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ABSTRACT: Inorganic solid-state electrolytes (SSEs) have gained significant
attention for their potential use in high-energy solid-state batteries. However, there
is a lack of understanding of the underlying mechanisms of fast ion conduction in
SSEs. Here, we clarify the critical parameters that influence ion conductivity in
SSEs through a combined analysis approach that examines several representative
SSEs (Li;YClg, Li;HoCl, and LigPS;Cl), which are further verified in the xLiCl-
InCl; system. The scaling analysis on conductivity spectra allowed the decoupled
influences of mobile carrier concentration and hopping rate on ionic conductivity.
Although the carrier concentration varied with temperature, the change alone
cannot lead to the several orders of magnitude difference in conductivity. Instead,
the hopping rate and the ionic conductivity present the same trend with the
temperature change. Migration entropy, which arises from lattice vibrations of the Togo,
jumping atoms from the initial sites to the saddle sites, is also proven to play a
significant role in fast Li* migration. The findings suggest that the multiple
dependent variables such as the Li* hopping frequency and migration energy are also responsible for the ionic conduction behavior
within SSEs.
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1. INTRODUCTION

All-solid-state lithium batteries (ASSLBs) have received
research interest due to the several key advantages over
current liquid lithium batteries, including improved safety,
better mechanical/thermal stability, and the potential to
achieve the requirement of energy/power density.' > This
brings a significant focus on the development of solid-state
electrolytes (SSEs) as the SSEs directly influence the
performance of the whole battery.”” For example, different
kinds of inorganic SSEs, such as polymer-, oxide-, sulfide-, and
halide-based SSEs, have been extensively investigated.”™"”
Understanding the fundamental motivation for fast ion
conduction in SSEs is essential for developing superionic
conductors for higher powder ASSLBs. Ionic conduction in
SSEs proceeds through a thermally activated process in which
mobile carriers, including charged ions (i.e., intrinsic and
interstitial sites) and vacancies, hop from one site to another
along a minimum energy pathway. The total conductivity, o, is
thus the sum of the contributions of these mobile carriers given

by
0 = 2o, = Zeqp, (1)

where ¢, g;, and y; are the concentration, charge, and mobility
of the mobile carriers, respectively."* Note that only part of the
total charged species in solid is mobile and the mobility of
those species is different. Thus, to obtain SSEs with high ionic
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conductivity, a high concentration of mobile carriers within the
solid is important. This means that there should be plenty of
available empty or interstitial sites to make hopping possible. A
low energy barrier, which exists between different sites to
ensure the smooth migration of mobile carriers, is also
required. Therefore, most strategies and descriptors related to
the development of superionic conductors focus on both the
concentration and mobility of mobile ions. It can be
challenging to distinguish between the individual effects of
concentration and mobility on the performance of ionic
conductors. However, separating and understanding the
individual effects of concentration and mobility on ionic
conductors is crucial for improving their performance.

It is indeed true that the introduction of cationic vacancies
or extra cationic interstitials is beneficial for ionic conductivity,
such as in the cases of Lis_,PS;_,Cl,'*"* Na,_.PS,_.Cl,"® and
Lig,.P,_,Ge,SsL.'” However, the proposed strategies are always
accompanied by other effects, and the impact is therefore not
limited to the concentration of mobile carriers. The total ionic
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Nay,,Z1,Si,P;_,0y,,"" etc.] has shown to promote the
enhanced correlated migration with reduced migration energy
triggered by the excess mobile cations that occupy in the
higher energy (metastable) sites, especiallzf for Li;MXg-type
halides, such as Li,YCl,*" and Li;ErCle.”' Ball-milled and
annealed synthesis strategies can lead to a 20-fold difference in
room-temperature (RT) ionic conductivity in SSEs even when
the mobile carrier concentration is similar. These findings
suggest that the role of the carrier concentration in ion
conduction may be overestimated and that other factors, such
as mobile carrier mobility, may also play a notable role in
determining the overall ionic conductivity of the material.

Here, we aim to understand the separate influences of the
mobile carrier concentration and mobility on the ionic
conductivity of SSEs. We show that by analyzing the hopping
frequency and carrier concentration evolution plots, it is
possible to disentangle these factors and observe their
individual effects on the ionic conductivity of several
representative SSEs. Our results indicate that both the ionic
conductivity and hopping frequency follow an Arrhenius
behavior with temperature, while the carrier concentration
remains relatively constant. Importantly, we find that the ionic
conductivity is more affected by the hopping frequency and
migration entropy than the carrier concentration. To further
support this conclusion, we conducted systematic studies on
xLiCl-InCl; halides and observed similar trends in the ionic
conductivity and hopping frequency with temperature. We also
identified the effect of migration entropy on Li" mobility in
these halides. Our findings suggest that the role of the mobile
carrier concentration in determining ionic conductivity has
been overestimated and that a more meaningful focus should
be placed on the mobility of the carriers.

2. RESULTS AND DISCUSSION

In general, based on Jonscher’s universal power law
(JPL),”*™** the frequency-dependent conductivity (o,) is
found to vary with angular frequency w as

G, = 0y + Ao (2)

where o4 is the d.c. limit of the conductivity, A is a
temperature-dependent parameter, @ is the radial frequency,
and n is the frequency-dependent exponent factor.

The relationship between 64 and A can be inferred by*>~*’
O-dC n

e — w

A7 ®3)

where @), is the hopping (migration) frequency. By combining
eqs 2 and 3, the (o,) can be further given by

n

1)
c, =0 |l +|—
“r o)
Thus, the migration frequency can be obtained from the
frequency-dependent conductivity spectra (Figure 1a) at which
o, equals 20y,
On the other hand, ion conduction is also a thermally
activated process that is in line with the Arrhenius law:
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Figure 1. Illustration of calculation for (a) hopping frequency (@,)
from the conductivity spectra, (b) activation energies (E, and E,)
from the Arrhenius plots of conductivity (6T) and hopping frequency
(w,), and further migration entropy prediction from the hopping
frequency and attempt frequency (@), and (c) carrier concentration
factor of SSEs.

T [ Ea ]
oT = o, exp| ———
kyT (5)
where o is the ionic conductivity, o, is the Arrhenius prefactor,
E, is the activation energy of ionic conductivity, kg is the
Boltzmann constant, and T is the absolute temperature.”**’
The overall conductivity then highly depends on the 6, which
includes parameters such as the charge carrier density, the
attempt frequency (w,), and the entropy of migration AS,,.
Using conventional hopping theory, the prefactor o is given by

zng’ [ASm ]a 2
0y = eXp| ——  |% Wy
kg ky

(6)

where z is the geometrical factor (depends on the different
diffusion geometries and correlation factors), n is the carrier
concentration, q is the charge of the ions, and « is the hopping
distance.”” ™

Moreover, the hopping frequency is thermally activated and
can be given by

e R

P o €Xp kB XPp| kBT (7)
where E,| is the activation energy of the hopping (migration)
process.”” Generally, the measured total E, includes both the
energy required to form the mobile carriers (E;) and the energy
barrier for their migration (E,).>"** Thus, by comparing the
differences between E, and E,, as presented in Figure 1b, the
contribution of E; and E,_, can be determined.

According to eq 6, the Arrhenius prefactor, o, is strongly
dependent on the entropic term (AS,/k;) and attempt
frequency (@,). While migration entropy (AS,,), which arises
from the change in lattice vibrations at the initial state and the
saddle point during a local jump process,’ is rarely discussed
on the role of ion migration (eq 7), AS,,/kg can be expressed

as
AS,) @ (E,

Xp[k—B] o Xp(kB—T] ®

Thus, AS,, can be obtained once the value of @, can be

determined.
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Figure 2. Conductivity spectra of (a) Li;YCl,, (b) Li;HoCly, and (c) LigPSsCl (b) Arrhenius plots of conductivity (6T) and hopping frequency
(a)P) of (d) Li;YClg, (e) Li;HoClg, and (f) LigPSsCl. The carrier concentration factor of (g) Li;YCly, (h) Li;HoCl, and (i) LigPSsCl at different

temperatures (based on eq 9).

In addition, the quantification of # is not commonplace for a
conductor. However, after the hopping frequency w,, E,, and
E,, have been quantified, it is possible to further estimate the
carrier concentrations of a conductor from the above
zng’ 2)

equations. Here, a carrier concentration factor (C= ag

B
that indicates the relative values of mobile carriers in the solid

electrolytes is provided by eqs 5—7:

Ea - Em
kT

T
C:G—exp(

@p

)

Through the reciprocal of the temperature dependence of
the defined carrier concentration factor C (Figure Ic), the
relationship between temperature and C can be obtained,
which can give information on the value of the relative carrier
concentration and its variation with the temperature.

The above calculation methods to obtain comprehensive
factors involved in ionic conduction were first applied to three
typical SSEs, i.e., Li;YClg, Li;HoCl, and LigPS;Cl [X-ray
diffraction (XRD) patterns shown in Figure S1]. Frequency-
dependent conductivity spectra and the fitted data (based on
eq 2) of the three SSEs are shown in Figure 2a—c. The
decrease in conductivity in the low-frequency region is caused
by the polarization of the blocking electrode. All of the

11703

conductivity spectra obey the JPL, and the Y-axis intercept in
the mid-frequency region with the fitting curve was read as the
04.- Arrhenius plots of conductivities and the derived
characteristic frequencies ®, are shown in Figure 2d—f.
Here, some points of the migration frequency cannot be
obtained when the value is higher than 10" Hz (T > 25 °C for
Li;HoCly in Figure 2e and T > S °C for LizPS;Cl in Figure 2f)
due to equipment limitations. The ionic conductivity at 25 °C
of the three samples is 7.58 X 107°, 3.33 X 107 and 2.19 X
1073 S cm™ for Li;YCl, Li;HoClg, and LigPSsCl, respectively.
The corresponding hopping frequency at 25 °C of the three
samples is 9.8 X 10°, 6.8 X 10° and >107 Hz, respectively.
Faster hopping indeed contributes to higher ionic conductivity.
The hopping frequency value obtained for LicPS;Cl is
consistent with that measured by the nuclear magnetic
resonance relaxation results.”> Moreover, the E, values are
slightly higher than E,, values, with small differences of 0.03—
0.08 eV for the three samples. As aforementioned, the
activation energy for the ionic conductivity is involved with
both the energy barrier of the formation and migration of the
mobile carriers. These results suggest that the activation energy
for the creation of mobile carriers in these SSEs is very low,
which is close to 0 eV, and that the E, is mainly determined by
the mobility of the mobile carriers. Note that the hopping

https://doi.org/10.1021/jacs.3c01955
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Figure 4. (a,b) RT ionic conductivity and activation energy evolution of the xLiCl-InCl; halides (1 < x < 17). (c,d) DRT curves obtained from the
EIS spectra of symmetric cells of the xLiCl-InCl; halides.

frequency here discussed is related to the Li" migration within Furthermore, the corresponding carrier concentration

the local structure or crystal structure of typical SSEs. Thus, factors (C = %ﬂz ay?) of the samples are calculated and
th lytical method to obtai d E, values is not ’
¢ analytical method to obtain @, and By values Is no presented in Figures 2g—i and S4. Values of this quantity are

applicable for SSEs with large grain boundary resistance when shown in Table S1. The concentration factor for each sample

the grain boundary contribution cannot be ignored, such as exhibits a slight change and is temperature-dependent. This
oxide SSEs at low temperatures (Figures S2 and S3). suggests that the variation in ion conduction behavior in a wide
11704 https://doi.org/10.1021/jacs.3¢01955
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temperature range for these SSEs is mainly due to changes in
the mobility of ions rather than changes in the carrier
concentration. Thus, decreasing the energy barrier for the
hopping of mobile ions to increase their mobility is essential
for designing superionic conductors.

Structure tuning, substitution, and the injection of vacancies
or defects are effective strategies for improving the ionic
conductivity of SSEs. These strategies often lead to multiple
changes in the solid material, which can be interdependent and
sometimes exhibit opposing trends. Therefore, a comprehen-
sive understanding of the multiple factors that influence the
modification of ionic conductivity is critical to designing
effective strategies for achieving superionic conductors. By
taking the xLiCl-InCl; SSE system as an example and with the
aid of electrochemical impedance spectroscopy (EIS) analysis
and the above-developed analytical method, it is possible to
disentangle the dominant factors and identify their effects on
the ionic conductivity.

xLiCl-InCl; powders were prepared by a solid-state reaction
at 260 °C.*° Figure 3a—d shows the XRD patterns and
Rietveld refinement results of xLiCl-InCl; materials over the
range of x = 1—11. When x < 3, the XRD patterns are in good
agreement with the reported monoclinic structure (space
group: C2/m), demonstrating the formation of the solid-
solution region between LiCl and InCl; (denoted as region I).
Based on the molar ratio of LiCl to InCl;, the corresponding
component can be normalized to Li;_3,In;,;,[J,1,4)Cls (3Li*
— M* + 2, [J = vacancy), with Li*, In*, and vacancies
occupying the octahedral sites stacked by the CI™ sublattice.
The Li" concentration decreases with the increase of the
indium content in the xLiCl-InCl; sample in this region, while
the vacancy concentration shows the opposite trend. While
more LiCl raw material leads to the separation of phases of
LiCl and Lis gIn ;[ (141)Cls (denoted as region II) in the
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final xLiCl-InCl; product (x > 3, Figure 3c,d) and the higher
intensity of LiCl, as shown in the 17LiCl-InCl; sample (Figure
SS). All the samples show a similar morphology with small
particles of around several hundreds of nanometers (Figure
S6).

We further carried out the X-ray absorption near-edge
structure (XANES) measurements to investigate the structural
environment of the xLiCl-InCl; samples; the spectra of
commercial InCl; were also depicted as a reference standard
(Figure 3e,f). The In K-edge XANES spectra of all the xLiCl-
InCl; samples are quite similar with a dominant white line peak
feature caused by the 2s core transitions into empty Sp states.
Moreover, obvious different features of the xLiCl-InCl,
samples from that of the InCl; reference were observed,
indicating the inequitable structure/ligand environments. The
results confirmed the absence of InCly in the xLiCl-InCly
samples regardless of the ratio of LiCl to InCl;, and the
structural environment of indium in the xLiCl-InCl; samples is
similar to that of Li;InCl (3LiCl-InCl).

Figures S7 and 4a show the EIS and temperature
dependence of Li* conductivity acquired through impedance
measurements of cold-pressed pellets of xLiCl-InCl; samples.
All the samples showed Arrhenius-type variation, and the
lowest activation energy (E,) of 0.347 €V is achieved for 2LiCl-
InCl;, while the highest value of 0.489 eV for 17LiCl-InCl;.
Detailed variations of the RT ionic conductivities as well as the
extracted total activation energy (E,) of the xLiCl-InCly
samples are summarized in Figure 4b. In the solid-solution
region (region I), the RT ionic conductivity increases with the
increasing fraction of InCl; and reaches a maximum
conductivity of 1.34 X 107> S cm™" for 3LiCl-InCl;. When x
> 3 (region II), the RT ionic conductivity gradually decreases
with the increase of the x value. The total activation energy
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Li" migration within inorganic SSEs.

evolution shows the opposite trend to that of conductivity
(Figure 4b).

By deconvoluting pristine EIS information, the distribution
of relaxation times (DRT) spectra’” of the xLiCl-InCl; samples
were further obtained (Figure 4c,d). When x < 11, there is
only one resistance peak in the DRT spectra for the samples.
The resistance peak intensity decreases with the increase of the
x value when x < 3, with the lowest peak intensity observed for
the 3LiCl-InCl; with the highest RT ionic conductivity.
However, there are two resistance peaks for the 17LiCl-InCl,
sample (Figure S8). The two peaks at lower and higher time
constants are assigned to the bulk and grain boundaries,
respectively, demonstrating the existence of LiCl with low
ionic conductivity. Considering the inverse relation between
the resistance and conductivity, the overall trend of the
resistance peak intensity in the DRT results is well in
accordance with the RT ionic conductivity evolution presented
in Figure 4a,b.

Thus, there are multiple factors that can influence Li*
migration behavior in the xLiCl-InCl; system. As aforemen-
tioned, the samples in region I can be normalized to
Li;_3pIny,[15(145)Cls. The 3LiCl-InCly sample possesses the
highest Li* concentration and the lowest vacancy concen-
tration among the three samples in this region, which is
confirmed by the Rietveld refinement results (Tables S2—S5).
Based on the previous report,””*” the possible blocking defect
such as In—Li anti-sites is another aspect that will influence the
Li* migration behavior. In region II, with the formation of the
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LiCl phase and the grain boundary contribution, the factors
become more complicated.

To quantitatively determine the Li-ion hopping rate, the
variation of the frequency-dependent conductivity spectra for
different #LiCl-InCl; at 25 °C is compared in Figure Sa. The
obtained w,, values for these samples exhibit the same changing
trend as the ionic conductivities (Figure Sb,c, Tables S6 and
S7), demonstrating that the conductivity is determined
primarily by the mobility of lithium ions. To further clarify
this, the reciprocal temperature dependence of w, of xLiCl-
InCl; is presented in Figure 5d, which shows a large difference
among the samples. The calculated activation energies (E,,) for
Li" migration are close to that of the total activation energy
(E,) for the bulk conductivity (Figure Se and Table S8). The
E, values are slightly higher than E_ values, with small
differences of 0.005—0.064 eV for xLiCl-InCl; with 1 < x <
11. The discrepancy is mainly caused by the formation energies
of the mobile carriers, though the value was small. Some
invalid hops within the neighboring sites that immediately back
again might also not contribute to the ionic conductivity. In
addition, the derived carrier concentration factors of xLiCl-
InCl; that are shown in Figure Sf are in the same order of
magnitude around 107® S cm™' Hz ™' K and are also found to
be slightly influenced by temperature. Based on the standard
expression for ion conductivity (eqs 5—7), both for the whole
xLiCl-InCl; system and the individual xLiCl-InCl; sample, the
carrier concentration has far less impact on the conductivity
than what had been previously assumed. With the regulation of
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the ratio of LiCl to InCl; in the xLiCl-InCl; system, though the
mobile Li*/vacancy concentration has been changed, the more
distinct and dominant effect should be the formation of highly
conductive Lis_3,In;,)[T5(144)Cls, the lowered migration
energy, and the induced accelerated Li* migration speed. In
other words, the Li" or defect concentration is not significant
in the conduction behavior. To further clarify this, we also
applied the analysis on the LiScCl, (ozr = 1.24 X 107* S cm™)
and Li; ScCl, s (opp = 2.4 X 107 S cm™) halides that we
reported before, and the results are shown in Figures S9 and
S10. The two samples also possess similar E, and E,, values and
show minor changed carrier concentration factors at different
temperatures. Moreover, the carrier concentration factor of the
Li; ;ScCl, s sample is slightly higher than that of LiScCl,
though almost 2-fold in conductivity. A previous theoretical
study on Li;P;S;; SSE also presented similar results that its
ionic conductivity would not be effectively changed by
introducing Li* or Li vacancies."’

Here, ab initio molecular dynamics (AIMD) was further
applied to obtain the attempt frequency.”’ The lowest energy
configuration of the considered structures was selected to
construct the supercell structure for the AIMD simulation
(Figure S11). The frequency spectra of diffusing atoms in the
xLiCl-InCl; are shown in Figures 6a,b and S12. The w, of
LiCl-InCl, 2LiCl-InCly, 3LiCl-InCly, and SLiCl-InCl, at 25 °C
is 8.7165 X 102, 8.6887 X 10'2, 1.0282 X 10'3, and 1.037 X
10" Hz, respectively, in the opposite order of the vibration
amplitude (Figure 6¢). This result indicates that the attempt
frequency of Li* may be significantly impacted by its local
environment in the crystal structure. The values are similar and
are close to the “standard value” of 1 X 10" Hz that was
usually used in previous reports.*”*’ Thus, the exp(AS,,/kg)
can be calculated based on eq 8 (Figure 6d). The exp(AS,,/kz)
of LiCl-InCl;, 2LiCl-InCl;, and SLiCl-InCl; at 25 °C is 0.025,
0.275 (assuming that its @, at 25 °C is 10" Hz), and 0.533,
respectively. The exp(AS,,/kg) of 3LiCl-InCl; at 25 °C is
calculated to be >0.719 (assuming that its w, at 25 °C is 107
Hz). The results are roughly consistent with the migration rate
and ionic conductivities of these samples, demonstrating that
the kinetic process involving Li* migration within xLiCl-InCl,
SSEs is primarily dominated by migration entropy. Note that
the inconsistency of the 2LiCl-InCl; might be due to the lack
of its accurate w, at 25 °C. For inorganic SSEs with a more
relaxed structure, a relatively large migration entropy can be
guaranteed, thus promoting an increase of the Arrhenius
prefactor. Further combining a high hopping rate in the
localized structure, final high ion migration can be achieved
(Figure 6e). It should be noted that the main findings should
not rely on the ion conduction mechanism of the materials. In
the case of vacancy and interstitial Li* diffusion mechanisms,
the Li* migrates from one site to a neighboring vacant site or
migrates via an interstitial site between occupied sites. The
efficient strategies to improve ionic conductivities are still
similar: constructing rapid Li* migration pathways and
reducing the resistance of the surrounding potential field."*

3. CONCLUSIONS

Decoupling the effects of the hopping rate, carrier concen-
tration, and migration entropy on ionic transport can assist in
designing and developing SSEs with superionic conductivity. A
key finding of this study is the identification of the dominant
factor for lithium migration in SSEs. Traditionally, it is
supposed that increasing the mobile carrier concentration is an
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effective way to improve ionic conduction properties.
However, the fact is that there are many other accompanying
factors involved when regulating the carrier concentration
within SSEs. These factors are correlated and dependent on
each other and thus cannot be neglected when discussing the
ionic conduction mechanism of SSEs. The conductivity
spectral analysis reveals that while the carrier concentration
for individual SSEs increases with temperature in general, it is
not sufficient to cause a significant change in the final ionic
conductivity. In contrast, the hopping rate and ionic
conductivity exhibit similar temperature-dependent trends,
and the activation energies for both hopping and Li"
conductivity are similar. This suggests that the ionic
conductivity of SSEs is more strongly influenced by the
hopping rate of the mobile carriers than by their concentration.
Combined with AIMD simulation, the migration entropy
contribution in ionic conduction is further identified. Note that
this does not mean that ionic conduction is not affected by
defects or changes in the carrier concentration but rather
highlights that the key role of defects (vacancies, interstitials,
etc.) is to flatten the energy landscape and reduce the barriers
for Li* migration.
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