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Solid-state electrolytes offer a promising avenue for energy storage in the context of lithium-based
batteries, not only from an energy density perspective, but also by eliminating issues such as freezing of
the liquid electrolyte at low temperatures and the performance limitations associated with that. In solid-
state batteries, solid electrolytes are not only used in separators but are also needed in composite electrodes.
However, the transport properties of solid-state battery composites are often investigated at room tempera-
ture, while the temperature dependence of effective ion transport as a function of volume fraction remains
underexplored. Therefore, this work investigates the effective ionic transport in composites of multiple
sulfide-based solid electrolytes with Si/C as the active material, as a function of composition and temper-
ature. Analyzing impedance spectra with a transmission line model, this work reveals changes in activation
barrier and with that the temperature dependence of ion transport upon varying the volume ratios. This
finding emphasizes the importance of considering the activation energy in solid-state battery design to
tailor battery performance to the temperature range of application.

DOI: 10.1103/PRXEnergy.3.033004

I. INTRODUCTION

Advancements in battery technology are essential for
enabling the widespread adoption of electric vehicles, as
this sector of battery application is set to grow rapidly
in the foreseeable future [1]. The temperature limitations
associated with traditional liquid electrolytes have become
apparent, and issues such as freezing of the liquid elec-
trolyte at low temperatures, and thus, sudden reduction
in conductivity, have prompted the need for new solu-
tions to improve battery performance [2]. One promising
solution to overcome the drawbacks of liquid electrolytes
is the implementation of solid-state electrolytes. Unlike
their liquid counterparts, solid electrolytes eliminate the
risk of sudden drops in conductivity, as they are already
solid and show Arrhenius-like behavior over a wider range
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of temperature [3]. The implications of this hold signif-
icant meaning for real-world applications, particularly in
the context of enhancing the efficiency and reliability of
batteries in diverse environmental conditions. The choice
of anode material is another crucial aspect influencing
battery performance. As the dense lithium metal anode
in solid-state batteries exhibits performance limitations
at low temperatures, other common active materials like
graphite or high-capacity alternatives like silicon are being
considered as substitutes [4,5]. While some dense silicon
anodes have shown promising performances, their areal
loading remains limited, which is why Si-based solid-state
composite anodes are most often explored. Their cycling
stability, however, suffers more dramatically from volume
changes upon delithiation or lithiation [6–8]. This work
employs a silicon on graphite (Si/C) composite material
with a graphite content of 92–93 wt %, which addresses the
volume expansion concerns, as carbon not only functions
as an active material but also acts as a buffer for volume
expansion [9]. This Si/C composite was employed before,
it was shown that larger solid electrolyte volume fractions
led to better solid-state battery performance due to faster
lithium ion transport in the composite [10]. Additionally,
Rana et al. investigated the dependence of silicon-based
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composites on the size of active material particles and the
ionic conductivity of the chosen electrolyte, indicating that
a faster electrolyte and smaller active material particles led
to improved electrochemical performance [11].

The temperature-dependent performance of solid-state
batteries has been explored in the past. For instance, Kato
et al. showed that thick electrode setups could adequately
perform at room temperature, if the tortuosity factor was
sufficiently low or the lithium ion conductivity of the solid
electrolyte was sufficiently high [12]. Some information on
the conductivity dependence of the low-temperature per-
formance was provided by Peng et al. [13] by employing
Li5.5PS4.5Cl1.5 at room temperature and −20 °C at various
C rates over up to 200 cycles. They showed that the fast-
conducting solid electrolyte could enable an adequate low-
temperature performance for solid-state batteries, however
at a limited cathode active material loading of 2.5 mg cm−2.
More extensive temperature studies on multiple solid-state
battery architectures were performed by Lu et al. [14],
showing that degradation or passivating layers might limit
the low-temperature performance of solid-state compos-
ite cathodes. However, avoiding those cathode limitations
results in promising low-temperature performances, down
to even −40 °C, facilitated by low active material loadings
(3.8 mg cm−2) and a highly conductive solid electrolyte
(∼10 mS cm−1). For these temperature-dependent inves-
tigations, the composition of the composites was also
pushed towards high solid electrolyte and carbon additive
contents; this was linked to effective transport in solid-state
electrodes, a recently more widely discussed topic. Dewald
et al. [15] and Minnmann et al. [16] were able to show that
balancing volume fractions, and thus, the electronic and
ionic conductivity in cathode composites, was crucial for
optimal performance. Hendriks et al. also showed this to
be true for LiMnO2/Li3InCl6 composites [17]. Zhang et al.
gave insights into the composition dependence of LiCoO2-
based composites by showing that the capacity and cycla-
bility of these composites was majorly influenced by their
composition [18]. Additionally, Naik et al. investigated
cathode performance in relation the active material con-
tent, giving insights into the relationship between electrode
thickness and current density dependence of solid-state
electrodes. They were able to show that a carbon binder as
a secondary phase might not be beneficial for cell perfor-
mance by giving preferred regimes of active material and
carbon content in relation to electrode capacity [19]. Fur-
thermore, Zahnow et al. investigated the impact of poros-
ity in NCM (LiNi1/3Co1/3Mn1/3O2) cathode material on
the electronic and ionic conductivity, showing nontrivial
behavior of the effective conductivities and corresponding
activation energies [20].

With the temperature and composition dependence
of ion transport in electrode composites investigated,
their interdependence, i.e., parallel examination of both,
remains underexplored. Therefore, in this work, the ionic

conductivities of electrode composites are investigated as
a function of Si/C to solid electrolyte (SE = Li6PS5Cl,
Li5.5PS4.5Cl1.5, and Li6PS5Br) volume ratio and temper-
ature by impedance analyses with a transmission line
model (TLM). This work shows that changes in volume
fractions (φ) of the active material lead to changes in
the activation energy for ionic transport in composites.
The faster increase in impedances at lower temperatures
for high volume fractions of active material shows that
the focus in solid electrolyte research should not only
be to find high ionic conductivities at room temperature,
but also to find as low activation barriers as possible to
achieve stable solid-state battery performance across a
wide range of temperatures. It further shows that, for low-
temperature operation, lower active material loadings may
be necessary if much faster solid electrolytes cannot be
developed.

II. EXPERIMENTAL SECTION

A. Electrolyte preparation and characterization

All materials and samples were handled under an argon
atmosphere [p(O2) ≤ 0.1 ppm, p(H2O) ≤ 3 ppm]. The
solid electrolytes Li6PS5Cl, Li5.5PS4.5Cl1.5, and Li6PS5Br
were prepared in 3 g batches using the precursors
Li2S (Alfa-Aesar, 99.9%), LiCl (Alfa-Aesar, 99%), LiBr
(Alfa-Aesar, 99.99%), and P2S5 (Sigma-Aldrich 99%) in
stoichiometric ratios mixed in an agate mortar and homog-
enized by manual grinding for 15 min. Afterwards, the
powder was hand-pressed into pellets (d = 10 mm) and
transferred to predried (dynamic vacuum at 800 °C for 2 h)
and carbon-coated quartz glass ampoules. The ampoules
were sealed under vacuum and annealed in a tube furnace
at 550 °C for 14 days in the case of Li6PS5Cl and Li6PS5Br.
Li5.5PS4.5Cl1.5 was annealed at 450 °C for 3 days twice,
with intermediate regrinding and subsequent pelletizing as
described. All products were hand-ground in an agate mor-
tar for further use and characterization. The purity of the
solid electrolytes was confirmed by x-ray powder diffrac-
tion of the samples sealed in borosilicate glass capillaries
that were spinning during data collection [Stoe STADI
P, 2θ = 10°–80°, λ(Cu Kα1) = 1.54 Å, with a DECTRIS
MYTHEN 1 K detector] (Fig. S1 within the Supplemental
Material) [21].

B. Composite preparation

Composites of the synthesized solid electrolytes and
Si/C particles were prepared with different nominal vol-
umetric ratios targeting 30, 40, and 50 vol % solid elec-
trolyte contents. The equivalent weight ratios were cal-
culated using the respective densities (Table SI within
the Supplemental Material [21]). Mixing was performed
in 200 mg batches for 15 min using a mini shaker mill
(Fritsch, PULVERISETTE 23) in a 15 ml ZrO2 cup using
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15 ZrO2 balls (Ø = 3 mm) at 45 Hz. The Si/C composite
material is described elsewhere [22].

C. Cell assembly and electrochemical measurements

All cells were assembled in a custom-made PEEK cylin-
der with an inner diameter of 10 mm surrounded by a brass
casing. Stainless-steel stamps were employed for pressing
and current collectors [18]. Before any measurements were
conducted, the cells were held under pressure (50 MPa)
for 5 h to ensure equilibrated pressure in the cell [23].
Cells for potentiostatic impedance spectroscopy of pris-
tine solid electrolytes were prepared with 200 mg of only
the respective argyrodite-type solid electrolyte. Cells for
the determination of effective ionic transport properties
in the composites using the TLM were prepared by first
adding 80 mg of Li6PS5Cl as a separator into the cell
and prepressing using a manual screw press, followed by
adding 20 mg of the respective composite to each side of
the separator.

Potentiostatic electrochemical impedance measure-
ments of the pristine argyrodites and the symmetric cells
for transmission line modeling were performed at temper-
atures between −40 °C and 60 °C using a BioLogic SP-300
potentiostat (7 MHz–50 mHz, 15 points per decade, exci-
tation voltage = 10 mV). The temperature was increased
in 10 °C increments, with additional room-temperature
steps prior to and after the temperature ramp as well as
in between the 20 °C and 30 °C steps. After tempera-
ture stabilization, a 2 h waiting period before collecting
impedance spectra was used to ensure that the whole cell
had equilibrated to the desired temperature. In this work,
we applied transmission line modeling to the potentiostatic
impedance spectra of the electron blocking cells to deter-
mine the effective ionic conductivity within the prepared
composites. Cells for validation by direct current mea-
surements were prepared by adding 80 mg of Li6PS5Cl,
10 mg of the composite (50 vol % Li6PS5Cl and 50 vol %
Si/C), and another 80 mg of Li6PS5Cl followed by hand-
pressing after each step. After assembly, all cells were
pressed in a uniaxial press at a pressure of 374 MPa for
3 min. Onto those cells (only for direct current measure-
ments), an indium (chemPUR, 100 μm thickness, 99.99%)
disk (9 mm, 50 mg) followed by a freshly pressed lithium
(abcr, 99.8%) disk (4 mm, 1.5 mg) were added to both
sides of the cell. Each such cell assembly was put into
an aluminum frame and pressure was applied by a screw
with a torque of 10 Nm (50 MPa) during electrochemi-
cal measurements [18]. Polarization measurements using
a direct current were conducted to determine the effective
ionic conductivities using a Metrohm AutoLab potentiostat
(PGSTAT302N). Before the measurement was started, an
equilibration time of 6 h was set. This time was also used
to equilibrate the temperature, as new cells were built for
each temperature. Applied voltages of 2.5, 5, 7.5, 10, 15,

20, and 25 mV were each maintained for 3 h to allow the
current to stabilize. A 1 h resting period was set between
different voltage steps to ensure cell equilibrium. This
measurement was performed at five different temperatures
(5, 15, 25, 40, and 60 °C).

III. RESULTS AND DISCUSSION

A. Transport determination and model validation

Impedance spectroscopy allowed to quickly inves-
tigate temperature-dependent ionic conductivities when
suitable equivalent circuit models are available and
validated to describe the investigated processes. The
determination of the ionic conductivities of pristine solid
electrolytes is a well-established procedure that involves
fitting the acquired impedance spectra while only con-
sidering the total ion transport (see Fig. S2 within the
Supplemental Material) [21]. In the case of the effec-
tive ionic conductivity within the respective composites,
this is complicated by the additional impedance response
from electronically conductive carbon in the composites.
In this case, a TLM can be employed to fit the impedance
spectra of a symmetric cell setup (composite|solid
electrolyte|composite), obtaining the ionic resistance of
the composite. Due to the capabilities of extracting trans-
port parameters, transmission line modeling of the elec-
trode composite impedance spectra is used frequently, for
instance, in NCM622-SE composites by Minnmann et al.
[16] and Schlautmann et al. [24], LiMn2O4-SE composites
by Hendriks et al. [17], as well as silicon-carbon-SE com-
posites by Rana et al. [11]. Furthermore, Ohno et al. [25]
and König et al. [26] successfully employed transmission
line modeling to investigate carbon-SE systems applicable
to sulfur solid-state cathodes and ionic transport in wet-
milled NCM-Li5.3PS4.3ClBr0.7 composites. A TLM study
on the tortuosity of battery electrodes by Landesfeind et al.
[27] shows that the TLM can successfully be employed
for solid-state composites and that the tortuosity factor in
these composites is significantly higher than the predic-
tion made by Bruggemann Cronau et al. for instance, who
have used the TLM for a thickness-dependent impedance
study of LiCoO2 cathodes in a liquid electrolyte system,
which are generally well understood with transmission
line modeling, showing that tortuosity factors are virtu-
ally independent of electrode thickness between 44 and
251 μm [28]. Additionally, it is standard practice to investi-
gate solid oxide fuel cells using the TLM. A three channel
TLM was used to model the different loss contributions
in anode functional layers and showed that a thin sub-
strate with high porosity was beneficial for performance
[29]. Furthermore, it was shown that a three channel TLM
for double-layered cermet anodes in solid oxide fuel cells
offered enhanced accuracy and versatility in simulating
anode performance, outperforming the two channel TLM
in this case, and showed that optimizing the electrolyte
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(a) (b)

Zpre

Zcomposite

FIG. 1. (a) Employed TLM to determine the effective ionic conductivities of the composites. Impedance response of the composite
is modeled by Zcomposite. While the ionic pathway is highlighted in the dashed green line, the electronic pathway, modeled as a short
circuit, is highlighted within the dashed black line. Resistance of the Li6PS5Cl separator is given by resistance Zpre. (b) Schematic of
the cell setup used for impedance measurements.

matrix materials for higher conductivity could significantly
improve the performance of the anode layer [30].

The TLM used in this work is shown in Fig. 1(a) [also
see Eq. (S1) and Fig. S3 within the Supplemental Material
[21] ]. In previous work, it was shown that the effective
electronic conductivity of the Si/C:Li6PS5Cl-composite
remained independent of the solid electrolyte content in
the range of 0 to 50 vol %. Additionally, the effective elec-
tronic conductivity (∼2.5 S cm−1) is 4 orders of magnitude
higher than the best ion conducting composite at room
temperature [10]. Therefore, and due to the similarity of
the different solid electrolytes employed, Li6PS5Br and
Li5.5PS4.5Cl1.5 compared with Li6PS5Cl, electronic trans-
port is assumed to remain comparably high within all
composites prepared. This assumption enables the elec-
tronic pathway in the TLM to be well described by a short
circuit (i.e., negligible resistances). The impedance spectra
show a high-frequency (3 kHz, apex frequency) process
that can only be resolved for low temperatures (−40 to
0 °C). This process can be attributed to ion transport within
the solid electrolyte separator, in accordance with the resis-
tivity and capacitance of the pristine solid electrolytes. In
Fig. S3(a) within the Supplemental Material [21], an exem-
plary fit of the low-temperature impedance spectra, also
including the high-frequency process, is given with the
respective equivalent circuit [Fig. S3(c) within the Sup-
plemental Material [21] ], confirming that this process can
only be attributed to the separator. By excluding high-
frequency responses originating from the separator, it was
possible to account for these contributions with a sim-
ple resistor and use the same equivalent circuit to analyze
all composite impedances throughout this work. Relevant
equations for the TLM can be found in the Supplemen-
tal Material [21]. The capacitances of the ionic pathway
are in the range of 10−6 F. While these are not in the
range of bulk capacitances reported for solid electrolytes
[31,32], at this stage, one may assume the measurement of

an average over different processes, for instance, additional
constriction resistances in the composite and artifacts orig-
inating from contacting, which explain the measured range
[33,34].

The conductivity data gathered using this TLM were
exemplarily verified for the composite containing 50 vol %
Li6PS5Cl. This was done by building symmetric cells for
direct current polarization measurements to determine the
effective ionic transport at five different temperatures, sim-
ilar to a previous report [10]. This comparison, as well as
the schematic cell setup utilized, can be found in Fig. S3(b)
within the Supplemental Material [21]. The comparabil-
ity of the conductivities from direct current polarization to
those obtained from transmission line modeling impedance
spectroscopy confirm the validity of the TLM used.

B. Temperature behavior of effective ion transport

Figure 2 shows two exemplary impedance spectra of the
composites containing 50 vol % Li6PS5Cl, Li5.5PS4.5Cl1.5,
and Li6PS5Br at −40 °C [Fig. 2(a)] and 25 °C [Fig. 2(b)]
and the respective fitting curves from the TLM. Besides
availability and general interest for application in solid-
state batteries, these specific solid electrolytes were chosen
since Li6PS5Cl and Li5.5PS4.5Cl1.5 had similar activation
energies, while Li5.5PS4.5Cl1.5 had a significantly higher
ionic conductivity [3,35]. Li6PS5Br was chosen as a mate-
rial with a lower activation energy compared to the Cl-
based electrolytes, while still being in the same argyrodite
electrolyte family and conductivity range as Li6PS5Cl [3].
When only 30 vol % solid electrolyte was contained in the
composites, fitting became unreliable at low temperatures
(−30 and −40 °C) for Cl-rich argyrodite composites and
at 60 °C for the Li6PS5Cl composite, as indicated by large
uncertainties associated with the fitted parameters. How-
ever, trends within intermediate temperatures can still be
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FIG. 2. Exemplary impedance spectra of the 50 vol % composites at −40 °C (a) and 25 °C (b) with the respective transmission line
modeling in red. Data points of the frequency range excluded from fitting are shown in gray.

assessed, despite these limitations of modeling at extreme
temperatures at lower volume percentages.

For all investigated composites, the effective ionic
room-temperature conductivity (σ eff,ion,RT) scales with the
amount of solid electrolyte in the composite [Fig. 3(a)].
In addition, similarly pronounced changes in the effective
ionic conductivity are observed as a function of tempera-
ture (Fig. S4 within the Supplemental Material [21]). All
composites show temperature-modified Arrhenius behav-
ior in the change of the effective ionic conductivity with
varying temperature, as also typically observed in the
pure solid electrolytes. An exemplary Arrhenius-type plot
of the temperature-dependent effective conductivities in
composites containing Li6PS5Cl, showcasing the expected
linearity, is given in Fig. 3(b). All Nyquist plots and

respective fits for temperature-dependent conductivities
(Figs. S6–S14) as well as Arrhenius plots (Fig. S5) are
shown in the Supplemental Material [21]. As all compos-
ites show Arrhenius behavior of the effective ionic conduc-
tivity over the investigated temperature range, the activa-
tion energies can be calculated from the slope of a linear
fit to the respective data [Fig. 3(b)]. The observed activa-
tion energies are given for the pristine solid electrolytes as
well as the composites in Fig. 3(c). By reducing the solid
electrolyte volume fraction to 40 and 30 vol %, the acti-
vation energy increases. This increase is observed for all
three evaluated solid electrolytes in their composites from
triplicate measurements [Fig. 3(c)]. The uncertainty of the
ionic conductivities is calculated as the standard devia-
tion of the triplicate measurements from one composite per
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FIG. 3. (a) Effective ionic conductivity at room temperature of all investigated composites, as well as the respective pristine elec-
trolytes versus volume fraction of the solid electrolyte; dashed lines act as guides to the eye. (b) Exemplary Arrhenius plot for the
determination of the activation energies of Li6PS5Cl composites and pristine electrolyte. (c) Activation energies for all composites and
electrolytes versus volume fraction of the solid electrolyte; dashed lines act as guides to the eye.
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FIG. 4. Normalized activation energies of the composites of
all three electrolytes versus volume fraction of the solid elec-
trolyte. Dashed line acts as a guide to the eye.

composition measured in three separate cells; the error of
the slope on the resulting Arrhenius plot is used to calcu-
late the uncertainty of the activation energies through error
propagation.

A reasonable question to be asked now is whether the
relative increase in activation energy of all composites is
the same irrespective of the solid electrolyte used. Normal-
izing the activation energy of each composite (Eion,eff

A ), as
well as that of the pristine electrolytes, by the activation

energy of the respective pristine electrolyte (ESE
A ) yields

the relative activation energies (Eion,eff
A /ESE

A ) and allows for
a direct comparison. Figure 4 shows these normalized acti-
vation energies and highlights that the changes in EA are
similar and follow a trend towards higher effective EA for
lower solid electrolyte volume fractions, within the inves-
tigated composites. At 30 vol % of the solid electrolyte in
the composite, a relative activation energy change of 10%
to 20% can be observed. Thus, it is essential to consider the
effective ionic transport, especially at low temperatures,
when comparing the loading of cells and the performance
evaluation of solid-state composites.

One explanation for the increase in activation energy
with decreasing solid electrolyte volume fraction could
be a constriction resistance effect on the solid-electrolyte–
composite interface caused by the reduction in contact area
through which lithium transport can occur [36]. Further
adding to this hypothesis, temperature-dependent current
constriction effects on grain boundaries are possibly con-
tributing to the apparent change in EA as the quantity of
grain boundary interfaces changes [37].

C. Tortuosity factor consideration and impact on
solid-state batteries

From the change in normalized activation energy,
the commonly used description of the tortuosity fac-
tor, κ , to assess information about the microstructural
pathways in the composites, can be investigated for its

T (°C) T (°C) T (°C)

(a) (b) (c)

FIG. 5. Tortuosity factor κ at various temperatures for (a) Li6PS5Cl in green, (b) Li5.5PS4.5Cl1.5 in blue, and (c) Li6PS5Br in brown.
κ values and their respective uncertainties through error propagation were calculated using Eq. (1). Temperature dependence is visible.
There is no clear trend for low temperatures. However, at temperatures above about 20 °C, there is a visible drop of κ for almost all
composites.
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temperature dependence [12,15,25,27,38]. The most com-
mon approach to calculate the tortuosity factor (κ) is
given by

κ = φSE
σSE

σion,eff
. (1)

The tortuosity factor for solid-state systems is calculated
as the product of the volume fraction of the ion conducting
phase, φSE, and the ratio of the ionic conductivity of the
pristine solid electrolyte, σSE, and the effective ionic trans-
port of the respective composite, σion,eff. This approach for
the determination of the tortuosity factor assumes no tem-
perature dependence. However, as shown in Fig. 3(c), the
activation energy changes when the volume ratio of the
solid electrolyte to active material is changed, resulting
in a temperature dependence of κ . This can be shown by
assuming Arrhenius behavior for σSE:

σSE = σ 0
SE

T
exp

(
−ESE

A

kBT

)
. (2)

As Fig. 3(b) shows a linear correlation for the Arrhe-
nius plot [ln(σ ion,eff·T) versus T−1], it can reasonably be
assumed that Eq. (3) is true for the systems investi-
gated in this work. Combining Eqs. (1)–(3) and assuming
temperature independence for φSE, one can define κ as
in Eq. (4). The solid electrolyte volume fractions, φSE,
can be assumed to be temperature independent, as the
volumetric thermal expansion coefficients of all compo-
nents are sufficiently small: −8.7 × 10−6 K−1 for graphite
[39] and 7.8 × 10−6 K−1 for silicon [40]. The thermal
expansion coefficient of Li5.5PS4.5Cl1.5 was assumed to
be comparable to that of Li6PS5Cl at 66 × 10−6 K−1, and
69 × 10−6 K−1 for Li6PS5Br, as obtained from Minafra
et al. [41], suggesting that there is no difference in
volume fraction as a function of temperature for all
composites:

σion, eff = σ 0
ion, eff

T
exp

(
−Eion, eff

A

kBT

)
, (3)

κ = φSE
σ 0

SE

σ 0
ion, eff

exp

(
Eion, eff

A − ESE
A

kBT

)
. (4)

This means that if Eion, eff
A �= ESE

A is true, which is the case
as per Fig. 4, there needs to be a T dependence of κ .
This temperature dependance can be observed in the data:
while there is not a clear trend at elevated temperatures
(above ∼20 °C), there is a visible drop of κ for almost
all composites, confirming that Eion, eff

A �= ESE
A . Composites

with higher amounts of solid electrolyte generally exhibit
a smaller change of κ compared to composites with less
solid electrolyte, as can be seen in Fig. 5. This means that
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FIG. 6. (a) Calculated effective ionic conductivities with
changing activation energy of EA(Li6PS5Cl) ± 10% and 20% at
various temperatures, starting from the activation energy of pris-
tine Li6PS5Cl and room-temperature conductivity of the 50 vol %
Li6PS5Cl composite. (b) Comparison of the isothermal conduc-
tivities at five different activation energies; activation energies
of Li6PS5Cl and Li6PS5Br are highlighted in green and brown,
respectively. (c) Three-dimensional representation of Li6PS5Cl
conductivity in relation to the composite volume ratio and tem-
perature. Hypersurface spanning conductivities calculated from
Li6PS5Cl conductivities based on a Bruggeman-type fit. Color of
the hypersurface shows the relative change in conductivity with
temperature for each composition.
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the tortuosity factor, κ , needs to be temperature dependent
and cannot be a purely geometric factor, highlighting that
the tortuosity factor and the geometric tortuosity are not
directly related.

This work shows that ionic transport in composites is
dependent on temperature and composition, suggesting
that, when having more than room-temperature opera-
tion as a goal, the transport changes, especially at high
active material loadings, need to be considered. To provide
an example of how significant a change in ionic trans-
port one would expect upon minor changes in activation
energy, Fig. 6(a) shows a theoretical comparison between
five different scenarios to show the resulting differences
in effective conductivities at high and low temperatures.
The activation energy is increased or decreased by 10%
and 20%, respectively. As a starting point for the calcula-
tion, the room-temperature conductivity of the 50 vol %
Li6PS5Cl composite, σ = 0.05 mS cm−1, as well as the
activation energy, EA= 0.40 eV, of the pristine electrolyte
were chosen. In Fig. 6(a), the respective theoretical con-
ductivities are given as a function of temperature and
color graded with respect to the changing activation ener-
gies. It becomes obvious that temperature dependences
of the effective ionic conductivities are heavily affected
by the changing activation energies. This is emphasized
even further by noting the absolute values. In Fig. 6(b),
isotherms interpolated from this case are given, show-
ing the theoretical effective conductivities resulting at the
five activation energies. Even at T = 0 °C, the impact of a
change in activation energy on the conductivity is already
significant, as a 20% increase in activation energy changes
the conductivity by nearly 50%. This behavior is accel-
erated at low temperatures and results in a difference of
an order of magnitude at T = −40 °C, suggesting elec-
trolytes with low activation barriers—or composites with
low active material content—are needed for solid-state
batteries that run at lower temperatures. While the low
activation barriers being necessary for fast ionic trans-
port at low temperatures seems trivial, the need for a high
solid electrolyte content due to the change in activation
barriers of the composites is not. In direct contrast to
the low-temperature behavior, a higher activation energy
may be beneficial for batteries that are operated at ele-
vated temperatures, as the conductivity increases faster
with increasing temperature when the activation energy
is higher. Figure 6(c) shows the three-dimensional depen-
dency of the experimentally determined conductivities
of Li6PS5Cl in relation to the composition of the com-
posite and the temperature. The effective ionic transport
can be well described by the relatively basic model of
the Bruggeman-like effective medium transport combined
with the modified Arrhenius behavior found here. It is con-
sequently necessary to take those semiempirical param-
eters into account while designing temperature-specific
solid-state batteries.

IV. CONCLUSION

This work demonstrates how the activation energy
of ion transport is affected by the composition of a
solid-state electrode composite by utilizing temperature-
dependent impedance measurements and transmission line
modeling. For three different solid electrolytes (Li6PS5Cl,
Li5.5PS4.5Cl1.5, and Li6PS5Br), it was shown that a
decrease in the solid electrolyte content in the composite
led to an increase in activation energy. These findings and
considerations have a direct impact on the application of
solid-state batteries. It has been known for a while that for
a reasonable loading in solid-state batteries a high ioni-
cally conducting electrolyte is needed. This work shows,
however, that, besides aiming for a high ionic conduc-
tivity at room temperature, the activation energy of the
pristine electrolyte also needs to be as low as possible
for the operation of solid-state batteries at lower temper-
atures. Otherwise, the decrease in ionic conductivity may
too strongly affect the partial ionic transport in composites.
Additionally, by combining the Arrhenius-like descrip-
tion of the temperature dependance with the composition
dependance of the ionic conductivity, it was shown that the
tortuosity factor, κ , was temperature dependent. Therefore,
for fast ionic transport in solid-state electrode compos-
ites at low temperatures, low active material loadings
are still paramount and more solid electrolyte optimiza-
tion is clearly needed. It is possible that the influence of
electrode composition on the observed activation energy
in sulfide-based electrolytes is transferable to other elec-
trolyte systems, such as oxide and polymer-based systems.
However, at this stage, it is reasonable to assume that
the intensity of the observed trend might differ for other
electrolyte systems and different active materials, as the
rigidity and particle sizes of the materials used will likely
impact on the observed temperature dependence of the
effective ionic conductivity. While there has been tremen-
dous progress made in solid-state battery performance at
room temperature, the underlying transport characteristics
suggest that additional optimization is needed when the
operation temperature is changed.

Data that support the findings of this study are made
available online through the datastore of the University of
Münster [42].
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