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Balancing Partial Ionic and Electronic Transport for
Optimized Cathode Utilization of High-Voltage
LiMn2O4/Li3InCl6 Solid-State Batteries
Theodoor A. Hendriks,[a] Martin A. Lange,[b] Ellen M. Kiens,[c] Christoph Baeumer,[c] and
Wolfgang G. Zeier*[a, b]

Their suggested stability towards high-voltage cathode materi-
als makes halide-based solid electrolytes currently an interest-
ing class of ionic conductors for solid-state batteries. Especially
the LiMn2O4 spinel cathode active material is of interest due to
its slightly higher nominal voltage and more resilience to
overcharging compared to LiCoO2 and LiNixMnyCozO2 cathodes.
Typically, a standard ratio of active material to solid electrolyte
is used in composites for solid-state batteries. However, for
ideal transport properties, and thus to achieve balanced and

optimal partial-conductivities, this ratio needs to be re-
optimized each time the material basis is changed. In this work,
we show transport in the composite measured through both
DC polarization as well as transmission line modeling of the
impedance spectra. By balancing the partial transport parame-
ters of the composite, an optimum capacity of the solid-state
batteries is achieved. This work shows characterization and
optimization of transport is required for unlocking the full
potential of solid-state batteries.

Introduction

Increased demands for electronics portability and mobility have
made lithium-ion batteries the system of choice for energy
storage. Currently, a transition from liquid electrolytes to solid
electrolytes is explored due to concerns about the flammability
of organic solvents,[1,2] all of which may be overcome in the
solid-state.[1,3] Inorganic solid electrolytes with high ionic
conductivities above 1mScm� 1 are considered good
replacements.[4–6] A promising class of solid electrolytes with
these high conductivities is based on thiophosphates such as
the argyrodite-type materials Li6PS5X (X=Cl, Br, I),[7] or Li3PS4

[8,9]

and Li10GeP2S12.
[10] In addition to their high ionic conductivities,

these materials exhibit advantageous mechanical properties
such as malleability, which leads to their prominent use in
solid-state batteries.[3,11–15]

However, commonly used solid electrolyte materials, when
used as a catholyte in a cathode composite, are outside their

narrow thermodynamic stability window,[1,13,16] and decomposi-
tion reactions occur. Despite their instability, lithium argyro-
dites have been used as catholytes in composites in combina-
tion with LiNixMnyCozO2-based cathode active materials,

[11,17–19]

and active materials with specific protective coatings.[13,20–23]

However, as coatings only seem to delay decomposition but
cannot entirely prevent it,[21,24] more stable solid electrolytes are
still being sought.
In the search for more stable materials, lithium metal

halides are an interesting class of solid electrolytes that,
through recent advances in synthesis methods,[25] can achieve
lithium-ion conductivities in the range of 1 mScm� 1.[25] While
this conductivity is not sufficient for high electrode loadings,[26]

it is an indication of their potential for use in solid-state
batteries.
These lithium metal halides seem to exhibit an intrinsic

stability at higher potentials and therefore may be ideally
suited for high-voltage cathodes. Li3InCl6, for instance, has
shown a high voltage stability up to 4.3 V vs. Li/Li+,[27] and even
has the possibility to be synthesized in a H2O-mediated
approach.[28] Because of this, the use of LiMn2O4 as active
material seems interesting due to a similar capacity of
148 mAhg� 1 theoretically and 120 mAhg� 1 practically, as well
as the slightly higher nominal voltage compared to LiCoO2 or
LiNixMnyCozO2, and its higher resiliency to overcharging.

[29,30]

Furthermore, LiMn2O4 can be used as a stepping stone to even
higher voltage materials such as LiNi0.5Mn1.5O4.

[30,31] The latter
has recently been shown to work in combination with
argyrodite,[32] or with the halide Li3YCl6,

[33] when sufficient
coating is used.
When preparing solid-state batteries, composite cathodes

are needed. For these composites of cathode active material
and catholyte, a standard weight ratio of 70/30 is often used.
This is historically based on the paper by Kitaura et al.[34]
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optimizing the ratio of Li3PS4 to LixCoO2 and later by Zhang
et al.[11] for Li10GeP2S12 and LixCoO2. An optimum ratio is
necessary, because a perfect percolation in the composite
cathode is required to ensure that sufficient ions and electrons
are always available. In other words, the composite micro-
structure, and with it both the ionic and electronic partial
conductivities, needs to be optimized to mediate the high
tortuosity.[35,36] Whenever the material choices for the cathode
composite changes, the optimum ratios of the compositions
needs to be found for optimal transport characteristics, because
the partial resistances within the composite do not scale
linearly with the volume fractions of the constituents.[37] For
instance, too much cathode active material prevents sufficient
ionic transport pathways and too much catholyte prevents
sufficient electronic pathways.[11] These partial conductivities of
the composite are not only a function of the volume ratios of
its constituents, but also of their particle sizes.[17,32] Conse-
quently, re-optimization is necessary whenever other materials,
other particle sizes, or the distribution of particle sizes changes.
Inspired by the promising possibility of using a halide-

based solid electrolyte as catholyte together with a spinel
cathode, in this work we explore solid-state batteries based on
Li3InCl6 and LiMn2O4. To achieve this, the volume ratio in
composite cathodes is varied and analyzed by measuring the
partial ionic and electronic conductivities, as obtained from DC
polarization as well as transmission line modeling of the
impedance spectra. By analyzing the transport parameters, this
work shows that optimum cycling conditions are found
whenever the ratio of the partial ionic and electronic
conductivities lies around unity. Using X-ray photoemission
spectroscopy in combination with transport analyses, we show
that chemical decomposition occurs despite the electrochem-
ical stability of the catholyte. Overall, this work emphasizes
that, in order to achieve optimum cell performance in solid-
state batteries, the ratio of the components needs to be
analyzed and optimized based on the underlying partial
transport characteristics.

Results and Discussion

Halide-based solid electrolytes as catholytes

A large fraction of solid-state battery research employs Li6PS5Cl
or derivatives as the solid electrolyte in solid-state batteries,
either as the separator or the catholyte in the composite
cathode. In principle, stable cycling has been reported for
LiNixMnyCozO2 cathode active materials.

[17–19] For long-term
stable cycling, protection concepts are being developed as
degrading interfaces are found when the oxide-based active
materials are in contact with these sulfides, as chemical and
electrochemical decomposition is favored.[22,38] Nevertheless,
while sulfide-based solid-state batteries with LiNixMnyCozO2 are
promising, high-voltage spinels cannot be used as the high
potentials lead to too much degradation.[39] Further, halide-
based solid electrolytes cannot be used at the anode as fast
reduction of the metal halide occurs.[40] Therefore, in recent
literature, Li6PS5Cl is used as an additional protection layer for
the lithium metal halide separator.[19,20,40] This bilayer setup
helps with protection of the halide solid electrolyte from the
anode and protection of the sulfide solid electrolyte from the
high cathode potentials. Nevertheless, recent work suggests
some underlying chemical instability.[19,20,41] Therefore, in this
work, the Li3InCl6 halide solid electrolyte is also inserted as
protection layer between the Li6PS5Cl and cathode composite.
Figure 1 shows a direct comparison of different catholytes

when using the high-voltage spinel. With Li6PS5Cl as the
catholyte, only low capacities are found and cell cycling barely
occurs due to known decomposition of the sulfide with the
spinel.[18] In contrast, using Li3InCl6 as a catholyte and protection
layer, better cell cycling can be observed. Clearly, for high-
voltage cathode active materials, halide-based solid electrolytes
are needed. However, as solid-state batteries need an ideal
percolation in the composite cathode,[42] the typically observed
optimum ratios in the composite may not necessarily be the
same when the materials basis is changed. Therefore, in-depth
transport measurements and cycling are needed to establish
these optimum ratios.

Figure 1. a) Charge discharge potential as a function of specific capacity and b) specific capacity as a function of cycles, to visualize the stark difference
between the halide catholyte and when Li6PS5Cl is used as catholyte in contact with LiMn2O4 cathode active materials.
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Partial ionic and electronic transport

Recent work has shown that especially the effective ionic and
electronic transport of composites,[35,36] and with it the
microstructure[32,43] and tortuosity,[44,45] need to be considered.
For instance, Bielefeld et al.[43] show that for sufficient rates, at
least an ionic conductivity of 10 mScm� 1 is needed for solid-
state battery cycling at 1 C. Work by Ohno et al.[45] shows that
without fast effective transport in Li� S-solid-state batteries,
high overpotentials are found and that in principle any addition
of a non-ionically conducting species will deteriorate the
effective ionic conductivity fast. Recent work further corrobo-
rates that inhomogeneous reaction fronts can be found in
solid-state batteries if the ionic and electronic partial con-
ductivity are not balanced.[36] Clearly, for an electrochemical
reaction to occur and for fast kinetics, both electrons and ions
need to be supplied in a fast and balanced manner.
In general, there are two approaches to measure the partial

ionic and electronic conductivities of cathode composites. First,
DC polarization can be used as shown by Ohno et al.[37,45] and
Dewald et al.[35] by using symmetric cell configurations with
electronic and ionic blocking electrodes, respectively. Second,
transmission line modeling of the impedance spectra can be
employed in symmetric cells,[17,45] or even in solid-state battery
cell configurations.[44,46] While DC measurements obtain reliable
transport parameters within the cathode composites, trans-
mission line modeling can provide a more in-depth information
on the occurring interfacial processes in solid-state batteries.
Here, in order to ascertain the use of transmission line

modeling in half-cell configuration, both polarization experi-
ments and transmission line modeling of the half-cells are
performed. The DC polarization is obtained on the composites
by subjecting the symmetric cells to DC voltage perturbations
(5, � 10, 20, 30 mV) in order to obtain their resistivity and
determine the partial conductivities for each volume fraction. A
representative measurement is shown in Figure 2(a–f), all
measurements can be found in the Supporting Information
(Figures S2–S7a–f).
In order to determine the standard deviation in the partial

conductivities, data are measured in triplicates. Transmission
line modeling is performed on the impedance spectra of
discharged composites in the half-cells, to confirm the trans-
port properties with respect to the pristine cathode compo-
sites. Here, the partial transport parameters of the cathode
composite should hold regardless of the symmetric cell
configuration during DC measurement or when going to the
half-cell configuration: ‘In/InLi jLi6PS5Cl jLi3InCl6 j cathode com-
posite’ upon impedance measurements in-between cycling. As
the open circuit voltage of a pristine half-cell is around 3 V vs.
Li/Li+, the cathode active material LixMn2O4 is around x�1 and
assumed to be the same during the DC measurements.
Therefore, in order to verify the partial transport of half-cells,
they need to be measured at an equal state (i. e., discharged).
To allow for thermodynamic equilibrium, impedance spectro-
scopy is performed after an hour of constant potential after
discharge. Example impedance spectra can be found in Fig-
ure 2(g and h). Using Kramers-Kronig analyses, the reliable

frequency range for the impedance analyses is identified (see
Figure S8). A non-Faradaic transmission line model is used that
accounts for the different processes in the cell, as shown
schematically in Figure 2(i and j). The non-Faradaic approach
was chosen, as the lithiated LiMn2O4 should exhibit minimal
charge transfer resistance. For an in-depth discussion on the
possible transmission line model configurations, we refer to
previous literature on porous film electrodes and solid-state
battery composites.[17,44–49] In short, in order to ensure a reliable
fitting, a purely electronic resistor was used here for the partial
electronic transport. For the ionic transport, a combined resistor
and constant-phase element in parallel was needed. This is in
contrast to the usual behavior of sulfide catholytes, where often
only a resistor element can be found in the respective
transmission line model.[17] At this stage we assume this is
related to the slower ionic transport in Li3InCl6. When modeling
the transmission line, measurements were also performed in
triplicates to obtain a standard deviation of the extracted
transport parameters.
Figure 3(a) shows the conductivities of LiMn2O4/Li3InCl6

cathode composites at different volume fractions. Both DC
polarization determined partial conductivities are shown
together with the obtained values from transmission line
modeling. At first glance, DC polarization gives a much cleaner
trend of the transport data. Nevertheless, conductivities
determined by both approaches shows values within their
standard deviations for all volume fractions. This shows that
both the DC polarization method as well as transmission line
modeling can be used to determine partial transport properties
of cathode composites, and in the end optimize the transport.
In theory, an optimal cathode performance should be

achieved when neither ionic nor electronic conductivity is the
rate-limiting factor.[36] In other words, while for a high-rate
solid-state battery one needs fast transport in general, balanced
transport is needed to effectively address most active material
in a composite. Therefore, the volume ratio of the active
material and catholyte needs to be optimized. Whereas
previous work used trial-and-error approaches to find the
optimum,[11] measuring the partial transport presents a more
systematic and reliable approach.[17,35] Here, based on the
obtained transport data, the optimum ratio of cathode active
material and the halide-based catholyte is at a volume ratio of
40/60, respectively. A direct comparison to literature with the
data by Minnmann et al.[17] on a composite of
LiNi0.8Co0.1Mn0.1O2/Li6PS5Cl shows that our composite with
spinel active material and halide as catholyte needs slightly less
solid electrolyte to achieve the best transport balancing (see
Figure 3b).
However, in the case of the spinel and halide-based solid

electrolyte, the ionic and electronic conductivity is between
one and two orders of magnitude lower than when using the
fast ion-conducting sulfide solid electrolyte Li6PS5Cl as cath-
olyte. For high-rate cells, much faster transport needs to be
achieved, needing electronic additives and faster ionic con-
ductors.
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Electrochemical cycling

Cycling of solid-state battery half-cells allows to determine
accessible capacities and the fading behavior. Figure 4(c) shows
the charge-discharge behavior of the first cycle of all cathode
composites and Figure 4(d) the capacities as a function of cycle
number (for Coulomb efficiencies we refer to Figure S15).
Consecutive cycling shows that optimizing transport is benefi-
cial for cycling longevity. Increased fading of the capacities can
be found for increased content of cathode active material,
Furthermore, fast fading is observed for the volume fractions of
solid electrolyte below 0.6 as shown in Figure 4(e).

In order to understand the fading behavior, X-ray photo-
electron spectroscopy is used (see Supporting Information) to
obtain elemental compositions and valence states in the cycled
composites of three best performing compositions. The spectra
(Figures S16–S18) show strong indications for decomposition
with the potential decomposition products In2O3 and MnO after
cycling, which were absent in the uncycled cells. This indicates
that a strong interfacial reaction has taken place. A discussion
of the spectra can be found in the Supporting Information.
Very recently it was suggested that the halides might already
decompose while operated within their electrochemical stabil-
ity window, as there might be chemical instability.[33] Our

Figure 2. a) Representative DC measurement of electronic current over time. b) Electronic resistance line showing Ohmic behavior. c) Calculated partial
electronic conductivity based on triplicate data collection. The diamond represents the average and the given measurement uncertainty represents two times
the standard deviation. d) Representative DC measurement of ionic current over time. e) Ionic resistance line showing Ohmic behavior. f) Calculated partial
ionic conductivity. The diamond represents the average and the given measurement uncertainty represents two times the standard deviation.
g) Representative impedance spectrum with neglected data due to too high Kramers-Kronig error in grey, and the transmission line model (j) fit in black line.
h) Zoom-in of (g). i) Model of the cell geometry upon impedance measurements. j) Transmission line model used to model the impedance data during cycling
after a voltage hold of 1 hour after discharge voltage cutoff.
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findings align with this observation. At this stage, it seems
reasonable to assume that higher content of active materials
leads to more interfacial contact area and, hence, more severe
fading behavior due to chemical decomposition at the inter-
face.

Discussion on optimum transport parameters

As shown above, measuring the partial ionic and electronic
conductivities can guide the optimization of cathode compo-
sites. Three major conclusions can be drawn:

1) A balanced transport is needed to achieve high capacities in
solid-state batteries, as schematically shown in Figure 5(b).
For optimal use of all cathode active materials, both ions
and electrons need to be supplied at the same rate, i. e., the
ratio of σion/σelec needs to be close to unity. Figure 5(a)
shows that when this ratio is close to unity (in this case σion/
σelec=0.23�0.12), the maximum capacity can be achieved
in this study for a composite of LiMn2O4 and Li3InCl6. To
further corroborate this, comparing our data to that of a
system using Li6PS5Cl and LiNi0.8Co0.1Mn0.1O2, given in
Ref. [17] (Figure S13b), shows again that to unlock an

Figure 3. a) Conductivity over volume fraction of solid electrolyte showing in shaded areas the error in the conductivity as measured by DC measurements,
and given measurement uncertainty represents the variation in the conductivity as obtained from transmission line modeling. b) Conductivity over volume
fraction of solid electrolyte showing the differences between the work on NCM-622/Li6PS5Cl cathode composites from Ref. [17] and this work on LiMn2O4/
Li3InCl6 cathode composites.

Figure 4. a) Schematic cell setup and b) the applied current densities and obtained areal capacities of the first cycle depending on the volume% cathode
active material to solid electrolyte. c) The potential as function of the specific capacity for the first cycle of different ratios of cathode active material to solid
electrolyte. Volume ratios of cathode active material to solid electrolyte of 30/70 and especially 22/78 show lower specific discharge capacity for their first
cycle. d) Cycling behavior of the different ratios inside the cathode composite. When the volume fraction of cathode active material in the composite is very
high, large fading can be observed. When it is low, only marginal specific capacity can be obtained. e) Fading behavior in steps of five cycles for the different
ratios in the cathode composite.
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optimal capacity of the first cycle and achieve balanced
transport, a σion/σelec ratio close to unity is ideal.
Nevertheless, we expect this to be dependent on the
current density. At lower rates, even unbalanced transport
can lead to a full cathode active material utilization
(Figure S13b, C/10 data) as the cycling will be slow enough.
Therefore, unbalanced transport is only acceptable as long
as the partial transport is just “fast enough” for the applied
rate.

2) Comparing the data using Li3InCl6 and LiMn2O4 to the work
by Minnmann et al.,[17] using the faster conductors Li6PS5Cl
as catholyte and LiNi0.8Co0.1Mn0.1O2 as cathode active
material, shows that in the first case the partial ionic and
electronic conductivities are an order of magnitude lower
(Figure 3b). This suggests that good performance at higher
C-rate will not be possible as advocated by Bielefeld et al.[43]

However, further optimizations are possible and we show
this schematically in Figure 5(c–e). For instance, if one were
to optimize on the electronic conductivity via conductive
additives, the optimum ratio would shift to higher solid
electrolyte content. Hence, faster solid electrolytes would
be needed to retain a high fraction of cathode active
material. This suggests that any time a different solid
electrolyte is used as catholyte, a different additive, or a
different cathode active material is used, the transport in
the composites needs to be optimized.

3) Even in the most optimally balanced case, fading will still
occur if too much active material is employed (see Fig-
ure 4e), as higher active material content will mean more
surface area for decomposition.[50] Hence, transport optimi-
zation is not the only parameter that needs to be optimized,
protective coatings of active materials remain important.

Conclusion

Optimal cell cycling in solid-state batteries with a composite
cathode consisting of LiMn2O4 spinel active material and
Li3InCl6 halide catholyte can be achieved when the transport
within the composite is optimized to be balanced. By
measuring partial ionic and electronic transport in these
composite cathodes via DC polarization and impedance
spectroscopy (analyzed via a transmission line model), we show
that unlocking the full potential of the active material can be
achieved when the ratio of both ionic and electronic
conductivities is around unity. Nevertheless, balanced transport
does not protect from decomposition and the used combina-
tion of LiMn2O4 and Li3InCl6 would, if used in the future, still
need protection concepts on the active material, especially at
high cathode active material ratios in the composite. Overall,
this work shows the importance of optimizing solid-state
battery performances, and shows that a detailed look on the
underlying transport in the composite cathodes is required.

Figure 5. a) Maximum specific capacity of the first cycle for different ratios of the LiMn2O4 cathode active material to the Li3InCl6 catholyte. Vertical
uncertainties represent standard deviation in capacity, horizontal uncertainties represent two standard deviations in the ratio of conductivities. Dashed grey
line provides a guide to the eye. b) Schematic representation of the transport of both Li+-ions and electrons through the cathode composite. Both are needed
simultaneously for an electrochemical reaction. Therefore, optimal performance can be expected around σion/σel�1. Schematic improvements of transport by
adding an electronically conductive additive in c) or faster ionic transport in e). Combined (d), they allow for composites capable of higher rates. For simplicity
no strong change in tortuosity is assumed.
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