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and reduction of capacity loss during long-term cycling. Importantly, AZIB full cells based on this SEI-forming electrolyte
exhibit exceptional stability over 20,000 cycles at 3 A/g with a charging voltage of 2.2 V without short circuits and electrolyte
dry-out. This work suggests avenues for designing SEIs on a metal anode and provides insights into associated SEI chemistry.
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1. INTRODUCTION 4Zn** + 60H™ + SO,>” + xH,0

Aqueous zinc-ion batteries (AZIBs) based on zinc anode and — Zn,(OH),S0,-xH,0 (crystalline) @)
mild acidic electrolytes are promising for large-scale energy

storage due to their advantages, including high safety, low cost, Similar side reactions and crystalline ZHS-analogues have
and environmental friendliness."”” They demonstrate excellent been observed ubiquitously for the zinc anode paired with mild
sustainability, given the high abundance and low cost of zinc acidic electrolytes, such as zinc acetate, zinc triflate, zinc

chloride, and zinc nitrite.”® These non-ion conducting
byproducts have been known to block Zn** diffusion pathways
and promote zinc dendrite growth between ZHS-covered zinc
anode surfaces, making them detrimental passivation layers on

zinc anode that only accelerate capacity loss and battery
faces critical challenges due to spontaneous hydrogen failure.>®

and associated cathode materials (e.g, V,05, MnO,). Zinc
anode also possesses a high theoretic capacity of 820 mAh/g
and an appropriate redox potential of —0.76 V vs the standard
hydrogen electrode.” However, the development of AZIBs

evolution reaction (HER) and HER-triggered byproduct

formation. For instance, in conventional sulfate electrolytes, Received:  April 11, 2024
highly crystallized zinc hydroxide sulfate (c-ZHS), Revised: ~ November 6, 2024
Zn,(OH)S0,xH,0, is spontaneously formed on zinc anode Accepted: November 18, 2024
via the following reactions:” Published: January 13, 2025
2H,0 +2¢” - 20H + H, (1)
© 2025 American Chemical Society https://doi.org/10.1021/acsnano.4c04795
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Figure 2. Electrolyte properties of IFEs. (a) ESW of BE and 1/2-CaF, of the IFE. (b) FTIR and (c) Raman spectra of BE and IFEs with
different CaF, concentrations. (d) H,0-CaF, and Zn*'-CaF, binding energies. Schematics of the cathode/electrolyte interface in (e) BE and
(f) 1/2-CaF, IFE. SEM and inserted optical images of zinc immersed in (g) BE and (h) 1/2-CaF, IFE for 15 days. (i) XRD patterns of bare

zinc and aged zinc after the resting tests.

To prevent continuous HER and byproduct passivation, the
rational design of a stable and Zn**-conductive solid-electrolyte
interphase (SEI) on the zinc anode is essential. In prior
work,” ™ tremendous efforts have been dedicated to designing
SEI based on the progressive decomposition of soluble organic
species, similar to the evolution of SEIs in lithium batteries.'
Although these in situ formed SEIs can kinetically increase the
HER overpotential of water molecules and thus suppress
byproduct formation, the progressive reduction of organic
species on the anode surface inevitably leads to structural and
compositional 1nhomogene1ty and instability of the resulting
organic-inorganic hybrid SEIs.” The heterogeneity of SEI can
result in spatially nonuniform ion fluxes, inducing uneven
metal plating/stripping and dendrite formation during

cycling.""'* Moreover, the organic components in SEIs are
1nsufﬁc1ently robust against the mechanical stresses induced by
dendrites,'” and their high solubility in the electrolytes can
accelerate ca}paaty losses due to SEI dissolution and
regeneration.'”'® Therefore, designing SEIs with homoge-
neous composition, stable structure, and excellent robustness is
essential to the development of high-performance AZIBs.
Herein, contrary to the conventional belief that ZHS
formation can only deteriorate the performance of AZIBs, we
successfully transformed detrimental, non-ion conducting c-
ZHS to fast-ion conducting fluorinated amorphous ZHS (a-
ZHS) to in situ form a single-phase, stable SEI on zinc anode
with enhanced electrochemical performance (Figure 1). The
fluorinated a-ZHS was spontaneously formed on the zinc
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anode in an inorganically fluorinated electrolyte (IFE)
composed of a widely used sulfate baseline electrolyte (BE, 2
M ZnSO, in water unless specified) and CaF, nanoparticles. Its
evolution follows the proposed mechanisms listed below:

2H,0 + 2¢” — 20H™ + H, 3)
CaE, = Ca’" 4 2F (4)
4Zn*" + xF~ + (6 — x)OH™ + SO,”” + yH,0

— Zn,(OH),_,E.SO,-yH,0 (amorphous) (5)

The key advantages of this amorphous SEI include: (1)
fluorination and amorphization of ZHS substantially enhance
its Zn*" diffusion kinetics, making fluorinated a-ZHS highly
Zn**-conductive; (2) fluorinated a-ZHS effectively prevents
dendrite growth and side reactions between zinc and
electrolytes after its formation; (3) fluorinated a-ZHS with
homogeneous nanostructures and chemical compositions and
high mechanical modulus minimizes the risks of SEI cracking
and regeneration under stress; (4) fluorinated a-ZHS is
organic-free and chemically stable, reducing capacity loss due
to SEI dissolution and regeneration. The CaF, IFE also
possesses an extended electrochemical stability window (ESW)
of 2.52 V vs Zn/Zn*". Consequently, the stability of an AZIB
full cell based on CaF, IFE is improved over 20,000 cycles at 3
A/g with a charging cutoff voltage of 2.2 V, substantially
outperforming that (1,500 cycles) of the BE-based battery.

2. RESULTS AND DISCUSSION

2.1. Electrolyte Properties of the IFEs. To in situ
construct the fluorinated a-ZHS SEI, the electrolytes were
mixed with BE (e.g, 2 M ZnSO,) and CaF, nanoparticles
(Figure S1). The IFEs with liquid (BE)—solid (CaF,) ratios of
20:2 and 1:2 were denoted as 20/2-CaF, and 1/2-CaF,,
respectively. As shown in Figure S2, among the CaF, IFEs, no
liquid—solid phase separation was observed only in the gel-like
1/2-CaF, IFE after resting for 2 months under ambient
conditions. When the solid content was further increased (e.g.,
0.5/2-CaF, IFE), the resulting electrolyte displayed a dry and
powdery texture, posing challenges for ion diffusions and cell
assembling. Figures S3 and S4 show the viscosities and salt
concentrations of the CaF, IFEs, respectively. Compared to
BE, the 1/2-CaF, IFE exhibited a relatively high viscosity of
4.0 Pa-s and a lower ZnSO, concentration of 1.2 M at a high
solid content of 38.6 vol % or 60.4 wt %. Nevertheless, as
shown in Figure S5, the 1/2-CaF, IFE retained an ionic
conductivity of 16.0 mS/cm, surpassing that (~8 mS/cm) of
the water-in-salt electrolyte based on 21 m LiTFSL,'® where m
denotes mol/kg.

Other metal fluoride nanoparticles (e.g., LiF, ZnF,, MgF,;
Figure S1) were added into BE for comparison with CaF, IFEs.
Among these metal fluorides, concentrated CaF, nanoparticles
exhibited the optimal effect in extending the electrochemical
stability window of the IFEs as well as low cost and high
abundance as shown in Figures S6 and S7. For instance, the 1/
2-CaF, IFE exhibited an ESW of 2.52 V vs Zn/Zn*" (Figure
2a), comparable to previously reported highly concentrated
water-in-salt electrolytes, such as 21 m LiTFSI-1 m Zn(OTf),
(2.6 V vs Zn/Zn**) and 15 m KAc-10 m Zn(Ac), (2.5 V vs
Zn/Zn**)."”"® In comparison, both LiF and ZnF, IFEs
exhibited high OER activity above 1.90 V vs Zn/Zn** (Figure
S7), implying fast OER-induced electrolyte depletion under
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high voltages. While the MgF, IFE exhibited higher HER and
OER activities compared to the 1/2-CaF, IFE. In addition, the
pH values of 1/2-CaF, and BE electrolytes were measured to
be 3.51 and 4.2, respectively, indicating mild acidic conditions
for both electrolytes. These results suggested that 1/2-CaF,
IFE with suppressed water reactivity could be an ideal
electrolyte for AZIBs. Moreover, the IFE exhibits superior
cost advantages considering that natural CaF, (>97%) is
available for approximately 0.4 USD/kg."?

Figure 2b shows the FTIR spectra of the CaF, IFEs. The
intensity of the O—H stretching peak decreased with increasing
CaF, concentrations, implying weakened H-bonding among
water molecules and reduced water reactivity toward interfacial
side reactions.”” In comparison to other metal fluorides
(Figure S8), CaF, nanoparticles demonstrated superior
effectiveness in weakening H-bonding networks. The Raman
spectra of the CaF, IFEs shown in Figure 2¢ further confirmed
that water molecules were stabilized by CaF, nanoparticles, in
good agreement with the phenomena observed in the FTIR
spectra. Figure S9 displays the deconvolution of the O—H
vibration peak of water molecules™ to weak hydrogen bonds
(H-bond) near 3,600 cm™!, medium H-bond near 3,450 cm™,
and strong H-bond near 3,250 cm™'. The area ratios of the
three deconvolution peaks remained relatively stable in the
LiF, MgF,, and CaF, IFEs. However, the area ratio of strong
H-bond peak increased from 27.2% in BE to 50.2% in ZnF,
IFE, correlating well with their pronounced OER activities
(Figure S7).

Density functional theory (DFT) calculations were con-
ducted to elucidate the influence of CaF, nanoparticles on
water molecules in CaF, IFEs. As depicted in Figure 2d and
Figure S10, the site near positively charged Ca atoms on CaF,
(111) surface exhibited the most favorable water adsorption
with a binding energy of —0.51 eV due to strong Coulombic
attractions between positively charged Ca (CaF,) and
negatively charged O (H,O). Therefore, reactive water
molecules could be strongly absorbed and confined by CaF,
nanoparticles through surface adsorption in the CaF, IFEs,
leading to weakened H-bonding networks and thus reduced
water reactivity.”">* For instance, as depicted in Figure S11,
the free energy of hydrogen adsorption (a descriptor for
HER™®) significantly increased from 0.23 eV on Zn (101)
surface to 1.32 eV on CaF, (111) surface. This suggested that
the HER could be greatly suppressed on the CaF, surface,
agreeing well with the higher HER overpotentials in CaF,
IFEs. Meanwhile, the negatively charged F atoms on the CaF,
surface contributed to stable Zn>* adsorption with a binding
energy of —0.11 eV, which could potentially alter the solvation
structures and diffusion pathways of Zn** near the surface of
CaF, nanoparticles. As illustrated in Figures 2e—f, the strong
CaF,—H,0 attractions also contributed to significantly sup-
pressed the OER at the cathode/electrolyte interface, leading
to extended cathodic limits of the CaF, IFEs. In addition, the
highest occupied molecular orbital (HOMO) levels of [Zn-
(H,0)4]*" and [Ca-(H,0)4]*" were calculated to examine the
effect of CaF, on the solvation of Zn** (Figure S12 in
Supporting Information). Figure S12 shows that [Zn-
(H,0)]*" has a lower HOMO level compared to [Ca-
(H,0)4]*". It means that the solvation of Zn** would be
relatively more preferred and stable than the solvation of Ca*",
indicating that the effect of CaF, on the solvation of Zn would
be negligible.

https://doi.org/10.1021/acsnano.4c04795
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Figure 3. Nanostructures and chemical compositions of the fluorinated a-ZHS SEI (a) Cross-sectional SEM image and (b)—(c) cross-
sectional STEM image of zinc anode in a ZnllZn symmetric cell with 1/2-CaF, IFE after the initial plating/stripping cycle. (d)—(h)
Elemental mappings of fluorinated a-ZHS SEI on cycled zinc anode showing the distribution of Ca, Zn, O, S, and F. (i) TEM image of zinc
anode in a ZnllZn symmetric cell with 1/2-CaF, IFE after 10 plating/stripping cycles and (j)—(1) high-resolution TEM images of different
regions. Scale bar: (a) 2 ym, (b) 300 nm, (c)—(h) 20 nm.

Figure S13 displays the Tafel curves of the zinc electrode
tested in different electrolytes. The corrosion potential of the
zinc electrode shifted from —9.7 mV in BE to —29.5 mV in 1/
2-CaF, IFE, and the corrosion current density decreased from
12.6 to 3.1 mA/cm? (Figure S13a). These results indicated the
significantly improved corrosion resistance of zinc due to low
water contents and reduced water reactivity in 1/2-CaF, IFE.
In other IFEs based on LiF, ZnF,, and MgF,, zinc corrosion
was also effectively suppressed but more severe than that in the
1/2-CaF, IFE (Figure S13b). Furthermore, zinc foils were
immersed in different electrolytes, including BE, CaF,, LiF,
ZnF,, and MgF, IFEs for 15 days under ambient conditions. In
comparison to bare zinc, the zinc immersed in BE was heavily
passivated by large c-ZHS flakes (Figure 2g and Figures S14a—
d) due to zinc corrosion, HER, and byproduct formation. As
shown in Figure 2i, these ¢-ZHS byproducts displayed strong
diffraction peaks located at 12.3° 24.8°, and 50.8°. In sharp
contrast, suspended CaF, nanoparticles in the IFE sponta-
neously formed a densely compacted layer on the zinc surface
(Figure 2h and Figures Sl4e—f) after resting, and the
characteristic diffraction peaks (Figure 2i) corresponding to
CaF, at 28.4°, 47.2°, and 56.0° could be clearly identified.**
Meanwhile, only a negligible ¢-ZHS peak existed at 12.3°
indicating that the spontaneously formed CaF, layer could
effectively protect zinc from continuous corrosion and ¢-ZHS
passivation in the sulfate electrolyte. Figures S14g—1 and S15
provide SEM images and XRD patterns of the zinc foils
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immersed in other IFEs, respectively. These zinc foils suffered
from pitting corrosion or c-ZHS passivation, suggesting that
LiF, ZnF,, and MgF, IFEs were less efficient in protecting zinc
anodes since they failed to establish an effective SEL

2.2. In Situ, Spontaneous Generation of the Fluori-
nated a-ZHS SEl. To investigate the nanostructures and
chemical compositions of the SEI, cycled zinc anodes in ZnllZn
symmetric cells were characterized. As shown in Figure S16, an
interphase layer with a morphology distinct from those of zinc
and CaF, nanoparticles was spontaneously formed on the zinc
anode after resting for 2 h in 1/2-CaF, IFE. Figure 3a shows
the cross-sectional scanning electron microscopy (SEM) image
of the zinc anode after the first plating/stripping cycle in the 1/
2-CaF, IFE. A flat interface was observed between the zinc
anode and the nanoporous CaF,-crowding layer, indicating
uniform zinc plating/stripping during cycling. Figure 3b—c
presents the cross-sectional scanning transmission electron
microscopy (STEM) images of the interface. The results
clearly revealed the presence of a dense, flat SEI layer and a
nanoporous CaF,-crowding layer on the zinc anode. This in
situ formed SEI layer was nearly free of Ca and mainly
composed of Zn, O, and S (Figures 3d—g), agreeing well with
the chemical composition of ZHS: Zn,(OH)SO,xH,0. As
shown in Figure 3h and Figure S18, the F element also existed
in the SEI layer, indicating the fluorination of the in situ
formed interphase. For the zinc anode after resting for 2 h
(Figure S18) and 10 plating/stripping cycles (Figure S19), a

https://doi.org/10.1021/acsnano.4c04795
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Figure 4. Analysis of c-ZHS, organic—inorganic hybrid SEI and fluorinated a-ZHS SEI. (a) Suspended CaF, nanoparticles near the zinc metal
and (b) their atomic-scale configurations before and after relaxation. Schematic illustrations of (c) c-ZHS byproducts with sluggish Zn>*
diffusion kinetics formed in conventional sulfate electrolyte (i.e,, 2 M ZnSO,), (d) organic—inorganic hybrid SEIs with mechanical and
chemical instability widely reported in prior work, and (e) mechanically robust, chemically stable, and organic-free fluorinated a-ZHS SEI
formed in 1/2-CaF, IFE via the amorphization and fluorination of ZHS.

similar fluorinated SEI layer was observed, confirming the
spontaneous formation of a fluorinated SEI on zinc anode
when paired with 1/2-CaF, IFE.

As further revealed by the transmission electron microscopy
(TEM) image shown in Figure 3i, three layers with distinct
nanostructures were identified as Zn, ZHS, and CaF,
nanoparticles and are separated by dashed lines. Note that
the homogeneous and densely fluorinated ZHS region
exhibited typical amorphous characteristics (Figure 3j). In
the nanoporous CaF,-crowding layer, both fluorinated a-ZHS
and CaF, were observed, and the CaF, nanoparticles were
well-connected in the presence of fluorinated a-ZHS (Figures
3k—1). This nanoporous CaF,-crowding layer could serve as an
additional, lean-liquid barrier to prevent side reactions between
zinc and electrolytes when the fluorinated a-ZHS SEI
undergoes potential damage during long-term cycling. Mean-
while, the abundant solid—liquid interfaces within this layer
could ensure fast Zn** transport and uniform distribution of
Zn** flux during charge/discharge.””

Figure S20 shows the surface morphology and elemental
mappings of the zinc anode in a BE-based symmetric cell after
10 cycles. Numerous zinc dendrites with a representative
height of approximately 45 ym were observed due to uneven
zinc plating/stripping. Meanwhile, several c-ZHS byproduct
flakes composed of Zn, O, and S elements were embedded in
the porous zinc deposits, because of severe water-induced side
reactions. In sharp contrast, a densely compacted layer of CaF,
nanoparticles (Figure S21a) was in situ formed on the zinc
anode cycled in 1/2-CaF, IFE. The thickness of this CaF,-
crowding layer reached approximately 20 pm after 10 cycles
(Figure S21b), thinner than that (~35 ym) of precoated CaF,
layer on zinc anode surface.” Figure $21 also indicates that 1/
2-CaF, showed stable dendrite-free deposition of Zn covered
by the CaF,-crowding layer, while BE indicated very poor Zn
plating accompanied by dendrites. It is inferred that dissolution
of the cation—anion coordination reaction rarely occurs. The
elemental mappings and X-ray photoelectron spectroscopy
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(XPS) shown in Figures S20c—d and Figure S22, respectively,
confirmed that this nanoporous CaF,-crowding layer predom-
inately contains Ca and F.

Notably, CaF, nanoparticles play a key role in transforming
c-ZHS in conventional sulfate electrolytes to fluorinated a-ZHS
in the IFE. First, the fluorination of this SEI can be solely
attributed to the slight dissolution of CaF, nanoparticles,
which is completely different from those achieved via the
decomposition of fluorine-containing organics or anions (e.%.,
BF,”, PF,~, TFSI-, OTF") reported in prior work.>”*®
Furthermore, the binding energy between a suspended CaF,
nanoparticle and zinc reached —0.97 eV/no. Ca’* (Figures
4a—b). This introduced highly disordered zinc atoms on the
anode surface, which could potentially serve as a template to
facilitate the amorphization of ZHS. Importantly, the
fluorinated a-ZHS SEI is in situ formed on the zinc anode in
CaF, IFE due to the coordination between Zn>* and anions
(e.g, OH™, F7, and $O,*"). Therefore, the fluorinated a-ZHS
SEI is self-healable during cycling, similar to the regeneration
of SEIs widely observed in lithium batteries.'’ In comparison, a
crystalline interface was observed between precoated CaF, and
zinc with a smaller binding energy of —0.21 eV/no. Ca*'
(Figure S23). During cycling, precoated CaF, layers will lose
their functionalities to protect zinc anode due to irreversible
damages of the artificially introduced interface, leading to
unsatisfactory battery performance.”®*’

As schematically illustrated in Figures 4c—e, this fluorinated
a-ZHS SEI is distinct from the interphases observed in
conventional sulfate electrolytes and previously reported SEI-
forming electrolytes.**”****3%37=5% 15 conventional sulfate
electrolytes, spontaneously formed ZHS byproducts were
highly crystallized and detrimental to battery performance.
These non-ion conducting c-ZHS byproducts resulted in
continuous anode passivation, electrolyte depletion, and
dendrite growth between ZHS-covered surfaces. For other
SEI-forming electrolytes,**”****~3* the inorganic components
in the resulting hybrid SEIs were also widely observed in a

https://doi.org/10.1021/acsnano.4c04795
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crystalline state although these crystalline inorganic materials
are intrinsically nonconductive to ions (e.g., ZnF, with an ionic
conductivity of 107 mS/cm®). Meanwhile, the organic
components in these hybrid SEIs were poor in mechanical
and chemical stability due to their low strength and high
solubility."”
highly amorphous and completely free of organic components.
As summarized in Supplementary Table 1, ZHS exhibits a
substantially lower solubility product of 107% in water®® even
compared with the inorganics (e.g,, ZnF,, ZnO, ZnCO;) that
have been widely observed in organic—inorganic hybrid
SEIs.>*7?%3973* Moreover, this design of SEI proves that the
formation and fluorination of SEI in aqueous electrolytes do
not necessarily need to rely on the decomposition of organics
or anions but can be achieved via a simple HER-trigged
cation—anion coordination.

2.3. Fundamental Physical Properties of Fluorinated
a-ZHS. Due to the homogeneous nature of this single-phase
SEI, density functional theory (DFT) calculations were
conducted to systematically investigate the fundamental
physical properties of fluorinated a-ZHS. A series of ZHS
products with different degrees of F-substitution to the
hydroxide (denoted as ZH,_,F,S, 0 < x < 1) were considered.
Figure 5a—b shows the atomic models of ¢-ZH, ,F.S and a-
ZH,_,E.S, respectively. As shown in Figure Sc, the crystalline-
to-amorphous transition energies (Ep) of these ZH,_.F.S
products decreased with an increasing degree of F-substitution,
suggesting the fluorine ions in the electrolytes could facilitate
the amorphization of ZHS. Meanwhile, these a-ZH,_F.S
products exhibited a similar band gap of 3.2 eV (Figure Sd),
implying their electron-insulating properties since DFT
calculations generally underestimate band gaps.*”

'S In contrast, our current fluorinated a-ZHS SEI is
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ADb initio molecular dynamics (AIMD) simulations were
performed to determine the activation energies (E,) of Zn**
diffusion in ¢-ZHS and a-ZH,_,F.S. Figure S24 shows the
mean square displacement (MSD) of Zn** in c-ZHS and a-
ZHS. The Zn** diffusion in c-ZHS mainly occurred within its
in-plane and the cross-plane Zn** migration was highly
prohibited, exhibiting a typical two-dimensional (2D) diffusion
mode (Figure Se). In contrast, the MSDs of Zn** along the in-
plane and cross-plane directions of a-ZHS were comparable
and were significantly higher than those observed in ¢-ZHS,
indicating significantly enhanced Zn>* diffusion. More
importantly, as shown in Figure 5f, a-ZHS possessed three-
dimensional (3D) Zn*" diffusion pathways, which could be
highly advantageous to facilitate fast ion transport across the
SEI layer.

Figure Sg displays the activation energies of Zn** diffusion in
¢-ZHS and a-ZH,_F,S. The ¢-ZHS possessed a high E, of 0.78
eV. In comparison, the E, in a-ZHS decreased to 0.35 eV and
reached 0.18 eV when the a-ZHS was fully fluorinated
(denoted as a-ZFS). Note that the E, of a-ZHS is comparable
to those of fast-ion conducting oxide solid electrolytes.”® a-ZFS
also exhibits an E, similar to sulfide solid electrolytes, which are
generally considered superionic conductors.” These results
suggest that c-ZHS exhibits highly sluggish 2D Zn®* transport
kinetics, while a-ZHS is a 3D fast ion conductor to Zn*'
Moreover, fluorination is highly beneficial to further enhancing
Zn** diffusion in the amorphous SEI layer. Therefore, non-ion
conducting ¢-ZHS blocks Zn®* transport and prevents the
ZHS-covered zinc surface from plating/stripping, leading to
capacity loss and battery failure. In contrast, fast-ion
conducting fluorinated a-ZHS could serve as a homogeneous
and stable SEI layer to suppress dendrite growth and prevent
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Figure 6. Electrochemical performance of 1/2-CaF, IFE in cells. (a) CEs of CullZn asymmetric cells. (b) Cyclic stability of ZnllZn symmetric
cells. (c) Rate capability of ZnlINVO full cells at 1 A/g. (d) Voltage profiles of the 1st charge/discharge cycle of ZnlINVO full cells at 0.1 A/g.
(e) Cyclic stability of ZnlINVO full cells with 1/2-CaF, IFE based on different zinc salts at 1 A/g. (f) Cyclic stability of ZnlINVO full cells at 3
A/g. (g) Comparisons of electrochemical performance of previously reported AZIBs based on different electrolytes.

continuous side reactions between zinc and aqueous electro-
Iytes.

To understand the enhanced Zn** diffusion in a-ZHS,
phonon dynamics of c-ZHS and a-ZHS were investigated via
density functional perturbation theory (DFPT) calculations.
Figure S25a exhibits the phonon density of states of c-ZHS and
a-ZHS. The average phonon frequency (w,,) decreased from
16.4 THz in ¢-ZHS to 14.0 THz in a-ZHS. Such decrease in
®,, of a-ZHS was mainly contributed by optical phonons
ranging from 13 to 40 THz. This resulted in higher out-of-
plane vibration amplitudes of the a-ZHS lattice, leading to a
lower Zn** activation energy and higher Zn** mobility in a-
ZHS given that atom migration is highly related to optical
phonons.*”*' Meanwhile, the spectra of acoustic phonons
below ~13 THz were similar in c-ZHS and a-ZHS, agreeing
well with their similar bulk modulus (c-ZHS: 19.1 GPa, a-
ZHS: 17.2 GPa, Supplementary Figures 25b—c) as material
rigidity mainly originates from the behavior of acoustic
phonons.

2.4. Enhanced Electrochemical Performance of the
CaF, IFE. To reveal the superior electrochemical performance
of 1/2-CaF, IFE, CullZn asymmetric cells and ZnllZn
symmetric cells were tested. As shown in Figure 6a, the
CaF, IFE-based CullZn asymmetric cell exhibited an initial
Coulombic efficiency (CE) of 94.3%, significantly higher than
that (85.8%) of the BE-based CullZn cell. It is inferred that
polarization is more related to the byproduct formation in BE
than increase in viscosity induced by the incorporation of 1/2-
CaF,.%° The CE of the CaF, IFE-based CullZn asymmetric cell
quickly reached above 99.7% with stable voltage profiles over
600 h (Figure S26), indicating high zinc plating/stripping
reversibility in 1/2-CaF, IFE. In comparison, the CE of the
BE-based CullZn asymmetric cell stabilized around 99.1%,
leading to its fast failure after approximately 100 cycles.
Similarly, the cycle life of ZnllZn symmetric cells was
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prolonged from 100 h with the BE to over 1,000 h with the
1/2-CaF, IFE (Figure 6b). Figure S27 shows the cyclic
stability of ZnllZn symmetric cells at S mAh/cm?, indicating
that the cycle life of 1/2-CaF, IFE-based cells was also
enhanced at high depth of discharge compared to BE-based
cells. In addition, Figure S28 shows typical crescent curves for
BE and 1/2-CaF, IFE, indicating that no soft short occurred
during Zn plating/stripping.”’ These results suggested that
zinc anodes were highly stabilized in 1/2-CaF, IFE due to the
formation of fluorinated a-ZHS SEL

To further demonstrate the effectiveness of 1/2-CaF, IFE,
widely reported sodium-doped vanadium oxide (NVO) and
manganese dioxide/molybdenum oxide (MnO,/MoQO;) were
used as cathode materials to assemble full cells. All of the cells
with an electrolyte volume of 80 yL were charged to 2.2 V to
observe battery failure induced by dendrite growth and
electrolyte depletion. As shown in Figure 6¢, the CaF, IFE-
based ZnlINVO full cell exhibited stable capacities of 186, 137,
110, 87, 77 mAh/g at current densities of 0.1, 0.5, 1, 2, 3 A/g,
respectively. When the current density was recovered to 1 A/g,
the capacity of the CaF, IFE-based full cell remained stable at
approximately 110 mAh/g, indicating its superior rate
capability and stability compared to those of the BE-based
battery. In addition, the ZnlINVO full cell based on CaF, IFE
exhibited capacities comparable to those based on BE even at a
high current density of 3 A/g. It is inferred that Zn*" diffuses
fast through the fluorinated a-ZHS as calculated in Figure Sg.
Electrochemical performance of ZnlINVO full cells was also
evaluated at 0.5 A/g to validate the stability of cells based on
1/2-CaF, at small current densities. Figure S29 shows that the
1/2-CaF,-based full cell maintains the capacity (approximately
150 mAh/g) quite well over 600 cycles, while the BE-based cell
fails at around the 350th cycle. The cycling performance trend
of ZnlINVO full cells tested at 0.5 A/g agrees well with that at
3 A/g, corroborating that 1/2-CaF, IFE is effective at
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improving the cyclic stability of AZIBs at both small and high
current densities. Figure 6d displays the first-cycle voltage
profiles of these full cells at a current density of 0.1 A/g.
Notably, the voltage of the BE-based full cell could only be
charged to approximately 2.15 V due to severe electrolyte
decomposition, in sharp contrast to the stable voltage profiles
of the CaF, IFE-based battery. This confirmed that the
electrolyte depletion induced by the oxygen evolution reaction
at the cathode/electrolyte interface under increased voltages
was also significantly suppressed by CaF, nanoparticles in the
IFE.

Figure 6e shows the cyclic stability of the ZnlINVO full cells
with the 1/2-CaF, IFEs based on different zinc salts, including
ZnSO,, Zn(ClO,),, ZnCl,, Zn(Ac),, and Zn(OTf),. Notably,
in the presence of highly concentrated CaF, nanoparticles, the
full cells with different zinc salts exhibited greatly enhanced
stability (Figure S30). Among them, the 1/2-CaF, IFE based
on 2 M ZnSO, exhibited optimal long-term stability over 3,000
cycles in full cells. The CaF, IFEs based on 2 M Zn(ClO,),
and 2 M Zn(OTY), electrolytes also demonstrated superior
enhancement effects. These results provide strong evidence
that the CaF, nanoparticles can be paired with different liquid
electrolytes and zinc salts to further enhance the electro-
chemical performance of the AZIBs. At a higher current
density of 3 A/g, the BE-based full cell underwent substantial
capacity degradation and failed after approximately 1,500
cycles (Figure 6f). In contrast, the CaF, IFE-based battery
exhibited excellent long-term stability and retained a capacity
of 40.7 mAh/g after 20,000 cycles, substantially outperforming
previously reported AZIBs,””*”**~** a5 summarized in Figure
6g and Supplementary Table 2.

To validate the stability of 1/2-CaF, IFE, cycling tests of
AZIB cells with high mass loading of NVO (>$ mg/cm?) and
high Zn utilization of thin Zn film (0.025 mm) were also
examined (Figure S31). The CaF, IFE-based full cell with a
high mass loading of NVO exhibits improved stability over
2,500 cycles, while the BE-based full cell with high mass
loading of NVO shows short circuit at approximately the
1,200th cycle (Figure S31a). Figure S31b indicates that 1/2-
CaF, IFE noticeably enhances the stability of AZIB cells with a
thin Zn film, exhibiting much longer cycle life (>4,000 cycles)
compared to that of BE-based AZIBs showing sudden failure at
approximately the 2,300th cycle. It signifies that 1/2-CaF, IFE
would improve the stability of the AIZBs regardless of the mass
loading of NVO cathode materials. In particular, 1/2-CaF, IFE
suppressed severe side reactions such as Zn dendrite
effectively. Moreover, electrochemical tests show that the
stability of 1/2-CaF, IFE was enhanced despite a relatively low
pH compared to that of BE. It is inferred that the subtle
difference in pH between 1/2-CaF, and BE would not affect
cell performance. In addition, pouch cells were prepared and
electrochemically characterized to validate the availability of 1/
2-CaF, IFE to wide applications as shown in Figure S32. The
cycling test shows a capacity retention of 80% over 100 cycles
compared to the initial capacity, comparable to the perform-
ance of state-of-the-art pouch-cell AZIBs.”> ®* It is inferred
that 1/2-CaF, can be applied to the pouch cell, exhibiting the
potential for the commercialization of 1/2-CaF, IFE. Addi-
tionally, Figure S33 shows that the CaF, IFE-based ZnlIMnO,/
MoO; battery also exhibited superior stability over 3,000 cycles
at 1 A/g without introducing other electrolyte additives (e.g.,
MnSO,") to exclude the byproduct formation from additives.
Meanwhile, the capacity of the BE-based ZnlMnO,/MoO;
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battery quickly decayed to nearly zero after 1,500 cycles due to
electrolyte dry-out. These results suggest the excellent stability
and compatibility of the CaF, IFE when paired with different
cathode materials. Compared to contemporary electrolyte
systems reported in literature (Figure $S34), such as dilute mild
acidic electrolytes, water-in-salt electrolytes, and hybrid
electrolytes, the CaF, IFE exhibits superior overall electro-
chemical performance. Given these advantages, the demon-
stration of the CaF, IFE and associated fluorinated a-ZHS SEI
provides opportunities to further promote the battery perform-
ance.

3. CONCLUSIONS

A cost-effective, inorganically fluorinated electrolyte is
formulated based on conventional sulfate electrolytes and
CaF, nanoparticles, which successfully transforms the notori-
ously detrimental c-ZHS to a homogeneous fluorinated a-ZHS
SEL The evolution of the current SEI is based on a simple,
spontaneous cation—anion coordination instead of intricate
decomposition of organic molecules or anions in the
electrolytes. Moreover, this fast-ion conducting, homogeneous
SEI is organic-free and exhibits superior structural and
chemical stability. Due to the effective suppression of side
reactions and dendrite growth, the in situ formed SEI improves
the reversibility of Zn plating/stripping in dilute and acidic
aqueous electrolytes. Meanwhile, the concentrated CaF,
nanoparticles effectively stabilize water molecules against
electrochemical oxidation. With the CaF, IFE, AZIB full cells
exhibit substantially improved stability over 20,000 cycles with
a charging cutoff voltage of 2.2 V. Importantly, our electrolyte
design strategy is demonstrated to be effective in battery
systems containing a wide range of zinc salts and cathodes.
This work elucidates the fundamental role of inorganic
nanoparticles in electrolytes, providing useful guidelines for
the rational design of advanced electrolyte systems and
associated SEIs for high-performance batteries.

METHODS

Preparation of Electrolytes. The IFEs were prepared by mixing
different metal fluoride nanoparticles with BE (2 M ZnSO, in water
unless specified) in different liquid volume to solid mass ratios. For
instance, the 20/2-CaF, IFE and 1/2-CaF, IFE were composed of 20
mL of BE with 2 g of CaF, and 1 mL of BE with 2 g of CaF,,
respectively. CaF, was provided by Thermo Scientific (CAS 7789-75-
5). Based on the density of CaF,, its concentration in 1/2-CaF, IFE is
estimated to be 38.6 vol % or 60.4 wt %. The 1/2-CaF, IFE was
selected as the optimal electrolyte; and the LiF, ZnF,, and MgF, IFEs
with the same liquid volume to solid mass ratio of 1:2 were prepared
for comparison. The liquid—solid mixtures were mechanically mixed
to prepare the IFEs. The CaF, IFEs with other BEs based on different
zinc salts including Zn(ClO,),, ZnCl,, Zn(Ac),, and Zn(OTf), were
prepared following the same procedure.

Material Characterization. The material structures were
analyzed by X-ray diffraction (XRD, Rigaku Ultima IV diffractom-
eter), XPS (Versa Probe II), Fourier transformation infrared
spectroscopy (FTIR, Agilent 660), and Raman spectroscopy (NRS-
5100, Jasco). The rheological properties of the BE and IFEs were
measured by a rotational rheometer (Discovery HR-2, TA Instru-
ments) using a stainless-steel Peltier plate (8 mm). The ionic
conductivity of the IFEs and pH were measured by a conductivity
meter (EC600, EXTECH). Scanning electron microscopy (Sigma S00
VP, Zeiss) with an energy-dispersive X-ray spectroscopy (EDAX)
probe was utilized to characterize the surface morphologies and
elemental distributions of the zinc anode. Focused ion beam (FIB)/
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SEM (FEIL Nova 200) with a nanomanipulator was employed to
prepare the sample for TEM/STEM, JEM-ARM200F.

Cell Assembling. Standard CR2032 coin cell was used for
assembling cells. Zinc discs with a thickness of 0.08 mm and a
diameter of 14 mm were used as the anode. Glass fiber membrane
with a thickness of 250 um (GF/A, Whatman) and a diameter of 16
mm was used as the separator. Pouch cells with a § cm X 6 cm size
were prepared with electrodes (3.5 cm X 3.5 cm) and glass fiber
membrane separator (4 cm X 4 cm). Aluminum and nickel taps were
used for terminals for the positive and negative electrodes,
respectively. The cathode material, NVO, and MnO,/MoQO; were
prepared following the procedures described in prior work.*>>" The
active material, carbon black, and binder (PVDF) were mixed in a
weight ratio of 7:2:1 and ground with NMP to form a slurry. Then,
the slurry was uniformly coated on carbon paper and dried under a
vacuum at 80 °C overnight. The mass loading was 2—3 mg/cmz.
Finally, cathode electrodes were obtained by punching the coated
carbon paper into @14 mm discs and were used as the cathode for
assembling full cells. 80 yL of the BE or IFEs was used in all the cells.

Electrochemical Measurements. All of the cells were rested for
2 h before electrochemical tests. The linear sweep voltammetry
(LSV), chromatoamperometry (CA), and Tafel tests were conducted
on an electrochemical workstation (Interface 1010E, Gamry). Among
them, LSV (—=0.5 to 2.6 V vs Zn/Zn*", 5 mV/s) and CA tests were
performed using Znllstainless steel (SS) asymmetric cells. LSV
measurements were carried out at a sweep rate of S mV/s from
—0.5 to 2.6 V to characterize hydrogen and oxygen evolution
reactions. During the CA tests, a constant overpotential of —150 mV
was applied to the ZnlSS asymmetric cells. Tafel tests were performed
using ZnllZn symmetric cells with a voltage window between —300 to
300 mV vs the open circuit potential at a scan rate of 1 mV/s.
Galvanostatic charge/discharge tests were performed on a multi-
channel battery testing system (NEWARE).

DFT Calculations. The atomic and electronic structures were
analyzed by using DFT calculations. All DFT calculations were
conducted by using the Vienna Ab Initio Simulation Package (VASP)
implementing the exchange-correlation functional of the spin-
polarized generalized gradient approximation (GGA) parametrized
by Perdew—Burke—Ernzerhof (PBE).*” Structures of bulk ZHS, zinc
metal, and CaF, nanoparticles were constructed based on
Monkhorst—Pack grid of 4x4X1, 4X6X1 and Gamma-centered grid
of 2X2X1, 1X1x1 k-point grids with a cutoff energy of 500 eV,
respectively. Hubbard U value of 7.0 eV was adopted for the Zn in
ZHS to introduce the strong d-electron band correlations.” All the
structures were fully relaxed for thermodynamic stabilization, and van
der Waals interaction was also introduced during calculations.

The binding energies (E,) between CaF,—H,O and CaF,—Zn**
were calculated according to eq 6:

Eb = Etotal(caFZ_Zn2+ or HZO) + nlEtotal(HZO) - Etotal(caFZ)

(6)

where E,(CaF,—Zn*" or H,0) is the total energy of Zn** or H,0
adsorption onto CaF,, E.;(H,0) is the energy of H,O molecule, n,
and n, are the numbers of H,O molecule and Zn**, E,(CaF,) is the
energy for the surface of CaF, and E ., (Zn** or H,0) is the energy of
Zn** solvated by H,0 molecules. The binding energies between
precoated CaF,—Zn and suspended CaF,—Zn systems were
calculated according to eqs 7 and 8, respectively:

- n2Etotal(Zn2+)

Ebpre-cuatsd = Eyyq(interface) — E, ., (Zn(001))
- Emtal(Can(lll)) (7)
By s = Eow(Zn(111) — CaB(NP)) — E, i (Zn(111))

suspended

= E(CaE,(NP)) (8)

where E(interface), Ei(Zn), Eyo(CaF,), and E,yy(CaF,(NP))
are the total energy of the interface, Zn (001) surface, bulk CaF,
(111) surface and CaF, nanoparticle (NP), respectively. A surface
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strain of ~5% was introduced to construct a periodic interface. The
crystalline-to-amorphous  transition energies (E;) of ZH, ,F.S
structures were calculated according to eq 9:

ET = Etotal(a'ZHl—xeS) - Etotal(C'ZHl—xeS) (9)

where Ep is the total energy of each structure.

Gibbs Free Energy of HER. The Volmer mechanism (H" + e~ —
H*) was considered to describe the HER. The H* symbol is the
adsorbed H on the surface model. The Gibbs free energy of H*
adsorption (AG) was calculated according to eq 10:*

AG = AE + AE,p; — TAS (10)

where AE, AE;p, T, and AS are the adsorption energy of H atom,
zero-point energy (ZPE), temperature, and entropy variation,
respectively.

Phonon Dynamics. Phonon spectra were calculated by DFPT
using VASP with a Gamma-centered k-point for c-ZHS and a-ZHS.
The atomic structures were relaxed when all atomic forces were less
than 1077 eV/A. The phonon density of states (PDOS) were
examined by phonopy package with interatomic forces and atomic
position obtained from DFPT.>* The average phonon frequency (@,,)
was calculated according to eq 11:

~ [wPDOS(w)dw
~ [PDOS(w)da

Wy

(11)

The bulk modulus of ¢-ZHS and a-ZHS were calculated via the
Birch—Murnaghan equation of state (EOS) according to eq 12:*°

\4

2/3 3 v 2/3 2
—| —=1|By+||—| -1
Vo

14

WV,
Etotal (V) = EO + OBO [

16

2/3
6 4[V)
1A
(12)

where E,., (V) is the internal energy, E, is the equilibrium energy, V'is
the changed volume, V; is the equilibrium volume, By is the bulk
modulus and By is the first derivative of the bulk modulus.

AIMD. The AIMD method was employed to construct a-ZHS by
the melt-quenching (MQ) method. Canonical (NVT) ensemble with
a Nose—Hoover thermostat and a Gamma-centered k-point was
introduced for the AIMD simulation. The ¢-ZHS and fluorinated c-
ZHS were first melted at 3,500 K for 5,000 timesteps (S ps). Then,
the melted structures were quenched to 100 K at a cooling rate of 200
K/ps. The quenched structures were equilibrated at 300 K for 5 ps
before calculations.

The kinetics of Zn>* diffusions in c-ZHS, a-ZHS and fluorinated a-
ZHS were examined by AIMD simulations. The ¢-ZHS was examined
at the desired temperatures ranging from 800 to 1,200 K for 10 ps.
The a-ZHS and fluorinated a-ZHS were examined at the desired
temperatures ranging from 600 to 1,200 K for S ps. A longer
simulation time was needed to facilitate the thermal activation of c-
ZHS due to its sluggish ion diffusions. The diffusion coefficient (D)
was calculgaéted based on the linear fit of the MSD over time according
to eq 13:°

L 2
D = —([Ar(t
S ArOr) (13)
where d is a dimensional factor and d equals 3 for 3D structures, t is
the time duration for the simulation, and [Ar(t)]* is the MSD.
Particularly, the MSD was calculated according to eq 14:

ArOF = = P dlnte + 1) = I1()T) »

where 7;(t) is the displacement of the i Zn-ion at time t and N is the
total number of Zn**.
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The activation energies (E,) of Zn** diffusion in ¢-ZHS and a-
ZH,_,F,S were determined based on the diffusion coefficient (D) and
the Arrhenius equation:

D= e@[_f_;") (15)

where Dy is the highest diffusivity at infinite temperature, k is the
Boltzmann constant, and T is the temperature.
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