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Solid-state batteries have the potential to outperform conven-
tional lithium-ion batteries, as they offer higher energy
densities, necessary for the increasing demand for portable
energy storage. Silicon-graphite composites are considered to
be one of the most promising alternatives to the lithium metal
anode due to their low lithiation potential and resistance
against dendrite formation. Since these composites show
insufficient ionic conductivity, a fast-conducting solid electro-
lyte is needed to facilitate the charge carrier transport.
Optimizing the volume fractions of the solid electrolyte is
crucial to ensure sufficient charge carrier transport and achieve
the optimal performance. In this work, the influence of the

Introduction

Solid-state batteries are seen as a possible successor to the
conventional lithium-ion batteries, as they are estimated to
offer higher energy densities, a wider operating temperature
window and often are considered to be safer, as the flammable
liquid electrolyte is replaced with a non-flammable solid
electrolyte (SE).'® One goal for solid-state-batteries is to use
high capacity anode materials, with lithium metal being the
most obvious candidate, as it has a high specific capacity.
However, metallic lithium also poses some major drawbacks, as
it is prone to dendrite formation as well as reactions with
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charge carrier transport in a silicon on graphite (Si/C)/argyrodite
solid electrolyte composite on the electrochemical performance
is studied. By systematically varying the ratio of the Si/C to solid
electrolyte, it was found that the effective ionic conductivity of
the electrode composite improves exponentially with increasing
content of the solid electrolyte, which in turn leads to an
increase in the specific capacity of the composite across all C-
rates. This study highlights the importance of understanding
and customizing charge carrier transport properties in solid-
state anode composites to achieve optimum electrochemical
performance.

electrolyte separators; here especially the sulfide-based SE form
interphases.”™ Hence other materials are researched as
possible high capacity anodes, such as silicon which is
considered to be one of the most promising materials to be
employed as an anode active material, it shows a high specific
capacity (3590 mAhg™") and low lithiation potential (0.4 V vs.
Li*/Li) compared to other anode materials.*'” However, the
main drawback of employing silicon as an anode are the high
volume changes during the lithiation/delithiation process
(300%).""¥ Since silicon itself is not sufficiently electronically
or ionically conductive and needs conductive additives to
perform well, the electrodes in Si-based are often composites of
the active material, a SE and an electronically conductive
additive such as carbon.!"*

Si-based composites with carbon as a conductive additive
have been widely explored as potential candidates for use in
lithium-ion batteries as well as solid-state-batteries."”"® In
lithium-ion batteries it has been proven, that the volume
changes caused by the lithiation and delithiation of silicon can
be detrimental to the cells performance." The relatively high
amount of graphite used in the Si/C composite we employ in
this work might provide a suitable buffer for these volume
changes."” A silicon on graphite (Si/C) material which has a
graphite content of 92%-93 % exhibited good performance in a
lithium-ion battery setup. The active material showed an initial
specific discharge capacity of 600 mAhg™' and was able to be
cycled for 200 cycles with a capacity retention of ~50% at a
current density of 1.23 mAcm™ for the first 100 cycles and
206 mAcm? for the remaining 50 cycles™ In order to
investigate the influence of the charge carrier transport on the
solid state battery performance, anode composites (AC) with
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= ‘ - electron micrograph images corresponding energy dispersive
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SE ‘ 60% Si/C pristine and the processed active material. The uniform
== ‘ E——— distribution of the elements throughout the scanning area
o Ol
supports the homogeneity of the components in the compo-
SE ‘ 80% Si/C site.

@ Si nanoparticles The electrochemical performance was first investigated by
SE 20% Sic on graphite erforming galvanostatic cycling tests for 50 cycles (Figure 2)
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Figure 1. The variation of the volume fraction of the SE and the active
material allows influencing the cell performance based on anode composi-
tion. The ratio of the SE to Si/C in the anode composite was varied between
50/50 vol.-% and 10/90 vol.-%.

varying volume fractions of SE and active material are prepared
and studied for their electrochemical performance. With
elucidating the cycling performance, using C-rate and stability
test as well as analyzing the partial conductivities, it can be
shown that the effective ionic conductivity in the anode
composite improves with increasing solid electrolyte content,
which in turn influences the accessible capacity and C-rate
performance of the active.

Results and Discussion
Electrochemical performance

Composites with various volume fractions of the Li;PS;Cl and
active material Si/C were prepared, as shown in Figure 1, to
assess the influence of varying SE volume fractions in a Si/C-
based anode composite on the cycling performance and rate
capability. The volume ratios were calculated using the
theoretical densities of the active material (og,c=2.26 gcm™)
and the SE (os:=1.89 gcm™). Figure S8 shows the scanning
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The whole set of charge and discharge capacities as well as the
Coulomb efficiencies for the different composites are shown in
Figure S9; Exemplary charge and discharge profiles are given in
Figure 2(b). It is apparent that lower contents of SE in the
composite lead to a lower initial specific capacity. As the SE
content decreases, the diffusion of lithium becomes kinetically
slower, which could account for the observed behavior.?" The
anode composites containing 10 vol.-% SE and 50 vol.-% SE
exhibit initial discharge capacities of 132mAhg™' and
345 mAh g™, respectively (Figure 2a). The capacity retention of
the composites decreases from 82% to 69 %, then to 58 %, and
eventually reaches 56% as the solid electrolyte fraction
increases from 10 vol.-% SE to 40 vol.-% SE over the course of
50 cycles. However, the composite containing 50 vol.-% SE
shows a higher capacity retention of 67%. Overall, a higher
content of SE in the composite results in faster capacity fading
in contrast to the ones with lower SE content. Figure 2(b) shows
the comparison of the charge-discharge profiles of the anode
composites with 50 vol.-% SE and 10 vol.-% SE for the 1%, 25%
and 50" cycle. During charging, the overpotential of the half-
cells for all anode composites containing more than 20 vol.-
% SE (Figure S7) visibly increase. This indicates possible inter-
phase formation potentially inhibiting charge carrier transport.
Therefore, the decline in specific capacity may be attributed to
a decomposition reaction of the SE and the carbon in the anode
composite >

The C-rate performance test shown in Figure 3(a) highlights
that additional to the higher accessible capacity seen at 0.1 C at
higher SE volume fraction, this trend is also observed at higher
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Figure 2. a) Stability test results of half cells with the various anode composites given by the specific discharge capacity in relation to the active material mass
versus the cycle number. b) Charge/Discharge curves for the 1st, 25th and 50th cycle of the half cell with the anode composites containing 10 vol.-% SE and

50 vol.-% SE, respectively.
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Figure 3. a) Rate capability test results of the different anode composites given by the specific discharge capacity in relation to the active material mass versus
the cycle number. b) The derivative of the specific capacity in the second rate cycle (0.1 C) normalized to the highest silicon peak at —0.12 V vs. In/Liln as a
function of the potential for each anode composite with Si/C and one composite with silicon micro-particles as a reference is shown. c) The ratio of accessed
graphite (Q./Qs) to accessed silicon charge for each composite, estimated by the areas in the dQ/dE graph.

C-rates. However, the capacity retention here shows a similar
trend to the stability test, as the composites with higher volume
fractions of SE generally show more pronounced capacity
fading. To shed light on the positive correlation between an
enhanced specific capacity of the Si/C-based composite with
increasing SE content, the redox features of these mixtures
were studied using the dg/dE plots at the lowest C-rate (0.1 C,
0.42 mAcm™?) (Figure S10a). From the aforementioned figure it
is apparent that the total area under the respective curves, and
with that the total amount of transferred charge increases with
higher SE content. The reduction peaks at 0.16 V and 0.25 V vs.
Li*/Li are related to the lithiation of graphite.'®*" Additionally,
a Si peak is forming a shoulder at the carbon peak at 0.32 V.I"**
The peak at 0.50V is a combination of Si and C.'"*** The
oxidation peaks are more convoluted compared to the
reduction peaks, with Si showing two broad peaks at 0.06 V and
0.24 V.I'** However both Si peaks are overlayed with C peaks
at 0.03V, 0.12 V and 0.2 V.'** Figure 3(b) shows the normalized
voltage derivative of the specific capacity (2™ cycle at 0.1 C)
against the voltage. A reference measurement using a cell with
an anode composite containing silicon microparticles, carbon
black and LigPSsCl in the weight ratio 35:5:60 is displayed in
the plot as a dashed line. The dQ/dE plots are normalized with
respect to the highest silicon peak that is least overlapping with
a carbon peak at 0.50V to quantitatively assess information
about how the active material is utilized in the anode
composite. The whole area inside the dashed line (Figure 3b)
corresponds to contribution of silicon towards the total specific
capacity, while the residual areas correspond to the contributed
capacity by graphite.

From the normalized dQ/dE plots, the contribution of Si and
C towards the total specific capacity can be estimated by
integrating the total area under the plot and subtracting the
contribution from the Si reference measurement. The estimated
ratio corresponding to the contribution of the graphite-to-
silicon area is shown in Figure 3(c). With increasing SE more
graphite capacity is accessed. However, for the composite with

Batteries & Supercaps 2023, 6, €202300211 (3 of 6)

10 vol.-% SE, more silicon than graphite is accessed (Fig-
ure S10b). The Li* diffusion coefficient of non-lithiated graphite
is higher compared to non-lithiated silicon, further supporting
the relatively higher utilization of graphite in the composite.>>*?
The EDS images from the composites indicate that the Si
particles are distributed through the anode composite during
mixing, not staying completely attached to the graphite, which
inherently leads to the electronic disconnection of the silicon in
the anode material (Figure S8). This observation also explains
why, relatively to silicon less graphite is utilized for composites
with lower SE content, as more silicon is in contact with
graphite and thus electronically better connected compared to
the composites with higher SE content.

Effective conductivities

To evaluate the influence of charge transport in the composite
anodes on the specific capacity, the effective ionic and
electronic conductivity are determined. The direct current
resistance of the anode composite is measured using either an
electron-blocking or an ion-blocking configurations for Li* or
electron transport, respectively (Figure 4a). The details of the
effective electronic and ionic conductivity measurements are
given in Figures S11-S15. Figure 4(a) shows the respective
effective ionic and electronic conductivities for the composites
in relation to the volume fraction of the solid electrolyte. It is
apparent that the effective ionic conductivity increases expo-
nentially with higher fractions of SE in the anode composite
going from the pS cm™' regime for the anode composites up to
2.16 mScm™' for pristine LisPS<Cl. A similar behaviour has been
reported for other sulfur-based SEs as well, where higher
contents of SE led to higher effective ionic conductivities.
However, the exponential behaviour for the effective ionic
conductivity in different systems is not always seen in other
literature. Dewald etal. reported an exponential behaviour,
while Ohno etal. and Minnmann et al. observed a different
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Figure 4. a) Effective ionic (logarithmic scale) and electronic (linear scale) conductivity of the anode composite in relation to the nominal volume fraction of
the SE. The respective cell setups for the direct current polarization measurements are shown as insets. b) The discharge capacity of the second cycle for each

rate is given in respect to the effective ionic conductivity.

trend.”'??® These differences are most likely due to different
pore size, shape and their relative distribution depending on
the system.”” In contrast to the changing effective ionic
transport, the effective electronic conductivity remains constant
at around 2 Sem™. This is five orders of magnitude higher than
the effective ionic conductivity in all composites and as the
graphite content in the anode composite is high enough for
the changing composition to not have any effect on the
effective electronic transport. Since the effective electronic
conductivity is much higher than the effective ionic conductiv-
ity and does not significantly vary with the change in volume
fraction of the SE in the composite, it is reasonable to assume
that only the effective ionic conductivity accounts for the
observed changes in specific capacity at different C-rates.
Figure 4(b) shows the dependence of specific discharge
capacity of the second cycle at each C-rate on the effective
ionic conductivity of the anode composites. Clearly, the
effective ionic conductivity have a significant influence on the
accessible capacity for all C-rates, as the specific capacity shows
an exponential dependency on 0., as higher effective ionic
conductivities increase the specific discharge capacity. As stated
before, optimizing the anode composite composition is
important to access as much active material as possible. While
the specific capacity increases almost linearly with the higher SE
volume fractions, the effective ionic conductivity does not
(Figure S16). This contrasts with other results reported in
literature, where the specific capacity reaches a peak and
decreases again, despite the effective ionic conductivity
increasing.”"*" In these reports however, the effective electronic
conductivity is also changing, leading to an optimal ratio
between effective electronic and ionic transport in the
composite. Contrary to this, in the results shown here, only the
effective ionic conductivity is changed and the effective
electronic conductivity stays at a constant high value, meaning
that solely the effective ionic conductivity affects the specific
capacity and thus explaining why the specific capacity only
increases.”"?”
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Overall, it seems that with more solid electrolyte, a lower
tortuosity factor for Li* transport in the anode (see Supporting
Information) and faster transport can be achieved that in turn
act beneficial on the attainable capacities.

Conclusions

This work demonstrates the influence of the effective ionic
conductivity on the electrochemical performance of a Si/C-
based anode composites by systematically varying the ratio of
the solid electrolyte LigPS;Cl to the active material and exploring
the electrochemical behaviour through rate capability and
long-term cyclability tests. A nonlinear dependence between
the specific capacity of anode composite and the ionic and
electronic effective ionic conductivity is revealed. The constant
effective electronic transport in all prepared composites enables
the potential for a better comprehension of the significance of
effective ionic conductivity in the anode composite. Consis-
tently across all tested current densities, a lower ionic
conductivity negatively impacts the cell performance. Although,
the specific capacity values at low current density start to level
out after certain effective ionic conductivity of 8 uScm™', this
work shows that for high power applications it is important to
design electrode composites with high effective ionic conduc-
tivity. Furthermore, the importance of understanding and
tailoring transport properties in all solid-state anode composites
is underlined in this work.

Experimental Section

Synthesis and characterization of the SE

All samples were handled under argon atmosphere [p(O,) <1 ppm
p (H,0)<1 ppm]. The SE LisPS;Cl was synthesized in 1.5 g batches
in a solid-state synthesis. The precursors Li,S (Alfa-Aesar, 99.9%),
LiCl (Alfa-Aesar, 99 %), P,Ss (Sigma-Aldrich 99%) were stoichiometri-
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cally mixed for 15 minutes in an agate mortar. The powder was
then pressed into pellets, which were transferred into carbon-
coated quartz glass ampules that had been dried at 800°C in
dynamic vacuum for 2 h. The ampules were sealed under vacuum
and annealed in a tube furnace at 550°C for 14 days with a heating
rate of 100 °C/h followed by natural cooling. The pellets were hand-
ground for further use and analysis. The purity of the SE was
verified by X-Ray powder diffraction (Stoe STADI P, 20=10°-80°, Cu
K, 1=1.54 A (Figure S5a) and the ionic conductivity was deter-
mined by impedance spectroscopy using a BioLogic VMP-300
Potentiostat (Figure S5b) in a symmetrical press cell setup using
200 mg of SE with stainless-steel stamps as current collectors. For
the measurement, the cells were fixed to an Al-frame and pressure
was applied by a screw with a torque of 10 Nm (70 MPa).*?

Preparation of the anode composite

In-depth information on the Si/C active material (10 wt.% Si,
90 wt.% C) can be found in the references.” For the preparation of
the anode composites with different volume ratios (Table S1) of Si/
C and LigPS;Cl, the active material and the SE were mixed in a
shaker mill (Fritsch, PULVERISETTE 23). The mixing was done with a
shaking frequency of 45 Hz for 10 minutes in a 15 mL ZrO, cup
using 15 ZrO, balls with a diameter of 3 mm. For reference, a Si
based composite was prepared in the same way by using a mixture
of Si microparticles (<5 pum, Goodfellow) (35 wt.%), carbon black
(ANR Technologies, Ketjenblack ECP600JD) (5 wt.%) and LigPSsCl
(60 wt.%).

Cell assembly

All cells were assembled in a custom-made brass casing around a
PEEK inset with an inner diameter of 10 mm. Stainless-steel stamps
were used as current collectors. For the electrochemical measure-
ment, the cells were put into an Al-frame and a pressure is applied
by a screw with a torque of 10 Nm (70 MPa).?? The half-cells were
assembled first by hand pressing 60 mg of LisPS;Cl in the PEEK
casing for five minutes. After that, the anode composite with
5.5 mg of active material was added on one side of the LizPSsCl
separator. At this point it is necessary to note, that one must decide
whether to maintain a constant total anode composite mass or
keep the active material mass the same. The former may result in
the use of thicker electrodes, which artificially yields unfavorable
cell performance, while the latter may lead to lower loading and
artificial improvement of the cell characteristics.

In this work, different total masses of anode composite were used
while keeping the active material mass constant to allow for a fair
comparison of the composites, as an increased volume fraction of
solid electrolyte would inherently lead to shorter pathways in
electrodes with constant composite mass. The cell was then
pressed with a uniaxial press applying 374 MPa for three minutes.
After that an indium (chemPUR, 100 pm thickness, 99.99%) disc
(9 mm, 50 mg) followed by a freshly pressed lithium (abcr, 99.8 %)
disc (4 mm, 1.5 mg) was added to the other side of the separator.

For the ionic direct current polarization measurements 80 mg of
LigPSsCl was first put into the cell, followed by 10 mg of the anode
composite and another 80 mg of Li;PS;Cl. After adding each layer,
the powder was hand-pressed for five minutes. The cell was then
uniaxially pressed at 374 MPa for three minutes. Indium and lithium
foils were then added to both sides of the cell, in a similar way as
for the half-cell (Figure 4a, top). The electronic direct current
polarization cell was assembled by putting 30 mg of the anode
composite in the press cell (Figure 4a, bottom). and pressing at
374 MPa for three minutes. For the measurement, the cells were
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fixed to an Al-frame and a screw with a torque of 10 Nm applied
the pressure (70 MPa).??

Electrochemical measurements

Before the cells were cycled, a resting period of 12 h was set to
equilibrate the pressure in the cell and ensure the full micro-
structural relaxation.®® The half-cells for the rate capability test
were cycled with a BioLogic VMP-300 between 0.03 V and 0.9 V vs.
Li*/Li. The cells were cycled for five cycles each at 0.1C
(0.42 mAcm™), 0.2 C (0.84 mAcm2), 0.3 C (1.41 mAcm ) and 0.5 C
(2.11 mAcm™?) After each C-rate, the cells were cycled at 0.1 C for
two cycles to make sure that the anode composite is fully
delithiated. The cells for the stability test were pre-cycled at 0.05 C
(0.82 mAcm™) for five cycles, in order to reduce contact loss
induced by too fast volume changes of the Si during lithiation/
delithiation followed by 50 cycles at 0.1 C (1.28 mA cm™). Exem-
plary voltage profiles are given in the Supporting Information in
Figure S6 for the rate capability test, Figure S7 for the long-term
cycling.

The direct current polarization measurements for obtaining the
effective ionic and electronic conductivity were performed using a
Metrohm AutoLab Potentiostat. For all cells with a SE content in the
composite between 50 vol.-% and 40 vol.-% the used voltages were
25mV,5mV, 7.5 mV, 10 mV, 15 mV, 20 mV and 25 mV. For 30 vol.-
% SE and less, the applied voltages were between 20 mV and
40 mV; higher voltages were needed to achieve measurable
currents, the voltage was increased in five millivolt steps. Each
voltage was held for five hours, as this was enough time for the
current to equilibrate. Between the separate voltage steps a resting
time of one hour was set to equilibrate the cell. The voltages
applied for determining the effective electronic conductivity were
—5mV and 5mV followed by 5mV steps up to —25 mV while
switching the direction of the applied voltage after each step. The
voltages were held for three hours each, with a resting time of
15 minutes after each step. The anode composite resistance Refions
from which the effective ionic conductivity 0., is calculated, was
obtained by subtracting the SE resistance contribution from the
total measured resistance.

Microscopic characterization

A Carl Zeiss scanning electron microscope (SEM) with an Auriga
CrossBeam working station with a field emission gun (Schottky-
type) was used to analyze pellets of the different anode composites
before cycling as well as from the pristine and processed active
material powder under an acceleration voltage of 3 kV. An InLense
secondary electron detector was used for imaging. To investigate
the composition of the composites and energy-dispersive X-ray
spectroscopy (EDS) measurement was performed with an X-Max
80 mm? detector at an acceleration voltage of 15 kV.

Supporting Information

In the Supporting Information a Pawley fit of the X-Ray
diffraction pattern and an impedance spectrum of the solid
electrolyte can be found. Furthermore, additional cycle data
from the stability and rate performance tests are provided
together with the volume and weight ratios used for the anode
composite preparation. Scanning electron micrographs as well
as EDS images are provided. The DC-polarization data is also
provided. Additionally, a deeper discussion on tortuosity factors
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can be found in the Supporting Information. Additional
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