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ABSTRACT
The combination of both high mechanical stability due to internal volume compensation and high capacities by incorporated 
silicon renders silicon–carbon (Si–C) void structures attractive anode materials for lithium-ion solid-state batteries (LISSBs). 
Evaluating the lithiation mechanism of Si–C composite (30 wt% Si, 1473 mAh gSi–C

−1) electrodes in half-cells versus lithium using 
Li6PS5Cl as a solid electrolyte also reveals participation of the carbon matrix. Consequently, the storage of additional capacity 
in the carbon shell of the Si–C particles [= carbon (over)lithiation] is investigated in full cells versus nickel-rich NCM (n/p < 1) 
and compared with non-overlithiated Si–C|SE|NMC cells (n/p > 1). The absence of metallic lithium deposition is evidenced by 
7Li Nuclear Magnetic Resonance spectroscopy, indicating solely (over)lithiation of the carbon matrix without lithium plating. 
Finally, the investigation of application-relevant pouch cells (n/p > 1) demonstrates minimal breathing behavior together with high 
reversibility even at stack pressures as low as 5 MPa.

1 |  Introduction

Batteries have become our daily companions, powering smart 
and mobile devices as well as electric vehicles, or storing renew­
able energy. Yet, safety concerns remain. Replacing flammable 
and volatile organic solvents used in conventional lithium-ion 
batteries (LIBs) with solid electrolytes (SEs) improves battery 
safety. Consequently, lithium-ion solid-state batteries (LISSBs) 
are a promising alternative to state-of-the-art LIBs based on liquid 
electrolytes [1, 2]. To realize high-energy SSBs, however, the 
conventional graphite anode (339 mAh g−1, 747 mAh cm−3) has 
to be replaced by high-capacity anode materials like lithium or 
silicon [3, 4].

Although lithium offers high theoretical capacities
(3860 mAh g−1, 2050 mAh cm−3) [4], several challenges remain for 

its application as anode material in SSBs. The interface between 
lithium metal anode and SE separator is affected by side reactions 
as well as by an inadequate contact. On the one hand, lithium’s 
low electrochemical potential and high reactivity lead to irrever­
sible side reactions with most SEs. On the other hand, inadequate 
contact at the Li/SE interface arises from the rigidity of solid 
particles, which also facilitates the formation of lithium dendrites 
[5, 6].

Silicon is another attractive anode material. In addition to its 
high specific capacities (1857 mAh g−1, 2190 mAh cm−3), its low 
delithiation potential of 0.4 V versus Li/Li+ is beneficial for realiz­
ing high energy densities. Moreover, its high abundance lowers 
battery manufacturing costs [4, 7–10]. However, huge volume 
changes of about 300% occur during charging and discharging, 
leading to material pulverization [11, 12]. Thereby, the use of 
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FIGURE 1 | Schematic of this electrochemical-mechanistic study including Si–C void structures for enhanced mechanical stability, (over)lithiation 
of the carbon matrix for increased capacity, and scaling to pouch cells using electrode sheets for evaluation under application-relevant testing conditions 
as well as operando thickness measurements.

SEs results in higher (initial) coulombic efficiencies in contrast 
to liquid-based LIBs. This is due to the reduced SEI formation, 
as SEs limit the actual contact area, resulting in a more stabi­
lized SEI during cycling [12–15]. But simultaneously, the volume 
changes of active materials during cycling cause significantly 
higher internal pressure changes of LISSB (by around two orders 
of magnitude). The resulting electrochemo-mechanical stress 
results in problems like contact losses between electrode particles 
and crack formation [16–19].

Consequently, to maintain the integrity of silicon anodes in 
SSBs, they are often cycled under high stack pressures [20]. 
Thereby, the structural stability as well as interface contacts can 
be maintained, resulting in enhanced performance [15, 17, 19, 
21–23]. However, the substantial weight of pressurization systems 
reduces overall energy densities [24], making partial lithiation, 
nano-scaled materials, or intrinsic volume equalization concepts 
preferred for practical applications of silicon anodes [19, 22].

While partial lithiation is based on mitigating mechanical deg‐
radation by overbalancing the silicon loading and thereby low‐
ering its lithiation degree in the fully charged state [25–27], the 
volume changes of silicon-based nanomaterials are reduced by 
using nm-sized Si particles [28]. For example, silicon nanowires 
show a greater compatibility in SSB composite electrodes com‐
pared to micrometer-sized silicon particles as active material 
[29]. Furthermore, crystalline silicon nanoparticles that are 
smaller than 150 nm in diameter remain intact without cracking 
[30]. In addition, the larger surface area of nanomaterials leads 
to shorter ion and electron paths, improving rate capability and 
resulting in faster (de)lithiation processes [28]. Embedding the 
Si-NP inside an ionic and electronic conducting matrix (e.g., 
SiNx) generally enhances the long-term performance [31]. To 
increase the conductivity and further improve the mechanical 
stability, composites of silicon with carbon were developed 
[13, 24, 32, 33]. It was shown that a composite of SE, carbon, and 
Si can effectively maintain ionic and electronic contacts during 
cycling [34]. In particular, the carbon can govern electronic and 
ionic transport as well as take up excess lithium that would plate 
as metallic lithium otherwise [33, 35–38]. A partially fluorinated 
graphene has been shown to form a fluoride-rich SEI, prevent‐
ing SE degradation and maintaining electronic conductivity 
[39]. Specific void structures are designed to compensate for 
and accommodate the volume changes of silicon [40]. The 

voids allow for a free volume expansion of the silicon. In 
addition, a stable SEI can form on the outer carbon shell surface 
[4, 13, 41, 42]. As void templates, SiO2 [43, 44], sulfur [42], 
or polyvinylbutyral (PVB) [13, 41] have been used. While void 
formation using SiO2 usually involves the application of toxic 
and hazardous hydrofluoric acid to remove the void template, 
sulfur and PVB can be removed completely by a facile pyrolysis 
process [42]. In this study, sulfur was selected as the void tem‐
plate. Its high natural abundance contributes to lower battery 
manufacturing costs and enables scalable methods [42, 45]. 
Residual sulfur after synthesis within the Si–C composites [42] 
is assumed not to be as detrimental as in liquid-based LIBs, 
as the SE itself is sulfidic. In addition, sulfur species such as 
polysulfides will not diffuse through the cell as the electrolyte is 
solid and non-dissolving.

In this work, a Si–C composite with a silicon content of 30 wt% 
was investigated in sulfide-based SSBs with Li6PS5Cl as SE. In the 
first part of this electrochemical-mechanistic study, the electrode 
materials were investigated in pellet-type lab cells (Figure 1). 
To analyze the lithiation mechanism, the Si–C composite elec­
trode was cycled in half-cells versus lithium. In full cells versus 
nickel-rich NCM, both non-overlithiated (n/p = 1.1) and overli­
thiated (n/p = 0.83) Si–C electrodes were investigated. Thereby, 
comparative analysis of the lithiation mechanism, especially 
regarding the (over)lithiation of the carbon matrix, was further 
conducted by ex situ 7Li NMR experiments. After analyzing the 
two different full-cell configurations, the second part of this 
electrochemical-mechanical study focused on the manufacturing 
of application-relevant pouch cells (Figure 1). Hence, Si–C elec­
trodes were manufactured via doctor blade coating for assembling 
sheet-based Si–C|SE|NCM pouch cells. Their cycle performance 
and thickness changes were evaluated under varying stack pres­
sures ranging from 25 MPa to as low as 5 MPa, thereby realizing 
application-relevant testing conditions.

2 |  Results and Discussion

2.1 |  Structural Characterization of Different Si–C 
Composites

In this study, Si–C composites were synthesized by using sulfur as 
a void template. In the first step, sulfur is melt-coated on silicon 
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FIGURE 2 | Raman spectrum (a) and particle size distribution (b) of Si30@C particles.

FIGURE 3 | SEM images of Si30@C at 50,000× (a) and 100,000× (b,c) magnification.

nanoparticles (SiNPs). Second, the carbon precursor sucrose is 
polymerized around the sulfur-coated particles. During the final 
pyrolysis step, the sucrose is carbonized. Simultaneously, the sul­
fur is removed in situ, whereby voids are formed [41, 42]. Herein, 
Si–C composites with a Si content of 30 wt% (Si30@C) were pre­
pared. The silicon content of the composites was confirmed by 
TGA measurements to be 30.1% (Figure S10).

Using Raman spectroscopy, the silicon nanoparticles as well 
as the carbon matrix can be analyzed (Figure 2a). The Raman 
spectrum of the Si–C composite shows the first-order band of 
crystalline silicon between 500 and 520 cm−1 in good agreement 
with the pristine material [42]. The position and width of 
this peak are determined by the size and structure of the nano‐
crystals [46, 47]. The D-band at 1345 cm−1 and the G-band at 
1600 cm−1 arise from the carbon matrix and are assigned to the 
disordered D-band (breathing mode of sixfold aromatic rings in 
the presence of disorder) and the G-band (in-plane stretching 
of bonds between sp2 carbon atoms) [48, 49]. Fitting the spectra 
with a Lorentzian function results in an ID/IG ratio of ∼1. 
This shows that the carbon shell consists of sp2-hybridized 
carbon with a short-range ordered carbon structure. The X-ray
diffraction pattern confirms the crystallinity of the SiNPs 
(Figure S1a).

The particle size distributions (PSDs) of Si30@C are shown 
in Figure 2b. Particle sizes play an important role as they 
determine the structure and hence the electrochemical charac‐
teristics of the SSB electrodes. The D50 value corresponds to 
the size of the secondary particles and is 22.3 µm for Si30@C. 
The Si–C particles possess a monomodal PSD with particle 
diameters below 100 µm.

For further analysis of the Si–C particle morphology, 
Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) were conducted. Analyzing the SEM images of 
Si30@C, both agglomerates and individual spherical particles are 
visible (Figure 3a). As the SiNPs are partially aggregated, mainly 
Si30@C agglomerates are formed during synthesis [13, 42]. 
Thereby, two different types of agglomerates can be distinguished. 
On the one hand, there are agglomerates with bubble-like surface 
structures (on the left in Figure 3a) originating from the merging 
of several individual Si–C particles with varying sizes (= primary 
particles). On the other hand, there are angular-shaped agglomer­
ates with more even surfaces (in the middle of Figure 3a). Using 
a higher magnification, it can be seen that these agglomerates 
are composed of a honeycombed carbon matrix with embedded 
silicon particles (Figure 3c). The carbon matrix surrounding the 
SiNPs is also visible within the spherical-shaped agglomerates 
(Figure 3b). The Si30@C primary particles possess diameters 
between 50 and 100 nm.

In the TEM images of Si30@C, the silicon nanoparticles as well 
as the carbon matrix can be identified (Figure 4). A 5–10 nm thick 
carbon shell surrounds the SiNPs, which range from 40 to 80 nm 
in diameter. The SiNPs are intact spherical particles, although 
the voids cannot always be clearly distinguished from the carbon 
shell. However, this confirms an intimate contact between silicon 
and carbon. As described above, the carbon shell originates from 
a sucrose precursor and is calcined at <1000 °C. In good agree­
ment with Raman spectroscopy, the carbon mainly consists of 
amorphous sp2 carbon domains without any long-range ordering. 
Stacked graphitic domains as well as clear carbon fringes are not 
present in the TEM images. This is consistent with the relatively 
high intensity of the D-band in the Raman spectra.
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FIGURE 4 | TEM images of Si30@C particles at magnifications of 50,000× (a), 200,000× (b), and 300,000× (c).

FIGURE 5 | Voltage profiles (a) and differential capacity analysis (b) of Si30@C composite electrodes in half-cells versus lithium.

2.2 |  Analysis of Lithiation Mechanism and 
Electrochemical Performance in Half-Cells versus 
Lithium

For analyzing the lithiation mechanism and cycle behavior of 
the Si30@C particles, a composite electrode was assembled 
with Si–C as active material, Li6PS5Cl as SE, and CNF as con‐
ductive additive. Cross-section SEM images of such a composite 
showed Si–C agglomerates in the range of 10–20 µm next to SE 
particles, which is in good accordance to PSD measurements 
from above (Figure S8). The larger agglomerate size reduced 
the effective interface toward the electrolyte and is supposed 
to reduce side reactions. Hence, the carbon must actively 
contribute to ion conduction within the agglomerate particle. 
The CNFs can be observed as fiber-like structures between Si–C 
and SE particles. This Si30@C-70 electrode (second number 
refers to the mass fraction of Si–C) was evaluated in half-cells 
versus lithium in a voltage range between 2.00 and 0.01 V versus 
Li/Li+.

During the first lithiation, the voltage curve of the Si30@C com­
posite electrode drops slowly until about 0.2 V versus Li/Li+ 

(Figure 5a). This distinct sloping region is a result of the lithiation 
of the carbon matrix. The lithium ions have to pass the carbon 
shell before they are able to form an alloy with silicon. Similar 
sloping regions were also observed for other carbon-based compo­
site electrodes [13, 50, 51]. Although around half of the sloping 
capacity originates from SEI formation in the first cycle, the 
sloping region is also present in subsequent cycles and contributes 
to the overall lithiation capacity.

Continuing the first lithiation, a voltage plateau around 0.08 V 
versus Li/Li+ is observed. This plateau correlates with a clearly 
developed peak of the differential capacity analysis (dQ/dU) 
at the same voltage (Figure 5b). Within this two-phase region, 
crystalline silicon (c-Si) is converted into amorphous lithium–
silicon compounds (a-LixSi) so that both phases exist in parallel 
[10, 27, 52]. If the lithium concentration reaches x = 3.75, a spon­
taneous phase transition takes place from a LixSi to crystalline 
Li15Si4 (c-Li15Si4) [53, 54]. The formation of c-Li15Si4 typically takes 
place at voltages lower than 50 mV [55, 56]. In total, a capacity 
of 1473 mAh g−1 was reached in the first lithiation. The silicon 
NP alone can only account for ∼1070 mAh g−1 of that capacity, 
meaning that the carbon matrix will also store a certain amount 
of capacity, as can be seen from the sloping region that is typical 
for amorphous carbons. This capacity was calculated to be as high 
as 566 mAh g−1. However, it also includes the irreversible capacity 
for SEI formation. The defect-rich carbon surface is known to be 
prone to side reactions with sulfide electrolytes [57].

During the subsequent delithiation, the dQ/dU peak at 0.08 V 
versus Li/Li+ at the beginning of the charging process could be 
attributed to the delithiation of the carbon matrix [13, 58]. The 
voltage plateau, respectively, the dQ/dU peak at around 0.44 V 
versus Li/Li+ corresponds to the conversion of c-Li15Si4 to a-LixSi 
[52, 56]. The delithiation of a-LixSi with x  < 3.75 leads to the 
dQ/dU peaks at 0.30 and 0.50 V versus Li/Li+ [14, 56, 59, 60]. 
Further delithiation of a-LixSi leads to an increase in voltage [53]. 
The total capacity during the first delithiation was 1100 mAh g−1, 
showing that still ∼200 mAh g−1 can be stored reversibly inside the 
carbon matrix, which is reasonable for amorphous carbon.
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FIGURE 6 | Lithiation capacities and CE (a) as well as corresponding EIS spectra (b) of Si30@C(*)-70 electrodes versus lithium.

As an amorphization of silicon takes place in the first cycle, the fol­
lowing cycles start from amorphous silicon (a-Si) [55]. Hence, the 
voltage curves are sloped and consist of two plateaus merging into 
each other instead of a single potential plateau [10, 27]. These two 
plateaus are located between 0.23–0.20 V and 0.08–0.06 V, as can 
be identified by the dQ/dU curves. They arise from different phase 
transitions of a-Si and a-LixSi during lithiation [14, 56, 59, 60]. 
The dQ/dU peak from the formation of c-Li15Si4 at around 0.05 V 
versus Li/Li+ interferes with the peak between 0.08 and 0.06 V 
vs. Li/Li+ [60]. However, as from the second delithiation onwards 
both the dQ/dU peak as well as the plateau in the voltage curve 
at 0.44 V versus Li/Li+ becomes more pronounced, it is obvious 
that c-Li15Si4 is formed in all lithiations. Due to the potentiostatic 
step during the 2nd and 12th lithiation, the intensity of the 0.44 V 
dQ/dU peak is higher in these cycles [53, 61]. Simultaneously, the 
dQ/dU peak at 0.30 V versus Li/Li+ has almost vanished in the 2nd 

and 12th delithiation. This indicates a partial polarization-related 
suppression of the c-Li15Si4 formation by internal strains in the 
electrodes [61].

For further evaluation of the electrochemical performance, the 
half-cells versus Li/Li+ were cycled for 50 cycles. The lithiation 
capacities, CEs, and impedance spectra are shown in Figure 6.

The initial coulombic efficiency (ICE) is around 75%. Although 
Si–C particles from the same batch but with different D50 values 
(Si30@C: D50: 22.3 µm; Si30@C*: D50: 38.9 µm; PSD of Si30@C* 
in Figure S1b) were analyzed, due to material availability, the 
cycle performance versus lithium shows good reproducibility. The 
impedance spectra show that the bulk resistance Rb of the SE 
(located at high frequencies) does not increase significantly. The 
charge transfer resistance Rct,a (2910 Hz) after 50 cycles is also very 
low, as it rises to a maximum of 4 Ω (see Figure S2). Hence, a 
stable SEI forms and no contact loss occurs between the electrode 
particles during cycling. Additionally, the cells have been inves­
tigated postmortem via Raman spectroscopy and XRD (Figures 
S11 and S12). The Raman spectra show the disappearance of the 
typical band of crystalline silicon at 520 cm−1, which is in good 
agreement with the changed voltage plateau after the first cycle. 
The typical band of amorphous silicon at 480 cm−1 is not observed 
due to the high carbon content of the sample. The band at 427 cm−1 

corresponds to the PS4
3−-unit of the SE and is not shifted after 

cycling. The transformation of silicon can also be monitored by 
XRD, since the typical peaks for crystalline silicon disappear in the 

PM diffraction pattern. Other side products of SEI formation could 
not be identified due to the limited quality of the pattern.

2.3 |  Electrochemical Characterization in Full 
Cells Versus NCM

For the evaluation of application-relevant full cells using NCM 
as cathode active material, two different balancing or n/p ratios 
were investigated. On the one hand, a commonly applied n/p 
ratio > 1 was used in order to prevent lithium plating [62]. On 
the other hand, overlithiation (n/p < 1) has previously been dem‐
onstrated in LISSBs, including graphite [63], carbons with open 
and closed porosity [50, 51], and silicon [64] acting as a scaffold 
for lithium metal plating and stripping. Moreover, we recently 
showed that the reversible storage of metallic or clustered lith‐
ium in carbon-based SSB anodes is possible for n/p ≤ 1 without 
the occurrence of internal hard short-circuits [50, 51]. Lithiation 
of the herein-studied Si–C composites as an active material leads 
to the incorporation of lithium ions not only in the SiNPs but 
also within the carbon matrix (see Figure 5) [13]. Consequently, 
we investigated the storage of additional capacity in the carbon 
shell by overlithiation of Si–C composite electrodes. Thereby, the 
carbon matrix is intended to serve as a framework for the reversi‐
ble lithium deposition [50, 51]. Investigating overlithiation of the 
Si–C composite electrode in half-cells is, however, challenging, 
especially for analysis of more than one cycle. This is due to 
the high areal loading of 7.2 mAh cm−2, which quickly leads to 
contact losses on the lithium side (Figure S3). Nevertheless, the 
first cycle showed that the voltage of the half-cells drops below 
0 V after 1430 mAh g−1. Subsequently, the cell was charged to a 
final capacity of 1776 mAh g−1, based on an additional capacity 
for the carbon shell of 1000 mAh per gram of carbon. This implies 
an additional 300 mAh g−1 of capacity for the anode composite. 
Our previous study showed that storage of Lithium at this poten‐
tial is possible in a solid-state battery without creating dendritic 
lithium deposits [51]. In the following delithiation, a new plateau 
close to 0 V appears with a reversible capacity of 200 mAh g−1, 
clearly distinguishable from the 0.4 V silicon plateau and the 
sloping region. Hence, metallic or intercalated lithium is stored 
in the anode. The overlithiation of Si–C composite electrodes 
was furthermore investigated in full cells versus NCM in this 
study. For calculation of the n/p ratios, the initial lithiation 
capacity of the Si–C composite electrodes (1473 mAh gSi–C

−1) 
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FIGURE 7 | Symmetrical rate tests of NCM|SE|Si30@C* cells with an n/p ratio of 0.83 (a) and 1.1 (b).

obtained in half-cells (Figure 5) was used. Consequently, the 
capacity of the carbon matrix is 566 mAh g−1 (see SI) during 
the first lithiation. However, this value also includes lithium-ion 
losses due to SEI formation on the outer surface of the carbon 
matrix [42]. To compensate for these initial lithium-ion losses, 
an almost doubled carbon capacity of 1000 mAh g−1 was assumed 
for the overlithiation of the Si–C composites. The total capacity 
of the Si–C composite is then 1776 mAh g−1 (see SI). Compared 
to the original first lithiation capacity of 1473 mAh g−1, this 
translates to a 120% higher Si–C capacity and hence to an n/p 
ratio of 0.83 for overlithiated full cells. These overlithiated full
cells with n/p = 0.83 are compared with full cells with n/p = 1.1 in 
this study.

Using symmetrical rate tests in a voltage range of 1.5 to 
4.25 V, the Si–C|SE|NMC cells were analyzed for their criti‐
cal current density without the occurrence of (micro-)short-
circuits (Figure 7). If the charge capacity is higher than 
the previous discharge capacity, this indicates micro-shorts. 
Overlithiated full cells show a slightly lower current density of
1.5 mA cm−2 at which micro-short-circuits occur compared to 
n/p = 1.1 Si–C|SE|NMC cells with 2.0 mA cm−2. However, this 
critical current density of 1.5 mA cm−2 is still higher than for 
zero-excess anodes and, moreover, identical to our previously 
tested carbon framework-based electrodes [51].

For further evaluation of overlithiated (n/p = 0.83) and non-
overlithiated (n/p = 1.1) full cells, cycle tests with a charge rate of 
0.2 mA cm−2 and a discharge rate of 1.0 mA cm−2 were conducted. 
In the first, 22nd and 53rd cycles, a lower current density of 
0.07 mA cm−2 was applied, and the impedance spectra were 
measured (Figure 8).

Both n/p ratios lead to similar ICE values between 69.2% and 
75.2% (Table 1). The full cells with n/p = 1.1 show higher discharge 
capacities than the overlithiated Si–C|SE|NMC cells (Figure 8a). 
The rate capability, capacity retention, and reversibility are also 
higher for the non-overlithiated full cells with an n/p ratio of 
1.1 (Table 1). In addition, one of the overlithiated Si–C|SE|NMC 
cells shows micro-short-circuits toward the end of the cycle tests, 
which lead to a decreasing CE. However, full cells with both n/p 
ratios were cycled with high anode areal loadings of 7.4 mAh cm−2 

in addition to a high active material content of 70 wt% in the 
composite anode.

The degradation during cycling of the Si–C|SE|NMC cells with 
different n/p ratios was also analyzed by impedance spectroscopy 
(Figure 8b). As the bulk resistance Rb of the SE (∼400,000 Hz) 
increases only slightly, the SE and the formed SEI remain elec­
trochemically stable during cycling. Fitting with an equivalent 
circuit model (ECM, Figure S5) reveals that the visible semicircle 
and corresponding charge–transfer resistance at low frequencies 
(∼3.3 Hz) can be mainly attributed to the NCM cathode (Rct,c). 
The charge transfer resistance of the Si–C anode Rct,a is located 
at higher frequencies (∼2910 Hz) and is superimposed by the 
semicircle of the cathode. Consequently, as the anode shows 
a faster electrochemical response (higher frequencies), the cath­
ode is rate-limiting in the full cells. The interfacial resistance 
of the anode, reflected by the diameter of the corresponding 
semicircle, increases only slightly during cycling (Figures 6b and 
S5). Therefore, the increase in the diameter of the semicircles 
associated with the charge–transfer resistances in Figure 8b is 
mainly due to the NCM cathode (Figure S5) [65]. The decreasing 
discharge capacities during cycling lead to lower utilization of 
the anode, resulting in a higher charge cut-off voltage. Hence, 
the charge cut-off voltage of the cathode also rises with increas­
ing cycle number [25]. However, cycling of NCM cathodes at 
(too) high voltages results in both structural and larger volume 
changes, resulting in increased mechanical degradation [66–69]. 
Consequently, the lithium-ion diffusion is aggravated, leading to 
rising charge transfer resistances [66, 68–70]. No distinct differen­
ces can be identified between overlithiated and non-overlithiated 
full cells in the Nyquist plots (Figure 8b). However, ECM fitting 
shows an around 10-fold higher increase of the Si–C charge 
transfer resistance (Rct,a) of the overlithiated full cell compared to 
the non-overlithiated full cell (Figure S5). This is indicative of a 
higher lithiation degree of the Si–C anode due to the lower n/p 
ratio applied to the overlithiated Si–C|SE|NMC cell.

To gain deeper insight into the lithiation mechanisms of non-
overlithiated and overlithiated Si–C composite electrodes, ex 
situ 7Li magic angle spinning nuclear magnetic resonance (MAS 
NMR) measurements were performed. Recently, we detected 
metallic-like lithium [51] as well as lithium clusters [50] by 
investigating lithiated carbon-based composite electrodes.

In this study, Si–C|SE|NMC cells with n/p ratios of 0.83 and 1.1 
were charged once, and the lithiated Si–C composite electrodes 
were then investigated by ex-situ 7Li MAS NMR (Figure 9). 
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FIGURE 8 | Cycle tests (a) and corresponding impedance spectra (b) of the Si–C|SE|NCM cells with an n/p ratio of 0.83 and 1.1. In (b), the impedance 
spectra of the cells with the higher discharge capacities are shown. The EIS spectra of the other cells can be found in Figure S4. The asterisk (*) implies 
the use of Si30@C* particles within the anode batch.

TABLE 1 | Values of the cycle performance of the Si–C|SE|NMC cells 
with n/p ratios of 0.83 and 1.1.

n/p 0.83 (1*) 0.83 (2*) 1.1 (1) 1.1 (1*)

ICE, % 70.8 70.8 75.2 69.2
Rate capability, %
Cycle 2 vs. 1 80.0 77.8 86.9 83.1
Capacity retention, %
Cycle 21 vs. 2 63.6 56.5 67.9 71.9
Cycle 52 vs. 23 73.8 69.3 81.2 77.3
Cycle 52 vs. 2 42.8 38.1 51.9 50.5
Reversibility (check-up), %
Cycle 22 vs. 1 60.4 60.1 67.7 74.1
Cycle 53 vs. 1 45.8 — 55.0 58.7

Note: The asterisk (*) indicates the use of Si30@C* particles within the anode batch.

FIGURE 9 | 7Li MAS NMR spectra of initial and lithiated composite anodes of Si–C|SE|NMC cells with an n/p ratio of 0.83 and 1.1. (a) Overview 7Li 
MAS NMR spectra of initial and lithiated composite anodes. (b) Magnified view of the central region around 0 ppm. The asterisk (*) implies the use of 
Si30@C* particles within the anode batch.

Optically, no metallic lithium was observed after postmortem 
analysis of the pressurized cells (Figure S6). This is in accordance 
with the NMR spectra of the lithiated Si30@C electrodes, as there 
is no signal of metallic lithium at 265 ppm [50, 51, 71–73]. The 
voltage profiles also do not show any indication of metallic lithium 

plating (Figure 7). The intense signal around 1 ppm originates 
from the ionic lithium in the SE Li6PS5Cl [50, 51, 71, 74, 75]. The 
corresponding sidebands are marked with an asterisk in the spec­
tra. Compared to the initial Si–C composite electrodes, the NMR 
spectra of the lithiated samples comprise an additional shoulder 
at around 11–12 ppm (Figure 9). This shoulder can be assigned 
to c-Li15Si4-like structures, which were formed during lithiation
[76–78]. The overlithiated Si–C composite electrode shows an 
additional low-intensity peak at around 11.5 ppm. As peaks from 
graphite intercalation compounds are located in the range of up 
to 12 ppm and above 40 ppm [72–74, 79, 80], this signal could be 
an indication of the intercalation of lithium between graphene 
layers, although larger graphitic domains are barely visible in the 
TEM images (Figure 4).

In summary, the electrochemical and material analyses show 
that the lithiation of Si–C composite electrodes leads to lithiation 
of the SiNPs in both overlithiated and non-overlithiated full 
cells. Overlithiation results in additional lithiation of the carbon 
shell. Hence, the additional capacity by overlithiation of the Si–C 
composite (n/p = 0.83) is stored within the carbon matrix without 
lithium plating by solely using the carbon storage capability for 
lithium ions. As no metallic- or cluster-like lithium deposition 
occurs, the carbon matrix probably still offers room for storing 
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FIGURE 10 | Rate and cycle test (a; see experimental section for current densities) and thickness changes (b) of NCM|SE|Si30@C pouch cells 
(n/p = 1.1) under different stack pressures.

more lithium, for example, by cluster formation at higher degrees 
of overlithiation.

2.4 |  Evaluation of Pouch Cells

Scaling up the evaluation of SSB components from pellet-type lab 
cells to application-relevant sheet-type pouch cells is an important 
yet frequently overlooked step. In addition, thickness changes of 
the cell over the state of charge (= cell breathing behavior), which 
are also dependent on the external pressure, can be measured 
when using pouch cells. In this study, electrode/electrolyte sheets 
for the preparation of pouch cells were fabricated via dry or 
solvent-based processing. For cathodes as well as SE separators, 
dry films were produced according to our previous publications 
[14, 81, 82]. As the herein-applied PTFE binder is not stable on 
the anode side at low potentials [83–85], slurry casting with an 
alternative binder was applied for the Si–C anode (Figure S7).

The Si–C|SE|NMC pouch cells were investigated under different 
stack pressures of 25 and 15 MPa, down to as low as 5 MPa, 
thereby reaching an application-relevant pressure range for elec­
tric vehicles.

The analysis of the Si–C|SE|NMC pellet-type cells with different 
n/p ratios showed that although the higher capacity of overli­
thiated Si–C electrodes can theoretically increase their energy 
density, the lower practical discharge capacities compared to full 
cells with n/p ratios > 1 (Figure 8a) will eventually lead to lower 
practical energy densities over cycling (Table S1). In addition, 
non-overlithiated Si–C|SE|NMC pellet-type cells are less suscepti­
ble to micro-shorts (Figures 7 and 8). Consequently, Si–C|SE|NMC 
cells with n/p = 1.1 were chosen for further investigations in 
pouch cells.

The Si30@C|SE|NCM pouch cells have an ICE of 56.5% at 25 MPa, 
66.9% at 15 MPa, and 62.5% at 5 MPa (Figure 10). The utilized 
capacity during the rate test and over 100 cycles at 3 mA cm−2 also 
decreases with decreasing stack pressure from 85.0% at 25 MPa, 
to 82.2% at 15 MPa, to 58.8% at 5 MPa stack pressure. Hence, 
the cell performance is influenced by the applied stack pressure. 
FIB-SEM (Focused Ion Beam Scanning Electron Microscopy) 
sections of the Si–C anode reveal a three-dimensional composite 

structure, where µm-sized Si–C agglomerates are surrounded 
by SE particles. This effectively reduces the active contact area 
between carbon and SE compared to previous results in liquid 
electrolytes. However, horizontal cracks are observed across the 
entire electrode surface. Presumably, the cell stack expands again 
after compression due to a so-called “spring-back effect.” Such 
horizontal cracks induce a high resistance for ion transport 
(Figure S8) and hence, a highly pressure-sensitive behavior. 
At higher stack pressures, the gaps are reduced, leading to an 
enhanced active material utilization.

The lower ICE compared to pellet-type cells (∼72.2%) is due to 
the additional insulating binder in the Si–C slurry electrodes as 
well as the higher cycling temperature (pouch cell: 60 °C versus 
pellet-type cell: 25 °C), which was applied to compensate for the 
higher tortuosity in these electrodes. Both effects result in a higher 
overpotential during discharge of the pouch cells (Figure S9a) 
compared to the pellet-based lab cells (Figure 7).

Despite the occurrence of micro-short-circuits, all Si–C|SE|NMC 
pouch cells can be cycled up to 10 mA cm−2 without a hard short 
circuit, independent of the applied stack pressure (Figure 10a).

At the same time, the thickness changes during cycling are gen­
erally less than 2 µm (Figures 10b and S9b). Pure silicon anodes 
such as columnar silicon, as reported previously by Cangaz et 
al. [14], show higher thickness changes of up to 10 µm. The low 
thickness changes of the herein investigated Si–C|SE|NMC cells 
are also a result of their lower discharge capacities. In addition, 
this can also be explained by the porous nature of the carbon and 
the SE matrix (as can be seen in the FIB-SEM section in Figure S8). 
From the electrode thickness and SEM images, a residual porosity 
of ∼30% can be assumed, which is sufficient to compensate for 
the volume increase of the silicon particles. This leads to the 
effective mitigation of mechanical stress within the electrode 
during charging and discharging. The low thickness change 
translates into an improved long-term stability, for example, a 
high reversibility. The reversibility is in a similar range for all 
cells with 71.6% (25 MPa), 75.7% (15 MPa), and 83.1% (5 MPa) and 
increases with decreasing stack pressure. Compared to pellet-type 
cells, the capacity retention as well as the reversibility can be (sig­
nificantly) improved, which underlines the impact of a constant 
applied external pressure on the cycle performance. However, 
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a pressure-dependent behavior can still be observed, which is 
attributed to the above-described spring-back effect. The low rate 
capability together with the high reversibility hints at kinetic 
limitations within the Si–C composite slurry electrode. Possible 
reasons can be both the structure of the composite anode and the 
nonconductive binder in the slurry anodes. Consequently, after 
initial losses, the subsequent losses are mainly of a kinetic nature, 
which need to be addressed in the future. Nevertheless, it is 
worth mentioning that the observed pouch cell performance and 
long-term stability exceed results with liquid electrolytes by far, 
which originated from the superior stress mitigation in solid-state 
batteries [42].

Although the energy densities of the herein investigated pouch 
cells with a 150 µm thick SE separator and a cathode areal loading 
of 2.3 mAh cm−2 are still relatively low (118 Wh kg−1, 248 Wh l−1 on 
cell level, see Table S2), it was possible to analyze silicon–carbon 
void structures as anode active materials in sulfidic LISSB at 
pouch cell level for the first time. Grandjean et al. [24]. demonstra­
ted stable cycling of carbon-coated silicon nanoparticles (without 
void structure) in SSB pouch cells under 1 MPa external pressure, 
but could only reach 104 Wh kg−1 and 204 Wh l−1. In addition, by 
extrapolating the SE separator of the Si–C|SE|NMC pouch cells 
down to 30 µm thickness, high energy densities of 201 Wh kg−1 

and 548 Wh l−1 (see Table S2) can be reached. This study paves 
the way for low-breathing SSBs by incorporating silicon–carbon 
composite electrodes. Promising approaches to further enhance 
the energy densities include higher overlithiation degrees or 
increased silicon contents in the active material, resulting in 
higher specific capacities. The fact that the cells maintain high 
reversibility and ICE under low stack pressures is practically 
relevant and promising. This paves the way for the development 
of future silicon composite anodes.

3 |  Conclusion

In this study, a specially designed silicon–carbon composite with 
a silicon content of 30 wt% was investigated as an anode material 
for LISSB. Its void structure enables an internal compensation 
of the SiNP volume changes during cycling, which is beneficial 
for the low stack pressures required for EVs. The analysis of the 
lithiation mechanism in half-cells versus lithium showed that 
both the silicon and the carbon matrix are lithiated. Hence, in 
full cells versus NCM not only n/p ratios > 1 were investigated but 
also the concept of overlithiation by storing additional capacity in 
the carbon shell (n/p < 1) was analyzed and confirmed. However, 
despite their higher theoretical energy densities, the overlithiated 
Si–C|SE|NMC cells (n/p = 0.83) did not show an improved elec­
trochemical performance. Nevertheless, the incorporation of a 
higher lithiation capacity takes place without metallic lithium 
deposition, as proven by ex situ 7Li MAS NMR. Hence, the carbon 
matrix is (over)lithiated without the occurrence of lithium plat­
ing, making this concept in principle feasible for realizing high 
energy densities. Finally, application-relevant sheet-type based 
Si–C|SE|NMC pouch cells (n/p = 1.1) were fabricated. Analyzing 
different stack pressures during cycling showed that the pouch 
cells can even be cycled under pressures as low as 5 MPa with high 
reversibility. All pouch cells showed thickness changes mostly 
below 2 µm, although this is associated with discharge capacities 

mainly in the two-digit range. However, projected energy densi­
ties of up to 201 Wh kg−1 and 548 Wh l−1 can be reached.

In summary, silicon–carbon void structures are promising anode 
active materials to reduce the volume changes of silicon-based 
electrodes. However, the initial capacity losses and kinetic lim­
itations require further adjustments in order to improve the 
electrochemical performance.

4 |  Experimentals

4.1 |  Material Preparation

The silicon–carbon composites [42] Si30@C were synthesized by 
mixing 5.10 g of sulfur template and 1.50 g of SiNPs (Alfa Aesar, 
98%, APS ≥ 50 nm) using a ball mill (MM400, Retsch) for 5 min. 
For melt coating of sulfur, the mixture is heated to 155 °C for 
30 min. The obtained Si@S composite was ground with the ball 
mill for 5 min. 6.21 g Si@S and 8.01 g sucrose (Sigma-Aldrich) 
were dispersed in a 27.4 mL water–ethanol mixture (v:v = 1:1). 
After a 10 min ultra-sonic treatment, 37 drops (∼55.5 mg) of a 
2.5 M NaOH solution were added under stirring. The mixture 
was then heated at 100 °C for 3 h and at 160 °C for 6 h. After 
grinding the Si@S@sucrose compound, the powder is heated 
under argon at 10 K min−1 to 850 °C and held for 2 h. After cooling 
to around 50 °C, the obtained Si–C composite was ground again 
by ball milling. Thereby, Si30@C (D50: 22,3 µm) and Si30@C* (D50: 
38,9 µm) were used within this study.

LZO-coated NCM, used as the cathode active material, was 
obtained through the sol–gel process as previously described [81]. 
The crystalline SE Li6PS5Cl was received with high purity through 
mechanical milling, as reported elsewhere [13, 14, 81].

All processes mentioned below were carried out in an Ar-filled 
glove box (<0.1 ppm H2O and O2).

4.2 |  Electrode Preparation

The powdered anode composite electrodes were prepared by 
mixing Si30@C/Si30@C*, Li6PS5Cl SE, and conductive carbon 
additive (VGCF, vapor-grown carbon nanofibers) in a mass ratio 
of 70:28:2.

For the cathode composite electrode, a mass ratio of 85 wt% NCM, 
13 wt% SE, and 2 wt% VG-CNF was used.

To obtain sheet-type electrodes, a solvent-based process using 
Buna SL 4525–0 (Arlanxeo) as binder and p-xylene as solvent 
was used for the anodes. Employing the doctor blade method, the 
slurry was coated on carbon-coated copper foil. For the cathodes, 
a dry film process [81] was applied to obtain electrode sheets.

4.3 |  Preparation of a Test Cell

The pellet-type SSB cells were prepared by using a die with a 
diameter of 13 mm as reported elsewhere [86]. The cell consists 
of a stainless steel outer casing with a Teflon liner. For preparing 
a test cell, 150 mg (∼750 µm) of the SE Li6PS5Cl was uniformly 
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spread inside the die with a micro spatula and once temporarily 
compressed. Thereby, a pellet was obtained. For half-cells, a 
lithium or lithium–indium electrode was placed on one side of 
the SE pellet, and the composite electrode was homogeneously 
distributed on the opposite side of the cell stack. An areal loading 
of 5.00 mAh cm−2 was used for the Si–C half-cells. For the full cells, 
the NCM dry film electrode and the powdered Si–C composite 
electrode were placed on opposite sides of the compacted electro­
lyte surface. For the calculation of the n/p ratios, an NCM capacity 
of 210 mAh gNCM

−1 and a Si–C capacity of 1473 mAh gSi–C
−1 

(= 1st discharge capacity in half-cells) were applied. Finally, all 
cell components were again pressed together and completely 
pelletized using a hydraulic press (360 MPa for 30 s). Then, the 
cell stack was placed inside the outer steel casing, where a screw 
maintains the electrical contact in the cell. The screw was fastened 
at 3.5 Nm using a preset torque.

For assembling the pouch cells, NCM cathode dry film electrodes 
laminated on a primer-coated aluminum foil and slurry-based Si–C 
electrodes coated on carbon-coated copper foil were used. Positive 
(2.0–2.3 mAh cm−2) and negative (2.5–3.1 mAh cm−2) electrodes 
(n/p = 1.1–1.3) were separated by a free-standing PTFE-based SE 
membrane. After placing the cell stack inside a pouch bag and 
subsequent sealing under vacuum, the cell was compressed at 
360 MPa using a cold isostatic press. For cell testing, the pouch 
cell was placed in a pressurized setup. The pressure (25, 15 and 
5 MPa) was applied from above by springs, which could be precisely 
adjusted. The pouch cell pressure changes were measured by a CMU 
system (BasyTec, Germany) using a pressure sensor that was placed 
below the pouch cell. Simultaneously, contraction of the cell was 
monitored by a length sensor. The breathing of the cell had only a 
minor influence on the pressure applied by the spring.

4.4 |  Material Characterization

Raman spectra were acquired with the Raman spectrometer inVia 
from Renishaw. For the Raman measurements, a laser radiation 
wavelength of 514 nm was applied.

The PSD was analyzed via static laser diffraction using a 
Mastersizer 3000 (Malvern Panalytical) with an Aero S (Malvern 
Panalytical) dry dispersion unit.

SEM was performed with a JSM-7800F from JEOL using an Upper 
Electron Detector (UED) in-lens detector and an acceleration 
voltage between 2 and 3 kV.

TEM images were obtained with a JEOL JEM-2100 at an acceler­
ation voltage of 200 kV.

For quantifying the silicon content of the Si–C particles, a Netzsch 
STA 409 PC/PG simultaneous thermal analyzer was applied. A 
specific amount of a Si–C sample was heated under argon at
10 K min−1 to 500 °C and held for 30 min, and heated again at
5 K min−1 to 1000 °C and held for 30 min [13, 42].

4.5 |  MAS-NMR Preparation and Measurement

For evaluation of lithiated Si–C composite electrodes with nuclear 
magnetic resonance (NMR) spectroscopy, Si–C|SE|NMC cells 

were assembled and charged once to 4.25 V using a current 
density of 0.07 mA cm−2. The lithiated electrode samples were 
then obtained from the cells in an Ar-filled glovebox. The pristine 
or lithiated composite electrode powders were transferred to 
MAS rotors with a diameter of 2.5 mm and measured within 
a few hours after sample preparation. The 7Li solid-state MAS 
NMR measurements were performed on a BRUKER Avance NEO 
300 MHz spectrometer at a resonance frequency of 116.6 MHz 
with a commercial double resonance (1H, X) 2.5 mm MAS NMR 
probe operating at a MAS frequency of 15 kHz. The signal was 
accumulated over 128 scans, and the pulse repetition time was 5 s. 
During signal acquisition, SPINAL64 1H decoupling was applied. 
Lithium chemical shifts were referenced to LiCl.

4.6 |  Electrochemical Characterization

A battery tester CTS-lab (BaSyTec, Germany) was used for gal‐
vanostatic cycling with potential limitation of pellet-type and 
pouch cells. Electrochemical impedance spectroscopy (EIS) 
measurements were conducted with a VMP-3 or VSP-300 from 
BioLogic. Pellet-type cells were cycled at 25 °C and pouch cells 
at 60 °C.

For analyzing the Si–C composite electrodes in half-cells versus 
lithium a voltage range of 2.00 to 0.01 V versus Li/Li+ was applied. 
In the first two cycles, a current density of 0.07 mA cm−2 was 
used. Afterwards, the half-cells were cycled at a current density 
of 0.20 mA cm−2 for 50 cycles. After the 2nd, 12th, and 52nd 
discharges, a potentiostatic step until 0.01 mA was applied before 
measuring the impedance.

The Si–C versus NCM cells were cycled between 1.5 and 4.25 V. 
For the symmetrical rate tests, the full cells were cycled with 
a current density of 0.05, 0.10, 0.20, 0.30, 0.50, 1.00, 1.50, and 
2.00 mA cm−2 for one cycle each. Thereby, each charge step 
included a potentiostatic step at the charge cut-off voltage until 
the current decreased to one-tenth of its initial value.

During the cycle test of the Si–C|SE|NMC cells, a current density 
of 0.07 mA cm−2 was applied in the first, 22nd and 53rd cycle, 
including a potentiostatic step until 0.02 mA after charging prior 
to the EIS measurement. In addition, after the 22nd and the 
final discharge, a potentiostatic step until 0.02 mA was applied. In 
the remaining 50 cycles, the cells were charged and discharged 
with a current density of 0.20 and 1.00 mA cm−2, respectively. 
Each charge step included a potentiostatic step until 0.05 mA after 
reaching the charge cut-off voltage.

EIS was conducted with an amplitude of 10 mV in a frequency 
range of 0.1 Hz to 1 MHz.

For the pouch cells, a charge cut-off voltage of 4.10 or 4.15 V and 
a discharge cut-off voltage of 1.5 V were used. The pouch cells 
were cycled under different external pressures of 25, 15 and 5 MPa. 
After the formation cycle with a current density of 0.07 mA cm−2, a 
symmetrical rate test was performed with current densities of 0.5, 
1.0, 2.0, 3.0, 5.0 and 10.0 mA cm−2 for three cycles each. After three 
cycles at 0.05 mA cm−2, the pouch cells were cycled with a current 
density of 3.0 mA cm−2 for 100 cycles. The last cycle was performed 
with a current density of 0.07 mA cm−2 again. After each charge 
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step, a potentiostatic step was applied until the current decreased 
to one-tenth of the respective current value.
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