual ions in the ZnSO,—
CFTA-H,0 electrolyte coregulate the kinetics of crystal
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growth, suppress side reactions, and realize the preferential
exposure of the (002) crystal facet for achieving dendrite-free
Zn anodes.

MD simulations were performed in the bulk phase of
ZnSO,—H,0 and ZnSO,—CFTA—-H,0 systems to gain
deeper insights into the inhibitory effect of CFTA electrolyte
on byproducts (Figure 3a and Figure S11), respectively. The
statistical results reveal that the primary solvation shell (PSS)
of Zn** in 2 M ZnSO, electrolyte is predominantly composed
of 5 or 6 H,0 molecules, as depicted in Figure S12. As a
comparison, in the ZnSO,—CFTA—H,O electrolyte, four
primary solvation structures were observed (Figure 3b),
wherein the incorporation of two SO,*~ ions into the PSS to
replace the original H,O molecules was observed, leading to a
partial transformation of specific Zn** ions from a hexacoordi-
nated state to a tetracoordinated state. This indicates that the
addition of CFTA reconstructs the solvation structure of Zn>*
in an electrolyte.

The corresponding radial distribution function (RDF) and
coordination number analysis in the electrolyte models are
analyzed. In the ZnSO,—H,O electrolyte (Figure S13), the
Zn—0 peak at ~2 A from Zn?' is attributed to the H,O
molecules in the PSS. Similarly, in the ZnSO,—CFTA—-H,0
system, the Zn—O peak corresponding to SO,*” and H,O
appears at ~2 A from Zn*', as depicted in Figures 3c and 3d,
suggesting that some SO,*~ enter the PSS. Furthermore, the
average coordination number (ACN) of Zn—O (H,0) and
Zn—0 (SO,*7) in PSS of the ZnSO,—~CFTA—H,O system is
~4.75 and 1.22 (right Y-axis of Figures 3c and 3d),
respectively. This led to a reduction of 0.25 water molecules
in the first solvation shell of Zn ions. More solvation structure
information was uncovered by ®Zn nuclear magnetic
resonance (NMR) spectroscopy (Figure 3e). The ¢Zn
chemical shift in the ZnSO,—CFTA—H,O system shifts to a
lower field, indicating a reduction in the electron cloud density
in the solvation layer of Zn**. Even though the electron cloud
density of oxygen (O) in SO,*™ is higher than that in H,0
molecules, as illustrated in Figure 3f, the low coordination
number of Zn®* results in a lower total electron cloud density
(approximately —1.42) of Zn in the ZnSO,—CFTA—H,0
system compared to the total electron cloud density
(approximately —3.576) in the ZnSO,—H,O system. This
indicates that the average coordination number of Zn®* in the
ZnSO,—CFTA—H,O electrolyte is lower, as evidenced by the
lower total electron cloud density in the PSS of Zn>*. The
specific charge distribution information is depicted in Figure
S14. These results demonstrate that the addition of CFTA
alters the solvation structure of Zn®>* and reduces the
proportion of H,O molecules in PSS. The reduction of the
proportion of H,O molecules in the solvated structure can
greatly inhibit the hydrogen evolution reaction (HER) and Zn
anode corrosion.

The solvation energies of La’* and Zn®* in aqueous solution
were further calculated by using DFT (Figure 3g). This
calculation was performed to investigate the effect of low-
concentration inorganic additives on the solvation structure of
Zn**. The solvation energy of La** (=796 kcal mol™") is much
higher than that of Zn** (—388 kcal mol™'), indicating a
stronger binding energy between La®* and H,O molecules.
Moreover, the PSS of La*" ion contains 9 H,0 molecules
(Figure S15), implying that La’* can regulate the solvation
structure of Zn>" in dilute electrolyte due to its high solvation
energy and coordination number. In the ZnSO,—CFTA-H,0
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Figure 4. Galvanostatic Zn plating/stripping in ZnllZn symmetrical cells at (a) 5 mA cm™2, 2.5 mAh cm™2, (b) 5 mA cm™2, 20 mAh cm ™2, and
(c) 40 mA cm™% 20 mAh cm™2. SEM images of Zn anode after cycling at 40 mA cm ™2 in (d) ZnSO,—H,O electrolyte and (e) ZnSO,—
CFTA-H,O electrolyte. Scale bar: 1 ym. (f) The property comparison of ZnllZn cell between this work and other reports. The detailed
references corresponding to the point number are listed in Table S2, Supporting Information.

electrolyte, the number of H,O molecules in the first solvation nucleation overpotential for Zn deposition. Next, to evaluate
shell of La** is reduced to 7.69 (Figure S16), and the detailed the stability of Zn anodes in two electrolytes, the ZnllZn
solvation structure of La’* in the ZnSO,—CFTA—H,0 system symmetric cells were tested in the range of 1 to 40 mA cm ™
is shown in Tables S3—SS5. Specifically, Zn** in the vicinity of The ZnllZn symmetric cells using ZnSO,—CFTA-H,0
La*" are unable to effectively compete for enough H,O electrolyte exhibit significantly improved cycling stability,
molecules, allowing SO, to readily enter the PSS and replace capable of stable operation for 2300 h at 1 mA cm™ and 1
the original H,O molecules. In summary, the proposed CFTA mAh cm™? (Figure S18), which is nearly 17 times longer than
additive can not only regulate the growth kinetics of Zn that in ZnSO,—H,O electrolyte. Even at a higher current
crystals, generate Zn(002) texture, but also regulate the density of 5 mA cm™* and higher areal capacity of 2.5 mAh
solvation structure of Zn**, reduce the proportion of active em™?, it could still operate stably for over 1000 h (Figure 4a),
H,0 molecules in Zn>* solvation, and inhibit the side with a voltage hysteresis of no more than 110 mV. Meanwhile,
reactions. in ZnSO,—H,O0 electrolyte, it can only operate for 53 h. Such
The Zn plating/stripping CE in two electrolytes were excellent cycling performance is attributed to the CFTA
quantified using asymmetric ZnlICu half-cells (Figure S17). additive, which prevents the formation of dendrites during
High CE is a key indicator for achieving long-term cycling and repeated Zn plating/stripping.
high-areal-capacity battery. In the ZnSO,—H,O electrolyte, the To assess its feasibility in realistic application scenarios, we

ZnllCu half-cell ran for only 80 cycles with a low average CE of conducted high-areal-capacity plating/stripping tests under
approximately 98.9% at 1 mAh cm™%, 5 mA cm™?, which is due harsh conditions with limited Zn supply (~15 pm). Under a
to the generation of dendrites and byproducts. In sharp current density of S mA cm™ and a discharge capacity of 20
contrast, the ZnlICu half-cell utilizing the ZnSO,—CFTA— mAh cm™? a charging and discharging cycle takes 8 h. In the
H,O electrolyte achieves a higher average CE of approximately ZnSO,—H,O0 electrolyte, symmetric ZnllZn cells can cycle only
99.52% with stability over 500 cycles, attributed to the stably for 1 cycle, after which the cell fails due to severe Zn

formation of planar Zn deposition and effective suppression of dendrite growth (Figure 4b). As a strong contrast, the ZnllZn
side reactions. The nucleation overpotential curves, as cells using ZnSO,—CFTA—-H,O electrolyte and a limited Zn
illustrated in Figure S17b and Figure S17c, show that the supply (~40 pum) exhibit a smaller voltage hysteresis (66 mV)
nucleation overpotential for Zn deposition in ZnSO,—CFTA— and stable cycling lifespan (200 h) at S mA cm™ and 20 mAh
H,0 and ZnSO,—H,0 electrolytes are 32.5 and 33 mV, cm™? (Figure 4b). Moreover, under more harsh conditions of
respectively, with minimal difference between them. This an ultrahigh current density of 40 mA cm ™, high areal capacity

indicates that the electrostatic repulsion caused by La** of 20 mAh cm™?, and high DODy,, of 85.4%, the symmetric
aggregated on the (002) crystal facet does not increase the ZnllZn cells employing ZnSO,—CFTA—H,0 electrolyte still
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Figure 5. (a) Long-term cycling performance of ZnllMnO, coin cells at 1 C. (b, c) Stay performance of the full ZnllMnO, cell in ZnSO,—
CFTA-H,O0 electrolyte (panel (b)) and ZnSO,—H,O electrolyte (panel (c)). (d) Stay-cycling performance of the full ZnllIMnO, cell in
ZnSO,—H,O0 electrolyte and ZnSO,—CFTA—H,O electrolyte, respectively. (e) Voltage profiles and (f) cycling performance of multilayer
ZnlIMnO, pouch cell using ZnSO,—CFTA—H,0 electrolyte. The inset of panel (f) is the optical image of the multilayer ZnllMnO, pouch

cell.

manifest a stable cycling over 300 h without apparent
irreversible voltage observed (Figure 4c); meanwhile, the
symmetric ZnllZn cells using ZnSO,—H,O electrolyte show
high hysteresis voltage (~230 mV) and rapidly encountered
short-circuiting (80 h). SEM images of post-cycling Zn anodes
in Figure 4c show that the Zn deposition layers are completely
different when using different electrolytes. It exhibits an
uneven and porous morphology with distinct tiplike structures
for ZnSO,—H,0 electrolyte (Figure 4d), whereas a dense and
horizontally arranged platelike morphology is observed for
ZnSO,—CFTA—H,0 electrolyte (Figure 4e). This confirms
that the Zn horizontal electrodeposition facilitated by the
CFTA additive is prevalent during cycling of high DOD, and
long stability. Encouragingly, such ultrahigh cumulative
capacity of 12 Ah with a high DOD (~85.4%) in this work
are superior to most previously reported values for the aqueous
Zn anodes (Figure 4f).*°"*" Additionally, we examined the rate
performance of ZnllZn symmetric cells using ZnSO,—CFTA—
H,O electrolytes, as shown in Figure S20. Compared to
symmetric cells with the ZnSO,—H,0 electrolyte, there was no
notable difference in polarization at low current densities.
However, with increasing current density and prolonged time,
the pure ZnSO, electrolyte exhibited greater polarization
voltage due to more severe side reactions and hydrogen
evolution. Therefore, attributed to the precise regulation of the
Zn crystal facet and the inhibition of dendrite growth by CFTA
additives, the ZnllZn symmetric cells can exhibit excellent
cycling performance at both high DOD and high areal capacity.
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To identify the practical application of this facile strategy, a
high mass loading (~9 mg cm™ to 12.73 mg cm™*) MnO,
cathode was selected to couple with limited Zn anode (~15
um) to fabricate a full Zn metal battery. CV curves were tested
at a scan rate of 0.2 mV s™' to evaluate the electrochemical
property of the MnO, cathode in different electrolytes (Figure
S23). MnO, cathode shows similar behavior in both
electrolytes, in which two pairs of obvious Mn-ion redox
peaks correspond to the stepwise transformation of Mn*/
Mn*" and Mn**/Mn**, which is consistent with the previous
report.*” Besides, at the same scanning rate, the full battery
using the ZnSO,—CFTA-H,0 electrolyte exhibits a larger
peak current density and smaller polarization than that in the
full battery using the pure ZnSO,—H,O electrolyte, which
indicates that the ZnllMnO, battery using the ZnSO,—CFTA—
H,O electrolyte has higher specific capacity and faster charge
transfer.

As for the long-term cycling performance test, the capacity
ratio of the negative electrode to the positive electrode (N/P)
is a crucial parameter in the industrialization of Zn metal
battery. In previous studies, most of systems select excessive
Zn foil (>150 pum) as an anode to couple with a low-mass-
loading cathode (from 1 mg cm™ to 2 mg cm™?) to fabricate a
full battery.*” The N/P capacity ratio reported in these studies
is usually higher than 50, which causes the Zn anode to have a
low DODy, and concomitant low energy density during the
operation of the full battery. In our work, we set harsh test
conditions to achieve deep Zn plating/stripping in anode. The

https://doi.org/10.1021/acsnano.3c10394
ACS Nano 2024, 18, 4932—-4943


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10394/suppl_file/nn3c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10394/suppl_file/nn3c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10394/suppl_file/nn3c10394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10394?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10394?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10394?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10394?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

high-mass-loading of the MnO, positive electrode is 12.73 mg
cm™? and the Zn supply (~8.78 mAh cm™) is limited. As
illustrated in Figure Sa, the full ZnlIMnO, battery using
ZnSO,—H,O0 electrolyte exhibits an area capacity of 3.82 mAh
cm™? at a current density of 308 mAh g™ (1 C), and then the
capacity dramatically decays to 1.09 mAh cm™ only after 177
cycles (with 67.15% initial capacity retained). Inversely, the full
ZnllMnO, battery (N/P capacity ratio: 2.58) using ZnSO,—
CFTA—H,O electrolyte possesses a high areal capacity of 3.39
mAh cm™ and retain a capacity of 2.52 mAh cm™ after 500
cycles. Compared to previous data, our work has the highest
cumulative capacity (up to 1.439 Ah cm™2) under harsh test
conditions, demonstrating a promising potential for practical
Zn metal batteries.””~*° Besides, the self-discharge behavior of
the full battery was explored by using pure ZnSO, electrolyte
and ZnSO,—CFTA—-H,O electrolyte, respectively. After the
full battery stands for 2 days, the full battery using the ZnSO,—
CFTA-H,0 electrolyte maintains 95.94% of its original
capacity (Figure Sb), which is much better than the full
battery (86.3%) using pure ZnSO, electrolyte (Figure Sc).
These results again prove that dual-ion CFTA electrolyte can
inhibit the parasitic reaction of the full battery.

To closely mimic practical conditions and evaluate the effect
of the resting process on the long-term cycling performance,
we performed resting-cycling tests. After 12 h of rest, as shown
in Figure 5d, the battery using pure ZnSO,—H,O electrolyte
exhibits noticeable capacity decay. The significant reduction in
capacity after resting can be attributed to the continuous
corrosion of irregularly deposited nanosized Zn during the
resting process, which consumes a large amount of electrolyte
and generates byproducts such as Zn,SO,(OH)4 SH,O. This
leads to a decrease in the effective contact area between the
electrolyte and the positive electrode, resulting in rapid
capacity deterioration. Note that the capacity of the full cell
with ZnSO,—~CFTA—H,O0 electrolyte slightly increases after a
12-h period of resting (Figure Sd). This is primarily due to the
highly (002)-oriented Zn generated during the electrochemical
deposition process, which has the lowest surface energy and
the highest hydrogen evolution reaction (HER) barrier,*
effectively inhibiting side reactions at the negative electrode—
electrolyte interface. Limited side reactions occur during the
resting period, and the resting process allows the electrolyte to
fully infiltrate the high-mass-loading thick electrode, resulting
in not only no reduction in the positive electrode capacity but
also the electrolyte undergoing further activation. To further
evaluate the application potential of the dual-ion CFTA
electrolyte, the ZnllMnO, multilayer pouch cells were
assembled for device demonstration. The high-mass-loading
(9.02 mg cm™) MnO, positive electrode is fixed on the
titanium mesh collector by the rolling method, coupled with
the Zn foil, and the glass fiber is used as the separator. All
layers are assembled into electric cores, which are clamped in
the middle and sealed with aluminum plastic film by thermal
sealing. As shown in Figures Se and Sf, the ZnllMnO, pouch
cell exhibits a maximum capacity of 343.2 mAh at a current
density of 1 C. After 100 cycles, it still manifests a high-
capacity retention rate of 91.3%. The high-capacity and stable
pouch cells demonstrate that the ZnSO,—CFTA-H,O
electrolyte has great potential for large-scale and practical
application.
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CONCLUSIONS

In summary, we propose a CFTA electrolyte strategy that can
effectively alter the growth kinetics of Zn crystals and achieve
the preferential growth of the Zn(002) facet, as evidenced by
MD, DFT and electrochemical tests. In detail, the specific
adsorption of the dual-ions terminating agent on the (002)
facet diminishes the growth rate of the (002) facet, wherein the
substantial adsorption free energy of Cl~ on the (002) facet
and the simultaneous aggregation of La*" ions play a pivotal
role. The resultant electrostatic repulsion force reduces the
accumulation of Zn>* on the (002) facet, making it the slowest
growing crystal facet and ultimately preserving it to form
texture. Hence, the symmetric ZnllZn cells employing ZnSO,—
CFTA—-H,0 electrolyte demonstrate a prolonged cycling
stability of 300 h at 40 mA cm™ and 20 mAh cm™, along
with a significant Zn utilization rate of 85.4%. Moreover, the
full ZnllMnO, battery (N/P capacity ratio = 2.58) using
ZnSO,—~CFTA-H,0 electrolyte, high-mass-loading MnO,
cathode (12.73 mg cm™?) and limited Zn foil (~15 ym) can
cycle stably for 500 cycles at a current density of 1 C and the
ZnllMnO, multilayer pouch cell delivers a capacity of 0.34 Ah.
This facile strategy provides a insight into the preparation of
highly preferred oriented Zn anodes and is promising for the
commercial application of Zn metal batteries.

METHODS

Materials. ZnSO, (99.5%), LaCl, (99.9%), deionized (DI) water,
KMnO, (99.0%), Zn(NO;),-6H,0 (99.0%), and H,SO, (98.0%)
were purchased from Sinopharm. MnO, nanowires were prepared
based on a facile hydrothermal method. Typically, 1.264 g of KMnO,,
2.379 g of ZnNO;-6H,0, and 2 mL of H,SO, were mixed in 75 mL of
DI water under continuous stirring for 20 min at room temperature.
Subsequently, the mixture was transferred into a 100-mL Teflon-lined
stainless-steel autoclave and maintained at 140 °C for 3.5 h. Finally,
MnO, powder was obtained after being washed thoroughly with DI
water and dried at 70 °C for 24 h.

Electrochemical Test. ZnllZn symmetrical cell and full coin-type
cells were tested in a CR2032 coin cell by multichannel battery testing
system (LAND CT2001A). For the ZnSO,—CFTA—H,O electrolyte,
2 mol of ZnSO, and 0.3 mol of LaCl; were dissolved in 1 L of DI
water. The amount of electrolyte we use in coin cells, symmetrical
batteries, and pouch cells is 40 L cm™. Additionally, we utilized a
glass fiber separator, GFD, with a thickness of 675 um. Pouch cells
were test on Neware battery test system (Model CT-4008-5 V6A-S1-
F, Shenzhen, China). For the cathode electrode, MnO, nanowire,
CNT, and polytetrafluoroethylene (PTFE) binder were mixed with a
weight ratio of 7:2:1. The slurry was grinned onto a Ti mesh and
vacuum-dried at 70 °C for 24 h. The mass loading of the cathode
electrodes was ~12.73 mg cm 2. The anode electrodes were
employed by five-cycle CV analysis at 0.2 mV s~ within the potential
window Of 0.6—1.9 V. Zn foil was cut into disk shapes with a diameter
of 12 mm as anode electrodes. Glass fiber film (GF/D, Whatman) was
used as the separator. In the ZnlIMnO, full battery, both electrolytes
were supplemented with 0.2 M MnSO, additive. CV tests were
carried out by using the electrochemical workstation (EC-LAB), and
the voltage range for full cells was 0.8—1.8 V.

Characterizations. The morphology was conducted by scanning
electron microscopy (SEM) (JEOL, Model JSM-7100F) and
transmission electron microscopy (TEM) (JEOL, Model JEM-
F200). The SEM measurement was taken using a JEOL Model
JSM-7100F system with an acceleration voltage of 20 kV. The XRD
data were collected on a Bruker Model D8 Advance X-ray
diffractometer by using Cu Ka radiation (1 = 1.5418 A). To avoid
the influence of the zinc substrate on the deposits, we conducted the
test using the tape stripping method in the XRD test. The “’Zn NMR
experiments were carried out with a Bruker Avance 400 system, using
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S-mm tubes. XRD pole figures were done using X'Pert3MRD.
Focused ion beam (FIB) analysis was performed on a FEI Scios 2
HiVac to cut hexagonal zinc deposits for TEM measurement.

MD Simulation. The atomistic force field parameters for all ions
and water molecule are described by the AMBER format obtained
from previous work.”” The SPC/E water model is adopted in this
work for atomistic simulations. The cross-interaction parameters
between different atom types are obtained from the Lorentz—
Berthelot combination rule.

Atomistic simulations were performed using the GROMACS
package with cubic periodic boundary conditions. The detailed
simulation system compositions are listed in Table 1. The equations
for the motion of all atoms were integrated using a classic Verlet
leapfrog integration algorithm with a time step of 1.0 fs. A cutoff
radius of 1.6 nm was set for short-range van der Waals interactions
and real-space electrostatic interactions. The particle-mesh Ewald
(PME) summation method with an interpolation order of 5 and a
Fourier grid spacing of 0.20 nm was employed to handle long-range
electrostatic interactions in reciprocal space. All simulation systems
were first energetically minimized using a steepest descent algorithm
and thereafter annealed gradually from 600 K to room temperature
(300 K) within 10 ns. All annealed simulation systems were
equilibrated in an isothermal—isobaric (NPT) ensemble for 20 ns
of physical time maintained using a Nosé—Hoover thermostat and a
Parrinello—Rahman barostat with time coupling constants of 0.4 and
0.2 ps, respectively, to control the temperature at 300 K and the
pressure at 1 atm. Atomistic simulations were further performed in a
canonical ensemble (NVT) for 100 ns, and simulation trajectories
were recorded at an interval of 100 fs for further structural and
dynamical analysis.

DFT Calculation. Quantum chemical calculations were performed
using the Gaussian 16 package®® to optimize molecular geometries of
representative solvation structures and thereafter to calculate binding
energies of water molecules with La’* and Zn** ions. The Beck’s
three-parameter hybrid functional with the Lee—Yang—Parr correla-
tion functional (B3LYP) was used in computations. The LanL2DZ
basis set was used for La*>" and Zn** ions, and the 6-311+G (d, p)
basis set was applied to H, O, and Cl atoms. The molecular
electrostatic potential contours around the optimized molecular
geometries were obtained from quantum chemical calculations.
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In situ optical microscopy images of Zn deposition on
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