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One promising way of compensating for the repeated volume expansion and contraction of silicon as an anode active material in
lithium ion batteries (LIBs) is to embed silicon within a graphite matrix. Silicon-graphite (SiG) composites combine the
advantageous properties of graphite, i.e., large electrical conductivity and high structural stability, with the advantageous properties
of silicon, i.e., high theoretical capacity. Graphite has a much lower volume expansion upon lithiation (= 10%) than pure silicon
(= 300%) and provides a mechanically stable matrix. Herein, we present an investigation into the electrochemical performance and
thickness change behavior of porous SiG anode compositions with silicon contents ranging from 0 wt% to 20 wt%. The electrode
composites were studied using two methods: in situ dilatometry for the thickness change investigation and conventional coin cells
for the assessment of electrochemical performance. The measurements show that the initial thickness change of SiG electrodes
increased significantly with the silicon content, but it leveled off during cycling for all compositions. There appears to be a
correlation between silicon content and capacity loss, but no clear correlation between thickness change and capacity loss rate was
found.

© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/

1945-7111/ac4545]

Manuscript submitted November 5, 2021; revised manuscript received December 10, 2021. Published January 5, 2022.

Energy storage systems for electric vehicles call for high-energy
battery cells, and weight, costs, and volume need to be optimized at
the same time. Given that the efficiency of these properties are
critical in an electric vehicle application, the energy per mass and per
volume, i.e., the specific or volumetric energy, this area has become
a focus of ongoing research in battery development.'> The specific
and volumetric energies are dependent on cell voltage and capacity,
so they increase at greater cell capacities, whereas most LIBs are
limited in their voltage range.® The cell capacity is determined by the
electrode capacities of the anode and the cathode. The choice of
anode active material shows potential for improvement in increasing
the energy density of a battery cell.* The ideal anode active material
should offer long cycle life, low toxicity, low cost, and a high
specific capacity. The state-of-the-art anode active material of
commercial lithium-ion batteries is graphite.’ The reasons for using
graphite include its low cost and high electrochemical reversibility.
Nevertheless, the storage mechanism in graphite anodes, in which
lithium ions reside between the graphite layers, limits the theoretical
specific capacity to 372 mAh g~'.° One alternative to graphite is
silicon. It is environmentally friendly, inexpensive, and is the second
most common chemical element in the Earth’s crust. It is well suited
for alloying with lithium and provides a specific capacity of up to
3578 mAh g~', which is almost ten times higher than graphite. In
addition, the volumetric capacity is as high as 2400 mAh cm>.
However, its high volume change is a major disadvantage when
using pure silicon as an anode active material. The volume change is
as high as ~ 300% between complete delithiation and lithiation,
which is much higher than the & 10% volume change for graphite’
and can lead to “cracking” of the silicon electrodes. In this case, a
degradation of the silicon in crystalline form and amorphization at
the same time occurs in the electrode, mainly during the first
lithiation.”® Moreover, the particles partially revert to a metastable
crystalline phase at a deep lithiation (below 50 mV).” Tranchot,
et al.” states that the morphology of the silicon composite does not
change considerably from 2nd to 10th cycle. This could support the
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fact that cracking and silicon particle fractures happen mainly during
the first cycle. Upon repeated alloying and dealloying of lithium with
silicon, a steady breaking and rebounding of the silicon-silicon
bonds is observed, leading to mechanical stress and silicon particle
cracking.'® The direct consequences of the particle cracking include
capacity loss, an increase in internal resistance, lower coulombic
efficiency, and SEI instability.>” In addition to the SEI layer
reforming at cracked silicon surfaces, the high volume changes
also make it difficult for the SEI to achieve a stable state. The SEI
(in the expanded state, “lithiation”), can break up when the Si
particles contract again. This process exposes a new silicon surface,
and the SEI reforms. As a result, the SEI becomes thicker and
thicker during the following cycles’ and further increases the
capacity loss of silicon electrodes. Wu and Cui® exhibited a 70%
decrease in capacity in the first five cycles of a pure silicon electrode.
Accordingly, one frequent research question addresses how to
minimize the detrimental properties of silicon. Chae, et al'l
presented approaches to make silicon more suitable as an anode
material. The latter include reducing the silicon particle size to nano-
size and cladding the surface, both of which reduce the volume
change. Ko, et al.'* have also focused on reducing particle volume
change by means of nano-sizing. Moreover, methods such as thin
films with honeycomb patterns as electrodes, porous structures, or
graphite composite materials such as silicon graphite have been
presented and their advantages discussed. The idea in combining
silicon and graphite materials is to combine the respective advan-
tages and to mitigate the disadvantages. SiG as an anode material for
LIBs has been the subject of numerous research studies. In these
studies, the percentage of silicon in combination with graphite
varies. Otero, et al.* investigated SiG as an anode active material
with a silicon content ranging from 0 wt% to 100 wt%. Furthermore,
the volumetric capacity increases greatly in a silicon content range of
up to about 25 wt%. At higher levels of silicon content, the
volumetric capacity still increases, but at lower rates. Therefore,
significant advantages are achieved only up to a silicon content of
40 wt%. The specific capacity, on the other hand, seems to increase
linearly with the silicon content. In addition, a half cell with 25 wt%
silicon was compared to a cell with 100 wt% graphite and a cell with
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100 wt% silicon as anode material with respect to specific capacity.
Wetjen, et al.'® investigated LIB full cells with LiFePO, as the
cathode and SiG alloy as anode material with a silicon content
ranging from 20 wt% to 60 wt%. They showed that, with increasing
silicon content, the delithiation capacity increases, but a greater
capacity loss over the number of cycles occurs at the same time.
Moreover, the coulombic efficiency over the entire number of cycles
was highest for the least silicon content of 20 wt%. Especially in
cycles 10 to 40, the coulombic efficiency was found to be decisively
lower at high silicon contents. In addition, both the irreversible
capacity loss due to cycling and the relative volume of the SEI was
larger for at higher levels of silicon content.

The focus of this work is investigating the thickness change of
various SiG compositions using a dilatometer. Dilatometric mea-
surements have been widely utilized since the late 1970s for
recording the dilation of the host compounds caused by the
intercalation of guest ions or molecules inserted into the host
layers.'* Biberacher, et al.'” developed an electrochemical dilat-
ometer and were able to show the volume change linked to the
lithium-ion intercalation and deintercalation into the graphitic host
material. Winter, et al.'* measured the layered samples, such as
highly oriented pyrolytic graphite (HOPG), as a host material. The
HOPG was cycled at a high scan rate of 10mV s~ between 3.0 V
and 0.5V vs Li/Li" in an ethylene carbonate (EC) and dimethyl
carbonate (DMC) based electrolyte, which led to a thickness change
of 10%. Ohzuku, et al.'® reported the volume change data of graphite
with lithium perchlorate (LiClO4) in EC/DMC solvents as an
electrolyte during the first charging of the electrochemical cell.
They showed that the graphite expanded more than 10%, which they
attributed to the ex]?ansion at the initial part of the primary reduction.
Sauerteig, et al! investigated the reversible and irreversible
thickness change of a graphite/NMC cell. Their results indicate
that the porosity strongly influences the irreversible thickness change
of the electrodes, whereas the influence of the porosity on the
reversible thickness change is negligible. Nagayama, et al.'®
reported a dilatometric method for characterizing lithium insertion
electrodes. The area-specific deformation (ASD) was determined to
be the crucial parameter in characterizing lithium insertion elec-
trodes. The LiNi;;3Co,,3Mn 30, electrode was stable (0 ym mAh™!
cm™?) up to a voltage of 4.15 V vs an LTO electrode. At a potential
greater than 4.15V, the ASD was determined to be about 1 pm
mAh™' cm™2 In,"” Rieger, et al. performed a dilatometric study on
the thickness change of a commercial graphite/lithium-cobalt
dioxide (LCO) pouch cell. The graphite electrode expanded by
5.2%, whereas the thickness change of LCO electrode was 1.8%. In
our recent work®® we reported the thickness changes of various
electrodes during cycling and compared them to crystal structure
changes measured by XRD from the scientific literature. Moreover,
the reliability and the electrochemical performance of the dilato-
metry setup were thorou%hly validated.

In our earlier study,2 the focus was on the first (de-)lithiation
performance of the SiG electrode composites at a varying silicon
content using electrochemical analyses and neutron depth profiling
(NDP). In the present work, we extend these investigations to a
higher number of cycles than those investigated in®! while focusing
on both the electrochemical performance and the thickness change
behavior of the same electrode composites of SiG electrodes at a
silicon content ranging from 0 wt% to 20 wt%.

Experimental

Electrode preparation.—The electrode samples were prepared to
have various silicon/graphite ratios as active materials. The amount
of active material was 95 wt% in all of the electrode compositions.
For this purpose, the active material content of silicon having the
same compositions discussed in®* and graphite (MG13AN, China
Steel Chemical Co.) varied at a silicon/graphite ratio of 0/95
(SiG00), 3/92 (SiG03), 5/90 (SiGO05), 7/88 (SiG07), 10/85
(SiG10), 15/80 (SiG15), and 20/75 (SiG20), respectively. Other

5 wt% non-active materials included 2 wt% SuperP (MMM Carbon,
Belgium), 2.50 wt% carboxymethyl cellulose (CMC, Sigma-Aldrich
Co., Germany), and 0.50 wt% styrene butadiene rubber (SBR, Zeon
Co., Japan). The slurry preparation and mixing procedure of the
electrode samples as well as the schematic presentation of the
electrode sample compositions were mentioned in our earlier
study.?! The initial coating thicknesses of the electrodes were
31 pm, 34 pm, 40 gm, 36 pm, 39 pm, 44 pm, and 29 pm for
SiG00, SiG03, SiG05, SiG07, SiG10, SiG15, and SiG20, respec-
tively.

Silicon preparation.—Commercial silicon powder (99.9%,
Fuzhou Hokin Chemical Technology, China) at a micrometric
particle size was used as a starting material with no further purifying
procedure. The silicon powder was placed in a stainless 500 ml vial
along with stainless balls at a dimension of 3 mm. The ball-to-
powder mass ratio was 20:1. The vials were sealed under an argon
atmosphere in a glove box. The milling procedure type was
horizontal edge milling machine (HEMM) performed at room
temperature for 9h using a planetary miller (PM 400, Retsch,
Germany) at a rotation speed of 300 RPM. The milled silicon was
introduced into a PP (polypropylene) jar along with ZrO, balls at a
dimension of 2mm and an ethanol medium. The ball-to-powder
mass ratio was 20:1. The wet milling was performed at room
temperature using a rotation mixer at 250 RPM. After wet milling,
the powder was filtered and dried at 120 °C in a vacuum for 12 h.
The resulting milled powder was used to manufacture the afore-
mentioned electrodes.

Coin cells.—The coin cells were built under an argon atmosphere
(0,, H,O <0.1 ppm) inside a glovebox (MBraun Inertgas-System
GmbH, Germany). Two coin cells were built from every SiG
composition. The results of all coin cells pairs were in good
agreement, so only the results from one cell per composite will be
presented hereinafter. The coin cells (Hohsen Corp., Japan) were
composed of a single-side-coated SiG (¢ ~ 14 mm) as a working
electrode, Li metal foil with ¢ ~ 15.6 mm (Rockwood Lithium,
USA) as a counter electrode, and two glass fiber separators (VWR,
USA). Each separator had a diameter of 16 mm and a thickness of
about 260 pm; 100 ul of electrolyte were used. Since it is of great
importance for the SiG electrodes to have a stable solid electrolyte
interface (SEI) layer to ensure a longer lifetime, 1 M LiPF¢ with EC:
EMC (1:1 wt:wt) and an additional 10 wt% FEC were used (from
Solvionic, France). The electrochemical cells were assembled using
two spacer disks, 1 x 1.0 mm plus 1 x 0.5 mm, a spring, then sealed
with a fitting ring, as shown in Fig. 1b.

After assembly, the cells were rested for 6 h and then operated for
8 cycles using a constant current lithiation and delithiation protocol
(including the formation cycles). All the cells discussed herein were
cycled at a current density of 75 pA cm~ 2. The cells delivered
different capacities, based on the varying silicon content, so the C
rates varied between = 0.033 C and =~ 0.1 C. These measurements
were performed inside a temperature controlled climate chamber
(Votsch Industrietechnik GmbH, Germany) at 25 °C using a battery
cycler (CTS, Basytec GmbH, Germany).

Dilatometer.—An ECD-3-Nano electrochemical dilatometer
from EL-Cell GmbH was used for the dilatometry measurements.
The latter device enables measurement of the thickness change of
individual electrodes during cycling. A schematic of the dilatometry
setup is shown in Fig. 1a. The electrodes were separated by a T-frit,
which is a porous borosilicate glass separator that mechanically
decoupled the working electrode from the counter electrode. This
approach prevents measurement errors of the working electrode
thickness that may be caused by volume changes of the counter
electrode. The thickness change of the working electrode was
recorded by a capacitive displacement sensor (Linear Variable
Differential Transformer, LVDT) via a spacer disk and a stainless
steel membrane.”> The sensor resolution was < 5nm. This
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Figure 1. Schematic representation of (a) ECD-3-Nano dilatometer placed in a climate chamber inside the glovebox and (b) the coin cell setup used in this study.

corresponds to approximately 0.005% of the initial thickness of the
electrodes under investigation. The displacement sensor was pressed
onto the surface of the electrode at a force of 1 N. This ensured
continuous contact between the sensor and the surface. According to
the manufacturer, the drift of the dilatometer is less than 20 nm h .
The 12 mm diameter counter electrode is made of metallic lithium.?*
The working electrode diameter was 10 mm. The dilatometer was
assembled and operated under an argon atmosphere inside a
glovebox (O,, H,O < 0.1 ppm). The ambient temperature during
operation of the dilatometer was 35 °C. This approach improves
cycling performance in comparison to operation at 25 °C, as
discussed in our earlier report.”® Similar to the coin cells, 1 M
LiPFg¢ with EC:EMC (1:1 wt:wt) and 10 wt% FEC as an additional
additive were used as the electrolyte for the electrochemical cell in
the dilatometer. The electrochemical cell was filled with approxi-
mately 1 ml of electrolyte. A VMP3 potentiostat (Bio-Logic, France)
was used for the test protocol. The thickness of the sample tested
was recorded every five seconds. Similar to the coin cell experi-
ments, the current density in all dilatometry experiments was 75 pA
cm 2. The resulting C rates in the dilatometry measurements varied
because the capacities of the electrodes differed.

Results and Discussion

We will first discuss the electrochemical analyses based on coin
cells, which will be followed by the results from the dilatometry
measurements. The validation of the dilatometry setup used in this paper
has been thoroughly discussed in, Ref. 20 so it will not be repeated here.

Electrochemical analysis of coin cells.—Figures 2a—2g shows
the potential vs specific capacities of each electrode from the coin
cell measurements for the eight cycles. A specific color was adapted
for each cycle number, from 1 to 8, which remained constant among
the various SiGs. The potential curves were plotted for both
lithiation, which is shown in solid lines, and delithiation, which is
shown in dashed lines having the same color as that of the lithiation
curve. Furthermore, the active material composition (in wt%) of the
electrodes is described using the numbers in combination with SiG
as the active material composite, e.g., SiGO0 and SiG20 demon-
strated 0 wt% and 20 wt% of silicon in combination with 95 wt%
and 75 wt% of graphite, respectively. As shown in Figs. 2a-2g, the
specific capacity of the electrodes as well as the capacity loss per
cycle increased at an elevating silicon content in the electrodes. For
example, the specific capacity of delithiation for the 8 cycles is listed
in Table I for various SiGs in mAh gAMfl.

The same trend applied to the hysteresis between the lithiation and
delithiation potential curves. In the literature, the value of voltage
hysteresis of graphite (10 to 30 mV) is described as being significantly
lower than that of silicon (250 to 320 mV).” These values make sense if
one considers that more capacity loss processes occur with silicon than
with graphite, as mentioned earlier.” Consequently, a higher silicon
content in SiG composite will lead to a larger voltage difference, and
more hysteresis will occur. This hysteresis due to polarization can be
explained by the continuous SEI formation. The SEI layer forms during
the lithiation procedure and is due to the electrolyte decomposition at the
electrode surface at lower potentials.”® The formation and growth of SEI
as an electron insulator layer used for Li* conduction should stop after
several cycles.27 However, in the case of continuous SEI formation, the
polarization of the electrode increased.® This effect was more dominant
at higher levels of silicon content. Moreover, each electrode composition
experienced a higher capacity loss at the first cycle, which equalized
itself to some extent during the following cycles. As mentioned
in, Ref. 21 this phenomenon can be attributed to an irreversible capacity
from some modifier, like pitch. Pitch is usually used as precursor for
achieving a carbon-coated surface in active materials used to enhance
cycling performance. It is assumed to lead to more irreversible capacity
from SEI formation upon the first cycle of lithiation.

In addition, Wetjen, et al.'> demonstrated a strong potential
course change around a delithiation potential of ~ 0.25-0.5V vs
Li/Li* for various SiG electrode compositions (with 20-60 wt%
silicon content) when moving towards higher cycle numbers, which
is stated to be the transition from the crystalline silicon phase of
Li;sSi4 to the amorphous silicon phase. Furthermore, it is also stated
that the silicon is the main reason behind the capacity loss at
delithiation potentials higher than 0.25 V at higher cycle numbers.
However, in the present study, the measurement data did not show a
strong change in the potential course of the SiG electrode composites
(see Figs. 2a—2g), which may indicate that no silicon phase transition
from crystalline to amorphous was observed. This can be explained
in two different ways; First, in the present work, various SiG
electrode compositions containing less silicon content were inves-
tigated and, second, this study focuses on a total number of 8 cycles.
Nevertheless, the capacity loss in the present work also increased at
a higher silicon content.

The specific capacity difference between the lithiation and
delithiation cycles can be best compared via coulombic efficiency
(CE). In Fig. 3a, the CE of the coin cell measurements are plotted for
different SiGs in different cycles. The initial cycle had a significantly
lower CE, which is typical of silicon-based electrodes.”® The
measurement data showed that the CE stabilized after the initial
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Figure 2. Potential vs specific capacity with 10 mV as lithiation cutoff criteria for first eight cycles for (a) SiG00, (b) SiG03, (c) SiGO05, (d) SiG07, (e) SiG10,

(f) SiG15, and (g) SiG20.

cycles. Nevertheless, higher levels of silicon content led to lower CE
levels even after stabilization. For example, the CE of the third cycle
was 99.5%, 98.9%, 98.4%, 98.5%, 98.2%, 97.9%, and 97.2% for
SiG00, SiG03, SiG05, SiG07, SiG10, SiG15, and SiG20, respec-
tively.

Figure 3b shows the evolution of the specific capacity for each
composite and that for different cycles, in solid lines. The theoretical
specific capacity of the same SiG composite calculated using data
from the literature® is shown in dashed lines having the same color.
The theoretical specific capacity of the SiGs was determined
according to Eq. 1,

CSiG, theoretical = WG*CG + Wsi*Csi [1]

where ¢ is the theoretical capacity and w is the mass fraction of
graphite and silicon, respectively. Increasing the silicon content led
to a higher difference between the measured and theoretical

capacities of a SiG composition and increased the negative slope
of the capacity loss. For SiG03 and SiG20 by way of example, the
difference between the capacities of the 1st and 8" cycle from the
theoretical capacity of the corresponding SiG varied between
39.28-42.88 mAh gap ' and 70.9-175.3 mAh gan ', respectively.
This might be explained by the silicon-dependent loss processes
discussed above.’ Furthermore, in order to show the linearity of
capacity loss as a function of silicon content, the sum of the capacity
loss during the 8 cycles is shown in Fig. 3c with respect to different
silicon contents. As discussed earlier in this study, the existence of
pitch as an additive in the electrode coating preparation process
caused a higher capacity drop, as can be seen in the first two cycles
of SiGOO0. This may have been the reason for the negative part of the
black line (cycle #1-8) in Fig. 3c. The aforementioned observations
apply to the results from both our methods-the previously discussed
conventional coin cell and the dilatometry measurements which are
discussed in the following section.
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Table I. Specific capacity of delithiation, in mAh g4, ', and the coulombic efficiency (CE), in percentage, for the coin cell measurements of different

SiGs with cutoff voltage of 10 mV.

1™ cycle 2" cyele 3" cycle 4™ cycle 5™ cycle 6" cycle 7™ cycle 8™ cycle Average value
SiG00 346.86 351 352.01 352.57 352.88 353.13 353.25 353.42 351.89
CE 92.71 98.75 99.09 99.25 99.33 99.41 99.44 99.50 —
SiG03 428.9 430.5 430.7 430.2 429.54 428.1 426.55 425.3 428.72
CE 91.5 98.54 98.85 98.94 99.02 99.05 99.08 99.11 —
SiG05 486.9 487.3 486.5 485.4 483.85 482 479.8 471.5 483.66
CE 90.49 97.99 98.42 98.54 98.6 98.65 98.7 98.72 —
SiG07 588.2 588.3 586.8 584.9 583.1 580.5 577.3 573.9 582.88
CE 90.42 98.08 98.49 98.6 98.65 98.67 98.68 98.69 —
SiG10 614.8 611.9 608.8 605 600.9 596 591 585.8 601.78
CE 89.57 97.62 98.18 98.28 98.33 98.37 98.39 98.42 —
SiG15 777.1 770.1 764.4 757.1 748.4 739.6 730.8 722.4 751.24
CE 89.12 97.11 97.86 98.07 98.11 98.13 98.15 98.18 —
SiG20 942.3 920.2 906.9 892.6 878.2 864.5 851.2 837.9 886.73
CE 87.12 95.73 97.18 97.55 97.71 97.76 97.77 97.75 —

Dilatometry measurements.—This section will present and
discuss the dilatometry measurement results for various SiG
electrode compositions. In order to distinguish the thickness change
of the electrodes during formation cycles from that of cycles in
which the SEI layer was already stable, the dilatometry results were
separated into two parts; I) formation cycles (first 2-3 cycles) and II)
post-formation cycles (from the forth cycle onwards). Based on the
measurement protocol, the dilatometry cells mostly cycled for six
full cycles.

Formation cycles during which the SEI layer forms and
stabilizes.—Figures 4a—4g shows the results of operando dilatometry
for various SiG electrode compositions during the formation cycles.
Each subplot, from a to g, presents the results of a different SiG
composite, as mentioned on the subplot itself. The left and right y-
axes represent the potential (in V) and thickness change (in
percentage) vs the specific capacity of the dilatometry cell, respec-
tively. The lithiation potential curves are black solid-lines, the
delithiation potential curves are gray dashed-lines, the lithiation
thickness change is depicted as dark blue solid-lines, and the
delithiation thickness change appears as light blue dashed-lines.
The cycle numbers are indicated next to the thickness change curves
using hashtags. In addition, the end of the (de-)lithiation curves are
the same both for potential and thickness change curves. The same
presentation was used for the following Figs. 5a—5g in the post-
formation cycles.

The relative thickness change of the electrodes increased in
parallel with an increasing silicon content. As an example, the
lithiation thickness change in the second cycle for SiG00, SiGO3,
SiG05, SiG07, SiG10, SiGl15, and SiG20 were 5.36%, 9.33%,
11.95%, 17.28%, 18.04%, 26.81%, and 32.43%, respectively. The
same trend of a higher specific capacity at a higher silicon content
was observable during the formation cycles. For instance, the
specific capacity at the second cycle for different SiGs, from
SiGO0 to SiG20, was 362.55, 492.33, 507.12, 628.71, 719.89,
822.71, and 925.62 mAh gay ', respectively.

Comparing the resulting specific capacity of the SiG electrode
composites measured using dilatometry from Fig. 4 to those in Fig. 2
from coin cells showed a good level of plausibility for the
electrochemical cell in dilatometry measurement setup. The small
deviation between the (de-)lithiation of the coin cell and the
electrochemical cell from the dilatometry can be explained by the
larger overpotentials/polarization in the dilatometry cell, as was
discussed in our previous study.?’ This deviation can be attributed to
a different amount of electrolyte used in these measurements, or the
difference in pressure buildup while assembling the electrochemical
cells.

Post-formation cycles in which the SEI is assumed to be more
stable.—During the post-formation cycles, the relative thickness
change of the electrodes remained mostly constant; see Figs. 5a-5g.
The average thickness change in the post-formation cycles was
5.30%, 6.51%, 9.04%, 12.46%, 14.79%, 20.99%, and 19.60% for
SiG00, SiGO03, SiGO05, SiG07, SiG10, SiG15, and SiG20, respec-
tively. Nonetheless, there were capacity losses for every SiG
composition in the range of 0.23 mAh gay~' for SiGOO up to
31.26 mAh gay ' for SiG20. These losses were higher for
electrodes having higher levels of silicon content. This might be
explained by SEI reformation on freshly exposed active material
surface due to the volume expansion of silicon. Consequently, the
cell would have experienced an impedance increase and, through
accumulation of the isolated SEI products, undesirable side reactions
and polarization effects would then occur, thus affecting cell
stability and electrochemical performance negatively.® This is also
supported by Dobrowolny, et al.,?> who claimed that the significant
structural change of the electrically insulating SEI layer, as well as
the aforementioned consequences of the volume change, impair the
cycling behavior and accelerate the aging of the electrochemical cell.

In agreement with prior dilatometry measurements for graphite
anodes,”” there was a slope change for the thickness change due to
the formation of LiC;, in lithiation and delithiation directions,
followed by a plateau. This kink can be seen at approximately
100 mAh gan for SiGOO in Fig. 5a. At higher levels of silicon
content, the kink and the plateau moved to regions having higher
specific capacities, e.g., 300 to 350 mAh gan ' for SiG07, and
500 to 550 mAh gANfl for SiG20. However, the location of the kink
was always approximately 250 mAh gapy ' below the maximum
specific capacity of each cycle for all SiG composites. Given that
this kink is characteristic of the lithiation of graphite, and it always
occurred at the same location (shown in Fig. 6a), we concluded that
the graphite was predominantly lithiated after the silicon and
delithiated predominantly before the silicon. It has been been shown
in*" and®' that, depending on the C rate, either silicon or graphite is
lithiated first. At the C rates of 0.1 C and below used in the present
study, the silicon was lithiated before the graphite. This could
explain the location of the kink and plateau at a constant value below
the maximum specific capacity. Simultaneously, the kink location
could be dependent on the electrode potential, where the kink during
the lithiation is located at around 0.1 V and during the delithiation at
around 0.2V for all SiGs. The electrode potentials at the kink
location is exemglary shown for lithiation and delithiation in the
Fig. 6b for the 4" cycle of different SiGs. Qualitatively, there was
also a shift of the characteristic potential plateaus related to the
graphite phase transition stages towards higher specific capacities
with increasing silicon contents. The effect of the silicon content on
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the thickness change of the SiG electrodes is shown in Fig. 6¢c. Each
line belongs to a different cycle, “0” to 1* cycle, “[]” to mid-cycle
(~3% cycle) and “x” to last cycle (=™ cycle) of each electrode
composition, respectively.

For SiGOO (i.e., pure graphite), the thickness change was almost
constant from cycle to cycle. A higher silicon content led to a higher
thickness change. Additionally, the higher the silicon content, the
higher the difference between the first cycle thickness change and
the post-formation cycles thickness change.

In order to better visualize the irreversible electrode expansion,
Fig. 6d shows the cumulative irreversible thickness change of each
SiG electrode during cycling, which is generally highest at the 1%
cycle and increases with higher silicon contents. The curves of
SiG07 and SiG10 almost overlap, and SiG15 has a lower irreversible
thickness change than SiG07/SiG10. These results may indicate that
the irreversible thickness change does not solely depend on the
silicon content but also on other electrode properties, i.e. porosity
and initial thickness. However, the fact that SiG15 exhibits a specific
capacity below the trend (Fig. 6a), a larger polarization (Fig. 6b) and
a higher than average capacity loss per cycle (Fig. 7f) points to
SiG15 being an outlier.

Figures 7a—7g compares the relative thickness change for
lithiation and delithiation to the capacity loss during delithiation
for each cycle. The relative thickness change during lithiation
corresponds to electrode expansion and, during delithiation, to
electrode contraction, which are both expressed herein as positive
values. The decreasing specific capacity loss per cycle was an
indicator that the SiG electrode composites were still stabilizing. The
capacity loss per cycle remained constant for SiGs up to 10 wt%, but
it was still decreasing for SiG15 and SiG20. However, the capacity
loss per cycle was significantly higher for SiGs than for the pure
graphite anode.

The theoretical thickness change based on the volume change of
each corresponding SiG electrode composite is shown in Fig. 7 for
two extreme cases: A purely one-dimensional volume change
(denoted as 1D), as well as a purely spherical volume change
(denoted as 3D). In these theoretical cases, the SiG electrode
composite was considered to be homogeneous, having volume-
averaged properties of silicon and graphite particles, which is a
simplification of the more complex volume change characteristics of
silicon on the atomic-scale in.*> The 1D case assumed no volume
change in the lateral electrode directions, with the electrode
thickness change then equaling the theoretical volume change of
the respective SiG composite. The one-dimensional thickness
change Afp was then calculated as shown in Eq. 2,

Afip = @ AAVG + @g-AVs; [2]

where ¢ is the volume fraction, and AV is the maximum theoretical
volume change of graphite and silicon, respectively. The volume
fraction ¢ was calculated using the densities and mass fractions of
the materials. The 3D case postulated uniform spherical volume
change, with no preference in the expansion direction. As seen in
Eq. 3, the spherical thickness change Az;p from the initial state was
calculated based on the initial volume Vj = 100% as well as the
maximum spherical volumes of graphite and silicon. The binder and
the other additives were neglected in both simplified calculations:

S+ 06-MVs + g AVs)
3/ EV()
In general, the relative thickness change during lithiation was higher

than that of delithiation, especially in the formation cycles. The
measured relative thickness change decreased for both lithiation and

Atp = [3]
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delithiation, and it stabilized slightly above the theoretical value for
spherical volume change. This might indicate an anisotropic volume
change on the electrode level, showing a preference in thickness
direction in the formation cycles, whereas the volume change shifted
to a more isotropic behavior during the post-formation cycles. On an
electrode level, the anisotropic volume change might be explained
by the limited lateral expansion due to the adjacent electrode active
material and the constraining effect of the current collector foil. In
contrast to the expansion, the contraction seemed to be generally
lower and exhibited a lower slope. The contraction was thus closer to
the isotropic volume change. During cycling, both the relative
expansion and the relative contraction decreased, and a shift from
anisotropic to isotropic volume change was observed. The exact
reason for this behavior is still not fully understood. In case the
electrode active material is considered to be a homogenous matrix,
this might be caused by elastoplastic deformation during expansion,
whereas the contraction is purely elastic. When particle behavior of
silicon is considered, particle cracking might also be responsible for
the difference in volume change between expansion and contraction
that appeared to increase electrode volume irreversibly. It was
already reported that particle cracking might lead to less well
packed active material, thus steadily increasing the volume of the
electrode.®® It was also shown that particle cracking primarily occurs
during the lithiation of silicon,* which might explain the higher
volume change in the SiG composites during lithiation. Further
focusing on the silicon particle properties, anisotropic swelling has
also been reported.™” It has been shown that silicon volume change is
not ideally spherical, but elliptical or dumbbell-shaped.”>3’
However, in a silicon graphite composite there would need to be a
preference in orientation and silicon particle positioning; otherwise,
an impact of particle volume change on electrode volume change
could not be explained. Based on the SEM images given in our
earlier study,?' there was no evident preference in the orientation of
the silicon particles on the graphite structure.

The capacity loss per cycle was almost constant between cycles
for silicon content levels from 3 wt% to 7 wt%, but it decreased
slightly for silicon content levels above 10 wt%. Consequently, the
high silicon content SiG composites were not yet stabilized after
approximately 6 cycles. Notably, there was no apparent correlation
between the relative thickness change and the capacity loss per
cycle. Specifically, the stabilization of the relative thickness change
during the post-formation cycles appeared to have no effect on
capacity loss. Therefore, the shift from anisotropic to isotropic
volume change may not have been responsible for the capacity loss
of SiG electrode composites, and the capacity losses must be
attributed mostly to silicon particle cracking and the instability of
SEL*®

It is worth mentioning that the electrode composites investigated
in this work were non-calendered and highly porous samples. Based
on calculations and data from the electrode manufacturer, the
electrodes should have a porosity range of =~ 60%—72%.>"
Consequently, there may have been enough space within the
structure of the electrodes to accommodate the volume change of
the particles. The fact that our SiGOO had a relative thickness change
of around 5.5%, which is lower than the values found in the
literature for calendared graphite electrodes, supports this idea.'”""”
This raises the question of how porosity and electrode thickness
change, depending on each other.

Conclusions

The thickness change of SiG electrode composites at varying
silicon content levels between 0 wt% and 20 wt% were measured by
means of electrochemically stable in situ dilatometry. The electrodes
were also investigated electrochemically via conventional coin cells.
The comparable electrochemical behavior of the electrodes in the
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experiments is proof of the plausibility of the dilatometry results.
Increasing the silicon content led to higher specific capacities of the
SiG electrodes. The relative capacity loss and the thickness change
increased linearly with the silicon content as well. Based on the
characteristic thickness change for the SiGs, we concluded that
silicon predominantly lithiated before graphite, and delithiated after
graphite. Generally, the thickness change was higher in the initial
cycles, and then leveled off. This behavior was more pronounced at
higher silicon content levels. Nevertheless, all of the samples
eventually reached a steady, reversible thickness change per cycle.
To explain this behavior, we have discussed hypotheses based on the
preferential orientation and expansion of particles as well as their
embedding in a stabilizing electrode matrix.

There appears to be no significant correlation between the
leveling off of the relative thickness change and the capacity loss
per cycle. We have argued that it is not the macroscopic structural
changes of the electrode matrix which determine the capacity
evolution, but rather the repeated microscopic expansion, cracking,
and SEI formation on the particle-level.

Only non-calendered electrodes samples were investigated in this
work. This leads to some uncertainty regarding the transferability of
the results to practical, calendered electrodes. The interplay of
electrode thickness and porosity changes as a result of particle-level
volume changes and the initial porosity will be investigated in future
work.
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