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Halide solid electrolytes (SEs) have garnered significant attention due to their decent ionic conductivity
and exceptional high-voltage stability. However, their structure—property relationship remains enigmatic.
In this work, we synthesize a range of Liz_,Lu; ,Zr,Clg (LLZC, 0 < x < 1) solid solutions to investigate
the influence of lithium ion and vacant site contents on ionic conductivity. Contrary to our previous
understanding, it is found that achieving a balance in lithium ion and vacant site content, rather than
aliovalent substitution-induced structural changes that introduce stacking faults, plays a crucial role in
optimizing ion transport in a hexagonal close packing (hcp) anion framework. This balance culminates in
the highest ionic conductivity (1.5 mS cm™) and lowest activation energy (0.285 eV) of LLZC. In addition,
aliovalent substitution strengthens the oxidative stability of halide SSEs but reduces their reduction
stability. Using LLZC as SEs and LiMn,O4 as cathodes, cobalt-free all-solid-state batteries undergo 1000
cycles of stable cycling at 0.3 C with negligible capacity decay.

With the increasing demand for clean and sustainable energy, developing high-performance and safe energy storage has become a critical research priority.

Halide solid state electrolytes (SSEs) have emerged as a promising alternative to conventional liquid electrolytes due to their high ionic conductivity and
exceptional stability at high voltages. Integrating these materials into all-solid state batteries (ASSBs), which are free of liquid components and can offer higher

energy density, safety, and longer cycle life, could significantly improve battery technology’s performance and safety. However, the fundamental understanding

of the structure-property relationship in halide SSEs is still lacking. This study highlights the design principles for developing efficient and stable halide SSEs

for ASSBs. By exploring the influence of ion and vacant site concentrations on ionic conductivity, the authors found that achieving a balance in the ion and

vacant site concentrations in the hexagonal close-packing anion sublattice is crucial for efficient ion transport, which leads to the highest ionic diffusivity and

lowest activation energy. This study also reveals that aliovalent substitution can strengthen the oxidative stability of halide SSEs but compromise their

reduction stability. This research provides important insights into developing cobalt-free ASSBs with long cycling stability, which are crucial for the widespread
adoption of sustainable energy storage.
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Lithium-ion batteries (LIBs) are indispensable power sources
for portable electronics, electric vehicles, and grid-scale energy
storage. However, commercial LIBs contain a highly flammable
liquid electrolyte, which leads to significant safety hazards,
particularly in large-scale batteries. Furthermore, the energy
density of commercialized LIBs will soon reach their physio-
chemical limit," making it essential to develop next-generation
energy storage technology with high energy density and improved
safety. All-solid-state batteries (ASSBs) have recently gained
renewed interest because of their intrinsic safety and theoretically
high energy density."™ To enable ASSB technology, the primary
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task is designing superionic conductors (aka., solid electrolytes
(SEs)) that exhibit fast ion transport behavior at room temperature.
When designing SEs, several fundamental criteria should be
fulfilled:® (i) a stable anion framework with a high structural
tolerance and weak interaction with mobile ions; (ii) a continuous
ion-conduction pathway built with related vacancies and intersti-
tial defects; and (iii) low migration energy barriers for ion hopping.
Following these criteria, different anion frameworks (i.e., $*~, 0*~,
BH, , X (X =F, Cl, Br, I)) have been exploited to design SEs with
high room-temperature ionic conductivity, representatively sulfide
electrolytes (ie., Li;qGeP,S1, (12 mS em™)® and Lig 54Si; 74P 44
S117Cly3 (25 mS cm™1)),” oxide electrolytes (i.e., Li;LazZr,0y,° and
Liy 4Alo 4Tiy 6(PO,)s),” borohydrides (i.e., LiBH4-Lil,'>'"), and halide
electrolytes (i.e., Li;YCl, and Li;YBre).">"® Some SEs have already
demonstrated ionic conductivities comparable to those of liquid
electrolytes.®’

Of all the anion chemistries, monovalent halogen anions
have attracted considerable research interest due to their
unique physicochemical characteristics, including large ionic
radii, long ionic bonds, high polarizability, weak interactions
with Li-ions, and high electrochemical oxidation stability.'*
Inspired by these features, many halide electrolytes based
on halogen anion chemistry have been developed, such as

a Li ion content > Vacancy content

Li in octahedral site vacancy

Cc Li ion content = Vacancy content

Li in octahedral site vacancy

e Li ion content < Vacancy content

Li in octahedral site

vacancy

View Article Online

Energy & Environmental Science

B-LizAlFs,"> LizInClg,"®"” Li,ZrCle,"® LisScCls,"> SmCl,.0.5LiCl,>*°
Li;TiCl,*' LizHoBrg,> and LisLalg.”® In these electrolytes, ion
transport occurs via Li-ion hopping to vacant sites in the crystal
structure.>* Increasing the number of vacant sites through aliova-
lent substitution is an effective method for enhancing ionic
conductivity.>> However, the correlation between the Li-ion and
vacant-site concentrations and their influence on overall ionic
conductivity in halide electrolytes remains unclear.

In this work, we precisely tune the chemical composition
and crystal structure of Li;_,Lu; ,Zr,Cls (0 < x < 1) solid
solutions via aliovalent zirconium (Zr) substitution and disen-
tangle the influence of Li-ion contents and vacant-site contents
on their ionic conductivity. Contrary to our previous under-
standing, the balance between Li-ion and its vacant-site contents
in the anion sublattice rather than aliovalent substitution-
induced structural change accounts for the improved ionic
conductivity, especially in the hexagonal close packing (hcp)
anion framework, because the structural change brings in
stacking faults that hinder ion transport along the c-direction.
Following this mechanism, Li, sLug sZr, 5Cls presents the high-
est ionic conductivity and lowest activation energy when the
Li-ion content is equal to the vacant site content. Furthermore,
aliovalent substitution strengthens the oxidative stability of

b Vacancy-dominated transport

d Most efficient ion transport

f lon-dominated transport

Fig. 1 Different transport scenarios contingent on ion and vacant site concentrations. (a) and (b) When the ion content is greater than the vacant site
content in the sublattice, it shows vacancy-dominated transport. (c) and (d) When the ion content is equal to the vacant site content in the sublattice, it
possesses the most efficient ion transport. (e) and (f) When the ion content is lower than the vacant site content, it follows an ion-dominated transport
mechanism. Thus, the low ion concentration leads to low ionic conductivity.
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halide SEs but compromises their reduction stability. Using
Li, sLug 5Zr, 5Clg as the SE, cobalt-free LiMn,0,-based all-solid-
state batteries demonstrate stable cycling over 1000 cycles at
0.3 C with negligible capacity fading. The mechanistic insights
gained from this study will be of assistance in designing a solid-
state halide electrolyte with the highest ionic conductivity and
safer and more sustainable energy storage systems employing it.

Results and discussion

In halide SEs with a general formula of LizMX, (M = trivalent
cations and X = halogen anions), cations always occupy octa-
hedral sites coordinated by six halogen anions via ionic
bonding." All the Li-ions diffuse through a three-dimensional
conduction network consisting of face-sharing or tetrahedron-
connected octahedra.>* The ion diffusion in the halogen anion
framework follows the ion hopping mechanism via vacancies.”®
To disentangle the effect of ion and vacant site concentrations
on the ionic conductivity of halide SEs, we purposely designed
three scenarios with different ion and vacant site concentrations
in the same anion framework (Fig. 1): (1) when the Li-ion content
is greater than the vacant site content in the chloride framework,
the available vacant site for Li-ion hopping is limited. Thus, the
ionic conductivity is limited by the low vacant site concentration
(Fig. 1a and b). (2) When the Li-ion content is less than the
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vacant site content, the mobile Li-ions available for ion transport
are then limited. Thus, the ionic conductivity is limited by low
mobile Li-ion concentrations (Fig. 1e and f). (3) When the Li-ion
content is equal to the vacant site content, ion transport is most
efficient, thus showing optimal ionic conductivity (Fig. 1c and d).
For this purpose, Li; ,Lu; ,Zr,Cls (0 < x < 1) solid solutions
are selected as the representative halide electrolytes because
both Liz;LuCls and Zr-doped LizLuCls have pnma structures
(Table S1, ESIf). The structural alikeness minimizes the inter-
ference of other factors (i.e., structural change, ion-transport
pathway change, and cation disorder) as much as possible when
investigating the effect of ion and vacant site concentrations on
the ionic conductivity of halide SEs.

Structural analysis of Li-Lu-Zr-Cl solid solutions

High-resolution X-ray diffraction (XRD) was performed to under-
stand the structure change of Zr substitution in the LizLuClg
matrix. The high-resolution pattern was refined (Fig. S1, ESIt),
and the detailed structural information is listed in Table S2-S5
(ESIT). The linear relationship between the unit cell volume and
lattice parameters in the range from 0.25 to 0.75 indicates the
formation of Li-Lu-Zr-Cl solid solutions (Fig. S2, ESIt). The
LizLuClg matrix has an orthorhombic framework with a pnma
space group (Fig. 2a), which is different from previous works
using a matrix (e.g., Li3YCls, LizErCls, and Li;YbCls) with a

Line shape O—0O channel
in the c direction

O—0—T—0 —O0 tortuous channel
in the a direction

Fig. 2 Structural analysis of Li—Lu—Zr-Cl solid solutions. (a) Crystal structure of LisLuCle. (b) lon conduction pathways in @ and b directions. (c) lon
conduction pathway in the c direction. (d) Crystal structure of Lis_,Lu;_,Zr,Clg (x = 0.25-0.75). (e) lon conduction pathways in b and c directions. (f) lon

conduction pathway in the a direction.
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trigonal structure (space group P3m1).>”>° With Zr-doping,
Li;_,Luy_,Zr,Clg (0.25 < x < 0.75) solid solutions still main-
tained the orthorhombic framework with the space group
(pnma) (Fig. 2d). However, MCls octahedra became tilted, and
the cations rearranged (Fig. S3, ESIt), as confirmed by g(7)
analysis (Fig. S4, ESIT).

Due to the cation rearrangement, the ion transport pathways
also changed in the Li;_,Lu;_,Zr,Cls solid solutions. As shown
in Fig. 2b, Li;LuCls with the pnma-I structure has an ““S” shape
of octa-tetra-octa (O-T-O) conduction pathways in the a
direction and a “Z” shape of O-T-O conduction pathways in
the b direction. In the ¢ direction, LizLuCls possesses linear
octa-to-octa (O-O) conduction pathways (Fig. 2c). Compara-
tively, Li;_,Lu, _,Zr,Clg solid solutions with the pnma-II struc-
ture have an “S” shape of the O-T-O ion pathway in the ¢
direction and a “Z” shape of the O-T-O conduction pathway
in the b direction (Fig. 2e). However, Li; ,Lu; ,Zr,Cls has a
tortuous O-O-T-O-T conduction pathway in a direction as
stacking faults are introduced (Fig. 2f)."* Based on previous
theoretical calculations,>® the O-T-O conduction channel
possesses a higher energy barrier than the O-O conduction
channels in the anion sublattice. Therefore, this structural
change cannot explain the ionic conductivity improvements,

View Article Online

Energy & Environmental Science

as demonstrated in previous ref. 27 and 28. Moreover, the
cation-blocking effect should be more prominent in the Li-
Lu-Zr-Cl solid solutions because tetravalent Zr** has a more
significant coulombic repulsive force than trivalent Lu**, which
prevents Li-ion transport via the tetrahedral site around MClg
octahedra.'®® Therefore, the structural change from pnma-I to
pnma-II cannot fully explain the improved ionic conductivity of
Zr-doped LizMClg solid solutions. Other decisive factors, such
as the lithium-ion and vacant site concentrations in the struc-
ture, should also be considered and carefully investigated
because they intrinsically affect the ionic conductivity in accor-
dance with the Arrhenius-Einstein equation.

Effect of vacant site concentrations in the hep anion sublattice

High-resolution XRD results confirm that Li-Lu-Zr-Cl solid
solutions do not undergo a structural change when Zr substitu-
tion increases from 0.25 to 0.75 (Fig. S5, ESIT). In addition, the
radial distribution function g(r) of the framework sublattices
without mobile ions remains the same at different Zr substitu-
tions (Fig. 3a), confirming that the crystal structure remains
the same.

Through aliovalent zirconium substitution (Zr**, 72 pm)
with Lu, the Li-ion content in the chloride sublattice can be

a b c d
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Fig. 3 Tailoring Li-ion and vacant site contents in Lis_,Lu;_,Zr,Clg (LLZC) solid solutions and their electrochemical properties. (a) The radial distribution
function g(r) of the pnma-II sublattice without mobile ions at different Zr substitutions. The relationship of lithium-ion and vacant site contents in halide
electrolytes: (b) Liz75Lug75Zr0.25Cls, (C) LizslugsZrosCls, and (d) Lizzslug7sZro2s5Clg. (e) EIS profile of LLZC solid solutions at room temperature.
(f) Arrhenius plot of LLZC solid solutions. (g) The relationship between the chemical composition of LLZC and corresponding room-temperature ionic

conductivity and activation energy.
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decreased while the vacant site content can be increased
(Fig. S6, ESIT). When 25% of Zr** substitutes Lu®*, the vacant
site content increases to 37.5% (Fig. 3b). When half of Lu*" is
substituted by Zr*", the Li-ion concentration and the vacant-site
content are balanced (Fig. 3c). Further aliovalent substitution
reverses the relationship between the Li-ion and the vacant site
(Fig. 3d). Fig. 3e shows the electrochemical impedance spectro-
scopy (EIS) profiles of the Li-Lu-Zr-Cl solid solutions at room
temperature (RT). The ionic conductivity of Li;LuClg at RT is
0.40 mS cm ™", With 25% Zr substitution, the ionic conductivity
increases to 0.96 mS cm™*. With 50% Zr substitution, the ionic
conductivity increases to 1.50 mS cm ™" with a low electronic
conductivity of 6.75 x 107'° S em (Fig. S7, ESIt). Further
increasing the Zr content to 75% lowers the ionic conductivity
to 1.12 mS cm '. To determine the activation energy,
temperature-dependent EIS was measured and is displayed
in Fig. S8 (ESIt). Fig. 2f presents the Arrhenius plots of
Li;_,Luy ,Zr,Cls (x = 0, 0.25, 0.5, 0.75) solid solutions. The
room temperature ionic conductivity and corresponding activa-
tion energy are plotted in Fig. 3g. Indeed, Li,sLug 5Zr, 5Clg
exhibits the highest ionic conductivity (1.50 mS ecm™') and
the lowest activation energy (0.285 eV), in which the Li vacant
site and Li-ion contents are equivalent in the anion sublattice.
Not only do our cases, but other solid solutions (e.g., Li-Y-Zr-
Cl,%® Li-Er-Zr-Cl,*® Li-Yb-Zr-Cl,%” Li-Yb-Hf-Cl,>® and Li-Zr-
In-CI*%) also show the highest ionic conductivity when ion and
vacant site contents are balanced (Fig. S9, ESIt), implying that
balancing the Li-ion and vacant site contents is crucial for
obtaining their optimal ionic conductivity. Moreover, we per-
formed AMID simulations on Liz_,Lu; _,Zr,Cls (x = 0.25, 0.5,
0.75). The simulation results confirm that Li, sLug 5Zro5Clg
shows the highest Li-ion conductivity and lowest activation
energy (0.20 = 0.02 eV) compared to Li, 55Lu0 25Zr0 75Cls (0.23
=+ 0.02 eV) and Li, ;5Luy 7521 25Cls (0.30 + 0.03 eV) (Fig. S10,
ESIT). Both experimental results and theoretical calculations
consistently demonstrate that balancing the Li-ion and vacant
site concentrations plays a crucial role in obtaining the highest
ionic conductivity in the hexagonal closest pack (hcp) anion
sublattice.

Electrochemical windows

To gain further insights into the intrinsic electrochemical
window of halide SEs, cyclic voltammetry (CV) was conducted
on Li, sLug 5Zr, 5Clg with 20% carbon, which provides sufficient
electron conduction pathways (Fig. 4a).*" Li,sLug 521 sClg is
exceptionally stable during oxidative scanning. Only when
magnifying the CV profile do we see that Li, sLug 5Zr,5Clg is
slightly oxidized at 4.25 V (Fig. 4b). The high oxidative stability
is beneficial for the cycling stability of high-voltage ASSBs.
A small shoulder peak at around 4.0 V is also observed, likely
originating from some impurities of precursors (LuCl;). Com-
pared to LizLuCl, aliovalent substitution (e.g., Zr** and Hf'")
strengthens the oxidative stability of halide SEs at the expense
of their reduction stability as two peaks at 1.75 V (vs. Li'/Li) and
0.7 V (vs. Li'/Li) are detected during reductive scanning. Based
on the first principles calculations (Fig. 4c), the 1.75 V peak is

5140 | Energy Environ. Sci., 2023, 16, 5136-5143
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Fig. 4 Intrinsic electrochemical windows of Li, sLug sZrg 5Clg. (a) CV pro-
files of LipsLugsZrosClg and LisLuClg. (b) Enlarged region of the CV profile
from the open-circuit voltage (ocv) to 5V. (c) The first-principles calcula-
tion results of the voltage profile and phase equilibria of Li, sLug sZrg sCle.

ascribed to Zr*" reduction, and the 0.7 V peak is related to Lu**
reduction.

Electrochemical performance of cobalt-free all-solid-state
batteries

Spinel LiMn,0, has been considered one of the most promising
cathodes due to its high output voltage, low cost, abundance,
environmental affinity, good ion diffusion kinetics, and better
thermal stability compared to layered cathodes (i.e., LiCoO,
and LiNi,Mn,Co,0, (x +y + z = 1)) (Fig. S11, ESIt).*>* Despite
this, LiMn,O, cathodes have received less attention than
layered cathodes in the ASSB configuration. Based on our
understanding, there are several advantages to developing
cobalt-free LiMn,0,-based ASSBs with halide electrolytes. First,
LiMn,0, has three-dimensional Li-ion transport channels,
which is beneficial for obtaining high-rate performance in
ASSBs. Second, the voltage range of LiMn,0, is from 3.0 to
4.3 V, which is entirely compatible with the electrochemical
stability window of Li, sLug 5Zry 5Cls. Third, LiMn,0, suffers
from notorious Mn dissolution in the liquid cell, which can be
completely avoided in a solid-state configuration.

For these reasons, we constructed a LiMn,0,-based ASSB
with the solid-state halide electrolyte Li, sLug 5Zr 5Clg (Fig. 5a).
Fig. 5b shows an SEM image of the cross-sectional structure of
LiMn,0,-based ASSBs. Fig. 5¢ compares the initial charge-
discharge curves of LiMn,0, in both liquid cells and ASSBs at
0.1C(1C = 120 mA g ). LiMn,O, in ASSBs shows a high initial
capacity of 119.4 mA h g~* with a high coulombic efficiency of
91.8% at 0.1C. The high utilization of LiMn,0, in ASSBs indi-
cates that LiMn,0, is in good contact with Li, sLu, 5Zr, 5Clg, as
confirmed by the scanning electron microscopy (SEM) images

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Electrochemical performance of cobalt-free all-solid-state batteries with a configuration of LiMn,O4/LLZC/LigPSsCl/Li-In. (a) Schematic
illustration of halide-based all-solid-state batteries using LiMn,O4 as the cathode. (b) SEM image of cross-sectional ASSBs. (c) Initial charge—discharge
curves of LiMn,O4 in liquid cells in comparison with all-solid-state batteries. (d) Cycling stability at 0.1C. (e) Rate performance. (f) The charge/discharge
curve of halide-based all-solid-state pouch cells with the LiMn,O, cathode. The inset shows a photograph of a 3 x 3 cm? halide-based all-solid-state

pouch cell. (g) Long-term cycling stability at 0.3C with a high pressure of

of cross-sectional ASSBs with their elemental mapping (Fig. S12,
ESIY). Fig. 5d compares the cycling stability of LiMn,0O, in ASSBs
and liquid cells. In liquid cells, the discharge capacity decays very
fast, which most likely stems from the dissolution of manganese
and structural changes caused by the Jahn-Teller effect.****
In contrast, LiMn,0,-based ASSBs demonstrate stable cycling
stability at 0.1C. The capacity retention after 80 cycles is as high
as 94.2%, indicating that an ASSB configuration can avoid the
issue of Mn dissolution. X-ray photoelectron spectroscopy (XPS)
further confirms that Mn dissolution is prevented in ASSBs
(Fig. S13, ESIt). Fig. 5e presents the rate performance of ASSBs,
and the corresponding discharge curves are shown in Fig. S14

This journal is © The Royal Society of Chemistry 2023

150 MPa.

(ESIY). A specific capacity of 42 mA h g~ " was achieved at 2 C. The
good rate performance originates from the three-dimensional
lithium-ion transport channels of LiMn,0, and the high ionic
conductivity of Li,sLug5Zro5Cls. Furthermore, a halide-based
all-solid-state pouch cell with a dimension of 3 x 3 cm” was
fabricated using the dry-film process (Fig. 5f).>* This all-solid-
state pouch cell exhibits a capacity of 9.58 mA h, a high
coulombic efficiency of 98.4%, and excellent cycling stability
(Fig. S15, ESIT), and can successfully light on a LED bulb and
power on an electric fan (Video S1, ESIt). To evaluate the long-
term cycling stability, ASSBs were also tested at 0.3 C (Fig. 5g),
which demonstrated a capacity of approximately 98 mA h g*
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when cycled at 0.3 C with no capacity decay over 1000 cycles,
which is attributed to the good interfacial chemical and electro-
chemical compatibility between Li, sLu, sZr, 5Cls and LiMn,0,
(Fig. S16, ESIt). The ascending trend in Coulombic efficiency over
the initial 90 cycles (in Fig. 5g) is attributed to both the stabili-
zation of the interface and the alleviation of internal stress
resulting from the application of an large external pressure
(150 MPa). These results demonstrate the first comprehensive
assessment of cobalt-free and low-cost LiMn,O, cathodes in
ASSBs, particularly by employing solid-state halide electrolytes.

Conclusions

To summarize, we synthesized a series of Li;_,Lu; _,Zr,Cls (0 <
x < 1) solid solutions to explore the influence of ion and vacant
site concentrations on ionic conductivity. We discovered that
when 50% of Lu®** is substituted by Zr**, the lithium-ion and
vacant-site concentrations are balanced in Li;_,Lu,_,Zr,Clg
solid solutions, which leads to the highest ionic conductivity
of 1.5 mS em ™" at room temperature. Our findings revealed that
achieving a balance in the ion and vacant site concentrations in
the halogen anion sublattice, rather than inducing structural
changes by aliovalent substitution, plays a crucial role in
efficient ion transport, which leads to the highest ionic diffu-
sivity and lowest activation energy. In addition, we also found
that aliovalent substitution, such as Zr'*" or Hf**, strengthens
the oxidative stability of halide SEs but compromises their
reduction stability. Using LiMn,O, as the cathode and
Li, sLug 5Zry5Clg as the SE, the cobalt-free ASSB demonstrated
satisfactory electrochemical performance, particularly long
cycling stability with a negligible capacity decay over 1000
cycles at 0.3C. Furthermore, a halide all-solid-state pouch cell
is successfully demonstrated. This work provides a new design
principle for designing solid-state halide electrolytes with opti-
mal ionic conductivity and lays the groundwork for future
research into cobalt-free all-solid-state batteries with long
cycling stability.
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