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The lithium—sulfur chemistry provides a next generation battery technology on the verge of
commercialization with significantly increased specific energy. However, the cycle life mainly suffers
from dendrite and continuous SEI formation in lithium anodes inducing active material and electrolyte
depletion. Here, we report on a silicon—carbon composite anode as a stable alternative anode for safe
Li=S cells. Well-defined sulfur coatings generate a shell for a silicon core (Si@S) to further form a carbon
shell (Si@S@sucrose). After sulfur removal the void structure (Si@void@C) allows to compensate the
mechanical stress imposed by the huge volume change during the lithiation of the silicon. In this case,
sulfur is not only used as a low cost and high capacity cathode material but also as a template to create
free volume. It is easily removed during the pyrolysis and no acid leaching steps are required. In half cell
tests vs. lithium a high capacity of 2270 mA h g5 (690 mA h g~ was achieved in the 10" cycle and

the reversible lithiation of the silicon particles could be ensured for more than 50 cycles. The prelithiated
Received 20th April 2018 . . ) . 5 . )
A Si—C anode with a high areal capacity of 2 mA h cm™“ was successfully matched with a sulfur cathode in
ccepted 1st July 2018

a SLS full cell on coin cell and on pouch cell levels. A high capacity of about 807 mA h gsulfufl (2nd

DOI: 10.1039/c8ta03647k cycle) was reached with a low lithium excess of only 76% compared to 2000% lithium excess in state-

rsc.li/materials-a of-the-art Li-S cells.

1 Introduction

Regarding the need for high energy density storage devices the
lithium-sulfur (Li-S) battery is a promising candidate beyond
the lithium-ion technology. Sulfur has a high theoretical
capacity (1672 mA h g~ ') and is an abundant, non-toxic and low-
cost cathode material." However, commercialization of current
Li-S cells is still hampered given that current prototype cells
still suffer from a limited capacity and cycle life.> A major
obstacle is the highly reactive lithium anode where the elec-
trolyte is decomposed constantly forming a solid electrolyte
interphase (SEI) due to lithium dendrite growth during irregular
lithium deposition. The active material is lost and short circuits
are provoked.>* That is why current cells using lithium metal
anodes need a large electrolyte and lithium excess for
a reasonable lifetime.?

Silicon is an attractive anode material increasing both the
safety and the cycle stability of Li-S batteries.® It has the highest
lithium storage capacity (3579 A h™" kgs; ') among known

“Department of Inorganic Chemistry, Dresden University of Technology, BergstrafSe 66,
01062 Dresden, Germany

*Fraunhofer Institute for Material and Beam Technology (IWS), WinterbergstrafSe 28,
01277 Dresden, Germany. E-mail: susanne.doerfler@iws.fraunhofer.de

°Oxis Energy, E1 Culham Science Centre, 0X14 3DB Abingdon, UK

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c8ta03647k

This journal is © The Royal Society of Chemistry 2018

elements regarding a full lithiation to Li;5Si, and the delithia-
tion occurs at a low voltage around 0.4 V vs. Li/Li".” During the
lithiation process of silicon a large undesirable volume expan-
sion (about 300%) takes place.® This volume expansion and
contraction can lead to the pulverization of the electrode and
the loss of electrical contact between silicon and the current
collector. This results in a low coulombic efficiency (CE) and
rapid capacity fading during the galvanostatic cycling. Another
crucial failure mechanism is the unstable SEI at the silicon
surface which is cracked by mechanical stress and formed
repeatedly consuming the electrolyte comparable to lithium
metal anodes.’

Recently, significant progress has been made by using
nanoscale silicon structures like nanoparticles,’®*® thin
films,*”"° nanotubes,**** nanowires®*? and nanoporous
silicon®*?** to overcome these problems.*® Several of these Si
based anodes were coupled with a sulfur cathode to generate
a SLS full cell reducing the lithium excess.**#1%17:25-27:31,32,34 ¢y
improve the electrical contact a carbon matrix is introduced in
many cases.**” A higher stability of the anode in the resulting
SLS cell was shown.'*'®3%3%41 Nanostructured silicon-carbon
composites with free volume between the silicon core and the
carbon shell can potentially compensate the volume change and
ensure the formation of a stable SEI at the surface of the carbon
shell preventing electrolyte consumption during cycling.**** In
many publications, free volume is generated by etching silicon
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or a sacrificial silica template with toxic and hazardous hydro-
fluoric acid.***~>*

Some other groups used sodium hydroxide or lithium
hydroxide instead of hydrofluoric acid for partially etching the
silicon.*>*® However, these treatments comprise washing steps
and hence, result in the loss of silicon. Especially wet-chemical
washing/drying steps are hardly scalable and therefore, less
applicable in industrial production.

In contrast, an elegant template is elemental sulfur by
itself.>” Melt coating on commercially available silicon nano-
particles (SiNPs) provides a high degree of control. Via a wet
chemical process, sucrose as a low-cost, non-toxic, environ-
mentally friendly carbon source is polymerized around the
sulfur coated silicon particles. During the carbonization of the
polymerized sucrose, sulfur is removed in situ and a void
between the silicon core and carbon shell is obtained. No
further washing steps are needed rendering this synthesis
scheme rather promising for production. It makes use of
industrial sulfur waste and reformulates it into a highly tailored
nanostructured void architecture. Commercially available
silicon powder with mostly aggregated particles and a broad
particle size distribution could be used as a widely available und
a relatively inexpensive source of nanostructured silicon.

Through galvanostatic cycling vs. lithium (half cells) an
increased electrochemical stability of the nanostructured
silicon-carbon (Si-C) composite has been demonstrated when
compared to Si-C composites without free volume and the as-
received SiNPs resulting in an increased cycle stability and
lithiation capacity. Finally, the cycle life of Li-S cells is pro-
longed without loss of capacity by the substitution of the
lithium metal with a prelithiated Si-C anode. The feasibility of
this cell concept could be shown both on coin and on pouch cell
levels.

2 Results and discussion
2.1 Structural characterization

To overcome the electrode degradation caused by the volume
change of the silicon during lithiation a nanostructured Si-C
composite (Si@void@C) with tailored voids is synthesized as
illustrated in Fig. 1.

Transmission electron microscopy (TEM) evidences the void
structure formation (Fig. 2). A uniform sulfur coating (5-20 nm
thick) of the SiNPs (50-150 nm diameter) (Fig. 2a) protecting the
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Fig. 1 Schematic illustration of the synthesis process of the nano-
structured silicon—carbon composite (Si@void@C).
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Fig. 2 TEM images of the sulfur coated SiNPs (Si@S) (a) and the
resulting silicon—carbon void structure (Si@void@C) (b—d).

SiNPs from decomposition during the alkaline treatment of the
sucrose polymerization is obtained. Without the sulfur layer,
the SiNPs are not stable during the synthesis in alkaline
medium (Fig. S1t).

The resulting void structure contains voids with a diameter
about 50-150 nm with a nearly 10 nm thick carbon shell
(Fig. 2b-d). Obviously, the free volume does not completely
compensate the lithiated silicon volume expansion of 300%.
But introducing larger voids by a thicker sulfur shell led to poor
electrical contact of the silicon cores (Fig. S2t). This phenom-
enon was also shown by other groups.*** However, due to the
tailored voids the carbon matrix gains enough flexibility to
compensate the volume change of the silicon.

The TEM images in Fig. 2 as well as the SEM images in Fig. 3
show that commercially available SiNPs (Fig. 3a and b) are

Fig. 3 SEM images of the as-received SiNPs (a and b) and of the Si—-C
composite (Si@void@C) (c and d).

This journal is © The Royal Society of Chemistry 2018
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partially aggregated - a typical phenomenon observed for
nanoparticles in order to minimize the surface energy.

This affects the morphology of the Si-C composite (Fig. 3c
and d): mostly, particle aggregates are coated instead of indi-
vidual particles. Nevertheless, with the resulting carbon
coating, the silicon particles seem to be covered completely. The
coated primary silicon particles are approximately 100-200 nm
in diameter and form micrometer-sized agglomerates that
decrease the surface area and the tap density of the composite.*®
X-ray powder diffraction (PXRD) and Raman spectroscopy
results as shown in Fig. 4 confirm the stability and intactness of
crystalline SiNPs throughout the synthesis process. PXRD of the
SiNPs and the Si-C composite (Fig. 4a) shows the typical
diffraction pattern of cubic silicon.*® No diffraction peaks cor-
responding to graphitic carbon or silica could be observed in
the PXRD pattern.

However, the emergence of amorphous silica phases during
the alkaline treatment cannot be excluded. For this reason,
Raman studies were carried out as well to reveal the absence of
a characteristic band of the amorphous silica around
460 cm™*.* The Raman spectrum of the Si-C composite shown
in Fig. 4b exhibits a strong peak at 520 cm™ ' corresponding to
the characteristic peak of pure SiNPs. Another characteristic but

weaker peak at 974 cm ™' of silicon is not visible.® The two
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Fig. 4 PXRD pattern (a) and Raman spectra (b) of bare SiNPs and the
Si—C composite confirm the stability of the crystalline silicon nano-
particles during the synthesis.
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broad peaks of the Si-C composite at about 1350 cm ™' and

1600 cm ™" could be explained by the disordered D band and the
graphitic G band of the carbon matrix. By fitting the spectra
with a Lorentzian function to calculate the intensities of the D
band and the G band, the degree of graphitization In/Ig ~ 1 is
calculated.® That means that the carbon shell of the Si-C
composite has a short-range-ordered carbon structure that
matches well with the TEM investigations where clear carbon
fringes are hardly observable. The silicon content of the Si-C
composite which is around 30% was determined via an adapted
stepwise combustion of the carbon matrix and oxidation of the
silicon under air at 1000 °C (Fig. S37).

The removal of the sulfur template during the pyrolysis is
investigated and monitored by thermal gravimetric mass spec-
trometry (TGA-MS) displayed in Fig. 5. Firstly, the composite is
heated under argon flow at 10 K min ™" to 850 °C and annealed
for 2 h. The highest mass loss is at around 300 °C which is
related to the carbonization of the polymerized sucrose and the
removal of sulfur (Fig. 5a). According to the mass spectra of the
evolved gas species (Fig. 5b), sulfur is decomposed presumably
to hydrogen sulfide (HS, H,S), sulfur monoxide (SO, SO,) and
disulphur (S,) matching the respective molar masses. The
sulfur template could be removed almost completely and just
around 8% sulfur remains in the Si-C composite, which was
determined by CHNS elemental analysis.

2.2 Electrochemical characterization

2.2.1 Half cell testing. For general electrochemical char-
acterization, the Si-C electrodes are galvanostatically cycled in
half cells vs. an elemental Li anode. The silicon-carbon void
structure electrode (Si@void@C) is compared with a silicon-
carbon composite electrode without a void structure (Si@C) and
an electrode containing bare silicon nanoparticles (SiNPs).
Fig. 6 shows the resulting lithiation capacity and the CE. The
lithiation is both calculated based on the total mass of the
electrode (Fig. 6a) and on the silicon fraction in the electrode
(Fig. 6b), whereby the capacity from the lithium intercalation in
the carbon matrix (220 mA h g~ ") is subtracted in the case of the
Si@C and the Si@void@C electrode. A value of 220 mA h g™*
was obtained by analyzing an analogue pyrolyzed carbon
precursor without SiNPs (Fig. S4+1).

In the first cycle, the electrode with pure SiNPs shows the
highest capacity of 3094 mA h g~ " based on the electrode mass
because of the highest silicon content of 80% (Fig. 6a). The
Si@C electrode contains 42% silicon and the Si@void@C elec-
trode contains 23% silicon resulting in initial capacities of
1570 mA h g and 1335 mA h g~'. During the first cycle all
three silicon electrodes show a high irreversible capacity cor-
responding to an initial coulombic efficiency lower than 100%.
On one side, there is a loss of electrically contacted active
material because silicon is strained by the large mechanical
stress during the initial lithiation of the crystalline SiNPs. On
the other hand, the electrolyte is reductively decomposed at the
anode surface where the solid decomposition products form
a SEI which ideally inhibits further electrolyte reduction. The
Si@void@C electrode has the lowest CE of 47% followed by the
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Fig. 5 TGA profile of the pyrolysis (under argon) of the Si@S@sucrose compound (a) and the evolved gases detected by mass spectrometry (b).

Si@C electrode with 64% and the SiNP electrode with 72%.
Since sucrose is used as carbon source, the Si-C composites
consist of a porous unordered carbon coating with dangling
bonds. This leads to an increased surface of the composite
which reacts with the electrolyte. Besides the SEI formation on
the carbon surface, there is also a partially irreversible lithium
intercalation in the carbon matrix leading to the higher initial
loss of lithium. According to Chen et al the CE of the
Si@void@C electrode is lower than that of the Si@C electrode
given that the surface area is increased by the higher void
volume.* In accordance to other publications, the CE of the
Si-C anodes is much better in carbonate based electrolyte like
LP30 (1 M LiPFs in 1:1 (m/m) ethylene carbonate/dimethyl
carbonate) which is standardly used in lithium-ion batteries
(Fig. S5T)." But these groups of electrolytes could to be used in
the lithium-sulfur chemistry because polysulfides react with
carbonates.® In this way a commonly used lithium-sulfur battery
electrolyte containing 1 M bis(trifluoromethane)sulfonamide
lithium salt (LiTFSI) and 0.25 M LiNO; in 1:1 (v/v) 1,2-dime-
thoxyethane (DME) and 1,3-dioxolane (DOL) is used. Lithium
nitrate is beneficial for Li-S cells as it forms Li,SOy-based SEIs on
the anode side suppressing the polysulfide shuttle.*®

Certainly, the low initial CE is a characteristic signature of
many silicon anodes which has to be solved regarding the use
of silicon anodes in lithium-ion batteries where the loss of
lithium ions is crucial.®® In the case of Li-S batteries it is less
critical because a prelithiated silicon anode with an already
formed SEI is used. As expected, the SiNP electrode suffers
from fast degradation as a result of the large volume change of
the silicon whereby the SiNPs lose their electrical contact
(Fig. 6a). Within 15 cycles the capacity declines to
387 mA h g~ " and the silicon can no longer be lithiated. After 9
cycles the CE rises to over 100% which could be related to the
end of the reversible lithiation/delithiation. In the same way,
the Si@C electrode shows a rapid capacity fading and a CE
around 90% right from the start. Similar to the SiNP electrode
the silicon cannot be reversibly lithiated after 15 cycles and
the CE increases above 100%. The Si@void@C electrode

14790 | J Mater. Chem. A, 2018, 6, 14787-14796

achieves a relatively high lithiation capacity of 692 mA h g~*
after 10 cycles and high capacity retention for more than 50
cycles. Since the carbon shell is not cracked by the volume
change, the SEI is stabilized at the carbon surface, and the CE
is increased to around 98% in a few cycles and remained at
this value there for more than 40 cycles. It also enables a good
rate capability (Fig. S6at).

In Fig. 6b the capacity calculated based on the silicon frac-
tion is compared to the theoretical capacity of Li;5Si, (3579
mA h g5 ). Due to the SEI formation and other lithium
consuming side reactions, the capacity calculated based on the
silicon mass of the SiNPs and the Si@void@C electrode is
higher than the theoretical capacity of Li;5Si, in the first cycle.®
The Si@void@C electrode shows a capacity of 2255 mA h gg;*
in the second cycle which corresponds to a utilization of silicon
of 63%. After 15 cycles still 61% of the silicon in the Si@void@C
could be lithiated, whereas the silicon in the SiNP electrode and
the Si@C electrode could not be used.

As can be seen from the voltage profiles the first lithiation of
the silicon consists of two parts (Fig. 6c-e): the potential
decreases slowly to 0.1 V corresponding to the SEI formation
and the Li intercalation in the carbon matrix. At a potential of
ca. 0.1V there is a plateau related to the lithiation of crystalline
silicon to amorphous Li;5Si,.** The delithiation of the unstable
Li;5Si, correlates with the charge plateau around 0.45 V.** After
the first cycle the silicon becomes amorphous and thus, there is
no flat plateau during the discharge process in the following
cycles.® Due to the degradation of the SiNPs and the Si@C
electrode, the charge plateau around 0.45 V is not visible in the
10th and in the 50th cycle and finally a charge cut-off voltage of
1V could not be reached.

Regarding the potential use of the Si@void@C in commer-
cial lithium-sulfur or lithium-ion cells the areal capacity is one
crucial parameter.”® Many publications show Si-C electrodes
with high cycle stability but low electrode loading causing
a poor area related capacity.®>**° Fig. 6f reveals the dependency
of the electrode loading and the electrode stability. Typically,
with an increasing electrode thickness the influence of the

This journal is © The Royal Society of Chemistry 2018
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electrode (e) imply the lithiation of the crystalline silicon particles and the formation of LijsSis. High areal capacities could be achieved using

Si@void@cC electrodes (f).

volume change of the silicon rises and the electrode degrades
faster. Additionally, with higher loading, lithium diffusion to
the active anode material is hampered leading to decreased
silicon utilization as well.

Due to the void structure high areal capacities above
2.5 mA h em™? could be achieved with only a slight capacity
fading. Another requirement for the transfer to applicable cells
is the potentially simple scalability of the Si@void@C
composite synthesis. Thus, we were able to increase the batch

This journal is © The Royal Society of Chemistry 2018

size from a laboratory scale (2 g batch) to 50 g with a repro-
ducible electrochemical performance which is shown in
Fig. S6b.i From the developed Si-C electrode with at least an
area DIN 4A in size, double-sided pouch electrodes (4.6 x 7.1
cm?) were cut out using laser-cutting (Fig. 7a). The anode and
the cathode were welded on a nickel tap and assembled to
a one-layered pouch cell (Fig. 7b).

As can be seen in Fig. 6f the electrochemical performance
of the Si@void@C composite with a decreased electrode

J. Mater. Chem. A, 2018, 6, 14787-14796 | 14791
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Specific capacity and CE of the half cell testing in coin and in pouch
cells (c): the Si@void@C electrodes (0.3 mg cm™2) show comparable
capacity retention and a stable CE for more than 80 cycles.

loading of 0.3 mg cm ™~ ? vs. Li/Li" in pouch cells is comparable
to the half cell testing in coin cells. In the second cycles
789 mA h g ' could be reached in the pouch cell and
619 mA h g~" in the coin cell. As explained above, the CE in
the first cycle is only 38% in the coin cell and 50% in the
pouch cell. In the second cycle the CE of the pouch cell rises
above 100%. This could be related to wetting conditions
through the irregular pressure distribution in single-layered
pouch cells. However, in the following cycles a very stable
CE around 97% in the coin cell and 96% in the pouch cell
could be achieved for more than 80 cycles.

2.2.2 Full cell testing. To replace the unstable, highly
reactive lithium anode in Li-S cells the Si-C electrode has to be
previously lithiated in a half cell setup and then the Li,Si-C
electrode is assembled vs. a sulfur cathode (Sg—C). Before full
cell testing both electrodes were characterized in half cells vs.
Li/Li" to adjust the balancing of the lithiated silicon sulfur cell
(SLS) and hence, the respective voltage window is attributed to
the fact that the potential slope of the silicon delithiation
strongly influences the way of balancing. The ratio of the actual
and realistically measured areal capacities of the anode and the
cathode has to be correlated to ensure a stable full cell. Thus,
the discharge profile of the Sg-C cathode and the charge profile
of the Li,Si-C anode are compared in Fig. 8a and b to determine
the cut-off voltage for the full cell testing.

Generally, for the full cell concept it is reasonable to over-
balance the anode for two reasons: firstly, the compensation of
lithium losses through SEI formation and pulverization of the
Li,Si-C anode is one issue. Secondly, it is beneficial when the

14792 | J. Mater. Chem. A, 2018, 6, 14787-14796

View Article Online

Paper

cathode (lithiation) discharge slope meets the delithiation slope
of the anode at a constant potential in order to create a stable
difference between the two potentials. The lower the difference
between the lithiation slope of the cathode and delithiation
slope of the anode, the lower the voltage value where the full
cells need to be discharged being detrimental in terms of the
electrolyte depletion. According to this the SLS cell on the coin
cell level (Fig. 8a) is limited to the anode with a balancing of the
practical areal capacities (2™ cycle) of the anode : cathode of
5 : 3. Unfortunately, the Li,Si-C pouch anode needs to have
a lower loading due to delamination effects during prelithiation
at higher loadings. Thus, the SLS pouch cell (Fig. 8b) is limited
to the Sg—C cathode with a balancing anode : cathode of 10 : 11
and the discharge cut-off voltage has to be decreased to 1.11 V to
delithiate the Li,Si-C anode at least. Fig. 8c-f show the specific
capacity retention and the corresponding voltage profiles of the
SLS cells compared to the Li-S cell. Even though the SLS coin
cell has a much lower lithium excess of only 76% than the Li-S
cell with a huge lithium excess of about 2000% the capacity
retention obtained for both concepts is comparable. In the
beginning (2" cycle) the capacity of the SLS cell is 807 mA h
gsulfufl and of the Li-S cell is 830 mA h gsulfur’l and after 50
cycles even 492 mA h ggua, * in the SLS cell and 617 mA h
Zourar - in the Li-S cell are reached (Fig. 8c). The CE of the SLS
cell is just around 80% because the used electrolyte is optimized
for Li-S cells and is not suited for silicon anodes.*** Probably,
the LiNO; is consumed in the first cycle and the SEI could not be
stabilized.®” In this way the electrolyte is decomposed repeatedly
and the polysulfide shuttle is promoted.

The voltage profiles in Fig. 8e of the SLS cell show both
characteristic plateaus during the discharge process. In
comparison to the Li-S cell (Fig. S71) the voltage profiles are
shifted to lower voltages and the average cell voltage decreases
from 2.1 Vin the Li-S cell to around 1.7 V in the SLS cell because
of the higher potential of the lithiation of silicon.

As expected, the SLS pouch cell shows a lower capacity of 348
mA h gsulfufl corresponding to a low capacity of 363 mA h
Zanode  related to the anode in the beginning (2™ cycle) and
the capacity slowly decreases to 80 mA h ggus: ' (138 mA h
Zanode ) after 50 cycles (Fig. 8d). The main reason for this is the
overbalanced Sg-C cathode. Thus, the sulfur could not be
utilized completely and lithium is lost steadily because of the
anode degradation. The CE is just around 40-50% and hence,
only half of the amount obtained in the coin cell setup, which
could be explained by the increased side reactions due to the
higher electrolyte amount in the pouch cell and the polysulfide
shuttle which could not be suppressed. In line with the low
sulfur utilization, the discharge profile (Fig. 8f) exhibits only
one plateau at around 1.9 V.

Nevertheless, it was possible to show the feasibility of the SLS
cell on the pouch level by elucidating the crucial issues that
occur when cell concepts are supposed to be scaled up from the
coin cell level which is a important step towards commerciali-
zation. It could be underlined that the balancing of the SLS cell
needs to be limited to the cathode to compensate lithium losses
and to utilize the sulfur cathode completely. The low CE of the
SLS cells indicates that research on electrolytes which are suited

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 The balancing of the SLS full cells on the coin cell level (a) which is limited to the anode and on the pouch cell level (b) which is limited to
the cathode because of the lower loading of the anode. The results of the full cell testing in coin cells (c and e) and in pouch cells (d and f): specific
capacity (c and d) and the corresponding voltage profiles (e and f). With much a lower lithium excess of 76% in the SLS cell, a capacity retention

comparable to that of the Li—-S cell is achieved.

for SLS cells is crucial to achieve higher capacity retention.
Tailoring of nanostructured silicon composites is necessary but
for multilayer pouch cells the realization of electrodes with high
active material loadings is challenging.

3 Experimental
3.1 Synthesis of the silicon-carbon composite

In order to cover silicon nanoparticles with sulfur, 10 g SiNPs
(Alfa Aesar, 98%, APS = 50 nm) and 34.626 g sulfur (Sigma

This journal is © The Royal Society of Chemistry 2018

Aldrich, = 99.5%) (Si: S 1:3 molar ratio) were mixed with
a mixer mill (MM400, Retsch) for 5 min at 25 Hz and heated
for 30 min at 155 °C. The covered particles (Si@S) were
ground with the mixer mill again and 40.220 g Si@S were
suspended in a 178 ml mixture of ethanol/water (1:1 v/v).
51.884 g of sucrose (Sigma Aldrich, = 99%) was added and
after a 10 min ultra-sonic treatment, 3459 mg of a 2.5 M
sodium hydroxide solution was added dropwise under
vigorous stirring. The mixture was heated for 3 h at 100 °C

J. Mater. Chem. A, 2018, 6, 14787-14796 | 14793
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and 6 h at 160 °C. To remove the sulfur and carbonize the
polymerized sucrose the grinded Si@S@sucrose compound
is heated under argon with 10 K min~" to 850 °C annealed for
2 h.

3.2 Structural characterization

The nanoscale structure and morphology of the Si-C composite
were examined using a TEM JEM-2100 from JEOL (200 kv
acceleration voltage) and SEM DSM 982 GEMINI from Zeiss (7
KV acceleration voltage) and SU8020 from Hitachi (5 kV accel-
eration voltage). PXRD experiments were performed with a Pro
Panalytical X'pert diffractometer using Cu Kal radiation and
a scan range 20 = 10-80°. Raman spectroscopy data were
collected using a Renishaw inVia Raman spectrometer under
ambient conditions using a laser with a wavelength of 514 nm.
By determining the degree of graphitization Ip/Ig, the intensi-
ties of the D band and the G band were calculated by fitting the
spectra with a Lorentzian function. A thermal analysis of the
pyrolysis was performed using a Netzsch STA 409 PC Luxx
simultaneous thermal analyzer combined with an Aéolos QMS
403C quadrupole mass spectrometer. Analogous to the
synthesis procedure, the Si@S@sucrose compound was heated
at 10 K min " to 850 °C for 2 h under argon flow. To quantify the
silicon content, the Si-C composite was heated under argon at
10 K min~" to 500 °C and held for 30 min and heated again at 5
K min " to 1000 °C and held for 30 min using a Netzsch STA 409
PC/PG simultaneous thermal analyzer. The carbon, hydrogen,
nitrogen and sulfur contents of the Si@void@C composite were
determined using an elemental CHNS analyzer vario MICRO
form ELEMENTAR.

3.3 Electrochemical characterization

3.3.1 Silicon-carbon composite anode preparation. A
slurry containing 80 wt% active material (Si@void@C, Si@C or
SiNPs), 10 wt% multiwalled carbon nanotubes (MWCNT,
Nanocyl 7000, 90%) and 10 wt% styrene-butadiene rubber (SBR,
Targray, 15%) was prepared in water using a mixer mill
(MM400, Retsch) at 25 Hz for 15 min. The slurry was directly
coated on copper foil (Schlenk, 15 pm) with an automatic film
applicator (BYK) and the coatings were dried at 80 °C for 2 h and
under atmosphere for 24 h. For coin cells 12 mm electrodes
were cut with a heavy duty disc cutter. The electrode thickness
ranges from 50 to 60 um and the loading is around 2.8 mg cm ™2,
which results in a density between 0.45 and 0.55 g cm >, The
pouch electrodes (4.6 x 7.1 cm?®) were cut with a custom-made
laser cutting system. Their loading is around 0.6 mg cm™ > and
they are 30 pm thick, which results in a density around
0.2 g em 2. All Si electrodes were dried in a vacuum oven at
80 °C overnight before cell assembly.

3.3.2 Cathode preparation. The cathode is a mixture of
sulfur, carbon and binder, single-side coated on aluminum
foil serving as the current collector. The sulfur loading has
been adjusted to give 2 mA h cm™>. For coin cells 12 mm
electrodes were cut with a heavy duty disc cutter and the
pouch cell cathodes (4.6 x 7.1 cm?) were cut using a laser.
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Before cell assembly the cathodes were dried under vacuum at
50 °C for 1 h.

3.3.3 Half cell testing. The Si-C anodes and the Sg-C
cathodes were tested vs. a lithium anode (MTI Corp., 99%,
diameter 16.5 mm, thickness 250 pm) in CR2016 coin cells
(MTI Corp.) which were assembled in a glove box (MBraun)
under argon and less than 0.1 ppm O, and H,0. The coin cells
were filled with 30 pl electrolyte containing 1 M bis(trifluoro-
methane)sulfonamide lithium salt (LiTFSI, Sigma Aldrich,
99.95%) and 0.25 M LiNO; (Sigma Aldrich, 99.98%, anhy-
drous) in 1 : 1 (v/v) 1,2-dimethoxyethane (DME, Sigma Aldrich,
99.5% anhydrous) and 1,3-dioxolane (DOL, Sigma Aldrich,
99.8%, anhydrous). Additionally, a 25 pm thick porous poly-
propylene separator (Celgard 2500) and a stainless steel spacer
(100 pm) were used. Single-layer pouch cells containing a Si-C
cathode (4.6 x 7.1 cm?, 0.6 mg cm ™) and a lithium anode (4.6
x 7.1 em?, 250 um), a Celgard 2500 separator (5.0 x 7.5 cm?)
and 2 ml electrolyte (1 M LiTFSI, 0.25 M LiNO; in 1:1 (v/v)
DME/DOL) were stacked in a glove box, as well. The galvano-
static cycling was performed with a BaSyTec CTS cell test
system between 10 mV and 1 V and at a current density of 0.1
mA cm ™ in the first cycle and 0.5 mA cm ™2 in the following
cycles. In terms of the Si@void@C electrode with a loading of
2.8 mg cm > the current density corresponds to a specific
current of 36 mA g~ * (C/24) in the first cycle and to 179 mA g~ *
(C/5) in the following cycles. The C-rate is based on the weight
of silicon (3579 mA h gg'). During discharge a constant
voltage step was applied. The Li-S cells were cycled between
1.8 Vand 2.6 V with a C-rate of C/10. The capacities of the Li-S
cells were calculated based on the weight of sulfur
(1672mAh g™ ).

3.3.4 Full cell testing. For the SLS cells the Si-C anodes are
previously lithiated in the half cell set-up as described above. The
coin cell Si-C anodes were lithiated 3 times between 10 mV and
1V with a current density of 0.1 mA cm ™2 in the first cycle and 0.5
mA ¢cm~? in the second and the third cycle. A constant voltage
step is applied in the second and the third discharge step. The
pouch Si-C anode is lithiated just once with 0.1 mA em™? until
10 mV. After prelithiation the half cells were disassembled and
the Li,Si-C anode is cycled versus the described Sg-C cathode.
The SLS coin cells contain a Sg—C cathode, a Celgard 2500 sepa-
rator, a Li,Si-C anode, a stainless steel spacer (1000 pm) and 12 pl
Mg+ electrolyte (1 M LiTFSI, 0.25 M LiNO; in 1:1 (V)
DME/DOL). Accordingly, the single-layer SLS pouch cells con-
sisting of a Sg-C cathode, a Celgard 2500 separator and a Li,Si-C
anode and 2 ml electrolyte (1 M LiTFSI, 0.25 M LiNO3 in 1 : 1 (v/v)
DME/DOL) were assembled. The galvanostatic cycling was per-
formed with a BaSyTec CTS cell test system with a C-rate of C/10.
The coin cell testing was performed between 1.3 and 2.6 V and
the pouch cells were cycled in a smaller voltage range between
1.11 and 2.59 V. During charging a constant voltage step is
applied to the SLS pouch cells.

4 Conclusions

In summary, we have synthesized nanostructured silicon—
carbon composites via a simple, easily scalable route without

This journal is © The Royal Society of Chemistry 2018
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hydrofluoric acid treatment. Sulfur was used as a low-cost
intermediate template to create tailored voids between silicon
cores and carbon shells via in situ removal in parallel to the
carbon pyrolysis. Due to the void structure, the electrode
degradation caused by the volume change of the silicon could
be balanced. After 10 cycles, capacities as high as 2270 mA h
gsi ' (690 mA h g~ ') were achieved and the cycle life could be
enhanced compared to pure SiNPs and a Si@C electrode
without voids. Due to the high areal capacity of 2 mA h cm? the
prelithiated Si—C anode was successfully combined with a sulfur
cathode in a SLS full cell on coin cell and on pouch cell levels.
Even with only a small lithium excess of 76% and a relatively low
amount of electrolyte (12 pl mgeue,: ) @ high capacity of about
807 MA h geumr (2™ cycle) could be achieved, a capacity
comparable to that of standard Li-S cells which use a much
higher lithium excess of up to 2000%.
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