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ELECTROCHEMISTRY

A zinc-conducting chalcogenide electrolyte
Jian Zhi't, Siwei Zhao?t, Min Zhou3, Ruigi Wang?, Fugiang Huang"%*

A solid-state zinc-ion battery can fundamentally eliminate dendrite formation and hydrogen evolution on the
zinc anode from aqueous systems. However, enabling fast zinc ion * conduction in solid crystals is thought to be
impossible. Here, we demonstrated a fluorine-doping approach to achieving fast Zn2* transport in mesoporous
Zn,S;_,F,. The substitutional doping of fluoride ion with sulfide substantially reduces Zn>* migration barrier in a
crystalline phase, while mesopore channels with bounded dimethylformamide enable nondestructive Zn?* con-
duction along inner pore surface. This mesoporous conductor features a high room-temperature Zn%* conduc-
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tivity (0.66 millisiemens per centimeter, compared with 0.01 to 1 millisiemens per centimeter for lithium solid-
state electrolyte) with a superior cycling performance (89.5% capacity retention over 5000 cycles) in a solid zinc-
ion battery and energy density (0.04 watt-hour per cubic centimeter) in a solid zinc-ion capacitor. The univer-
sality of this crystal engineering approach was also verified in other mesoporous zinc chalcogenide materials,
which implies various types of potential Zn?*-conducting solid electrolytes.

INTRODUCTION

Because of the increasing demands of sustainable energy applica-
tions and the rare nature of Li resources, great efforts have been ded-
icated to designing energy storage systems beyond Li-ion batteries
(LIBs) (I1). Among them, Zn-ion batteries (ZIBs) and Zn-ion capac-
itors (ZICs) come out as one of the most economical alternatives
due to their advantages of low cost and environmental friendliness
(2-4). However, some safety-related challenges, such as formation
of dendrites, corrosion of the zinc anode, and decomposition of
electrolyte, are still major obstacles for the practical applications
of ZIBs and ZICs.

Constructing solid-state ZIBs and ZICs is a promising strategy
for these challenges due to their potential benefits to safety,
energy density, and shelf life (5). The realization of these energy
storage devices largely depends on solid electrolyte based on a Zn
superionic conductor. Unfortunately, rare inorganic zinc-conduct-
ing solid electrolytes have been reported so far because of the strong
electrostatic bonding of Zn** ions with solid matrix, which results in
low room-temperature ionic conductivity (usually less than 107>
S cm™!') along with low Zn?* transference number (generally
below 0.4) (6). However, Zn?* conduction in these electrolytes
largely relies on the addition of free water [15 to 70 weight % (wt
%)], which still causes severe surface corrosion and hydrogen evo-
lution on Zn metal. Further seeking of inorganic solid electrolyte
with intrinsic high Zn?* conductivity, which shares a similar ion
transport mechanism as Li superionic conductors for solid-state
LIBs, may be another choice for solid ZIBs and ZICs.

In this work, we report a design strategy for inorganic Zn** supe-
rionic conductors based on facile fluorine doping of mesoporous
zinc chalcogenide. This approach was firstly applied in ZnS, a
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diamond-structured chalcogenide material with tetrahedral coordi-
nation geometry. First-principle structure calculations (discussion
S1) (7, 8) show that for a large range of Fermi energies, ZnS
allows the formation of interstitial Zn** even with a negative forma-
tion energy, indicating that Zn®* interstitials can stably exist in the
ZnS$ matrix (fig. S1). Therefore, ZnS is a promising solid conductor
for Zn** migration, which may create an alternative direction in the
development of Zn**-conducting solid electrolyte.

Here, we present that substitutional doping of F~ with $*~ intro-
duces abundant Zn vacancies (Vacz,) in mesoporous ZnS (MZS),
which substantially reduce Zn** migration barrier along adjacent
octahedral Zn sites and enable fast Zn** transport in a crystalline
Zn,S;_,F, phase. We further show that the mesopore channels of
F~-doped MZS (MFZS) with a small amount of bound dimethylfor-
mamide [DMF; 6.2 mole percent (mol %)] molecules also assist in
nondestructive and rapid Zn?** conduction along the inner pore
surface of MFZS. After preinsertion of Zn**, this ion conductor
(Zn-MFZS) shows a high intrinsic ionic conductivity and transfer-
ence number of 0.66 mS cm™" and 0.76, respectively. Zn-MFZS also
presents a wide electrochemical window of —0.5 to 3 V (versus Zn/
Zn*) and realizes hydrogen and dendrite-free Zn plating/stripping
(over 1600-hour cycle at room temperature) in a symmetric cell,
achieving a record-high cumulative capacity of 4000
mA-hour cm™2

In addition, Zn-MFZS allows in situ growth of Prussian blue
analogs and carbonaceous materials inside mesopores to obtain
an active material/solid electrolyte integrated structure. This funda-
mentally resolves the ion conduction issue for solid thick electrodes
and results in a superior electrochemical performance in both solid
ZIBs and ZICs. Zn-MFZS also presents many advantages in terms
of stability (nonvolatile), safety (nonexplosive), all-climate applica-
tion (wide temperature window from —40° to 100°C), and scalable
potential (low negative/positive electrode capacity ratio (N/P) of
2.41). This fluorine-doping strategy can be used to boost the intrin-
sic Zn** conductivity for other mesoporous zinc chalcogenide ma-
terials. This leads to a series of high-performance fast ion—
conducting Zn>* inorganic conductors that shows great potential
in high energy and safe solid-state energy storage systems.
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RESULTS

Structure characterization of MFZS

MFZS was prepared using a facile evaporation-induced self-assem-
bly (EISA) process using Pluronic F127 as a soft template, followed
by the calcination at 650°C under argon for the formation of mes-
ostructured ZnS. Fluorine doping was achieved by adding NH,F
aqueous in the sol for EISA (9-11). As characterized by scanning
electron microscopy (SEM) in fig. S2, MFZS shows clusters of
rod-like particles with a diameter of 100 to 200 nm. The microstruc-
ture of the synthesized MFZS sample with 5.6 atomic % (at %) of
fluorine was investigated by transmission electron microscopy
(TEM; Fig. 1, A to C). MFZS exhibits a well-ordered mesoporous
structure along [100] and [111] direction (Fig. 1, A and B). Attrib-
uting to the low association energy between ZnS crystals and hydro-
phobic F127 chains, this soft-templating method to obtain MZS
inevitably leads to the formation of semicrystalline and amorphous
phase in the inner wall of MFZS (Fig. 1C). The mesoporous struc-
ture of MFZS was further verified by IV-type nitrogen adsorption-
desorption isotherm (Fig. 1D), with a pore size centered at 4.58 nm
(inset of Fig. 1D) and a high surface area of 257 m? g~'. The crystal
structure of MFZS and pristine MZS was investigated by X-ray

diffraction (XRD) spectroscopy. The corresponding peaks are well
indexed to cubic sphalerite ZnS without any impurities (JCPDS#05-
0566; fig. S3).

X-ray photoelectron spectroscopy (XPS) was further conducted
to reveal the chemical state of fluorine dopant in ZnS lattice. As
shown in Fig. 1E, the deconvoluted fluorine 1s XPS of MFZS
shows two peaks at 686.8 and 685.2 eV, representing the substitu-
tional F~ for S*~ and surface absorbed F~, respectively (12). This
substitutional doping of mono-ion F~ with divalent ion S*~
greatly increases the local positive charges and creates abundant
Vacy, around doping sites to balance the charge distribution,
which is evidenced by '“F solid-state magic-angle spinning
nuclear magnetic resonance (MAS-NMR; Fig. 1F). Compared to
the MAS-NMR of MZS, additional peak appears in the spectra of
MFZS at a chemical shift of —173.6 parts per million (ppm), corre-
sponding to the fluorine in the vicinity of Vacy, (13). The introduc-
tion of Vacy, also increases the electronic density around the Zn
sites, which leads to a 1.2-eV shift toward lower binding energy in
Zn 2p;;, and Zn 2p;), peaks for MFZS compared with MZS
(Fig. 1G). Rietveld refinement fitting for MFZS was performed by
VESTA software using face-centered cubic unit cell for ZnS with

D E F
o [ Surface absorbed F~ F1s
% 300 [ substitutional F~ A&
o
oD - —
250 - E >
5 s 3
g % 2 2
] 200 i ] b
] t g ]
Zo.08 c <
g 150+ g = £
2 Zoos
8 ;D 00-
S 1004 L e s R
Pore size (nm)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 695 _690_ 685 680 -190 -180 -170 -160 -150
Relative pressure (PIP,) Binding energy (eV) "°F frequency (ppm)
—M2zs 2py,
——MFzs 1022.5 eV 0.9+ Surface
=]
= 1045.6 eV -~ 2
3 3 s 081 Bulk
8 < L
2 2 £
% =5 S
2 2 £ 0.7
2 2 0
£ 1044.4 eV £ c
N
0.6
i
I I e
| I Surface |

1050 1040 1030 1020

Binding energy (eV)

1060 1010

694 692 690 638 636 634 682 680
Binding energy (eV)

0 200 400 600 800 1000 1200 1400
Etching time (s)

Fig. 1. Characterizations of MFZS. (A and B) TEM images of MFZS along [100] and [111] direction, respectively. (C) High-resolution electron microscopy of MFZS inner
wall structure with the combination of crystalline phase (yellow rectangle), semicrystalline phase (blue rectangle), and amorphous phase (white rectangle). (D) N, ad-
sorption-desorption isotherms and corresponding pore size distribution (inset) of MFZS. (E) XPS spectra for F 1s of MFZS. (F) MAS-NMR of MFZS and MZS. (G) XPS spectra
for Zn 2p of MFZS and MZS. (H) XPS depth profiles for F 1s of MFZS. (1) Zn:S atomic ratio obtained from XPS quantitative analysis along with the Ar* etching time. STP,

standard temperature and pressure; a.u., arbitrary units.
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F43m space group (fig. $4). Good agreement between the calculated
and observed model was obtained with Ry, = 5.98%, Ry, = 6.30%,
x> = 0.89, and Goodness of Fit (GOF) = 0.94. Table S1 shows the
refined structure parameter of MFZS. It is observed that the occu-
pancy ratio of S:F in MFZS is 0.016 (0.015:0.913), suggesting that
approximately 1.6% of S sites have been occupied by F~ ions. In ad-
dition, the occupancy ratio of Zn:(S + F) in MFZS is only 0.935
(0.868:0.928), further confirming the formation of Vacy,, after fluo-
rine doping. It is also shown that the unit cell volume and crystallite
size of MFZS were smaller than those of pristine MZS (table S2),
indicating an obvious lattice shrinkage. This is in accordance with
Vegard's rule in a lattice parameter reduction due to the replacing of
larger S*~ ions with smaller F~ ions (14).

Ar* sputtering-assisted XPS was measured on MFZS samples to
get better fluorine-doping statistics from the surface to the bulk. As
the etching time increased, a steady increase in F 1s signals can be
clearly seen in Fig. 1H. It is due to the well-ordered mesopore chan-
nels (Fig. 1A) and amorphous wall structure (Fig. 1C), which greatly
promote the penetration of F~ during calcination and lead to the
introduction of abundant Vacz, into the bulk crystals of ZnS.
This bulk Vacg, is also verified by the decrease in Zn:S atomic
ratio as a function of etching time in XPS quantitative analysis
(Fig. 1I). Last, we emphasize that fluorine-doping concentration
can be continuously adjusted by changing NH,F concentration in
EISA sol (fig. S5).

Zn conduction in Zn-MFZS

To introduce more mobile Zn** for ionic conduction, MFZS was
mixed with a zinc salt solution {0.5 M zinc trifluoromethanesulfo-
nate [Zn(OTF),] in DMF}, followed by evaporation of DMF to
obtain Zn-MFZS conductor [the molar ratio of Zn(OTF), to
MEZS is about 1:10]. Zn-MFZS contains a small amount of
bound DMF (6.2 mol %) as determined from ultrasonic
extraction—-based gas chromatography—mass spectrometry (GC-
MS) method, which shows a molecular formula of Zn,S,_,F,
(CF5S03),-0.066 DMEFE. Compared to the differential scanning calo-
rimetry (DSC) curve of liquid DMF, Zn-MFZS does not show a
phase change near —69.2°C (fig. S6), indicating that the DMF are
isolated (gas-like dimers) in two-dimensional nanochannels of
MFZS and does not form a liquid phase (15). Fourier transform in-
frared spectra of Zn-MFZS also show a decreased peak intensity at
1257 cm™" in C—N stretching, further suggesting the weak DMF-
DMF interaction in Zn-MFZS (fig. S7) (16, 17). Obviously, DMF
molecules do not agglomerate into a condensed liquid phase in
Zn-MFZS and therefore do not function as a solvent in this
system. This is substantially different from the electrolytes with
free liquid solvent, in which the solvent molecules exist as bulk
liquid and directly enable ionic conduction. Zn-MFZS shows high
electrochemical stability with a wide potential range from —0.5 to 3
V, whereas the oxygen evolution for aqueous electrolyte (2 M
ZnS0O,) begins at 1.8 V (Fig. 2A). Zn-MFZS is also an excellent
Zn** conductor. At 25°C, Zn-MFZS presents a high Zn** conduc-
tivity of 0.66 mS cm™! (fig. S8) with a high transference number of
0.76 (discussion S2) (18, 19), which is much higher than that of pris-
tine MZS (0.025 mS cm™1), MFZS (0.18 mS cm™!), Zn* preinserted
MZS (Zn-MZS, 0.027 mS cm™; fig. S9), and other solid or hybrid
Zn** conductors (Fig. 2B) (6, 20-22). The conductivity-tempera-
ture relationship of Zn-MFZS follows an Arrhenius-type behavior
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(Fig. 2C), and the activation energy of Zn-MFZS was calculated to
be 0.3 eV (fig. S10). Moreover, Zn-MFZS also exhibits extremely low
electronic conductivity of about 6.1 x 1077 mS cm™" at 25° to 300°C
(fig. S11). The high electronic conductivities of Zn**-conducting
solid electrolyte allow Zn** to combine with electrons to form Zn
dendrites in the electrolytes after the potential reaches the Zn-
plating potential. The dendrites nucleation inside the solid electro-
lyte could further boost the electronic conductivity, which would
facilitate the Zn dendrite deposition until a metallic percolation is
formed and lead to short circuiting. Similar phenomena were re-
ported in sodium solid electrolytes, where the enhanced electronic
conduction in sodium B-alumina can result in sodium deposition in
the electrolyte (23, 24). The low electronic conductivity and high
ionic conductivity of Zn-MFZS suggest its promising application
in dendrite-free all-solid-state ZIBs. We also found that 5.6 at %
of fluorine doping is critical in the ionic conductivity of Zn-
MFZS. Further increase in the doping concentration to 6.2 at % in-
evitably increases the surface adsorbed F~ and decreases the substi-
tutional F~ (table S3), which leads to a notable reduction in ionic
conductivity (fig. S12).

To exclude the impact of DMF on Zn?* conduction of Zn-MFZS,
we used spark plasma sintering (SPS) to study the intrinsic Zn**
conduction in MFZS solid crystals (fig. S13). After SPS, the obtained
sample (Zn-MFZSS?®) still shows a mesoporous structure (fig. S14)
without any detectable DMF from gas chromatography—mass spec-
trometry (GC-MS). The conductivity-temperature relationship of
Zn-MFZSSS also follows the Arrhenius equation (Fig. 2C) with a
Zn** conductivity of 0.43 mS cm™' at room temperature
(Fig. 2D), which is still 65% to the value of Zn-MFZS (0.66 mS
cm™?). The ionic conduction of Zn-MFZS is mainly derived from
the Zn** migration in the bulk solid phase, and Zn-MFZS is abso-
lutely a solid electrolyte. The Zn** conductivity of this DMF-free
Zn-MFZSS*S is still much larger than those of previously reported
Zn** inorganic conductors, including MOF-808 (0.21 mS cm™')
(20), ZIF-8 (0.019 mS cm™') (21), zinc silicate (0.028 mS cm™!)
(6), and BiyZng V(00535 (0.034 mS cm™!) (22) featuring an out-
standing solid-state Zn** conductor. Similar trend can be also ob-
served between Zn-MZS and SPS-treated Zn-MZS samples (Zn-
MZSS?S; Fig. 2D), indicating that the bound DMF molecules in
mesopore channels also contribute to the high ionic conductivity
of Zn-MFZS. To understand the role of residue DMF in Zn-
MFZS for Zn*' transport, we performed molecular dynamics
(MD; discussion S3) (25) simulations for fluorine-doped ZnS
systems with different numbers of DMF molecules and Zn(OTF),
salts. Compared to the systems with 110 OTF~ ions, the addition of
75 DMF molecules leads to a much larger mean squared displace-
ment of Zn** jons (Fig. 2E) and substantially higher Zn** diffusion
coefficient (from 0.47 x 10™7 to 1.1 x 10~7 cm s~!; table S4). This is
due to the much faster movement of DMF molecules than OTF~
ions in fluorine-doped ZnS$ (fig. S15), which taps Zn** out of its
bonding sites with OTF~ and effectively assist Zn>* interfacial trans-
port in the inner pore surface of Zn-MFZS. Note that on the basis of
MD simulations (fig. S15), the counteranion OTF~ shows a high
diffusion coefficient of 1.22 x 1077 cm? s~ that is even comparable
to the value of Zn?* (table S4). OTF~ anion also contributes to the
ionic conductivity of the solid electrolyte, and Zn-MFZS is a typical
dual-ion conductor. Nevertheless, the actual migration of OTF~ is
largely trapped by the electrophilic fluorine atoms in MFZS matrix
(26), which accounts for the much lower transference number
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Fig. 2. Zn conduction in Zn-MFZS.
(A) Linear sweep voltammetry (LSV)
of Zn-MFZS under 0.1 mV s~ [anodic
scan, open-circuit voltage (OCV) to 4.2
V; cathodic scan, OCV to —0.57 V]. The
LSV of 2 M ZnSQO,4 aqueous electrolyte
was also measured for comparison.
(B) Transference number and ionic
conductivity for Zn-MFZS and other
inorganic solid Zn?* conductors with
(blue) or without liquid solvent (black)
including MOF-808 (20), hopeite (62),
ZnS (64), ZnF, (65), ZrP (66) (the
transference number is missing from
ZnF, and ZrP, we prepared the same
materials via the same procedures as
in (65) and (66) to obtained these
data), and ZIF-11 (67). (C) Tempera-
ture-dependent conductivity of Zn-
MFZS, Zn-MFZS°"®, and Zn-MZS with
linear fitting based on the Arrhenius
equation. Temperature-dependent
conductivity plots (1 to 4) for previ-
ously reported solid Zn?* conductors
are also included for comparison,
such as MOF-808 (1) (20), ionic liquid
incorporated ZIF-8 (2) (21), zinc sili-
cate (3) (6), and Bi;Zng V(905 35 (4)
(22). (D) lonic conductivities of Zn-
MFZS, Zn-MFZS%PS, Zn-MZS, and Zn-
MZS°PS, (E) Mean squared displace-
ment (MSD) of Zn?* in fluorine-doped
ZnS systems with 110 OTF~ ions and
110 OTF~ ions + 75 DMF molecules.
(F) lonic conductivities of Zn-MFZSP®
and Zn-MFZS samples with different
preinserted Zn?* concentrations. (G
and H) Diffusion path (G) and energy
profile comparison (H) of Zn?* in ZnS
and F-doped ZnS (ZnS:F) along adja-
cent octahedral Zn sites. (I) The
probability densities of Zn-ion
diffusion in ZnS (left) and ZnS:F
(right). (J) Schematic illustration of
Zn?* conduction in Zn-MFZS
electrolyte.
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(0.24) than Zn?* (0.76). Similar ionic conduction mechanism has
also been reported fora Mg** conductor MIL-101 D [Mg(TFSI),], ¢,

in which the mobile carriers are mainly derived from the Mg(II)
bis(trifluoromethanesulfonyl)imide [Mg(TFSI),] salt and the trans-
port number of Mg** is 0.41 (27).

To study the impact of the introduced Zn(OTF), on the ionic

conduction of Zn-MFZS crystals, we prepared a series of Zn-
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MFZSSPS samples with different preinserted Zn?* concentrations.
The room-temperature ionic conductivity of Zn-MFZSS*S increases
with the increase in preinserted Zn** concentration and achieves a
highest value of 0.43 mS cm™" at a Zn(OTF), content of 9.6 mol %
(Fig. 2F). It is 2.56 times higher than the ionic conductivity of the
SPS-treated MFZS (MFEZS®?S; 0.12 mS cm™!) under the same fluo-
rine-doping concentration (5.6 at %; fig. S16). Obviously, the
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impregnated Zn(OTF), introduced abundant Zn** carriers and
substantially boost the ionic conductivity of Zn-MFZS. In sharp
contrast, there are no obvious changes in ionic conductivities
from Zn-MZS%*S samples with different preinserted Zn>* concen-
trations (Fig. 2E), indicting the extremely slow Zn** diffusion kinet-
ics in pristine ZnS samples. We further found that the ionic
conductivity of MFZSS?S without additional Zn®* insertion
(MFZS5%) can be adjusted by varying the fluorine-doping concen-
tration (Fig. 2F). Therefore, we conclude that the high Zn** conduc-
tivity of Zn-MFZSS"S is mainly due to the hoping of Zn?* from
Zn(OTF),, while some Zn?* from original MFZS can also move
and contribute to the Zn?* conduction. We also prepared a series
of nonmesoporous fluorine-doped ZnS particles to study the func-
tion of mesopore channels in ionic conduction of Zn?*. With
similar ranges of fluorine-doping concentration, SPS-treated fluo-
rine-doped Zn$ particles (FZSS"S) show a much lower ionic con-
ductivity than MFZSSPS samples (fig. S17). Obviously, the
abundant mesopore channels in MFZS provide more free space
for Zn** migration, which forms continuous, nondestructive Zn**
conduction pathways and notably enhances Zn** transfer kinetics.

The defect chemistry of fluorine-doped ZnS plays a key role to
enable fast Zn** conduction in MFZS bulk crystals. During F
doping, the aliovalent anion substitution occurs in the ZnS lattice,
which generates substitutional anion defects and companionable
cation vacancy defects. S is eventually replaced by F, which refers
to substitutional defects (Fg). The substitution of monovalent F to
divalent S would change the overall charge within ZnS. To maintain
the electrical neutrality of the compound, the charge compensation
is required. Therefore, Vacy,, are formed to balance the charge dis-
tribution. The aliovalent anion substitution would not only change
the lattice structure due to variant dopant sizes but also influence
the electronic structure by tuning electron densities around
anions and vacancies (28).

The theoretical calculations further reflect the synergic effects of
Fs and Vacy, on MFZS samples from the following aspects. (i)
Lattice parameters. A fluoride-doped ZnS model with Vacy,
(labeled as ZnS:F) was established and geometrically optimized as
shown in fig. S18 and table S5. The F atom is doped on the original
(111) plane of cubic ZnS, which is the (100) plane of the ZnS:F cell.
Considering smaller ion radii and stronger zincophilicity of F, the Fg
is off-center ions that deviate from the original equilibrium position
of S. The smaller F and more vacant surrounding vicinity could
trigger lattice reduction, which is in accordance with the shortened
supercell axes as observed after F doping in table S5. (ii) Electronic
structure. The electronic structure of Zn$ and defect-introduced de-
rivatives is analyzed according to the profiles of the density of states
in fig. S19. The pristine ZnS is innately a band insulator, where the
valence electrons of Zn are transferred to S. Hence, the projected S
orbitals dominate the valence band maximum (VBM,; fig. SI9A). By
introducing Fg defects without cation vacancies, the compound is
electrically positive because of the smaller oxidant states of F. To
balance the charge, the electron filling is increased, where the con-
duction bands are leveled down to the Fermi level (fig. S19B). By
introducing Vacy,, the electron charge densities around anions
would intensify, which is elucidated by the strengthened VBM
around Fermi level (fig. S19C). With the cointroduction of Fg and
Vacz,, the positive charge originated from aliovalent anion substi-
tution is compensated by cation vacancies, and the conduction
band minimum levels off as pristine Zn$S (fig. S19D). (iii) Zn**
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diffusion barriers and probability densities. The diffusion behavior
of Zn** is regulated by F doping both energetically and kinetically.
Figure 2G shows the Zn* diffusion profile between octahedral site
(Zng) and corner-shared tetrahedral S-coordinated sites (Znr). Al-
though the most energetically favorable Zn?* transport path
between adjacent Zny exhibits a barrier of 0.27 eV, the overall
Zn** diffusion performance is lagged by the high-energy Zn, trans-
fer (0.38 eV; Fig. 2H). When replacing one S atom by F, the energy
barrier along adjacent octahedral Zn sites (Zng) is decreased to 0.31
eV (Fig. 2H), which contributed to the more flexible ZnS§ lattice after
the introduction of Fg and Vacy,,. The Ab Initio Molecular Dynam-
ics (AIMD) simulation visualizes the Zn*" probability densities in
Fig. 21. Because of the zincophilicity of Fg and alleviated the steric
effect of Vacy,, the Zn>* channels become more intense specifically
near the defective areas, which shows enhanced Zn** conductivity
(fig. S20). Overall, F doping introduces both Fg and Vacy,, which
facilitates energetically favorable and rapid Zn** transport in the
ZnS lattice.

To sum up, the preinserted Zn(OTF), salt provides sufficient
Zn** mobile carriers for ion conduction in Zn-MFZS electrolyte,
and the high ionic conductivity of Zn-MFZS is mainly derived
from the following two aspects:

1) Fast and nondestructive Zn** migration along the mesopore
channels of Zn-MFZS. The amorphous Zn,S;_,F, from the meso-
pore walls introduces locally disordered structures to enable the
lower percolation energy barrier and reduce the friction between
Zn** and mesopore walls (29, 30), while the residue DMF molecules
in the pores knocked Zn?* out of the trapping sites and further
boost Zn** conduction (Fig. 2], left circle).

2) Rapid Zn** hopping in a crystalline Zn,S;_,F, phase. It is re-
alized by the introduction of Vacy, by substitutional doping of F~
with $*7, which leads to more flexible ZnS lattice and reduced Zn>*
migration barrier along adjacent octahedral Zn sites (Fig. 2],
right circle).

Zn anode stability with zinc chalcogenide electrolyte

The impact of Zn-MFZS solid electrolyte on the electrochemical
stability of Zn anode was firstly examined by galvanostatic cycling
of Zn/Zn-MFZS/Zn symmetric cell (Fig. 3A, with enlarged details
in fig. S21). At high current density (5 mA cm™2) and large per-cycle
areal capacity (15 mA-hour cm™2), the symmetric cell with Zn-
MFZS presents stable voltage profile over 1600 hours for a cumula-
tive plating capacity of 4000 mA-hour cm ™~ with an overpotential of
36 mV. It is, to the best of our knowledge, the highest cumulative
capacity for Li (hollow circle) and Zn anodes (filled circle; Fig. 3B).
In contrast, symmetric cell with aqueous electrolyte (2 M ZnSO,)
shows an irregularly fluctuating voltage and failed after 400
hours, attributing to the accumulation of Zn dendrites. The electro-
chemical impedance spectroscopy (EIS) of symmetrical cells with
Zn-MFZS electrolyte and aqueous electrolyte was also carried out
along with the cycling tests. As shown in fig. S22, the semicircle
at high-to-medium frequencies was assigned to the interfacial
charge transfer resistance (R.), whereas the real axis intercept is
the equivalent series resistance (R;). After fitting by the relevant
equivalent circuit model (fig. S23 and table S6), the cell with Zn-
MFZS exhibits less reduction of R, (from 247 to 226 ohms; fig.
S$22) after 500 hours of cycling in comparison to the value (from
154 to 47 ohms) in symmetric cell with aqueous electrolyte,
further confirming the stable Zn growth under mesoporous solid
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Fig. 3. Long-term stability of Zn anode. (A) Zn plating/stripping performance of Zn/Zn symmetric cell with 2 M ZnSO, and Zn-MFZS under a current density of 5 mA
cm~2 at room temperature. (B) Comparison of cumulative capacity and per-cycle areal capacity (size of each circle) versus current densities between Zn/Zn-MFZS/Zn cell
in this work and previous reports at room temperature. Points and references include the following: a (68), b (69), ¢ (70),d (71), e (72),f (72), g (73), h (74),i (75), j (76), and k
(77). Hollow circle, symmetric cells with Li anode; filled circle, symmetric cells with Zn anode. (C and D) SEM images of Zn anode in symmetric cell with Zn-MFZS (C) and 2
M ZnSO, (D) aqueous electrolyte after long-term cycling for 1000 hours at 1 mA cm~2. (E) XRD patterns of pristine Zn anode before plating/stripping cycles and Zn anode
from the cell with 2 M ZnSO, and MFZS after 1000 hours of cycling at 1 mA cm? (F) Coulombic efficiency of Zn plating/stripping in symmetric cell with 2 M ZnSO, and Zn-

MFZS at 1 mA cm™2,

electrolyte. The corrosion properties of aqueous and Zn-MFZS
solid electrodes were analyzed by linear polarization experiments
(fig. S24). The Zn/Zn symmetrical cell with Zn-MFZS showed a
lower corrosion current of 0.933 mA cm™2 compared with 2.197
mA cm™? of 2 M ZnSO,. Zn-MFZS-based symmetrical cell also ex-
hibits a higher corrosion potential (about 60 mV) than an aqueous
cell. These results strongly indicate that Zn-MFZS solid electrolyte
can effectively protect Zn from corrosion during storage, which is
crucial to suppress hydrogen evolution reaction at the surface of Zn
anode (31, 32).

The morphology changes in Zn anode during cycling also
provide solid evidence for the protection mechanism of Zn-MFZS
electrolyte. SEM images of Zn anode from Zn/Zn-MFZS/Zn cell
presenta compact surface (Fig. 3C) without any dendrites and
ZnO impurities (Fig. 3E) after 1000 hours of cycling at 1 mA
cm ™2 In contrast, the Zn anode from the cell with aqueous electro-
lyte displays massive amounts of dendritic Zn (Fig. 3D) with insu-
lated Zn(HSO,), and ZnO (Fig. 3E). Even at a high rate of 10 mA
cm™? with a per-cycle areal capacity (10 mA-hour cm™2), the Zn/
Zn- MFZS/Zn symmetric cell can still be operated steadily for
350 hours with an overpotential of 79 mV (fig. $25). Under this
high current, the Zn anode also shows a relatively clean surface
without any sharp and Zn dendrite flakes (fig. S26), further suggest-
ing the uniform electrochemical plating/stripping of Zn during re-
peated cycling.

On the basis of the ratio of charge passed in each component, the
Coulombic efficiency of Zn/Zn-MFZS/Zn cell reaches 99% within
only 50 cycles and retains for 1000 cycles (Fig. 3F). In comparison,
the cell with aqueous electrolyte shows much lower Coulombic ef-
ficiency and quickly fails after 250 cycles (Fig. 3F). Furthermore, the
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H, evolution during Zn plating/stripping is in situ monitored in a
cell-GC-MS instrument. Per-cycle H, (0.0627 umol cm™2) is detect-
ed from the symmetric cell with aqueous electrolyte (fig. S27),
which is due to the increased contact between electrolyte and Zn
anode with uneven Zn deposition. The H, evolved in the rest
process (0-cycle, 4.6 umol cm™2) is derived from chemical oxidation
of aqueous solution. In sharp contrast, there was almost no H,-de-
tected Zn/Zn-MFZS/Zn cell (fig. S27).

Electrochemical characterization of solid ZIBs and ZICs with
zinc chalcogenide electrolyte

The highly porous feature of Zn-MFZS enables us to develop an in-
tegrated cathode material-solid electrolyte structure to overcome
the excessive contact impedance in solid batteries. As shown in
Fig. 4A, the in situ grown manganese hexacyanoferrate (MnHCF)
is randomly located inside or even outside the mesoporous Zn-
MFZS with the MnHCF content of roughly 75 wt % (Fig. 4A).
The XPS survey spectrum (fig. S28) also shows the intergrowth of
MnHCF on Zn-MFZS matrix. The mesopore channels of Zn-MFZS
cannot limit the growth of MnHCF, and there is no bottleneck for
the integrated amount of MnHCF on Zn-MFZS matrix. The incor-
porated Zn-MFZS forms an ion-percolation network in the
cathode, which shows a high ionic conductivity of 0.13 mS cm™!
with a MnHCEF content of 75 wt % (fig. S29). However, further in-
crease in the mass ratio of MnHCF beyond 75 wt % leads to the
notable reduction in the ionic conductivity (fig. $29). It is possibly
due to the agglomeration of MnHCF particles inside and outside of
Zn-MFZS channels, which blocks the ion diffusion pathways and
inhibits the ionic percolation. With this integrated cathode material
(MnHCF@Zn-MFZS), the assembled solid ZIB using Zn-MFZS as

6 of 13



SCIENCE ADVANCES | RESEARCH ARTICLE

A B C 180
= @ MnHCF/Zn-MFZS 4120
_ '» 1601 o MnHCF@Zn-MFZs =
& 181 5 140 g
N s 3
S MnHCF/Zn-MFZS < 1204 s
¢ 1.5 —— MnHCF@2Zn-MFZS| £ 1004 E
2 2w ;
S 1.2 g K]
£ g @ §
s L 404 2
% 091 g . 38
8 ]
—————————— * "0
0 20 40 60 80 100 120 0 5 10 15 20 25 30 35 40 45 50
Specific capacity (mA-hour g™) Cycle number
D E 105
2 100 100 Jpss
E100 S _esf
2 {80 3 £ gol°
< 80 e g > °
< Failure R
E 60 2 8 #
60 1 £ 5 801 9
%‘ 9@ Zn-MFZS S E 15] o
8 @ 2Mznso, £ 2 %
g 40 140 E 3oy ?
g Tl
T 20 {20 § s0] °
°
@ 551 e
0 T T T T 0 50 5 ” . . "
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 2500 3000
Cycle number Cycles
3.0 ‘ ——04Acm™ — 100
525 \‘\ _—‘1)§:§::: 5100- 3og
I 8 Failure S
N 204/ < 160
4 [ S ® Zn-MFzs e
> [ G 60 ° 2Mznso, S
z 189 [ s 02
s I 8 40 1402
S 1.0/ K] s
s 1/ 2 20 1208
2 0.5 E o
o
0.0 | >0 T T T r 0
0 500 1000 1500 2000 0 2,000 4,000 6,000 8,000 10,000
Time (s) Cycle number

Fig. 4. Electrochemical performance of solid-state full cells and capacitors. (A) High-resolution TEM (HR-TEM) of MnHCF in situ grown on Zn-MFZS. MnHCF particles
are either inside the mesopores or on the surface of Zn-MFZS. (B) Galvanostatic charge/discharge (GCD) curves of solid ZIBs using nonintegrated (MnHCF/Zn-MFZS) and
integrated (MNHCF@Zn-MFZS) cathode material. The mass ratio of Zn-MFZS in the composite is roughly 20 wt %. (C) The rate performance of MNnHCF@Zn-MFZS- and
MnHCF/Zn-MFZS-based solid ZIBs. (D) Cycling stability of MnHCF-based ZIBs with Zn-MFZS (using MnHCF@Zn-MFZS integrated cathode material) and aqueous ZnSO,4
electrolyte at 2 C. (E) Energy efficiency of MnHCF-based ZIBs with Zn-MFZS (using MnHCF@Zn-MFZS integrated cathode material) and aqueous ZnSO, electrolyte. (F)
Contrast of cycling stability between MnHCF@Zn-MFZS-based solid ZIBs and other reported quasi—solid-state ZIBs: a (78), b (79), ¢ (80), d (81), e (82), f (83), g (84), h (85),
and i (20). (G) HR-TEM of nitrogen-doped few-layer carbon (NDFLC) in situ grown on Zn-MFZS, which reveals a graphite-like sheets stacked on Zn-MFZS. (H) GCD curves of
solid ZIC with NDFLC@Zn-MFZS integrated electrode material at different current densities. (1) Cycling stability of ZIC with Zn-MFZS (using NDFLC@Zn-MFZS integrated

electrode material) and aqueous ZnSO, electrolyte.

solid electrolyte and Zn metal as anode displays two gentle slopes
around 1.39 and 1.26 V in the discharge curves (Fig. 4B), which cor-
responds to the redox reaction of MnHCF [Mn(III) to Mn(II) and
Fe(III) to Fe(II)], respectively.

Note that because of the small mesopore size (4.58 nm), the
actual amount of MnHCF grown in the mesopore channels of
MFZS could be quite low. However, in situ interfacial growth of
MnHCF on MFZS matrix can form intimate solid-solid contact
due to strong interfacial binding, thus constructing 3D Zn?* trans-
port pathways in these integrated cathode composites. As shown in
fig. S30, the integrated MnHCF@Zn-MFZS shows a percolation
threshold of 12.3 volume % to form an ionic conductive network,
corresponding to 5.7 wt % of the Zn-MFZS in the composite. In
sharp comparison, the nonintegrated MnHCF/Zn-MFZS prepared
via physically mixing shows a much higher ionic percolation thresh-
old (26 volume %), indicating a sluggish Zn** diffusion kinetics. At-
tributing to the formation of a continuous ion-conducting network,
solid ZIB with this integrated MnHCF@Zn-MFZS with a mass

Zhi et al., Sci. Adv. 9, eade2217 (2023) 27 January 2023

loading of 5 mg cm™2 shows a specific capacity of 113 mA-hour
g~! at 0.5 C (Fig. 4B), which is two times larger than that (53
mA-hour g™!) in solid ZIB with nonintegrated MnHCF/Zn-MFZS
cathode. In addition, MnHCF@Zn-MFZS-based solid ZIB also
shows a superior rate capability than solid ZIB with nonintegrated
cathode (Fig. 4C). These results strongly demonstrate the promising
potential of integrated MnHCF@Zn-MFZS cathode in the develop-
ment of high-performance solid ZIBs.

This solid ZIB also exhibits a stable cycling at 2 C with 89.5%
capacity retention over 5000 cycles and high Coulombic efficiency
(~99%; Fig. 4D) and high energy efficiency (~96.3%; Fig. 4E). This
performance matric is superior to MnHCF-based ZIBs with
aqueous 2 M ZnSO, electrolyte that rapidly falls after 500 cycles
(Fig. 4D) and outperforms all reported quasi—solid-state ZIBs
(Fig. 4F). It is well known that the cycling performance of
aqueous battery strongly depends on the experimental conduction.
To make a fair comparison for the cycling data between different
battery systems, the authors performed the cycling test of solid
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ZIBat 1 A g~! (roughly 6 C; fig. S31). Such a high rate is more fre-
quently used in the evaluation of cycling life for aqueous batteries
(33, 34). As shown in fig. S31, the solid ZIB with Zn-MFZS electro-
lyte shows a capacity retention of 96.4% over 2000 cycles, which is
superior to the cycling performance of state-of-the-art optimized
aqueous ZIBs under the same rate (fig. S32) (33—41). Figure S33
shows the EIS spectra for the full cells with Zn-MFZS and
aqueous electrolyte. After fitting the Nyquist plot through equiva-
lent circuit in fig. $23, the R, of ZIB with aqueous electrolyte in-
creases from 306.71 ohms before cycling to 843.51 ohms after 100
cycles at 1 C, which is due to the emergence of by-products
[(Zn,SO4(OH)45H,0] on the electrode surface after cycling. En-
couragingly, the R, of ZIB with Zn-MFZS only increases from
412.61 to 567.83 ohms, indicating a stable electrode/electrolyte in-
terface during cycling.

To determine the role of DMF in the stabilization of cathode/
electrolyte interface, we also fabricated a quasi-solid ZIB using non-
mesoporous fluorine-doped ZnS as electrolyte (Zn-FZS) and
MnHCF@Zn-FZS as cathode, with a DMF concentration over
40 mol % in Zn-FZS. As shown in fig. S34, this DMF-enriched
ZIB provided similar capacity as Zn-MFZS-based solid ZIB in the
initial cycles at 2 C but subsequently showed a rapid decay to failure
after ~400 cycles. Obviously, DMF itself cannot tolerate persistent
volume variation in solid-solid interface, and the superior cycling
performance of Zn-MFZS-based ZIB is mainly due to the mesopo-
rous structure of the solid electrolyte, which effectively accommo-
dates volume change and alleviates structural strain/stress during
electrochemical reaction (42, 43).

We also evaluated the cycling performance of solid ZIBs with
different fluorine-doping concentrations. As shown in fig. S35,
Zn-MFZS-based solid ZIB with 5.6 at % of fluorine exhibits a
stable cycling over 1000 cycles at 1 C with a capacity retention of
93.2%, which is much better than that of the solid ZIB with 3.9
and 6.2 at % of fluorine Zn-MFZS (40.8 and 61.8% after 1000
cycles, respectively). Optimal fluorine-doping plays an important
role in achieving a high ionic conductivity, which greatly affects
the electrochemical performance in solid batteries.

Lately, ZIC has received great attention because of its high the-
oretical gravimetric capacities (820 mA-hour g~*), low cost, and en-
vironmental friendliness (44, 45). Furthermore, the low redox
potential of Zn anode (—0.76 V, versus standard hydrogen elec-
trode) can extend the voltage window of the capacitor, leading to
a high energy and power density (46). Nevertheless, the practical
application of ZIC has been quite challenging because of the Zn
dendrite formation and gas evolution of aqueous electrolyte (47).
In this work, we successfully fabricated a solid ZIC to fundamental-
ly resolve these issues. By embedding nickel catalysts inside the mes-
opores, we in situ grew nitrogen-doped few-layer carbon (NDFLC)
on MFZS (Fig. 4G) via a typical chemical vapor deposition (CVD)
process. By adjusting the concentrations of carbon and nitrogen
source, we found that nitrogen doping on few layer carbon also
plays a key role on the jonic conductivities of the integrated elec-
trode material after Zn>* insertion (NDFLC@Zn-MFZS; samples
S1 to S10 and table S7). Using NDFLC@Zn-MFZS (sample S5;
with a carbon and nitrogen content of 17.5 wt % and 9.2 at %, re-
spectively) as positive electrode, Zn-MFZS as solid electrolyte, and
Zn foil as negative electrode, the assembled solid ZIC can operate in
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Fig. 5. Electrochemical performance of industrial-level solid ZIBs with itemized
trolyte under practical conditions (N/P ratio of 2.4) at 2 C. (B) Discharge capacity (at 1.5

Working temperature range

Lab-scale high-safety batteries

evaluations. (A) Cycling stability of ZIBs with Zn-MFZS and aqueous ZnSO, elec-
C) and Coulombic efficiency of solid ZIB with Zn-MFZS under practical conditions at

various temperatures. (C) Interface impedance and capacity retention of solid ZIB with Zn-MFZS under practical conditions after being stored for 100 days under various
temperatures. (D) Cycling stability of solid ZIB with Zn-MFZS under practical conditions after being stored for 30 days under various temperatures at 2 C. (E) The spider
chart for the itemized comparison of Zn-MFZS with other electrolytes for Zn?* energy storage. (F) Bill of material (BOM) cost of solid ZIB in this work and other high-safety
aqueous lithium and zinc batteries, including LiMn,0,4 (LMO)/Zn (1 M ZnSO, and 1 M LiSO,4 aqueous electrolyte), MnO,/Zn (2 M ZnSO, aqueous electrolyte), and LMO/
LisTisOq, (21 M LiTFSI aqueous electrolyte). Materials cost information about these laboratory-scale batteries was mainly taken from https://www.sigmaaldrich.com (one
of the major reagent suppliers in the world) on 26 June 2022 (86).
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a voltage window between 0 and 3 V (Fig. 4H). This solid ZIC
showed a high specific capacitance of 133 and 79 mF cm™ at 0.4
and 8 mA cm™, respectively (see fig. $36 and discussion S4),
with a capacitance retention of 94% after 10,000 cycles at 3 mA
cm™>. In sharp contrast, ZIC with aqueous ZnSO, electrolyte
quickly short-circuited at 2200th cycle because of dendrite forma-
tion (Fig. 41). Because of the wide operation window of Zn-MFZS,
this solid ZIC presents a maximum energy density of 0.04 Wh cm™3
at the power density of 0.14 W cm™2 and sustains 55% of its energy
density at a high power density of 2.79 W cm ™2, displaying top-rank
energy storage performance among all aqueous or gel polymer—
based supercapacitors reported so far (fig. S37) (48-56). As all the
volumetric energy (E,,;) and power (P,,) densities from previous
literature in fig. S37 are on the basis of the total volume of the
device, this performance comparison between solid ZIC and
other supercapacitor competitors is valid and fair. These consider-
able performances of Zn-MFZS-based solid ZIB and ZIC are
mainly attributed to the minimized interfacial resistance in integrat-
ed electrode-solid electrolyte structure, as well as the dendrite- and
hydrogen-free zinc electrode with highly stable Zn** conductor
solid electrolyte.

To evaluate the truly competitive Zn-MFZS-based solid ZIB for
industrial applications, we set the negative/positive electrode capac-
ity (N/P) ratio to 2.41 using high MnHCF@Zn-MFZS mass loading
(55 mg cm ™2, 4.8 mA-hour cm™?) cathode and ultrathin Zn anode
(20 pum in thickness, 11.6 mA-hour cm™2). Figure 5A shows the
long-term cycling stability of ZIB with Zn-MFZS and aqueous
ZnSO, electrolyte under these testing conductions. Notably, the
cycling stability Zn-MFZS-based solid ZIB exhibited nearly 100%
Coulombic efficiency and high-capacity retention of 90.7% at 3 C
for over 1000 cycles. In comparison, the ZIB with aqueous electro-
lyte short circuited after only 160 cycles (Fig. 5A), which is due to
the fast heterogeneous nucleation of Zn dendrites under these con-
strained test conditions. We further study the impact of various en-
vironmental factors on rate performance of Zn-MFZS-based solid
ZIB under practical conditions. As shown in Fig. 5B, this ZIB shows
excellent environmental adaptability with a wide working temper-
ature (—40° to 100°C), demonstrating excellent antifreezing and
antiheating property. The satisfactory antifreezing and antiheating
performance of Zn-MFZS is attributed to the low freezing point and
high boiling point of bound DMF molecules, which can serve as the
intermediate to complex with Zn** and promote the migration of
Zn?** in a wide temperature range from —70° to 150°C (57, 58).
The remarkable capacity up to 129 mA-hour g~ at 100°C is also
due to the enhanced ion transport kinetics of Zn-MFZS at high tem-
perature. Similar environmental adaptability was also demonstrated
in a polymer solid electrolyte mixed with the same Zn(OTF),
salt (59).

We placed this solid ZIB in various temperature environments to
evaluate its shelf life. This solid battery presents a stable interface
impedance and negligible capacity loss after 100 days storage at
—15°, 25°, and 50°C (Fig. 5C). After being stored at —15° and
50°C, the battery still shows stale cycling with high Coulombic efti-
ciency (Fig. 5D), further revealing a highly reliable feature. Zn-
MFZS realizes high stability of solid ZIB with practical battery con-
ditions, which indicates a notable promise for the industrial fabri-
cation in high-capacity solid ZIB. Figure 5E compares Zn-MFZS
with frequently reported aqueous and gel polymer electrolyte for
ZIBs, using six most important parameters: ionic conductivity,
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safety, shelf life, working temperature range, compatibility, and cy-
clability. Zn-MFZS delivers an ultrahigh ionic conductivity and
maintains superior safety, shelf life, and cyclability that is absent
in typical aqueous and gel polymer electrolyte. In addition, the
superiority in terms of compatibility and wide working temperature
range makes Zn-MFZS possible to be adapted for different energy
storage systems, with simultaneous gains under extremely climate
conditions. Last, we estimate the cost of this laboratory-scale solid
Z1B based on current market prices for materials, which shows a bill
of materials (BOM; including MnHCF@Zn-MFZS cathode, Zn
anode, and Zn-MFZS electrolyte) cost of $23 Wh™! (Fig. 5F). The
BOM of this solid ZIB is close to other laboratory-scale high-safety
aqueous lithium and zinc batteries (Fig. 5F), such as LiMn,0,
(LMO)/Zn ($31 Wh™') and MnO,/Zn ($19 Wh™!), and only
0.48% to the frequently reported high-voltage aqueous lithium
battery (LMO/Li,TisO1,, $4800 Wh™') with concentrated lithium
TFSI aqueous electrolyte (“water in salt”; Fig. 5F) (60).

DISCUSSION

In this contribution, we have designed a zinc chalcogenide electro-
lyte for solid-state Zn?* energy storage, with an extremely high ionic
conductivity (0.66 mS cm™!) and high Zn** transference number
(0.76) at 25°C. The Zn** transport in this solid electrolyte follows
a rapid ion-hoping mechanism inside the bulk crystals of fluo-
rine-doped, Vacy,-rich MZS, with the assistance of mesopore chan-
nels and residue DMF molecules. This Zn-MFZS ion conductor
achieved a hydrogen and dendrite-free Zn plating/stripping and de-
livered a superior electrochemical performance in both solid ZIBs
and ZICs with remarkable temperature adaptability, safety, and
shelf life. This mesoporous Zn** conductor can also function as
ion-percolation matrix for the formation of solid-state ionic-con-
ducting network, making it feasible in the fabrication of practical
batteries. This design strategy introduces a series of inorganic
solid Zn?* conductors with high intrinsic ionic conductivity. For
instance, we applied fluorine doping to other mesoporous zinc chal-
cogenide materials, such as ZnTe and ZnSe. By fitting the Nyquist
plot through equivalent circuit (fig. S38 and table S8), the obtained
Zn** preinserted mesoporous Zn—fluorine-doped mesoporous
ZnSe (MFZSe) (4.2 at % of fluorine) and Zn—fluorine-doped mes-
oporous ZnTe (MFZTe) (5.1 at % of fluorine) also show a high
room-temperature ionic conductivity of 0.32 and 0.17 mS cm™!
(figs. S39 and S40), respectively. This material design introduces a
breakthrough avenue for the fabrication of various high-perfor-
mance inorganic solid Zn** conductors that should have great po-
tential in solid-state batteries, sensors, and synaptic devices.

MATERIALS AND METHODS

Synthesis of MFZS and Zn-MFZS

Zinc acetate dihydrate (ZnAc,) and thioacetamide (TAA) were used
as precursors for the fabrication of MZS, while Pluronic F127
(Sigma-Aldrich) and NH,F were applied as pore-forming agent
and fluorine-doping precursor for the MFZS samples, respectively.
The sol solution for EISA was prepared by mixing ZnAc,, TAA,
F127, NH,F, deionized (DI) water, and ethanol (EtOH) with
1:1:0.0053:(0.6 to 1.28):18:30 (ZnAc,:TAA:F127:NH,F:H,O:EtOH,
molar ratio). The sol was stirred for 2 hours at 25°C and coated on
glass substrate to form a film. The glass substrate was aged at 25°C
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for 3 days under 50% relative humidity and then calcined at 550°C
under air for 2 hours. MFZS powders were obtained by scraping the
film from substrate, followed by grinding, washing, and drying.
Undoped MZS was prepared in the same manner without the
adding of NH,F in the EISA sol.

Zn-MFZS was synthesized by mixing MFZS powders with a zinc
salt solution [0.5 M Zn(OTF), in DMF; the molar ratio of Zn(OTF),
to MFZS is set to 1:10], followed by evaporation of DMF through
vacuum drying at 80°C to obtain Zn-MFZS. Zn-MZS was prepared
via the same process by replacing MFZS with MZS.

Synthesis of FZS particles

FZS particles with different fluorine-doping concentrations were
prepared via the hydrothermal method. Typically, ZnAC,, TAA,
NH,F, and H,O with the molar ratio of 1:1:(0.79 to 1.61):50 was
stirred to form a homogeneous solution, which was then transferred
into a Teflon-lined stainless-steel autoclave and heated at 160°C for
8 hours. After cooling, the powders were collected, washed several
times under sonication, and then dried at 70°C under vacuum at
room temperature.

SPS of Zn-MFZS, Zn-MZS, MFZS, and MZS samples

For SPS treatment (using Dr. Sinter SPS-511S, Sumitomo coal
mining Co. Ltd.), the corresponding samples were placed into the
mold, and precompression was performed. During SPS, a 10-mm-
diameter carbon punch was used and 50-MPa pressure was applied.
The samples were held for 10 min at 500°C under vacuum with a

ramping rate of 50°C min™".

Synthesis of MnHCF in situ grown in MFZS

MnHCEF in situ gown in MFZS was prepared via a typical corecipi-
tation method. Specifically, 2 mmol of Mn(NO;), was mixed with
100 ml of DI water to form solution 1. MFZS powders (0.133 g)
mixed with 0.02 M K3;Fe(CN)4 aqueous solutions (100 ml) were
used as solution 2. Then, solution 1 was slowly added into solution
2 by a peristaltic pump for 5 hours. The mixture was stirred for
12 hours at 25°C and aged for another 6 hours. The powders were
washed and dried at 80°C for 12 hours. Zn?* insertion was achieved
by mixing the obtained powders with 0.5 M Zn(OTF), solution in
DMEF (Zn(OTF),:MFZS = 1:10, mol/mol), followed by evaporation
of DMF through vacuum drying at 80°C to obtain MnHCF@Zn-
MEFZS (20 wt % of Zn-MFZS).

Synthesis of NDFLC in situ grown in MFZS
Nickel-impregnated MFZS (MFZS/Ni) was firstly prepared by
mixing 10 ml of Ni (NO3), aqueous solution (0.5 M) in 1 g of
MFZS. After drying and calcination under a H,/Ar (10%) flow at
450°C, a product of fluorine-doped MZS with nickel nanocrystals
(MFZS/Ni) was obtained. NDFLC in situ grown in MFZS was syn-
thesized by CVD process. After filling with polyfurfuryl alcohol and
dicyandiamide, MFZS/Ni was heated under H,/Ar (10%) flow to
1000°C. CVD was initiated by introducing CH, and NHj into the
gas flow with Ar:CH,:H,:NH; = 300:10:20:100 sccm (standard
cubic centimeter per minute). After the sample was cooled under
hydrogen flow, the obtained powders were mixed with DMF solu-
tion of Zn(OTF), (Zn(OTF),:MFZS = 1:10, mol/mol) to obtain
NDFLC@Zn-MFZS.
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Synthesis of MFZSe and Zn-MFZSe

ZnAc, (0.01 mol), F127 (0.053 mmol), NH,F (0.0082 mol), sodium
selenite (0.01 mol), and 30 ml of DI water were stirred for 2 hours at
25°C to obtain a white solution. The solution was transferred to a
Teflon-lined stainless-steel autoclave with 30 ml of aqueous hydra-
zine hydrate. The autoclave was heated to 180°C for 2 hours. After
cooling, the resulting precipitate was washed with distilled water
and calcinated 650°C under air for 2 hours to obtain MFZSe
powder with a fluorine concentration of 4.2 at %. Zn** insertion
was achieved by mixing MFZSe with 0.5 M Zn(OTE), solution in
DME [Zn(OTF),:MFZSe = 1:10, mol/mol], followed by evaporation
of DMF through vacuum drying at 80°C to obtain Zn-MFZSe.

Synthesis of MFZTe and Zn-MFZTe

Zn(NO3),*6H,0 (0.012 mol), Na,TeO3 (0.012 mol), F127 (0.0064
mmol), NH,F (0.0098 mol), and 30 ml of DI water were stirred
for 2 hours at room temperature. NaBH, (0.02 mol) was added to
the above mixture and was kept for stirring, followed by being trans-
ferred into a Teflon-lined stainless-steel autoclave. The autoclave
was heated at 180°C for 24 hours. The resulting precipitate was
washed with distilled water and calcinated 650°C under air for 2
hours to obtain MFZTe powder with a fluorine concentration of
4.8 at %. Zn** insertion was achieved by mixing MFZTe with 0.5
M Zn(OTF), solution in DMF [Zn(OTF),:MFZTe = 1:10, mol/
mol], followed by evaporation of DMF through vacuum drying at
80°C to obtain Zn-MFZTe.

Preparation of integrated structured cathode for solid ZIBs
MnHCF@Zn-MFZS, carbon nanotubes, and polyvinylidene fluo-
ride (PVDEF) were grounded with a weight ratio of 7:2:1. Then,
the mixture was dispersed in N-methylpyrrolidone and cast onto
a graphite foil, followed by drying at 70°C for 12 hours. The mass
loading of MnHCF@Zn-MFZS is ~5 mg.

Preparation of nonintegrated structured cathode for

solid ZIBs

MnHCEF was firstly mixed with Zn-MFZS in an agate mortar with
the same weight percentage of Zn-MFZS (20 wt %) as that in
MnHCF@Zn-MFZS to obtain nonintegrated cathode material
(MnHCF/Zn-MFZS). The cathode with nonintegrated structure
was made by casting MnHCF/Zn-MFZS with super P carbon and
PVDF on graphite foil with a weight ratio of 7:2:1, followed by
drying at 70°C.

Assembly of solid ZIB

Zn-MFZS solid electrolyte [with 5 wt % of polytetrafluoroethylene
(PTFE) binder] was pressed into a 0.25-mm-thick pellet (with a di-
ameter of 12 mm) under a force of 10 metric tons cm~2. This Zn-
MFZS solid electrolyte pellet was further pressed onto the cathode
as described above under a force of 10 metric tons cm™2. The solid
ZIB was made by coupling this two-layered pellet with a Zn foil (0.1
mm in thickness), which acts as anode. Before battery assembling, a
small amount of 0.5 M Zn(OTF), solution in 1-ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide (EMIMTESI) ionic
liquid was smeared with a tiny brush on both sides of Zn-MFZS
pellet, as well as the surface of cathode and anode (30 pl cm™2),
which is typical in solid battery testing (61). Subsequently, the
battery was placed under vacuum for 45 min, and the smeared sol-
ution would form a liquid thin layer to accelerate the migration of
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Zn?* from solid electrolyte to cathode/anode during battery cycling.
For the fabrication of practical solid ZIB with N/P value of 2.41,
high mass loading (4.8 mA-hour cm™2) cathode was coupled with
an ultrathin Zn anode (20 pm in thickness, 11.6 mA-hour cm™?).

Assembly of solid ZICs

Zn-MFZS solid electrolyte (with 5 wt % of PTFE binder) was
pressed into a 0.25-mm-thick pellet (with a diameter of 12 mm)
under 10 metric tons cm™2 of force. NDFLC@Zn-MFZS was also
pressed into a 2.6-mm-thick pellet (with a diameter of 12 mm)
under the same pressure as Zn-MFZS. Solid ZIC was fabricated
by pressing a piece of NDFLC@Zn-MFZS pellet and Zn foil onto
each side of Zn-MFZS pellet in a 12-mm-diameter die with titanium
plungers at 3.8 metric tons cm™2 for 15 min. Final ZIC device was
assembled by pressing one piece of conductive Cu foil on
NDFLC@Zn-MFZS pellet and Zn foil under 3.8 metric tons cm™>
for 5 min. A solution of 0.5 M Zn(OTF), in EMIMTEFSI ionic liquid
was smeared on both face of Zn-MFZS pellet (40 pl cm™2) before
pressing to ensure the migration of Zn?** from solid electrolyte to
electrode. This small amount of solution did not compromise the
solid nature of assembled ZIC.

Preparation of ZnF, on Zn foil

Zn foil (0.1 mm) was firstly cut into rectangles corresponding to the
size of the rectangular corundum crucible (2.5 cm by 10 cm). Then,
0.5 g of NH,F was added in the crucible, and Zn foil was placed on
top. This setup was then transferred into a tube furnace and main-
tained for 2 hours under Ar flow. Then, a calcination process was
conducted at 210°C and held at that temperature for 2 hours to
obtain ZnF, coated on Zn foil.

Preparation of ZrP powders

The ZrP powders were prepared via a conventional precipitation
method. Specifically, 10 g of ZrOCl,-8H,0 was refluxed with
100 ml of 3 M H3PO, at 100°C for 24 hours, and then freeze-
dried for 8 hours.

Characterizations

TEM was conducted in a JEOL 2011 microscope. XRD was carried
out on a Brucker D8 powder X-ray diffractometer. XPS was carried
out in a PHI-5000C ESCA system (PerkinElmer) with Mg Ka radi-
ation (hv = 1253.6 eV). DSC was acquired with the DSC 200 F3
Maia (NETZSCH, Germany). Each sample was sealed in hermetic
stainless steel (SS) sample pans and weighed. A scanning electron
microscope was carried out in the Zeiss Ultra 5 SEM-EDS system.
Argon isotherms were collected by Quantachrome Autosorb-iQC at
87 K. '°F solid-state MAS NMR experiments were conducted on a
7.0-T Bruker Avance III spectrometer operating ('°F Larmor fre-
quency of 282.2 MHz). The 90° pulse length and recycle delay
were set to 1.55 ps and 20 s, respectively. GC-MS was conducted
on an Agilent 7890 gas chromatograph with Agilent 5975C mass
selective detector. H, evolution was measured in sealed Zn/Zn sym-
metric cell by GC.

Electrochemical characterizations

EIS was conducted on a BioLogic electrochemical working station
in a frequency range of 1 MHz to 1 Hz. Two Zn/Zn-MFZS/SS cells
were used to perform separate anodic [from open-circuit voltage
(OCV) to 4.2 V] and cathodic (from OCV to —0.57 V) scans at
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0.1 mV s~! to obtain the electrochemical stability window of Zn-
MFZS. The cycling performance of MnHCF based ZIBs batteries
with Zn-MFZS solid electrolyte and liquid electrolyte was tested
using CR2032 coin-type cells on LAND CT2001A battery test
system. Electrochemical stripping/plating for Zn/Zn-MFZS/Zn
symmetric cells was conducted on a LAND electrochemical
testing system. Solid ZIC was tested in a pelletized cell, which was
pressurized by a torque (3.0 N-m) to ensure contact. The electronic
conductivity of Zn-MFZS was measured by the four-probe methods
(Shimadzu, JXA-8230) at different pressures at room temperature.
The ion conductivity of various ZnS-based electrolytes was mea-
sured by Admiral Instruments electrochemical workstation within
the frequency range 100 kHz to 0.1 Hz at different temperatures (25°
to 90°C) (20, 62, 63). The powder sample was firstly pressed to 2.6-
mm pellet under 20 metric tons of force. Then, the pellet was sand-
wiched between two stainless-steel spacers to measure the EIS. Ionic
conductivity (o) was calculated on the basis of the equation of =1/
RS, where R is the total impedance according to EIS measurement, [
is the sample thickness (2.6 mm), and S represents the area
(1.13 cm?).
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