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Synthesis of Silicon Sulfide by Using CS2 Gas

RYOSUKE O. SUZUKI , YUTA YASHIMA, TAKUMI KANEKO,
ELTEFAT AHMADI , TATSUYA KIKUCHI , TAKAFUMI WATANABE,
and GENKI NOGAMI

Silicon sulfide (SiS2) was synthesized from Si, SiC, Si3N4, and a eutectic Al-Si liquid. An Ar-CS2
gas mixture, after bubbling through liquid CS2, was passed over pulverized Si, SiC, Si3N4, or a
eutectic Al-Si alloy liquid. White, needle-shaped SiS2 was precipitated as a single phase on the
colder downstream surface when Si powder in a SiO2 liner was heated over 1273 K. This
deposition mechanism involves a reaction between Si and CS2 to form SiS2, with the
vaporization of SiS(g) and deposition as SiS2(s) from SiS(g) and S2(g). Quartz was unaffected by
the reaction gases. Notably, Si, SiC, Si3N4, and the eutectic Al-Si liquid were found to be
suitable sources for SiS2 synthesis, although this was suppressed owing to Al2S3 formation on
the latter.
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I. INTRODUCTION

METALLIC sulfides with layered morphologies,
such as SiS2, are employed in all-solid rechargeable
battery electrolytes.[1] The two-dimensional polymeric
chain structure of SiS2 makes it suitable for Li interca-
lation.[2–5] Unlike some sulfides, SiS2 is not a naturally
occurring mineral and must be synthesized. This study
focuses on SiS2 synthesis from powdered Si, SiC, and
Si2N3, as well as eutectic Al-Si liquid. The objectives of
the study were as follows: (1) to determine which of the
Si sources, if any, would form SiS2; (2) to determine the
reaction processing conditions for SiS2 formation; and
(3) to characterize the SiS2 and associated products. The
proposed process offers the benefit of providing a means
for recycling common Si waste. This sulfide synthesis
approach is applicable to catalyst formation or laterite
upgrading.

The standard synthesis process for SiS2 employs the
reaction of Al2S3 with SiO2 at temperatures above 1523
K.[2–11] Direct reaction between S and Si is difficult
because of the high melting point of Si, the high vapor
pressure of S, and easy sublimation of SiS2. Although
some sulfides can be formed by slow heating of
encapsulated metal and S powder followed by a
high-temperature soak lasting weeks or months, this is
too slow for commercial production. In this study, the
potentially faster and lower-temperature reaction of the
selected Si sources with CS2 vapor entrained in Ar was
investigated.

II. LITERATURE

Many researchers[12–23] have investigated the reaction
of metal oxides with CS2 to form metal sulfides via the
following reaction:

MO2 þ CS2 ¼ MS2 þ CO2 ½1�

at temperatures as low as 1273 K. Even very
stable rare-earth metal oxides can be converted to the
corresponding sulfides or oxysulfides via this route.[6]

This method has been suggested for use in nuclear fuel
processing, laser applications, and thermoelectric
devices.[12–25] Furthermore, CS2 is more reducing than
H2S and has been demonstrated as a means of refining
the oxides and nitrides of Ti, V, and Sc.[26–30] Many
investigators[12–23, 26, 30–34] have used a CS2 bubbler to
produce CS2 gas for subsequent reactions and to limit
the gas circuit for safety. The selected CS2 bath temper-
ature was close to room temperature, between 263 K
and 313 K. Previous papers published by the authors[26,
30] reported the use of a bath at higher temperatures.
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The structure of SiS2 is orthorhombic (a = 0.561 nm,
b = 0.547 nm, c = 0.9583 nm[3]), and the condensed
form of SiS2 is a white, needle-like crystal with a melting
point of 1363 K.[35–38] Notably, SiS2 exhibits a boiling
phenomenon between 1373 K and 1473 K.[37, 39] Since
its melting and boiling points are close to each other, it
undergoes significant sublimation of SiS2 below melting
point.[3, 5, 7–11, 35, 40] This phenomenon suggests that
SiS2 might be a good candidate for vapor refining;
however, condensation must occur rapidly because SiS
is also known to deposit from the transport gas during
cooling.[3, 4, 6–8] Any SiS2 product must be isolated from
the ambient atmosphere to prevent deliquescence and
reaction with water vapor to form H2S and SiO2.

[4, 6–8,

40] Therefore, the product must be stored in a dry and
inert atmosphere.

Literature published between 1880 and 1930[6, 11, 30,

35, 41] showed that SiS2 was formed from reactions with
CS2 in china clay reactors, indicating that Al2O3 and
SiO2 reacted with CS2. However, this reaction could not
be confirmed by the preliminary experiments in this
study nor by the thermochemical computations[11, 35, 36,
42, 43] described later. Therefore, SiO2 was not selected as
a Si source herein; instead, Si, SiC, Si3N4, and eutectic
Al-Si were used. The binary Al-Si system exhibits
eutectic behavior at Al-12.8 wt pct Si and at 850 K.[44]

Since Al-Si alloy is a basic Al alloy, Si recycling via
selective sulfurization is desirable. The SiS2 formation
reactions are as follows:

Si þ CS2 ¼ SiS2 þ C, ½2a�

SiC þ CS2 ¼ SiS2 þ 2 C, ½2b�

1=3 Si3N4 þ CS2 ¼ SiS2 þ C þ 2=3 N2: ½2c�
Carbon contamination in SiS2(s) does not lead to

significant problems in Li battery applications.
The reaction with Al2S3 and SiO2 has been used to

synthesize SiS2 since 1935.
[3, 5, 7, 9, 10, 39] Byerley and Teo

reported that Al2S3 and SiO2 reacted in a N2 atmosphere
at 1523 K, and that SiS2 sublimated in vacuum at 1523
K to produce high-purity SiS2.

[9, 10] The sublimation of
SiS2 has been reported by Haas,[41] as well as by Schumb
and Bernard,[45] to be slow. Byerley and Teo,[9, 10] and
Emons and Theisen[46] determined the partial pressures
of sulfides and S2 by Knudsen cell measurements, and
obtained results in good agreement with others,[42, 47] as
shown in Figure 1; however, there were differences in
the delineation of the pertinent reactions.

The extrapolation to 1 atm SiS(g) of the reaction

SiS2 sð Þ þ Si sð Þ ¼ 2 SiS gð Þ; ½3�

approaches the boiling point of SiS2 (1403 K), as esti-
mated from the JANAF tables.[37] The boiling process
of SiS2 necessarily includes the sublimation of SiS, as
written in Reaction [3].[9, 10, 38, 46, 47] Since the early
1930s, the evaporation of sulfides has been the subject

of numerous investigations,[11, 37, 41–43] and the exis-
tence of two sulfides, namely SiS2 and SiS, has been
recognized by 1965.[4, 10, 41]

The properties of solid SiS have not been investigated
because of its strong deliquescence and subsequent
disproportionation. Moreover, SiS gas has been com-
monly reported to form a black or gray deposits after
the reactions of Si with S, H2S, or other sulfides, such as
CuS, FeS, ZnS, and Al2S3.

[7, 8, 10, 31, 45, 48] Additionally,
SiS shows yellow, orange-red, dark brown, reddish
black, and black colors because of its instability at room
temperature in an ambient atmosphere.[9, 10, 41, 45]

In 1939, Barrow and Jevons[31] reported that SiS could
be formed from Si and gaseous CS2, although SiS and SiS2
could not be distinguished by spectroscopic analysis of
distilled SiS. SchumbandBernard[45] reported that SiSwas
formed by heating a mixture of pure SiS2 and excess Si at
1123 K, and that SiS was not formed by the reaction
between Si and S2 gas at 1 atm. Byerley and Teo[10]

reported the decomposition of pure SiS2(s) in theKnudsen
cell to SiS(g) and S2(g) (Figure 1). The partial pressures of
the products of Reaction [4] were approximately 100 times
lower than those of the products of Reaction [3].

SiS2 sð Þ ¼ SiS gð Þ þ 1=2 S2 gð Þ ½4�
The vapor pressure compiled in HSC Chemistry[36] for

Reaction [5]

SiS2 s; lð Þ ¼ SiS2 gð Þ ½5�

is only 6.5 x 10�4 atm at the reported boiling point of
SiS2.

[35, 37] Furthermore, the vapor pressure of SiS
exceeds 1 atm at the melting point of SiS2

[36]; there-
fore, SiS(g) predominates. The employed database[36]

cites JANAF thermodynamic tables,[37] the calorimet-
ric data[7, 11, 43, 48] from which are favored. The con-
tradictory reports of vapor pressure measurements
have been the topic of numerous discussions[11, 37,

41–43, 49] and the need for accurate thermochemical
data persists. Herein, we use the experimental reports
from the evaporation studies[8–10, 41, 46, 47, 50] and the
database summarized in HSC Chemistry,[36] as shown
in Figure 1.

Fig. 1—Partial pressures of gases in Si-S binary system.
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Crystalline SiS has not been reported and solid SiS is
formed as an amorphous structure only from condens-
ing gaseous SiS,[3, 9, 10, 31, 41, 45, 50] i.e.,

SiS gð Þ ¼ SiS s; amorphousð Þ ½6�

whereby SiS decomposes to Si and SiS2 after annealing
without crystallization.[10, 33, 34, 41, 42, 45] This suggests
that SiS is thermodynamically unstable and that SiS
may not be formed via Reaction [2a].

The vaporization of SiS2 is strongly related to the
chemical reactions of the SiS system, and a possible
mechanism involves the proportional reaction of Eq. [3].
The results of this approach have been shown to match
that of the compositional analysis of gas mixtures by
mass spectroscopy, according to Coppens et al.[49]

Yokoyama32) patented the synthesis of SiS2 by the
reaction of SiC and CS2 based on Reaction [2b]. He
reported that only non-volatile carbon remained after
Reaction [2b] and that SiS2, not SiS, was evaporated.
Notably, SiS2 is condensed at the cold part of the
reactor. In Yokoyama’s study, 0.9 kg of SiS2 was
produced at 1073 K in 1 hour from 2.1 kg of CS2 and 0.8
kg of SiC mixed with the clay. Such a fast reaction at
relatively low temperatures is an attractive way to form
SiS2, but neither a detailed mechanism nor thermal
conditions were presented, and no additional data have
been reported subsequently. Therefore, the fundamental
information on CS2 gas sulfurization is the focus of this
study to provide an effective means of stable synthesis of
SiS2, and perhaps, SiS.

TiO2, TiO, TiN, and TiC have reportedly been
sulfurized at 1273 K.[15–17, 22, 26] Trivalent TiN and
4-valent TiC were sulfurized more quickly than divalent
TiO.[26, 27]

Industrial quantities of CS2 liquid are available for
commercial processing and thermochemical data are
available for CS2 gas sulfurization; thus, it is possible to
analyze the chemical processes involved in SiS2
synthesis.

III. THERMOCHEMICAL

Figure 2 shows the standard Gibbs free energy
changes (DGo) for the reactions to form SiS2 from Si,
SiC, and Si3N4.

[36] Since they are negative at all
temperatures, the reactions from Si, SiC, and Si3N4

are favorable when the reactants are in their standard
states, which are the pure condensed phases and ideal
gases at unit activity.

The binary Al-Si system shows a simple eutectic
melting behavior at Al-12.8 wt pct Si and 850 K.[44] The
dilution of Si as the mixture reduces the thermochemical
activity of Si, and a slight negative deviation from the
ideal mixing behavior is known in Al-Si binary sys-
tem.[44, 51] Although the modification due to less activity
depends on temperature and Si concentration, it conse-
quently increases DG from DGo for Reaction [2a] shown
in Figure 2. At 1473 K and the eutectic composition, for

example, the activity of Si relative to pure solid Si is
0.067,[44] and DG for Reaction [2a] increases from DGo

by +33 kJ, although DG is sufficiently negative to drive
Reaction [2a].
Reaction [7] from SiO2 is significantly positive at all

temperatures, confirming that SiO2 is unreactive,
thereby making it suitable for reactor construction.

1=2 SiO2 þ CS2 gð Þ ¼ 1=2 SiS2 þ CO gð Þ þ 1=2 S2 gð Þ
½7�

The positive deviation is much greater if CO2 is the
C-bearing product. In this study, SiO2 was used as a
non-reactive material in CS2 gas flow. The thermal
decomposition of CS2 gas via high-temperature reaction,
i.e.,

CS2 gð Þ ¼ C þ S2 gð Þ ½8�

is also insignificant if partial pressures of both CS2
and S2 are near 1 atm. However, the positive value of
DGo is not large enough to completely obviate the par-
tial decomposition of CS2; thus, it should be
considered.
The thermal decomposition of CS2 via Reaction [8]

occurs partially. The Gibbs free energy change for
Reaction [8] is +19.1 kJ/mol at 1273 K[36] for the
reference states of pure graphite and gases with unit
activity, giving an equilibrium constant of 0.167. This
means that the S2 pressure will be 16.7 pct of the CS2
pressure under the reasonable assumption of ideal gas
behavior. A typical CS2 partial pressure in the Ar feed
stream is evaluated as the equilibrium vapor pressure at
the CS2 bath temperature. Figure 3 shows the vapor
pressures of CS2 at the bath temperature and the
reaction temperature, i.e., PCS2(Tbath) and PCS2(T),
respectively. The figure also shows the partial pressure
of S2, PS2(T), at the reaction temperature T, via the
thermal decomposition of CS2 when carbon is at unit
activity and the Ar pressure is the same at both
temperatures. For example, the partial pressure of S2
at 1273 K is as high as 0.028 atm, corresponding to PCS2

= 0.196 atm at 273 K.

Fig. 2—Standard Gibbs free energy changes involved in CS2 gas
sulfurization.
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The various possible reactions in the C–S–Si system
complicate the sorting out process of the significant
reactions from the insignificant ones. Herein, the reac-
tions involved in the experiments are analyzed from a
thermodynamic perspective.

IV. EXPERIMENTAL

Single-crystal semiconductor-grade lump Si
(>99.9999 pct) was ground and sieved into -100 mesh
powder. Powdered SiC (>99 pct) and Si3N4 (>99 pct)
were obtained from Kojundo Chemical Lab. Co., Ltd.
Their particle sizes were as large as 2–3 lm. The Al-12.6
wt pct Si eutectic was alloyed in air using pure Al
(99.995 pct) from Nippon Light Metals Co. Ltd and an
Al-25 wt pct Si alloy from Hirano Seizaemon Syouten
Co. Ltd. The cast ingot was cut into small pieces after
the oxidized surface was removed. Liquid CS2
(>99.5 pct) was obtained from Fujifilm Wako Pure
Chemical Corp.

Figure 4 shows the experimental setup. Pure Ar gas
(>99.9998 pct) was bubbled at a constant rate into a
bottle containing 50 mL of liquid CS2 kept in a water
bath at a constant temperature (± 0.2 K). The CS2
vapor pressure generated an adequate Ar-CS2 gas
mixture.[36] The CS2 mass was recorded as sulfurization
proceeded; it was found to vary linearly with time[26, 27,
30] and was found to be sufficient for the sulfurization of
0.5 g Si over 1 hour. The CS2 feed rate was controlled by
a constant flow of Ar and by varying the CS2 temper-
ature. The linear decrease in mass with reaction time

indicated that the bubbler produced a Ar-CS2 gas
mixture of constant composition and that adequate
heat was being supplied to the liquid to satisfy the
enthalpy of CS2 liquid vaporization.
A typical CS2 feed rate at 273 K was 11.5 mL/min (8.6

x 10�6 mol/s), which was achieved with an Ar flow rate
of 10 mL/min. The CS2 bath temperature was selected to
be either 273 K or 283 K.
A 40-mm-ID 1-m-long dense alumina (>99.5 pct)

tube was set in the 0.5-m-long electric furnace. The
unreacted exhaust gas was captured in a 1.0 M NaOH
solution.[26, 27, 30, 33, 34, 39, 48, 52] Alternatively, CS2 could
have been recovered by using a gas chiller. The
temperature of the sample was monitored and con-
trolled at the external surface of the alumina tube. The
temperature profile inside the alumina tube was mea-
sured precisely in a stream of Ar gas before the
sulfurization process, such that the sample temperature
in the hot zone was accurately known.
Samples were held in an Al2O3 (>99.95 pct) boat (14

mm wide, 100 mm long) for runs 1–4 and 13–15 or in a
transparent 16-mm-ID quartz tube that was 100, 150, or
300 mm long for runs 5–10. The samples for runs 5–10
were placed upstream, in the hot region of the quartz
tube. The cold end of the tube was downstream and was
maintained at a controlled temperature, as shown in
Figure 4. The 150-mm-long tube consisted of two pieces,
the upper and lower halves, to easily retrieve the
condensates. The quartz tube with the sample powder
was evacuated and then heated inAr gas. The gasmixture
of Ar and CS2 was then introduced after reaching the
desired temperature. Both heating and cooling were
conducted under pure Ar flow at a constant flow rate (20
mL/min). The sample mass was recorded after cooling to
quantify the sulfurization degree.
The resulting phases were identified by X-ray diffrac-

tion (XRD) analysis using Philips X’Pert Pro (Cu Ka).
The morphology of the specimens was determined by
using a JEOL JSM 6510LA scanning electron micro-
scope (SEM) equipped with an energy-dispersive X-ray
spectrometer (EDS). The C and S concentrations were
determined via infrared spectroscopy analysis using
LECO CS-600 and oxygen concentration was measured
by the inert-gas fusion method using a LECO TC-600
analyzer.
After the initial Si run series with Si, all subsequent

runs employed a transparent quartz tube inserted inside
the Al2O3 tube, as shown in Figure 4, to prevent
possible reactions with Al2O3.
When the samples were cooled to room temperature

after each run and were still in Ar atmosphere, both
ends of the quartz tube were sealed with the rubber caps
and placed in a glovebox filled with dry, oxygen-free Ar
gas. The tube consisted of three 100-mm-long pieces to
facilitate precipitate recovery. The Si source was placed
at the hot end of the tube, such that it was positioned in
the hottest zone in the alumina tube. The liquid CS2 was
typically maintained at 293 K under a constant Ar flow
rate of 10 mL/min.

Fig. 3—Partial pressures of Ar, CS2, and S2 gases at temperatures of
evaporation and reaction.

Fig. 4—Experimental setup for the sulfurization process.
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V. RESULTS

The results from reacting CS2 to sulfurize Si, SiC,
Al-Si eutectic alloy, and Si3N4 are presented for each Si
source.

A. Sulfurization of Si powder

The sulfurization of Si was initially performed in an
Al2O3 boat and then in a SiO2 liner to avoid potential
reactions with Al2O3. The experimental conditions are
listed in Table I.

1. Synthesis in Al2O3

White powder, identified as SiO2, was found to lightly
coat the Si particles as the conclusion of run 1, as shown
in Figure 5(a). This was probably the result of the
unintentional moist air hydrolysis of SiS2 or SiS.[7, 11,

33–35, 41, 45] A thin glossy gray layer, similar to tar, was
found adhered to the alumina boat after runs 2–4. The
XRD patterns showed this to be primarily a-Al2O3,
possibly with some amorphous SiS.[9, 10, 41, 45] Most of
the residue remained as unreacted Si, even after 4 h.
Single-phase SiS2 could not be synthesized at the initial
position of the Si powder in the Al2O3 boat. Several
thermochemical reactions occur between Si and CS2 gas.
Significant amounts of white, needle-like SiS2 precip-

itates were found in the lower-temperature region of the
Al2O3 tube. The size of this precipitation became more
longer and the larger amount of precipitates were found
as the Si powder was heated to higher temperatures.

2. Synthesis in SiO2

Figure 6 shows a black product, which remained only
near the hot end, while the white, needle-like precipitates
were formed 100 mm from the furnace center, where the
temperature was ~900 K. This result agrees with those of

Table I. Experimental Condition for Sulfurization of Si

Powder

Run
CS2 Temp.

(K)
Sample

Temp. (K)
Time
(hours)

Ar Gas flow rate
(mL/min)

1 273 873 4 20
2 273 973 4 20
3 273 1073 4 20
4 273 1173 4 20
5 273 1473 20 20
6 273 1473 4 20
7 273 1273 8 20
8 273 1273 4 20
8N* NA 1273 4 20
9 283 1273 4 20
10 273 1273 2 20
13 283 1473 20 10
14 283 1273 16 20

*The initial sample was SiS2 powder.

Fig. 5—Appearance of the samples (runs 1-4) in the alumina boats
after sulfurization for 4 hours at various temperatures.

Fig. 6—Appearance of SiO2 tube after sulfurization; temperature profile and the precipitates in the tube, where the Si powder was heated at
1273 K for 4 hours (run 8).
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runs 1–4 that make use of an Al2O3 boat. Farther
downstream, dark red precipitates were gradually tran-
sitioned to yellow.

No precipitates were found in the few millimeter-long
gap between the inner SiO2 and the outer Al2O3 tubes.
Furthermore, no product was precipitated upstream
from the initial sample position, meaning that the flow
of reaction gas carried or generated the condensate
downstream. The white needles or sometimes thin and
long plates grew in the upstream and inward radial
directions, as shown in Figure 7.

Using the upper- and lower-half tubes of silica, the
quantity of the white product on the inner surface of the
half tubes was recorded for several runs. The amounts
were identical in both halves, and the precipitates had
similar morphologies. Gravity had no discernable effect
and no trace of liquid was found after runs 7 and 10.
Therefore, the white precipitates were deposited from
the gas onto the cold substrate and were not hydrolyzed.

Figure 8 shows the XRD spectra for selected sample
locations for run 8 (1273 K, 4 hours). Notably, SiS2 was
absent at location (a), the initial position where the Si
powder was placed. Near the center of the quartz tube,
at location (b), the white deposit was identified as SiS2.
Most of the initial Si powder was converted to an
amorphous phase, while a lesser amount was trans-
formed to SiC. The small amount of the black or gray
material between the initial Si position and the position
of SiS2 deposition could not be identified through XRD
analysis. This material was very thin and highly hygro-
scopic, thereby suggesting that it was an amorphous SiS
precipitate. The yellow deposit downstream from SiS2
deposition was identified as S8, which is the stable form
of solid sulfur. The broad halo pattern in XRD
indicated the existence of either amorphous S or
amorphous SiS. Notably, S exhibits a yellow or brown-
ish color when it solidifies from liquid, depending on its
purity and thickness.
Figure 9 shows the elemental analysis of the white

precipitates produced in 2 hours at 1273 K using an
Ar-CS2 mixture generated at 273 K. The sample
prepared in run 10 was identified as SiS2 by XRD
analysis; however, more than 4 hours at 1273 K was
necessary to determine the Si/S ratio of the phases.

B. Sulfurization of SiC

Fine SiC powders (2–3 lm) were heated to 873 K for 3
days and to 1073 K for 1.5 day. Thereafter, Ar gas was
bubbled at a rate of 10 mL/min through liquid CS2 at
293 K. The color, size, and XRD patterns of these
samples were those of pure SiC and unchanged, as
shown in Figures 10(b) and (c). There were no deposits
in the furnace even after a very long reaction time at
these low temperatures.
SiC powder was exposed to the mixed gas at 1273 K

for 1 day. The appearance of the tube was identical with
that when pure Si was used. Needle-shaped crystals of
SiS2 precipitated downstream on the quartz wall. The
position of deposition, as well as the XRD spectra, was
also identical as with the use of Si powder
(Figure 10(e)).

Fig. 7—White precipitates on the inner surface of SiO2 half tubes
from (a) run 10 (1273 K, 2 hours) and (b) run 7 (1273 K, 8 hours).

Fig. 8—XRD patterns of the specimens taken from the various parts
of the tube in run 8.

Fig. 9—Elemental analysis of sulfur and carbon in the white
precipitates obtained at 1273 K.
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C. Sulfurization of liquid Al–Si eutectic

Two 3.5-g samples of Al-13 wt pct Si alloy were, in
separate runs, set in an Al2O3 boat and reacted for 1 day
in a mixture formed by bubbling 10 mL/min of Ar
through liquid CS2 at 293 K. The Al–Si alloy was not
stirred. One sample was heated to 873 K and the other
to 1273 K. Both had solidified surfaces after cooling,
indicating melting.

At 873 K, no deposition of needle-shaped crystals was
found in the colder regions of the furnace. The sample
heated at 1273 K, however, formed needle-shaped
crystals downstream. The XRD results shown in Fig-
ure 11 confirmed the presence of single-phase SiS2
without Al contamination. However, the metallic luster
of the Al–Si alloy was lost and sulfurized to black after
solidification at 1273 K. Notably, the product on the
alloy surface was identified to be a-Al2S3 via XRD
analysis.

D. Sulfurization of Si3N4

Figure 12 shows the result when the same Ar-CS2 gas
mixture was generated by bubbling 10 mL/min Ar
through CS2 liquid at 293 K, after passing over the
Si3N4 powder in the transparent quartz at 1273 K for 1
day. White, needle-shaped crystals precipitated on both
the upper and lower halves of the tube in the cold
region. These were identified by XRD as single-phase
SiS2. The Si3N4 powder was placed more widely than the
previous samples, but only the powder at the hottest
region changed its color, as shown in Figure 12. The
region between the hottest area of Si3N4 and the SiS2
deposition area was slightly covered with black particles,
which could not be identified by XRD because of their
small mass and reactivity. The black–gray particles were
found only at the lower half of the tube.

Figure 13 shows the XRD patterns of the samples
heated for 1 day at temperatures lower than 1273 K.
There were neither precipitates of SiS2 crystals nor phase
change of Si3N4 at 873 K, 973 K, and 1073 K observed.
When the sample was heated to 1173 K, a small amount
of SiS2 precipitates, as shown in Figure 13(f), was
observed. Furthermore, SiS2 crystals were formed at
the lowest temperature (1173 K) among the four
materials studied when Si3N4 was used.

VI. DISCUSSION

A. Sulfurization of Si powder

1. In Al2O3

The expected direct Reaction [2a] did not occur in
runs 1–4 at the hottest regions in the furnace.
Reaction [9] at the hot zone was expected to form
amorphous carbon and gaseous SiS, followed by its
partial deposition as amorphous SiS, as shown in
Reaction [10].

Fig. 10—XRD patterns of SiC powder after heating in Ar-CS2 gas
mixture at various temperatures.

Fig. 11—XRD patterns of Al-Si alloys, where the reaction time was
set commonly to 1 day.

Fig. 12—Appearance of sulfurized sample and white precipitates on
the inner surface of SiO2 tube.
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Si þ CS2 gð Þ ¼ SiS gð Þ þ C s; amorphousð Þ
þ 1=2 S2 gð Þ ½9�

SiS gð Þ ¼ SiS amorphousð Þ ½10�
The formation of SiS(g) may preferentially occur

through Reaction [9] at the high-temperature zone. The
vaporized SiS(g) may then be carried by the gas flow to
decompose and condense as SiS at the lower-tempera-
ture zone[10, 46] via Reaction [10]. The formation of
crystalline SiS was neither reported in the literature nor
detected in this work.

Gaseous SiS may decompose to SiS2(s) and Si(s) as
the reverse of Reaction [4]. However, the co-deposition
of Si(s) with SiS2(s) was not detected. A possible route to
form SiS2(s) from the gas phase remained only in
Reaction [11], i.e., a route via SiS(g).

SiS sð Þ þ 1=2 S2 gð Þ ¼ SiS2 gð Þ ½11�
SiS once deposited is transformed to SiS2 by exposed

to S2(g), and it again evaporates as SiS2(g). The black or
gray deposition with a strong hygroscopic property in
addition to the odor of H2S upon exposure to air can be
tentatively identified as amorphous SiS. The coexistence
of S2(g) is key to SiS2 crystals by Reaction [11] because
the parallel evaporation Reaction [3] does not form the
S2(g) required by Reaction [11].

Another possible reaction for SiS(g) deposition is that
with CS2(g) as:

SiS sð Þ þ 1=2 CS2 gð Þ ¼ SiS2 gð Þ þ 1=2 C ½12�

Nevertheless, carbon deposition was not observed;
thus, Reaction [12] was dismissed as a viable path to
produce SiS2. Although SiS2 vaporization was indepen-
dently observed in this work, its pressure was thermo-
dynamically 1000 times lower than that of SiS
vaporization, as shown in Figure 1.

2. In SiO2

The needle-like samples shown in Figure 14(a) were
analyzed by elemental mapping. They exhibited a
homogeneous distribution of O, Si, and S. The trace
amounts of C were probably from the carbon tape used
for SEM sample preparation. Carbon was not detected
in the crystalline grains. The O profile showed that the
crystal surface contained a considerable amount of
oxygen, which was expected as the specimens were
heavily oxidized. However, this does not correspond to
the XRD data that show the SiS2 phase. The XRD
profiles of this specimen were first measured in air and
again after keeping in vacuum for 5 days, where EDS
mapping revealed that a SiS2 phase had transformed
into a mixture of crystalline and amorphous phases,
probably SiO2. Because of the extreme sensitivity to
hydrolysis, the surface may have decomposed into a
very thin and amorphous SiO2 layer during handling.
The characteristic H2S smell effusing from the sample
supported the hydrolyzation hypothesis. The intensity of
S, as shown in Figure 14(c), seems very low because of
its low-intensity energy profile and the overlapping
profiles with the other elements. The detected signal
positions of S agreed with the locations of Si. Therefore,
neither free C nor free S from the CS2 gas is attached to
the SiS2 surface. This is consistent with the element
analysis shown in Figure 9.
The specimens were slightly oxidized during the

transfer for analysis, and the precipitate volume was
very small for short-time sulfurization, thereby prevent-
ing the separation of the needle-shaped SiS2 crystals
from the surrounding tar-like amorphous material
adhering as a thin sheet to the silica tube. As shown in
Figure 9, a highly purified SiS2 was recovered from the
central part of the tube at a longer sulfurization time. A
small amount of carbon in the samples may have been
present because of the sampling method. This phe-
nomenon is consistent with SiS2 vapor deposition. The
morphology and microstructure of the precipitated SiS2
samples are shown in Figure 14. The white precipitates
resembled needles in macroscopic view, although they
were assemblies of long square pillars. This directional
growth is consistent with the orthorhombic SiS2
structure.

B. Sublimation of SiS

The vapor transport behavior of SiS2 was studied in
the absence of CS2 by placing 1 g of SiS2 in the hot end
of the SiO2 tube to observe its transport to the colder
regions of the reactor. The vapor pressures of the solid
SiS2, defined according to equation,[5] are 1.22 9 10�4

and 1.05 9 10�7 atm at 1273 K and 1000 K, respec-
tively, while DHSubl

o is 273.2 kJ/mol.[36] The sample was
held at 1273 K for 4 hours in run 8N while pure Ar gas,

Fig. 13—XRD patterns of Si3N4 samples, where reaction time was
set commonly to 1 day and liquid CS2 was kept at 293 K under Ar
flow rate of 10 mL/min. (a): starting material, Si3N4, (b) through (e):
after sulfurization at 873 K, 973 K, 1073 K, and 1173 K,
respectively, (f) white powder precipitated by sulfurization at 1173
K.
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devoid of CS2, was passed through the furnace at a
20 mL/min flow rate. The linear velocity of the Ar flow
was as minimal as 1.15 9 10�3 m/s.

Figure 15 shows a photograph of the cooled quartz
tubes after the heating cycle. White, needle-shaped SiS2
crystals were deposited downstream. The deposition
position was approximately 110 to 140 mm from the
initial position of SiS2, which corresponded to 1023 K to
1173 K based on the profile shown in Figure 6. This is
approximately 100 degrees higher than the deposition of
SiS2 derived from the reaction of CS2 with the selected Si

sources. This 100 K higher SiS2 condensation temper-
ature indicated that the vapor pressure of the evapora-
tion-derived SiS2 was less than those obtained from the
CS2 reactions.
A small quantity of white precipitate was also found

on the lower half of the upstream tube, and it was
symmetrical with the downstream deposit. This symme-
try indicated that SiS2 diffusion was fast compared to
bulk flow. This upstream deposition was not observed in
Ar-CS2 sulfurization. The sublimation-generated SiS2 is
thought to have caused accelerated back diffusion and
upstream deposition, whereas CS2-derived deposition
ensues downstream deposition only. Furthermore, the
orange–black deposits are unrelated to SiS2 vapor
transport but associated with reactions involving CS2.
The mechanisms of evaporation and deposition are
different in these two cases.
These observations show that although SiS2 vapor

transport occurs without CS2, the reaction of CS2 with
Si sources will generate SiS2 at a rate that is three orders
of magnitude slower than the SiS2 vaporization rate.

Fig. 14—SEM image (a) and its element mapping of (b) silicon, (c) sulfur, (d) oxygen, and (e) carbon, of the specimen at run 8.

Fig. 15—Photo of the quartz tube after heating SiS2 in an Ar
atmosphere at 1273 K (run 8N).
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C. Reaction Mechanism

Figure 16 shows a suggested reaction path schematic.
The CS2 gas evaporates from the liquid into the Ar
carrier gas at approximately room temperature. This gas
passes into the high-temperature region and reacts with
Si. Because neither SiS(s) nor SiS2(s) was observed on
the Si surface, their precipitations were neglected by
combining Eqs. [6] and [9] to give:

Si sð Þ þ CS2 gð Þ ¼ SiS sð Þ þ C þ 1=2 S2 gð Þ ½13�
The resulting C was observed to be amorphous. The C

is proposed to react with Si to generate SiC, although
the reaction is believed to be slow.

C þ Si sð Þ ¼ SiC ½14�
Carbon contamination in SiS2(s) does not cause

significant problems in Li battery applications.
This reaction sequence exhausts S2(g), as shown in

column 1 of Figure 16. The second column shows that a
simultaneous reaction between Si and CS2 gas generates
SiS(g) followed by subsequent condensation in the colder
regions of the reactor. The formation of SiS2(s) on the Si
surface and its vaporization as SiS(g) are feasible as the
side reaction, as shown in the third column. The far-right
path shows the condensation of S8 due to cooling from
the S2(g) originating from the thermal decomposition of
CS2, as well as the decomposition of SiS2 to SiS.

Figure 17 presents an illustration of the gas pressures at
the vaporization[9] and the successive deposition[4] from Si
+ CS2, referring to Figure 1. These two reactions (upper
and middle lines in Figure 17) are irreversible under gas
flow. The evaporated SiS(g) at T2, as shown by the upper
curve (red), is condensed as SiS2(s) by reactingwith S2(g), as
shown by the middle curve (black). A large amount of
SiS(g) at 1273 K, for example, is carried to the

lower-temperature area, whereas SiS(g) decomposes and
condenses to solid SiS2 (middle curve). Based on the
measurements of equilibrium vapor pressure among SiS2,
SiS, and S2,

[10, 41, 46] as shown in Figure 1, once SiS(s) is
formed, it cannot exist at the higher temperature area
because of the high vapor pressure of SiS(s). Under the
exposure of S2(g) and by absorbing S2(g), SiS(g) deposits as
SiS2(s).When this pressure is estimated to be as high as 10�6

atm, the temperature is evaluated as 951 K. Without the
coexistence of S2(g), the pressure of SiS2(g) is low, as
reported by Rosenqvist and Tungesvik.[8] The vaporization
of pure SiS2(s) was independently examined and the deposit
was found at 1073 K. (lower dashed curve in Figure 17).
Therefore, the deposition temperature fromSiS2(g) is 122K
different from the former mechanism via SiS(g).
Figure 1 quantitatively shows the vapor pressure of

solid SiS2 by Reaction [5].[36] Its vapor pressure ranges
from 3.5 9 10�3 atm at 1473 K to 1.4 9 10�5 atm at
1173 K. Vapor transport rate in an Ar carrier gas is
directly related to the product of the partial pressure of
the transport species and the Ar flow rate. The low
transport rate from SiS2(s) also agrees with the relatively
low pressure of SiS2 in the Ar carrier gas.
The vapor pressures of SiS and S2 are higher than that

of SiS2, as shown in Figure 1 if pure solid SiS2 exists at a
constant temperature. This indicates the preferential
evaporation as SiS(g) and S2(g). The sharp temperature
dependencies of the reactions related to SiS(g) suggest
that the deposition from SiS(g) as SiS2(s) preferentially
occurs in the lower-temperature regions.

D. Sulfurization of SiC

After the runs for SiC, SiS2 precipitated at 1273 K.
However, a significant fraction of the SiC powder remained
unreacted at 1273 K, contrary to a patent claiming good
recovery at 1073 K for 1 hour.[32] In the runs for Si, a small
amount of SiC is one of the intermediates from Si to SiS2 as
SiC is converted into SiS2 by the additional sulfurization
under the same gas flow conditions.
The deposition position was also identical as obtained

with the use of Si powder, the same as the XRD spectra
(Figure 10(e)). The formation of SiS2 from SiC is
favorable, but a minimum temperature of 1273 K is
required for the SiC starting material.

Fig. 16—A schematic of sulfurization mechanism when Ar/CS2 gas
was used.

Fig. 17—Temperature dependencies of pressures related to the
reactions.
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1. Potential Diagram
Carbon deposits on the unreacted Si particles via

Reaction [9]. This may produce SiC, as shown in
Figure 16. However, SiC can form SiS2, as shown in
Figure 10. Therefore, the total stability of the Si–S–C
ternary system should be considered. Both the reactivity
between the Si and CS2 gas, as well as that between the
SiC and CS2 gas, can be summarized by the potential
diagram shown in Figure 18, which is based on the
employed database.[36] Although the thermodynamic
database may need refinement, it provides a potential
diagram that approximates the phase stability at 1273
K. The standard state activity of C, aC, is pure solid
graphite, which is very similar to the activity of
amorphous C deposits. Additionally, the S pressure
cannot exceed 1 atm because the system is constrained
to remain at atmospheric pressure by the bubblers.
Similarly, the partial pressure of the CS2 gas depends on
the bath temperature, T1, which is also less than 1 atm.

The potential diagram shown in Figure 18 was
constructed based on the following conditions: The
cross-hatched region is the feasible operating area to
produce the reactive Ar-CS2 gas mixture; An equilib-
rium point lies in this region, especially on the line of aC
= 1 in the stable SiS2 region if stable graphite coexists.
Activities of C less than unity represent that the gas is
not saturated with C; thus, the locations where aC< 1
denote conditions of no carbon deposition and the
region where aC> 1 indicates the possible existence of
amorphous C.

The region of solid SiS only exists at aC<<1; thus, it
cannot exist in the presence of pure C. High partial
pressure of S2 is beneficial for CS2 gas sulfurization, and
such a condition is envisaged from the thermal decom-
position of CS2. The red line of 2.56 9 10�4 atm S2
pressure was computed from the liquid CS2 being at
only 200 K. The residual C from the decomposed CS2
gas did not contaminate the SiS2 product owing to the
SiC coexistence. Higher S2 partial pressure conditions
favor SiS2 formation as a single-phase without SiC
contamination.

E. Sulfurization of liquid Al–Si eutectic

Because the melting point of Al2S3 was 1373 K,[36] the
lighter and unsublimated solid Al2S3 floated on the
surface of the liquid alloy. The Al2O3 crucible was
unaffected by the environment, but the metallic Al alloy
was readily converted into Al2S3 at 1273 K. The SiO2

crucible was not used in this experiment to avoid the
confusion on the reaction between Al2S3 and SiO2.

[9, 10]

The formation of Al2S3 consumes CS2 gas, and the
covering of the liquid surface by Al2S3 may slow down
the gas reaction between the Al–Si melt and CS2.
However, quantitative analyses, such as phase equilib-
rium[39] and reaction kinetics, were not conducted
because of the hygroscopic nature of SiS2.

F. Sulfurization of Si3N4

Notably, Si3N4 reacted with CS2 to form SiS2,
whereas SiO2 did not. The formation of heavy gas, such
as SiS, is presumed to be the cause of the formation of
the black–gray particles found at the lower half of the
SiO2 tube.

VII. CONCLUSION

In this study, SiS2 was vapor-deposited using trans-
parent silica tubes when Si, SiC, Si3N4, or Al–Si eutectic
alloy was heated in a mixture of Ar and CS2(g) above
1273 K. Notably, SiS2 was also formed at 1173 K from
Si3N4. The needle-shaped SiS2 crystals were precipitated
at the downstream of gas flow at temperatures between
1073 K and 1173 K. They were semi-transparently white
with minimal C contamination, as well as exhibited
strong hygroscopic reactions in the open air and were
easily oxidized to SiO2.
Consequently, a reaction mechanism is proposed

consisting of the following: (1) evaporation of SiS gas
after the reaction between Si and CS2, which is triggered
by SiS2(s) formation and (2) successive deposition of
SiS2(s) from SiS(g) at the low-temperature zone. The
vaporization of the S2(g) by-product plays an important
role in the deposition of SiS(g) as SiS2(s). A small
amount of C contaminated the sample at the early stage
proposed because of the thermal decomposition of the
CS2 gas. At the later stage, C was removed by the excess
amount of S2(g). A highly pure SiS2(s) can be obtained
at 1273 K from low-quality Si sources using high partial
pressure of S in CS2 gas.
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