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Abstract: All-solid-state potassium batteries emerge as
promising alternatives to lithium batteries, leveraging
their high natural abundance and cost-effectiveness.
Developing potassium solid electrolytes (SEs) with high
room-temperature ionic conductivity is critical for realiz-
ing efficient potassium batteries. In this study, we
present the synthesis of K, 4sSbg¢;S35:Cly47, showcasing a
room-temperature ionic conductivity of 0.32 mS/cm and
a low activation energy of 0.26 eV. This represents an
increase of over two orders of magnitude compared to
the parent compound K;SbS,, marking the highest
reported ionic conductivity for non-oxide potassium
SEs. Solid-state *’K magic-angle-spinning nuclear mag-
netic resonance on K,gSbyyS;5:Clys; reveals an in-
creased population of mobile K* ions with fast dynam-
ics. Ab initio molecular dynamics (AIMD) simulations
further confirm a delocalized K* density and signifi-
cantly enhanced K* diffusion. This work demonstrates
diversification of the anion sublattice as an effective
approach to enhance ion transport and highlights
K, 08Sby01S353Cly4; as a promising SE for all-solid-state
potassium batteries. )

Introduction

All-solid-state batteries (ASSBs) have emerged as the next-
generation electrochemical energy storage devices due to
their enhanced safety and higher energy density.!'” Solid
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electrolytes (SEs) with high ionic conductivity are crucial for
the cyclability and overall efficiency of ASSBs. Up to the
present, lithium SEs have been extensively studied and well-
developed. Oxides, such as cation-doped Li;La;Zr,0,, can
exhibit an ionic conductivity over 1 mS/cm at room temper-
ature, along with a wide electrochemical stability window
and robust chemical stability."® Sulfide SEs, like mixed-
halide argyrodites, can achieve ionic conductivity values
over 25 mS/cm, exceeding those of liquid electrolytes.”?
However, limitations in lithium availability are steering
attention towards abundantly available alternative energy
storage systems, with a particular emphasis on sodium and
potassium.>

Sodium SEs have gained significant attention and
advancement in the past decade. Materials such as Ca-doped
Na;PS, have demonstrated remarkable ionic conductivity,
surpassing 1 mS/cm at room temperature.” An analog of
Na;PS,, Na;SbS,, exhibits an impressive ionic conductivity of
3 mS/em.” Through W doping in Na,SbS,, the ionic
conductivity can be elevated to 32 mS/cm,?? surpassing the
performance of all lithium SEs.

In contrast, research on potassium SEs is still in the early
stages. Only limited solid-state K-ion conductors, primarily
oxide-based materials, have exhibited favorable ionic con-
ductivities. However, these materials achieve practical
conductivities, i.e., >0.1 mS/cm, only at elevated temper-
atures exceeding 300°C.*? Apart from oxides, Johrendt
et al. discovered a potassium phosphidosilicate electrolyte,
KSi,P;, demonstrating a bulk ionic conductivity of 0.26 mS/
cm at room temperature with an activation energy of
0.20 eV.*"I More recently, inspired by the work in W-doped
Na;SbS,, Wu et al. reported the first sulfide-based potassium
SE, K;0,Sby0,W0sS4, attaining a bulk ionic conductivity of
0.14 mS/cm at 40°C with an activation energy of 0.27 eV.*!

Anion doping is an effective strategy to induce structural
disorder for enhancing ion mobility and achieving synergies
of various classes of materials.'"*>* Cl is often chosen in
anion doping due to the abundant availability and cost-
effectiveness of its precursor, which are crucial for facilitat-
ing large-scale production. In this study, we synthesized CI-
doped K;SbS,. An ionic conductivity of 0.32 mS/cm at 22°C
with an activation energy of 0.26 eV was achieved in
K,.055b0.619555Clos7. We employed *K solid-state nuclear
magnetic resonance (NMR) in combination with ab initio
molecular dynamic (AIMD) simulations to uncover the

© 2024 Wiley-VCH GmbH
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correlations between enhanced ionic conductivity and local
site disorder induced via Cl-doping.

Results and Discussion

K,085b0.01S353Cly4; Was prepared via high-energy mechano-
chemical ball milling of K,S, Sb,S;, S, and KCI (see
Supporting Information for more details). The powder X-
ray diffraction (PXRD) patterns of the as-synthesized
K;SbS, and K, 4sSby9:S55;Cly 47, alongside B-K;SbS, obtained
from the Inorganic Crystal Structure Database (ICSD), are
shown in Figure 1a. The parent compound B-K;SbS, belongs
to the Cmc2; space group and consists of four distorted
SbS,*" tetrahedral units and two distinct potassium sites: K1
at the 8b site and K2 at the 4b site.”*! The PXRD pattern
of the as-synthesized K;SbS, exhibits broad peaks, indicating
relatively low  crystallinity.  Conversely, Cl-doped
K,.085b0.61S353Cly 4, demonstrates higher crystallinity, with no
observable additional peaks or apparent peak shifts in the
PXRD patterns, compared to the B-K;SbS, (ICSD). Fig-
ure 1b shows the PXRD Rietveld refinement of
K;.05Sb0.01S353Cly4; (see Figure S1 for more details). The
refinement result yields a low weighted profile R-factor
(Rwp) of 4.65 % and a correspondingly low Goodness of Fit
(GoF) value of 2.32, suggesting the high accuracy and
reliability of the refined crystal structure.

Figure 1c displays the structure of K,3Sbj0;S553Cly4r
obtained from Rietveld refinement of the powder X-ray
diffraction pattern. K, ¢Sb¢;5;53Cly4; maintains the primary
Cmc2, structure. Like the parent compound K;SbS,, K* in
the K, 4Sby0,S55:Cly4; occupies two Wyckoff positions: K1 at
the 8b site and K2 at the 4b site. S~ takes two Wyckoff
positions: S1 and S3 at the 4a site and S2 at the 8b site. The
refined unit cell parameters of K,oSbyg;S;5Clys; are
summarized in Table S1. When CI~ partially replaces S*,
the unit cell volume of K,Sbg¢;S;53Clys; (@ = 10.71210 A,
b=1127830 A, ¢ = 7.69884 A) experiences a slight reduc-
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tion compared to the parent compound B-K,;SbS,
(a =10.71200 A, b =11.28900 A, ¢ = 7.70520 A). CI~ occu-
pies 11.8 % of the S* sites, creating substantial site disorder.
The Rietveld refinement shows a high phase purity with
98.3 % K, 45Sbg6:S353Cly4; and 1.7 % KCI. For the as-synthe-
sized K;SbS,, the Rietveld refinement shows the coexistence
of a-K;SbS, and B-K;SbS, in the sample, with a phase
fraction of 33.3% and 66.7%, respectively (Figure S2,
Table S2). Distinct from B-K;SbS,, a-K;SbS, belongs to the
1-43 m space group and consists of only one K site at 6b and
an ideal SbS,>” tetrahedral unit without distortion. The
PXRD pattern of the empty sample holder with the Kapton
polyimide film is also obtained to confirm that the two large
bumps observed below 20=25° are from the background
(Figure S3).

The ionic conductivity of K,¢Sby¢;S;5:Clys; is deter-
mined using alternating current (AC) electrochemical
impedance spectroscopy (EIS). Figure2a shows the EIS
Nyquist plot of K, Sb;S;535Clys; measured at 22°C. The
total ionic conductivity is calculated from the total resistance
obtained from the equivalent circuit fitting of the Nyquist
plot. The R1-CPELl circuit is used to model the bulk and
grain boundary contributions in the high-frequency region,
and CPE2 is used to depict K™ polarization at the blocking
electrodes in the low-frequency region.’” K, osSby¢;S5.53Cly.47
exhibits an ionic conductivity of 0.32 mS/cm at room temper-
ature. The electronic conductivity of K, gSbgS;5:Clys; is
determined to be 1.5x10°*S/cm at 22°C using the
potentiostatic polarization method with indium foils as the
ion-blocking electrodes (Figure 2b). The as-synthesized
K,SbS, has a total ionic conductivity of 4.2 x 10~* mS/cm
and an electronic conductivity of 8.3 x 107'° S/cm at room
temperature (Figure S4). Figure 2¢ exhibits the temperature
dependence of the ionic conductivity of K, sSbgg;S;53Clg47,
which  follows an  Arrhenius behavior, 0,7 =
oexp(—E,/kgT), where o, denotes the Arrhenius pre-
exponential factor or pre-factor, E, is the activation energy,
kp represents the Boltzmann constant, and T is the temper-
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Figure 1. PXRD characterization of K, 45Sbg;S35:Clo47. (2) Comparison of PXRD patterns of K, 03Sbg 91S3.53Clo 47, K3SbS,, and B-K;SbS, obtained from
ICSD database. (b) PXRD patterns and the corresponding Rietveld refinement of K, g5Sbg 6;S3.53Clo.47. () Crystal structure of K, 0sSbg;S3.53Clo.47

obtained from the Rietveld refinement shown in (b).
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Figure 2. lonic and electronic conductivities of K, 3Sb01S3.53Clo47- (@) The Nyquist plot of K, gSbgg:S;53Clo47 at room temperature using AC
electrochemical impedance spectroscopy with equivalent circuit fitting, yielding an ionic conductivity of 0.32 mS/cm. (b) Potentiostatic polarization
curve of K, 55Sboe1S353Clo47 With ion-blocking electrodes at room temperature, resulting in a low electronic conductivity of 1.5x107% S/cm. (c) The
Arrhenius plot of the ionic conductivity of K, ¢3Sbg1S3.53Clo47 versus temperature and the extracted activation energy. (d) Comparison of ion
transport properties of K, 45Sbg1S;53Clo4; With other solid-state K-ion conductors.

ature. K,0Sby9;S;55Cly4; exhibits an activation energy of
0.26 eV for K™ transport. The effect of different Cl doping
levels on the ionic conductivity of the material is also
explored, with K, 4Sby¢,S;5:Cly4; exhibiting the highest ionic
conductivity at room temperature (Figure S5).

Figure 2d provides an overview of recently discovered
potassium SEs with ionic conductivities surpassing 0.1 mS/
cm (see Table S3 for detailed information). Predominantly,
these SEs are oxides, showcasing practical ionic conductiv-
ities only at elevated temperatures. Examples include
KAIO, and KGaO,, exhibiting ionic conductivities of 1 mS/
cm and 0.1 mS/cm at 400°C, respectively.®*! Non-oxide
potassium SEs exhibit relatively high room-temperature
ionic conductivities. For instance, KSi,P;, featuring TS5
super-tetrahedra, demonstrates a room-temperature ionic
conductivity of up to 0.26 mS/cm.”” K,,Ba,,SbSe, achieves
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an ionic conductivity of 0.1 mS/cm at 40°C.”*! K,SbS,, the
parent material of K,¢Sby¢;S55:Cly4;, exhibits a low total
ionic conductivity of 2.5x10~° mS/cm at room temperature;
the W-modified variant, K,4,Sbyq,WsSs, shows an im-
proved total ionic conductivity of 7.7x10> mS/cm. In this
work, we discovered an anion-doped K, ¢3Sbg;S;5:Cly4; With
a room-temperature ionic conductivity of 0.32 mS/cm. This
value exceeds two orders of magnitude compared to the
parent K;SbS,, marking the highest reported conductivity
among non-oxide-based potassium ion conductors.

To understand the effect of ClI~ doping on the K* local
structural environment and dynamics, we employed *K
(spin-3/2) magic-angle-spinning (MAS) NMR. Previous geo-
metrical-topological analysis has predicted the K* diffusion
network in B-K;SbS,, suggesting that K* ions predominantly
migrate between adjacent K1 sites along the c-direction.

© 2024 Wiley-VCH GmbH
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As shown in Figure 3a, ¥’K MAS NMR spectrum of the as-
synthesized K;SbS, reveals two distinct potassium environ-
ments manifested by a broad resonance centered at
—90.0 ppm and a small sharp resonance at 45.0 ppm. The
large line widths of the —90.0 ppm resonances indicate
substantial quadrupolar coupling interactions, which could
be attributed to low symmetry in the local environment and
slow ion dynamics. It is noted that the broad resonance is
fitted with two different sites. Specifically, the resonance
with an isotropic shift of —14.8 ppm (Figure 3a, colored in
blue) exhibits a large quadrupole coupling constant of Co=
2.6 MHz and quadrupolar asymmetry parameter ng=0.22.
This resonance is assigned to the less mobile K2 site in -
K;SbS,. The resonance with an isotropic shift of 19.7 ppm
(Figure 3a, shown in green) and a smaller quadrupole
coupling constant of Co=1.3 MHz is attributed to a-K;SbS,,
a polymorph that can potentially coexist with p-K;SbS,.[*’!
This peak assignment aligns well with the findings of the
Rietveld refinement, which reveals a mixed phase consisting
of 66.7 % B-K;SbS; and 33.3 % a-K;SbS, within the synthe-
sized K;SbS, sample (Figure S2 and Table S2). The sharp
resonance with an isotropic shift of 45.0 ppm (Figure 3a,
shown in orange) is assigned to the more mobile K1 site in
B-K,SbS,. Similar peak patterns are observed in *Na NMR
spectra for NaNbO; and NaNb,;0;;, where Na with faster
local Na dynamics results in a narrower resonance.”’)

After partially replacing S*~ with CI-, the broad *K
NMR resonance shifts its center of gravity to —100.0 ppm,
and the sharp peak shifts to 48.2 ppm (Figure 3b), indicating
changes in local K environments. The broad peak (Fig-
ure 3b, shown in blue) is fitted with one K site, with an
isotropic shift of - 59.7 ppm, a large nuclear quadrupole
coupling constant of C,=3.2MHz, and an asymmetry

a

K, 66506155 :Cloay

— Experimental
— Simulation
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parameter no=0.15. The sharp *K resonance of
K;.085b0.01S353Cly 47 at 48.0 ppm exhibits a narrower line width
and lower field shift than K;SbS,, indicating enhanced K*
dynamics. Furthermore, the pronounced increase in the
intensity of the sharp resonance suggests a notable rise in
the population of the mobile K* at the K1 sites. The
increased charge carrier concentration and high ion mobility
collectively enhance ion conduction.

Raman spectroscopy is a useful technique, complemen-
tary to NMR, that can characterize the short-range structure
of the materials. Figure 3b shows the Raman spectra
acquired for both the as-synthesized K;SbS, and the
K;085b0.01S353Cly4; samples. The observed Raman peaks
resonating at around 353, 370, and 390 cm™', are attributed
to the symmetric (V) and asymmetric (V,) stretching
vibrations associated with the SbS,’~ polyanions in K;SbS,.
The introduction of Cl to the SbS,’~ polyanion results in a
notable shift of the Raman peaks towards higher wave-
numbers, specifically at 357, 374, and 394 cm™!, indicative of
a successful modification of the Sb—S bond through Cl
incorporation. In Raman spectra, peak shifts are related to
changes in chemical bond lengths. A decrease in bond length
typically leads to a shift of Raman peaks towards higher
wavelengths.®™® The unit cell of B-K;SbS, is determined to be
931.7726 A3/ Following Cl doping, the volume of
K, 05Sb0.01S553Clo47 decreases to 930.1298 A® (Table S1). The
volume reduction observed in XRD Rietveld refinement
aligns consistently with the findings from Raman spectro-
scopy. A comparable shift in Raman peaks is also noted in
the previously reported Cl-doped Na,SbS, sample.F’)

To further understand the effect of CI™-S*~ anion mixing
on the K* density distribution and diffusion, ab initio
molecular dynamics (AIMD) simulations are performed for

200 100 0 -100 200 -300 325

#K shift (ppm)
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Figure 3. (a) >’K MAS NMR spectra of the as-synthesized K;SbS, (bottom, green lines for the a-K;SbS,, orange lines for the mobile K1 site in the B-
K;SbS,, and light blue lines for the immobile K2 site in the B-K;SbS,) and K 4Sby:S;53Clo47 (top, orange lines for the mobile K1 site and light blue
lines for the immobile K2 site), acquired at an MAS rate of 16 kHz in a magnetic field of 19.6 T. (b) Raman spectra of as-synthesized K;SbS,
(bottom, blue lines) and K, 43Sby;S35:Clo4s (top, purple lines). V, and V, denote symmetric and asymmetric stretching vibrations associated with

the SbS,’~ polyanions, respectively.
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B-K;SbS, and K,Sby9;S35Clyoy; in a 1 x 1 x 1 supercell
respectively. Figure 4a displays the distribution probability
maps for K* at 900 K. The AIMD simulation of K™
trajectories in B-K;SbS, shows an isolated and localized
“cage-like” K* diffusion pattern with no interstitial jump,
indicating restricted long-range K* migration and thereby
poor K* conduction in B-K;SbS,, which is in good agreement
with the experimental results that f-K;SbS, has a low ionic
conductivity at room temperature. Unlike the undoped f-
K;SbS,, K, 45Sbg61S553Cly4; exhibits a delocalized K* density
network, as shown in Figure 4b, suggesting improved K*
diffusion after introducing local disorder via anion mixing.
The AIMD simulation result is consistent with our exper-
imental data, in which the ionic conductivity of
K, 08Sby0:1S553Cly4; increases over two orders of magnitude
compared with B-K;SbS,.

Figure 4c and Figure 4d show mean square displace-
ments (MSD) of K* at 900K for B-K;SbS, and
K, 088b0¢;S;53Cly 47, Tespectively. Previous geometrical-topo-
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logical analysis has predicted a two-dimensional K* diffu-
sion network in p-K;SbS,. However, our AIMD simula-
tion shows that K* ions only have minimal diffusion in the ¢
direction, and no noticeable K* movement is observed in
the a and b directions, suggesting that B-K;SbS, is a one-
dimensional K" ion conductor. In contrast, the MSD plots
for K, 5Sby;S553Cly4; show significant enhancement in K*
diffusional movement, which is one order of magnitude
higher than B-K;SbS,. The result demonstrates that K*
diffusion in K, ¢3Sb;S;5:Cly4; is predominantly along the ¢
direction with notable movement in the a and b directions.

Linear sweep voltammetry (LSV) is conducted to
determine the electrochemical stability window of
K, 0sSb91S553Cly47. The LSV measurements are carried out
at room temperature to two identical cells with a config-
uration of K-Sn/K,¢sSbg¢;S;5:Cly4; (SE)/C:SE using a scan
rate of 0.2 mV/s. Carbon (super P) is utilized here as an
electronic conductive medium in the composite cathode,
allowing a more accurate measurement of the electro-

d
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Figure 4. K* density distribution in (a) K;SbS, and (b) Kj.45Sbo15353Cle47 in @ 1x1x1 cell based on AIMD simulations at 900 K. Mean square

displacements (MSD) of K* in the (c) K;SbS, and (d) K;.05Sbg.61S3.53Clo.47.
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Figure 5. (a) Linear sweep voltammogram of the K, 05Sbg61S553Clo47 at room temperature using a scan rate of 0.2 mV/s. (b) Rate performance
cycling test for K-Sn/K, 45Sbo61S3.53Clo47 (SE)/TiS,:SE ASSB cell at charge and discharge rates of 0.2 C, 0.5 C, and 1 C. (c) Voltage profiles of the

second cycle at each C-rate for the ASSB cells using K;45Sbg;S3.53Clo.47-

chemical stability window due to added sensitivity in
detecting degradation current. Further details on preparing
the composite cathode can be found in the Supporting
Information. The LSV measurements suggest that the
electrochemical stability window of K, 9sSbg¢;S; 53Cly 47 ranges
from around 1.5 to 3.2 V versus K-Sn (Figure 5a).

To evaluate the performance of K, Sbg;S;53Cloy; used
in ASSBs, a battery cell with the configuration of K-Sn/
K;.985D0.915353Clo.47/T1S5: K;.055b0,0183.53Clo.47 1s prepared. K-Sn
alloy is the anode, K,Sb;¢,S;5Cly4; serves as the solid
electrolyte, and a composite cathode employs TiS, as the
cathode active material (CAM) at a loading of 1.28 mAh/
cm®. Electrochemical cycling is conducted at room temper-
ature within a voltage window of 1.5-2.5V, using varied
charge—discharge rates, 0.2 C, 0.5 C, and 1 C, over 4 cycling
loops, followed by an additional 34 cycles at 0.2 C (Fig-
ure 5b). The corresponding cycling voltage profiles for the
second cycle of each C-rate are displayed in Figure 5c. The
battery cell demonstrates a good average coulombic effi-
ciency of 99.8 % and maintains 87 % of its capacity after
undergoing an additional 34 cycles at a 0.2 C rate following
the C rate test (Figure 5b).

Conclusion

In summary, we have successfully synthesized
K,.085b0.01S353Cly 47, yielding a remarkable room-temperature
ionic conductivity of 0.32mS/cm with a low activation
energy of 0.26 eV. By diversifying the anion sublattice, the
ionic conductivity of K;4sSbgg1S355Clos; has increased by
over two orders of magnitude compared with the parent
compound K;SbS,, marking the highest room-temperature
ionic conductivity among reported non-oxide potassium ion
conductors. Furthermore, K, Sb;¢,S;5Cly4, exhibits negli-
gible electron conduction, affirming its predominant role as
a K" ion conductor. The K MAS NMR analysis reveals an
increased population of mobile K* ions and fast K~
dynamics, while AIMD simulations corroborate enhanced
K™ diffusion with the introduction of CI™ into K;SbS,. This
study demonstrates anion doping as an effective strategy to
improve ion diffusion and underscores the potential of

Angew. Chem. Int. Ed. 2024, 202408574 (6 of 7)

K5085b0.61S553Cly 47 as a promising SE material for all-solid-
state potassium batteries. Furthermore, K, ¢3Sbg¢;S55:Cly4;
exhibits robust capacity retention upon cycling in ASSBs
when coupled with TiS, as the cathode material.
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The Cl-modified anion lattice in K;SbS,
enhances K* transport. The anion-diver-
sified K;055bg.01S3.53Clo47 exhibits a high
ionic conductivity of 0.32 mS/cm at
room temperature, with a low activation
energy of 0.26 eV. This achievement
represents the highest reported conduc-
tivity among non-oxide-based potassi-
um-ion conductors to date.
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