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Alkali metals are commonly used to promote heterogeneous catalysts. For instance, K can enhance the
MoS2-catalyzed synthesis of methanethiol, an important industrial chemical, from CO/H2/H2S. Herein,
we not only demonstrate that the synergy increases with alkali cation size (Cs > Rb > K > Na) but also that
alkali sulfides themselves are the active sites. The alkali-normalized methanethiol formation rate of Cs
sulfide is nearly the same as that of Cs-promoted MoS2 with a much lower yield of unwanted methane.
Kinetic measurements show that methanethiol on alkali sulfides is formed via the reaction 3 CO + 2
H2S ? COS + CO2 + CH3SH. This represents a first example of H2S as a hydrogen donor for the formation
of the thiol counterpart of methanol. The role of MoS2 is that of a promoter that disperses alkali and pro-
vides spillover H from H2 dissociation.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Alkali metals are widely applied as promoters in heterogeneous
catalysis, for instance to enhance the performance of metal-
catalyzed reactions such as Fischer-Tropsch synthesis, ammonia
synthesis and higher alcohol synthesis [1–4]. One of the few exam-
ples where alkali cations form the active phase in heterogeneous
catalysts is gasification of carbonaceous materials [5]. The role of
especially K promotion on CO hydrogenation by transition metals
has been widely investigated. K is also known to enhance CO
hydrogenation to higher alcohols on molybdenum sulfide (MoS2).
In the presence of H2S, K-promoted MoS2 is a promising catalyst
for the direct production of methanethiol (CH3SH) from synthesis
gas (CO/H2 mixtures) and H2S. Such a one-step reaction could
replace the current process to obtain CH3SH by thiolation of CH3-
OH. The main use of CH3SH is as a precursor to methionine, an
essential amino acid ingredient to poultry and animal feed. CH3SH
is also used in the manufacture of pesticides and as a moderator in
free-radical polymerizations [6–8].

Direct CH3SH synthesis from CO/H2/H2S was first reported by
Olin et al., who used supported MoS2 catalysts promoted by alkali
metals [9]. Although Zhang et al. reported that a-Al2O3 can cat-
alyze this reaction with high selectivity at a relatively low conver-
sion, the most prominent work on the reaction mechanism deals
with MoS2 as a catalyst [10]. Gutiérrez et al. revealed that the main
reaction pathway over K-promoted MoS2 involves carbonyl sulfide
(COS) as an intermediate, which disproportionates to CO2 and car-
bon disulfide (CS2), the latter being hydrogenated to CH3SH [11–
15]. Despite considerable research efforts, the nature of the active
sites in K-promoted MoS2 for CH3SH synthesis remains disputed.
Yang et al. investigated K2MoS4/SiO2 and MoS2/K2CO3/SiO2 cata-
lysts for CH3SH synthesis from sour synthesis gas and speculated
that a novel unresolved Mo-S-K phase provides active sites [16].
On the other hand, Gutiérrez et al. studied a series of SiO2-Al2O3-
supported Mo-sulfide catalysts promoted by K for CH3SH synthesis
from COS and CS2 and showed by XRD that MoS2 was the only crys-
talline phase [11–14]. In typical K-promoted MoS2 catalysts, K can
be present at different locations at the support surface and on
MoS2. In the work of Lercher’s group, decoration of MoS2 with K
cations was argued to be crucial to the active sites [13]. Cordova
et al. used XPS to show that the presence of K results in 1T-MoS2
upon sulfidation of the catalyst. Based on the correlation between
the amount of this phase and the CH3SH productivity, it was pro-
posed that 1T-MoS2 is the active phase [17]. However, recent
research by the Hensen group demonstrated that the 1T-MoS2
phase formed upon sulfidation transforms into the more usually
observed 2H-MoS2 phase during CH3SH synthesis [18]. As these
phase transformations did not affect the catalytic performance, it
was concluded that both polymorphs of (K-promoted) MoS2 dis-
play similar catalytic performance.

Herein, we investigated two aspects of CH3SH synthesis by
alkali-promoted MoS2 catalysts. First, we compare the promoting
effect of Li, Na, K, Rb and Cs as promoters, as there are indications
that larger alkali cations perform better in these catalysts. For
instance, Amenomiya et al. found that Cs is a better promoter than
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K in the water–gas shift reaction over alumina [19]. Second, based
on the indication from our earlier work that the catalytic activity
does not depend on the polymorph of MoS2 in K-promoted MoS2,
we investigated the role of alkali as candidate active sites. We will
provide strong evidence for the new insight that alkali sulfides are
the active sites for CH3SH synthesis. By investigating the kinetics of
the reaction, we find indications that Cs-sulfide catalyzes the reac-
tion of CO with H2S to CH3SH without the involvement of H2. An
important finding is that, among alumina-supported alkali cata-
lysts, Cs exhibits the highest catalytic performance. The role of
MoS2 as a structural promoter and provider of spillover H to alkali
sulfide is discussed.
2. Experimental section

2.1. Catalyst preparation

Alumina-supported MoS2 catalysts promoted by alkali metals
were prepared by incipient wetness impregnation of a 75–
125 lm sieve fraction of crushed c-Al2O3 (CK-300, Ketjen) extru-
dates with an aqueous solution of ammonium heptamolybdate
((NH4)6Mo7O24�4H2O) and alkali metal salts. The alkali metal salts
were lithium nitrate (LiNO3, 99.99%), sodium nitrate (NaNO3,
Emsure� for analysis), potassium carbonate (K2CO3, 99.0%), rubid-
ium carbonate (Rb2CO3, 99.8%), and cesium acetate (CH3COOCs,
99.9%). All the chemicals were purchased from Sigma Aldrich. After
impregnation, the catalyst precursors were dried at 110 �C for 24 h
and subsequently calcined at 450 �C in flowing air for 2 h. The tar-
geted Mo loading was 8 wt.% for the non-promoted sample, while
the atomic ratio of alkali metal to molybdenum was kept at 2 for
the promoted samples. The sulfided catalysts were denoted by
using the alkali metal as a prefix to Mo (e.g., KMo and CsMo repre-
sent K- and Cs-promoted MoS2 supported on c-Al2O3). 2H-MoS2
(Sigma Aldrich) and 1T-MoS2 were used as reference samples for
X-ray absorption spectroscopy measurements. 1T-MoS2 powder
was prepared through lithium intercalation [20].

Alumina-supported alkali catalysts were also prepared by incip-
ient wetness impregnation with an aqueous solution of the same
alkali metal salts. After impregnation, the catalyst precursors were
dried at 110 �C for 24 h and subsequently calcined at 450 �C in
flowing air for 2 h. The targeted alkali content was 20 mol% (i.e.,
alkali/(alkali + support) = 0.20). Three more Cs-based catalysts
were prepared with Cs molar contents of 5, 10 and 15 mol%. The
sulfided catalysts were denoted as M/Al2O3, where M = Li, Na, K,
Rb, and Cs, and Csx/Al2O3, where x = 5, 10, 15, or 20.

Mo-promoted Cs catalysts were prepared using a two-step
approach in which the calcined oxide precursor of Cs/Al2O3 was
impregnated with an aqueous solution of (NH4)6Mo7O24�4H2O.
The sulfided catalysts were denoted as CsMox/Al2O3, where x repre-
sents the atomic ratio of Mo to Cs (x = 0.1, 0.25, 0.5).
2.2. Characterization

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used to determine the metal content in the oxide precur-
sors. The samples were dissolved in sulfuric acid (1:1 diluted with
demineralized water). Alkali metals are difficult to measure with
ICP-OES due to their low ionization potential, resulting in ioniza-
tion interference. For the measurements of Li, Na, and K, a high
concentration of Cs was added to depress ionization of the element
of interest. For Cs, the standard addition method was used. Rb
could not be measured, because the intensity of the only available
analytical line of Rb is very poor and the difference in ionization
potential between Rb and Cs is too small to depress the ionization
of Cs by adding excess Cs.
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Quasi in situ X-ray photoelectron spectroscopy (XPS) was per-
formed using a Thermo Fischer K-Alpha spectrometer, equipped
with a monochromatic X-ray source (Al Ka = 1486.6 eV) and a
delay line detector. Fresh and used catalyst samples were dis-
persed on alumina sample holders coated with carbon tape in a
nitrogen-filled glovebox (H2O < 1 ppm, O2 < 1 ppm). The samples
were transferred to the XPS apparatus using a protective atmo-
sphere transport vessel. The used catalyst samples were also pre-
pared and measured after exposing to air for 30 min. The
background pressure prior to analysis was 2 � 10-9 mbar. Survey
scans were collected at a constant pass energy of 160 eV, region
scans at 40 eV. The spectra were fitted using the CasaXPS software.
The main C 1 s signal served as an energy reference and was set at
284.8 eV.

Extended X-ray adsorption fine structure (EXAFS) spec-
troscopy was carried out at the DUBBLE beamline (BM26A) of
the ESRF (6 GeV storage ring, 200 mA ring current). Ex situ
freshly sulfided samples were prepared in the glovebox as self-
supporting wafers and sealed with Kapton tape. Spectra were
collected at room temperature in transmission mode as the Mo
K-edge. In situ experiments were performed in a custom-built
stainless-steel (SS316) reactor equipped with glassy carbon win-
dows as described in the literature [21]. The reactor was loaded
with 100 mg of catalyst precursor and connected to a mobile
high-pressure setup installed at the beamline. The setup was
equipped with a set of mass flow controllers to supply the
required gases (He, CO, H2S/H2 (10/90 vol%)). NaOH trap was
used to absorb all the H2S from the outlet stream. The setup
was pressurized to 10 bar with He and checked for potential
leaks at the start of each experiment. Then the pressure was
released to atmospheric pressure and the gas feed was switched
to 30 mL/min H2S/H2 (10/90 vol%) for sulfidation. The sulfidation
was started by heating the reactor (6 �C/min) to 350 �C with a
2 h dwell time. Subsequently, 3 mL/min CO was added. The
CO:H2:H2S ratio was kept at 1:9:1 at a total flow rate of
33 mL/min. The reactor was then pressurized to 10 bar to sim-
ulate the reaction conditions, for 3 h. Afterwards, the reactor
was cooled to room temperature, depressurized to atmospheric
pressure and flushed with He before the final EXAFS spectra of
the in situ used samples were collected. EXAFS spectra were
background-subtracted with Athena and fitted with Artemis,
which are interfaces of the IFEFFIT software package [22]. Scat-
tering paths were calculated by FEFF6 from relevant crystal
structures obtained from the ICSD database. Fitted parameters
were the energy shift (DE0), coordination number (CN), change
in bond distance (DR), and the relative mean square displace-
ment (r2).

Infrared spectra were measured using a Nicolet FT-IR spectrom-
eter equipped with a cryogenic MCT detector. Self-support wafers
(�7 mg/cm2) were pressed and sulfided in a home-made in situ cell
equipped with CaF2 windows. Sulfidation was carried out at atmo-
spheric pressure in a flow of 10 vol% H2S/H2 (40 mL/min) at 350 �C
for 2 h with a 6 �C/min ramp rate. For the adsorption-IR experi-
ments, the wafer was cooled to room temperature, flushed with
N2 and evacuated. Then, the wafer was heated to 350 �C for 1 h
(6 �C/min ramp rate). A calibrated sample loop with a pressure
gauge was connected for the pulse injection of CO. CO was injected
to the cell kept at liquid nitrogen temperature. A spectrum (256
scans with a resolution of 4 cm�1) was collected after each pulse
up to a pressure of 1 mbar NO or CO. For the in situ IR experiments,
after 2 h sulfidation at 350 �C, the cell was first flushed with N2 for
30 min. Then, the feed gas was changed to a mixture of CO/H2S/H2

(molar ratio = 1:1:11) at atmospheric pressure for 1 h. Spectra
were collected every 5 min and were normalized to the wafer mass
of the oxidic precursors.
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2.3. Catalytic activity measurements

Sulfidation and syngas conversion experiments were performed
in the same fixed-bed down-flow reactor. Prior to reaction experi-
ments, 0.2 g of the catalyst precursor was calcined in He flow under
10 bar at 350 �C for 2 h after heating from room temperature at a
rate of 6 �C/min. Then, alkali-promoted MoS2 catalysts and CsMox/
Al2O3 catalysts samples were sulfided in a 10 vol% H2S/H2 mixture
under 10 bar at 350 �C for 2 h. The alkali catalysts samples were
sulfided in a H2S flow under similar conditions. The same proce-
dure was applied for the preparation of samples for XPS and EXAFS
characterizations. After sulfidation, the temperature was decreased
to 300 �C. The feed gas was then changed to a mixture of CO:H2:
H2S (molar ratio of 1:2:1) at a total flow of 60 mL/min to which
a flow of 3 mL/min N2 was added as the internal standard. The cat-
alytic performance was determined every 25 �C from 300 �C to
400 �C for 1 h after at least 2 h of stabilization at each temperature.
Used catalysts (denoted by the suffix _used) were transferred from
the reactor to a glovebox to avoid contact with air before further
characterization.

The influence of the H2 and H2S partial pressure on the reaction
was investigated at 350 �C. For this purpose, the flow rates of H2 or
H2S were varied, while keeping the total flow rate constant by bal-
ancing with N2.

The effluent product composition was analysed by an online gas
chromatograph (CGC, Interscience) equipped with 3 columns and
detectors. An FID detector placed after an Rtx-1 column
(l = 15 m, i.d. = 0.32 mm) was used for the analysis of CH3SH,
CS2, CH3SCH3 and hydrocarbons. TCD detectors placed after Rt-
QBond (l = 12 m, i.d. = 0.32 mm) and Molsieve 5A (l = 7 m, i.d. =
0.32 mm) columns were used for the analysis of CO, CO2, COS,
H2S and N2. The carbon balance in each test was 99 ± 2%. CO con-
version (XCO), product selectivity (SP) and reaction rate (rP) were
calculated by the following equations:

XCO %ð Þ ¼ ðFCO;in � FCO;outÞ=FCO;in � 100%

where FCO,in and FCO,out refer to the molar concentration of CO at the
inlet and outlet, respectively.

SP %ð Þ ¼ n� FP

FCH3SHþFCOSþFCS2þFCO2þFCH4þ2� FCH3SCH3

� 100%

where n refers to the number of carbon atoms of the product and FP
refers to the molar concentration of the product at the outlet.

rP ¼ FP �Mp

Wcat

where MP refers to the molecular weight of the product and Wcat

refers to the catalyst weight.

2.4. Computational details

All spin-polarized density functional theory (DFT) calculations
were performed using the Perdwe-Burke-Ernzerhof (PBE)
exchange–correlation functional with the VASP software package
[23–25]. The electronic wavefunctions for the valance electrons
were expanded by plane waves with a kinetic energy cutoff of
400 eV. The electron–ion interactions were described by the pro-
jector augmented-wave (PAW) method [26]. Corrections for Van
der Waals interactions between molecules were made using the
zero-damping D3 method introduced by Grimme et al. [27] A
threshold of 10-6 eV was adopted for self-consistent field (SCF) iter-
ations and the optimization calculations were performed until the
force on each ion was below to 0.05 eV�Å�1. The finite displace-
ment approximation of the Hessian matrix with a step size of
0.01 Å was used in the vibrational frequency analysis. The often
used (100) termination of MoS2 was employed as the catalytic sur-
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face in the present study [28–31]. This model was obtained by
cleaving the 2H phase of MoS2 bulk along the [100] direction in
a way that a p(4 � 4) supercell was obtained to which a vacuum
height of 15 Å in the z-direction was added in order to prevent arti-
ficial interactions between neighboring periodic images. The
supercell has a dimension of 12.33 Å � 12.65 Å � 24.13 Å and con-
tains 32 MoS2 units. During optimization, the bottom two layers
were fixed to their bulk positions, while the remaining layers were
relaxed. The integration of the Brillouin zone was performed using
a 2 � 2 � 1 Monkhorst-Pack k-point mesh. The as-cleaved
MoS2(100) surface contains a Mo-edge and a S-edge, which are
known to reconstruct under reaction conditions [28,30]. In this
study, we considered the MoS2(100) surface with eight S atoms
on the S-edge and three S atoms and two SH groups adsorbed on
the Mo-edge, because it is the stable edge termination in an atmo-
sphere of 10 vol% H2S in H2 at 350 �C [30]. To model the alkali-
promoted MoS2, 4 alkali metal atoms were added on the (100)
edge of the MoS2(100) slab model.
3. Results and discussion

We first explored the influence of the type of alkali on the MoS2-
catalyzed synthesis of CH3SH from a CO/H2/H2S mixture. For this
purpose, a set of alkali/MoS2 catalysts were prepared by incipient
wetness impregnation on c-Al2O3 followed by calcination and sul-
fidation. The elemental composition is summarized in Table S1.
The catalytic performance of these catalysts in the temperature
range from 300 to 400 �C is shown in Fig. 1. Without alkali, MoS2
catalyzes the formation of CH3SH, COS, CO2, and small amounts
of CH3SCH3 and CH4 at low temperature. At higher temperatures,
the amount of CH4 increases at the expense of CH3SH and COS.
The addition of alkali cations substantially affects the activity
and the product distribution. Except for Li, adding alkali strongly
improves the CO conversion and the CH3SH selectivity at the
expense of CH4 selectivity. The highest catalytic performance is
obtained when MoS2 is modified by Cs. The CO conversion for
CsMo increases from 12.7% at 300 �C to 29.1% at 400 �C together
with an increase of the CH3SH selectivity from 40.0% at 300 �C to
a maximum value of 44.3% at 350 �C followed by a slight decrease
to 41.6% at 400 �C. The higher CO conversion and CH3SH selectivity
resulted in a CH3SH formation rate of 1.08 g�gcat-1 h�1 at 400 �C, which
is more than 20 times higher than that of the unpromoted Mo cat-
alyst (0.045 g�gcat-1 h�1). Beneficially, the CH4 formation rate of the
CsMo catalyst is nearly an order of magnitude lower than that of
the Mo catalyst (0.045 g�gcat-1 h�1 vs. 0.32 g�gcat-1 h�1). These results
confirm that alkali promotion of MoS2 improves the conversion
of CO/H2/H2S to CH3SH and enhances the rate of CH3SH formation
whilst suppressing that of CH4 formation. More importantly, the
promotional effect increases with the size of the alkali cation, Cs
giving rise to a much higher catalytic performance than K, which
is commonly used to promote MoS2 in CH3SH synthesis. The use
of Li does not affect the catalytic performance.

The surface composition of the sulfided catalysts was analyzed
by quasi in situ XPS analysis. XPS spectra of the Mo 3d and S 2s
regions are shown in Fig. 2. The binding energies of the main fea-
tures and the contributions of the various Mo species obtained by
deconvolution are summarized in Table S2. Besides contributions
of oxidic (Mo6+), oxysulfidic (Mo5+), and sulfidic (Mo4+ in 2H-
MoS2) [32], a contribution of Mo4+ due to the 1T phase of MoS2
had to be included in the fitting procedure.[17,18] Due to the over-
lap with the Mo 3d region, the S 2s, Rb 3p3/2 and Cs 4s peaks were
included in the deconvolution as well. The sulfidation degree of the
sulfided alkali-promoted MoS2 catalysts was high (>80%) for all
samples, represented by contributions of 2H-Mo4+ and 1T-Mo4+

in. Previous studies have shown that the presence of K+ can result



Fig. 1. (a) CO conversion (dots) and product distribution of alkali-promoted MoS2 catalysts. The columns at each temperature refer respectively to Mo, LiMo, NaMo, KMo,
RbMo, and CsMo catalysts from left to right, (b) Rates of CH3SH formation and (c) CH4 formation of alkali-promoted MoS2 catalysts. Reaction conditions: T = 300 – 400 �C,
P = 10 bar, CO:H2:H2S = 1:2:1, total flow rate 60 mL/min.
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in the formation of the 1T phase of MoS2 during sulfidation [17,18].
The XPS data demonstrate that this 1T phase is also formed during
the sulfidation of the NaMo, RbMo, and CsMo catalysts. Although
intercalation of MoS2 with Li is widely used to prepare 1T-MoS2
[33,34], sulfidation of the LiMo sample did not yield 1T-MoS2.
The fraction of 1T-Mo4+ is highest in the sulfided NaMo sample
with a 1T/2H phase ratio of 1.7. With increasing size of the alkali
cation, the fraction of 1T-Mo4+ decreases. It is lowest for the sul-
fided CsMo sample, for which the 1T/2H ratio is 1.0. As the forma-
tion of 1T-MoS2 is usually linked to intercalation of alkali metals
between MoS2 layers and charge transfer from the intercalant to
MoS2 [35,36], it is likely that size limits the intercalation extent
of larger alkali cations. Nevertheless, the LiMo sample does not fol-
low this trend.

Mo K-edge EXAFS was used to determine the structure around
the Mo atoms in the alkali-promoted MoS2 catalysts. The Fourier-
transformed EXAFS spectra (FT spectra) of the catalysts and 2H-
MoS2 and 1T-MoS2 references are shown in Fig. 3. Corresponding
fits and the fit parameters are collected in Figure S1 and
Table S3, respectively. All the data could be fitted with a R-factor
lower than 3%. In Fig. 3a, the two main shells in the FT spectrum
of the 2H-MoS2 reference represent the nearest Mo-S (2.40 Å)
and Mo-Mo (3.16 Å) neighbours. In the 1T-MoS2 reference, the
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Mo-S bond distance (2.43 Å) is similar with that of 2H-MoS2, while
the Mo-Mo bond (2.73 Å) is shorter. The coordination number of
this Mo-Mo bond (1.65) is lower than in bulk MoS2, and the
Debye-Waller factor (r2) is relatively large. These are typical fea-
tures of the distorted 1T’-MoS2 structure with zigzag Mo chains
derived from relaxation of the metastable 1T-MoS2 structure
[20,37–40]. In the zigzag Mo chains, only part of the Mo-Mo bonds
are shortened to �2.7 Å, resulting in a lower Mo-Mo coordination
number. The 1T’-MoS2 phase is also typically characterized by
higher Debye-Waller factors (r2) [40–45].

A comparison of FT spectra of alkali-promoted MoS2 catalysts in
Fig. 3b to the FT spectrum of the 1T-MoS2 reference shows that,
except for LiMo, all alkali-promoted MoS2 catalysts contain a con-
tribution of 1T-MoS2. The detailed fit results in Table S3 show a
single Mo-Mo shell with a bond distance of 3.16 Å for the sulfided
Mo and LiMo catalysts. The other catalysts show the additional
shorter Mo-Mo bond (�2.77 Å). The Mo-S coordination number
of the sulfided catalysts is � 4, which is lower than that in bulk
MoS2 due to incomplete sulfidation. The total Mo-Mo coordination
number for the sulfided catalysts is around 2, which points to the
formation of very small slabs at the support surface [18]. Typically,
the MoS2 phase in supported catalysts also shows significant disor-
der, resulting in lower Mo-Mo coordination numbers in EXAFS



Fig. 2. XPS spectra of the Mo 3d and S 2 s regions of alkali-promoted MoS2
catalysts: (a) Mo, (b) LiMo, (c) NaMo, (d) KMo, (e) RbMo, and (f) CsMo. Experimental
data are represented by open circles and the overall fit by the black curves. The fits
are decomposed in contributions of 2H-Mo4+ (blue), Mo5+ (olive), Mo6+ (violet), 1 T-
Mo4+ (red), S2- (dark yellow), and Rb+ 3p3/2 and Cs+ 4 s (orange) in (e) and (f),
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. FT EXAFS spectra of (top) 2H– and 1 T-phase MoS2 reference, (middle) alkali-
promoted MoS2 catalysts and (bottom) in situ used alkali-promoted MoS2 catalysts.
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analysis [46]. Table S3 also reports the ratio between the fitted
coordination numbers of the shorter Mo-Mo bond (1T) and the
longer Mo-Mo bond (2H), indicated as CN1T/CN2H. Although this
ratio does not accurately reflect the ratio of 1T-MoS2 and 2H-
MoS2, the decreasing trend of CN1T/CN2H going from NaMo (1.84)
to CsMo (0.95) is in line with the decreasing amount of 1T-MoS2
determined by XPS.

Thus, the combined XPS and EXAFS results show that the pres-
ence of alkali metals during the sulfidation of the Mo catalysts
results in the formation of 1T-MoS2 in addition to 2H-MoS2. LiMo
is the exception, as only 2H-MoS2 is formed in this material. The
sulfided NaMo catalyst contains the highest amount of 1T-MoS2.

Also, the used samples were characterized by XPS and EXAFS.
EXAFS spectra were recorded after catalytic activity measurements
in an operando cell under slightly milder conditions than the above
tests. The XPS spectra of Mo 3d and S 2s region of the used catalysts
are shown in Fig. 4, and corresponding fitting parameters are listed
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in Table S2. Due to its instability under high pressure and temper-
ature [18], most of 1T-MoS2 transformed to the 2H phase during
the reaction. Therefore, 1T-MoS2 fraction in all used alkali-
promoted MoS2 catalysts is lower than in the fresh ones. The lar-
gest amount of 1T-MoS2 is retained in the NaMo catalyst. The FT
spectra of the used alkali-promoted MoS2 catalysts are shown in
Fig. 3c and the corresponding fits and fit parameters are depicted
in Figure S2 and Table S3, respectively. The Mo-Mo shell related
to 1T-MoS2 is negligible in the FT spectra of used KMo, RbMo
and CsMo catalysts in comparison to the freshly sulfided ones.
The fitting results in Table S3 confirm this. Only fitting of the spec-
trum for used NaMo catalyst required a contribution of the 1T-
MoS2. Based on the coordination numbers, the CN1T/CN2H ratio
decreased from 1.8 to 1.2 for this sample.

We earlier concluded that the 1T-MoS2 phase should not be
regarded as the only active phase for the conversion of CO/H2/
H2S to CH3SH, because we observed that the activity of K-
promoted MoS2 did not change during the phase transformation
of 1T-MoS2 to 2H-MoS2.19 The present findings support the conclu-
sion that there is no correlation between the catalytic activity and
the amount of the 1T-MoS2 phase. Moreover, it is seen that the cat-
alyst with the largest amount of 1T-MoS2 after sulfidation and after
reaction showed only intermediate activity. Thus, the improved
catalytic performance upon alkali addition is not due to formation
of 1T-MoS2 in these catalysts.



Fig. 4. XPS spectra of the Mo 3d and S 2 s regions of used alkali-promoted MoS2
catalysts: (a) Mo_used, (b) LiMo_used, (c) NaMo_used, (d) KMo_used, (e)
RbMo_used, and (f) CsMo_used. Experimental data are represented by open circles
and the overall fit by the black curves. The fits are decomposed in contributions of
2H-Mo4+ (blue), Mo5+ (olive), Mo6+ (violet), 1 T-Mo4+ (red), S2- (dark yellow), and
Rb+ 3p3/2 and Cs+ 4 s (orange) in (e) and (f), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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As an alternative to intercalation between MoS2 layers, we con-
sidered alkali cations at the edges of the MoS2 slabs as a possible
explanation for the enhanced catalytic performance [47]. MoS2
edge sites have been proposed as the active sites for CO hydrogena-
tion to hydrocarbons and alcohols [48–53], CH4 being readily
formed on unpromoted MoS2 [54]. Therefore, partial blocking of
such MoS2 edge sites by alkali might explain the suppression of
CH4 formation as a by-product in CH3SH synthesis. IR spectroscopy
of adsorbed CO was used to probe the MoS2 edge sites (Fig. 5a). The
spectrum of the in situ sulfided Mo catalyst contains three features
at 2092 cm�1, 2148 cm�1, and 2189 cm�1, which correspond to CO
adsorbed on the MoS2 edges and hydroxyl groups and Al3+ sites of
the c-Al2O3 support, respectively [55,56]. Upon introduction of
alkali, the IR bands due to adsorption of CO on the MoS2 edge sites
decreased strongly. An increasing size of the alkali cation leads to a
stronger decrease of the number of edge sites, indicating more effi-
cient titration of edge sites. The observed shift to lower wavenum-
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bers is likely due to a combination of a decrease in lateral
interactions and a change in the electron density of the MoS2 edge
sites due to the alkali cations [57]. A decrease of CO coverage on
the Mo-edge resulting in weaker lateral interactions might also
explain this. The IR band of CO on MoS2 edge sites is a composite
of bands due to CO adsorbed Mo- and S-edges [56]. The IR spectra
of KMo, RbMo, and CsMo show that no free Mo-edge sites are avail-
able anymore. The remaining broad band with a maximum at
2050–2060 cm�1 is due to CO adsorption on S-edges. The intensity
of this band also decreases for larger alkali cations. IR bands in the
2140–2190 cm�1 range can be assigned to CO adsorption on
weakly acidic hydroxyl groups and Lewis acidic Al3+ groups of
the c-Al2O3 support. The presence of alkali leads to changes of
the location and intensity of the CO band on hydroxyl groups,
which is most likely caused by a combination of exchange of
hydroxyl groups with alkali cations (lower intensity of the band)
and electronic effects of alkali on the support on nearby hydroxyl
groups (location of the band). CO can also electrostatically adsorb
on coordinatively unsaturated alkali cations, giving rise to IR fea-
tures in the range of 2140–2190 cm�1. For instance, with increas-
ing alkali cation size the CO frequency shifts from 2188 cm�1 for Li+

to 2157 cm�1 for Cs+ upon ion-exchange in zeolite ZSM-5 [58]. In
the present samples, the pronounced shoulder at 2175 cm�1 in
LiMo can be assigned to CO adsorption on Li+. With increasing
cation size, the band shifts from 2175 cm�1 for Li+ to 2137 cm�1

for Cs+. In summary, CO IR spectroscopy clearly shows that alkali
cations are located at the edges of the MoS2 phase. The coverage
of the edges increases in the order Li+ � Na+ < K+ < Rb+ < Cs+.

We next carried out in situ IR experiments in a mixture of CO/
H2S/H2 for the alkali-promoted MoS2 catalysts. Fig. 5b shows IR
spectra obtained after 1 h of reaction at atmospheric pressure
and 350 �C. The spectra for Mo and LiMo are very similar, contain-
ing asymmetric and symmetric stretching vibrations of OCO
(1587 cm�1 and 1378 cm�1, respectively) and a C-H bending vibra-
tion (1390 cm�1). These bands have been associated with the for-
mation of formate (HCOO) intermediates on the MoS2 edges
[3,59]. With increasing alkali size in the series Na < K < Rb < Cs,
these formate bands become weaker, while bands at 1273 cm�1

and 1390 cm�1 appear and intensify. The latter band cannot be
assigned to the formate C-H bending mode, because the corre-
sponding OCO stretching feature is absent. On the other hand, sim-
ilar bands have been previously observed during the dissociative
adsorption of CH3SH on metal oxides [60,61]. As the intensities
of the 1273 cm�1 and 1390 cm�1 bands correlate strongly with
the CH3SH reaction rate, we speculate that they represent surface
intermediates relevant to the formation of CH3SH. Based on litera-
ture, SCHS and SCH3 groups, which are precursors to CS2 and CH3-
SH, are likely intermediates [12,62,63]. Density functional theory
(DFT) calculations performed on MoS2 and alkali-promoted MoS2
surface models support this interpretation (Table S4). The IR band
at 1390 cm�1 represents the C-H bending vibration in adsorbed
SCH3 species, while the band at 1273 cm�1 can be linked to the
C-S stretching vibration in SCH3 and the antisymmetric stretching
vibration of S-C-S bond in SCHS species. Based on the computed
adsorption energies, the stability of such adsorbed intermediates
increases moving down the alkali group, which is in keeping with
the increasing intensity of these bands in the experimental IR spec-
tra. Based on the Brønsted-Evans-Polanyi principle, a higher stabil-
ity can indicate a lower activation barrier for the formation of the
intermediate. As these intermediates lead to CS2 and CH3SH upon
hydrogenation, we can infer that the higher intensity is due to a
higher surface coverage, explaining the higher reaction rate. Over-
all, the increased stability of SCHS and SCH3 intermediates in the
mechanism of CH3SH formation on larger alkali cations dispersed
on MoS2 can explain the optimum activity for CsMo.



Fig. 5. IR spectra of (a) CO adsorbed on c -Al2O3 and alkali-promoted MoS2 catalysts at liquid nitrogen temperature, (b) alkali-promoted MoS2 catalysts after exposure to a
flow of CO/H2S/H2 (1:1:11, volumetric ratio) flow for 1 h at atmospheric pressure and 350 �C.

Fig. 6. (a) CO conversion (dots), and product distribution and (b) rates of CH3SH
formation obtained with alkali-based catalysts (reaction conditions: T = 300 –
400 �C, P = 10 bar, CO:H2:H2S = 1:2:1 at a total flow rate of 60 mL/min).
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The IR findings provide a new insight into the promotional
effect of alkali cations on the CH3SH synthesis by MoS2 catalysts.
Larger alkali cations effectively block almost all edges of the
MoS2 slabs, the titration of these sites being most complete for
Cs. Moreover, the adsorption of alkali cations on MoS2 edges sup-
presses the CH4 formation pathway. This led us to speculate that
the actual active sites for CH3SH synthesis might be the alkali
cations, which are highly dispersed on the MoS2 edges. Accord-
ingly, we further investigated the catalytic performance of MoS2-
free alkali catalysts.

Alkali catalysts supported on c-Al2O3 were prepared by incipi-
ent wetness impregnation. The corresponding elemental composi-
tion are summarized in Table S5. The catalytic performance of
alkali-based catalysts was evaluated under the same reaction con-
ditions as the alkali-promoted MoS2 catalysts. Fig. 6a shows the CO
conversion and the product distribution for the sulfided alkali-
based catalysts and the bare c-Al2O3 support. The corresponding
CH3SH rates are shown in Fig. 6b. Without alkali, the CO conversion
on the c-Al2O3 support is almost negligible with COS as main reac-
tion product (80%) at 300 �C. At higher temperature, the CO conver-
sion increases slightly with a larger contribution of CS2 to the
product mixture at 375 �C and 400 �C. The presence of alkali results
in a marked increase of the CO conversion and a change in the pro-
duct distribution. The catalytic performance differences between
Li/Al2O3 and c-Al2O3 are very small, which is most likely due to
the low sulfidation degree of Li (vide infra). For the other catalysts,
both CO conversion and CH3SH selectivity increased substantially
with the alkali cation size. The CO conversion at 400 �C reached
42% for the most active Cs/Al2O3 catalyst. At the same time, both
CH3SH and CO2 selectivity increased at the expense of COS, indicat-
ing that alkali sulfides also benefit the disproportionation of COS
and, to some extent, hydrogenation of CS2 [11]. The product distri-
butions obtained with Na/Al2O3, K/Al2O3, Rb/Al2O3, and Cs/Al2O3

catalysts are similar with a relatively small influence of the reac-
tion temperature. The highest CH3SH selectivity is �32%, which
is moderate compared to previous results obtained with alkali-
promoted MoS2 catalysts [17,18,64].

As Cs is the most active alkali cation for CH3SH synthesis, we
investigated the influence of the Cs loading. The catalytic perfor-
mance of these catalysts is shown in Fig. 7. Cs5/Al2O3 display a very
low activity, i.e., a CO conversion lower than 5% at 400 �C. The CH3-
122
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Fig. 7. (a) CO conversion (dots), and product distribution and (b) rates of CH3SH
formation obtained with Cs-based catalysts (reaction conditions: T = 300 – 400 �C,
P = 10 bar, CO:H2:H2S = 1:2:1 at a total flow rate of 60 mL/min).
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SH selectivity for Cs5/Al2O3 was higher than that of the bare c-
Al2O3 support, although the COS selectivity was also high. The pro-
duct distribution for Cs10/Al2O3, Cs15/Al2O3 and Cs20/Al2O3 were
similar with a slightly higher CH3SH selectivity than that for Cs5/
Al2O3. On the other hand, the CO conversion strongly increased
with the Cs loading and levelled off for Cs20/Al2O3. A plot of the sur-
face Cs concentration in the sulfided and used catalysts (Figure S3)
determined by XPS shows the expected behavior of a saturation
coverage of Cs being approached. Comparison of sulfided and used
catalysts shows that the surface Cs concentration did not change
during the catalytic reaction, demonstrating that the active Cs sul-
fide phase did not sinter.

The Cs/Al2O3 catalyst exhibited a CH3SH formation rate of 1.16 g�gca-
1 h�1 at 400 �C, which is nearly 50 and 25 times higher than those
of c-Al2O3 and MoS2/Al2O3 catalysts, respectively. Normalized per
mol Cs, the Cs/Al2O3 catalyst displays a CH3SH rate of
14.1 mol�molCs
-1�h
�1, which is only marginally lower than the activity of
16.0 mol�mol
Cs
-1�h�1 reported for CsMo catalyst. An important conclusion from
the comparable activity of Cs sulfide and Cs-promoted MoS2 cata-
lysts is that MoS2 is not required for CH3SH synthesis from CO/H2/
H2S. Based on the present insights, we can propose that alkali sul-
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fides are the active catalysts for this reaction. A comparison of the
product distributions shows that alkali-modified MoS2 catalyzes
the formation of undesired CH4 at 400 �C, whereas the CH4 selec-
tivity for the alkali sulfide catalysts is negligible. This is most likely
due to the high reactivity of remaining Mo-edges for CO dissocia-
tion. Such sites are more effectively titrated by larger alkali cations.
From the observation that supported alkali sulfides produce more
COS and CS2 than alkali-modified MoS2, we infer that MoS2 facili-
tates the hydrogenation of these intermediates.

To understand the nature of the active sites in MoS2-free alkali-
based catalysts and the mechanism of the formation of C-H bonds,
we focused on characterizing these materials in more detail. XPS
was used to investigate the surface composition of the sulfided
alkali catalysts. The corresponding spectra and fitting results are
summarized in Fig. 8, Figure S4 and Table S6. The data show that
the amount of S in the sulfided Li/Al2O3 sample is much lower than
in the other catalysts. The atomic S/Li ratio is only 0.08, indicative
of a low sulfidation degree of Li. For the other alkali catalysts, the S/
alkali ratios are all higher than 0.40, indicating a high sulfidation
degree (>80%). In line with this, the contribution of S2- for these
samples is larger than 80% with the remainder of sulfur being pre-
sent as sulfate (SO4

2-) species. Thus, XPS verifies that, except for Li,
alkali metal (M) sulfide (M2S) is the main phase present in the sul-
fided catalysts. Catalysts collected after catalytic experiments were
also characterized by XPS. The S speciation in the used catalysts is
similar to that of the as-sulfided catalysts, which means that the
supported alkali sulfides are stable under the reaction conditions.
After exposing the used catalysts to air for 30 min, the correspond-
ing S XPS spectra show extensive oxidation of S2- to S6+ species
(Figure S5 and Table S7).

The surface properties of the sulfided alkali samples and the ref-
erence bare c-Al2O3 support were also investigated by IR spec-
troscopy of adsorbed CO (Fig. 9 and S6). The IR spectrum of the
c-Al2O3 support contains two bands at 2189 cm�1 and
2148 cm�1, which respectively correspond to CO adsorbed on
Lewis acid sites (coordinatively unsaturated Al3+ centers) and
hydroxyl groups [55,56]. The deposition of alkali cations leads to
a decrease of the band due to the Lewis acid sites, indicating their
interaction with the Al3+ sites. The hydroxyl band at 2148 cm�1

also changed due to the exchange of the weakly acidic proton of
these surface hydroxyl groups with alkali cations [65]. The replace-
ment of surface protons by Li+ was not complete, as the band at
2150 cm�1 belonging to CO adsorption on hydroxyl groups remains
visible. Most likely, for the other sulfided alkali catalysts, the pro-
tons of surface hydroxyl groups were completely exchanged by
alkali cations, which was confirmed by the disappearance of nearly
all surface hydroxyl groups (Figure S6). We assign the remaining IR
band to CO electrostatically adsorbed on coordinatively unsatu-
rated alkali cations of the supported alkali sulfides. This band shifts
to lower wavenumbers with increasing size of the alkali cations,
indicative of weaker bonding [58]. Notably, the feature is located
at a much higher wavenumber for the Li catalyst, which might
be due to the low sulfidation degree of Li. These findings indicate
that the alkali sulfides are highly dispersed on the c-Al2O3 support
and contain coordinatively unsaturated surface sites onto which
CO can adsorb, which may be candidate active sites for CH3SH
synthesis.

Unlike the thiolation of CH3OH, the conversion of CO/H2/H2S to
CH3SH involves hydrogenation reactions. To verify the origin of the
H atoms in the formation of C-H bonds, the influence of H2 and H2S
partial pressure on the CH3SH formation rate was investigated for
the sulfided Cs/Al2O3 catalyst at 350 �C. The CO conversion and
product distribution are shown in Fig. 10a and 10b, respectively.
Surprisingly, an increase of the H2 partial pressure from 0 to
5 bar does not impact the CO conversion nor the CH3SH selectivity.
This suggests that H2 is not involved in the CH3SH synthesis reac-



Fig. 8. XP spectra of (a) S 2p region of sulfided Li/Al2O3, Na/Al2O3, K/Al2O3, and Rb/Al2O3 catalysts and (b) S 2 s region of the sulfided Cs/Al2O3 catalyst, (c) S 2p region of Li/
Al2O3_used, Na/Al2O3_used, K/Al2O3_used, and Rb/Al2O3_used catalysts, and (d) S 2 s region of Cs/Al2O3_used catalyst. Experimental data are represented by open circles and
the overall fit by the black curves. The fits are decomposed in contributions of S2- (red), SO4

2- (blue), and Cs+ 4 s (violet). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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tion. Consistent with this, the CO conversion of a reaction feed con-
taining CO and H2 (without H2S) was very low. On the contrary,
when the H2S partial pressure is increased from 0.5 to 5 bar in
the absence of H2, the CO conversion increases from 11.7% to
15.6% (apparent reaction order with respect to H2S � 0.2). At the
same time, the COS and CO2 selectivity change, respectively, from
33.0% to 39.0% and from 35.0% to 29.1%, while the CH3SH and CS2
selectivity remains nearly constant. These findings indicate that Cs
sulfide catalyzes the reaction between CO and H2S, resulting in the
formation of COS and H2, followed by a slow further conversion of
COS to CS2 and CH3SH. As H2 is not involved in the reaction over Cs
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sulfide, the hydrogenation of COS and CS2 intermediates uses H
atoms from adsorbed H2S. The decrease in CO2 selectivity with
increasing H2S partial pressure is likely due to the faster reaction
between CO2 and H2S to form COS and H2O [15,66]. Based on these
observations, we postulate that the main reaction can be repre-
sented as follows: 3 CO + 2 H2S ? COS + CO2 + CH3SH. Given the
low CS2 selectivity, which is also independent of H2S pressure, it
is not likely that CS2 is a main reaction intermediate. Instead, we
speculate that hydrogenated COS surface intermediates play a
key role in the formation of CH3SH.



Fig. 9. IR spectra of CO adsorbed on c-Al2O3 and sulfided alkali-based catalysts.
Spectra recorded at liquid nitrogen temperature after the saturation coverage was
reached.

Fig. 11. (a) CO conversion (diamonds), product selectivity, and (b) rate of CH3SH
formation rate of Mo-promoted Cs-based catalysts (Reaction conditions: T = 300 –
400 �C, P = 10 bar, CO:H2:H2S = 1:2:1 at a total flow rate of 60 mL/min).
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These findings indicate that CH3SH selectivity on alkali sulfide
catalysts is limited by slow hydrogenation of COS. To understand
the role of MoS2, we promoted the optimum Cs/Al2O3 catalyst by
Mo in the Mo/Cs range of 0.1–0.5. The corresponding elemental
composition is summarized in Table S5. The CO conversion and
product distribution of these Mo-promoted Cs catalysts are shown
in Fig. 11a, the corresponding CH3SH formation rate in Fig. 11b.
Evidently, MoS2 strongly promotes CH3SH synthesis by improving
the CH3SH and CO2 selectivity at the expense of the COS and CS2
selectivity. We explain this by the promoting role of MoS2 in the
hydrogenation of COS, likely by providing H atoms from H2. At
300 �C, addition of MoS2 leads to an increase of CO conversion of
5.8% for Cs/Al2O3 to 12.8% for CsMo0.5/Al2O3. However, at 400 �C,
the CO conversion over Cs/Al2O3 of 41.9% is higher than that over
CsMo0.5/Al2O3 of 28.7%. We investigated this difference in more
detail by variation of the H2 and H2S partial pressures. Fig. 12a
shows that, different from Cs/Al2O3, the H2 partial pressure has a
strong effect on the CO conversion and the CH3SH selectivity for
CsMo0.5/Al2O3. A higher H2 partial pressure decreases the CO con-
version. We speculate that dissociative H2 adsorption on MoS2
leads to H atom spillover to Cs sulfide, which inhibits the formation
of COS from CO and H2S [67]. The increase in CH3SH selectivity at
higher H2 partial pressure directly reflects the promotional effect
of MoS2 on the hydrogenation of surface intermediates to CH3SH.
Fig. 10. CO conversion (dots) and product distribution of sulfided Cs/Al2O3 at varying (a
P = 10 bar, in (a) , PCO = 2.5 bar, PH2S = 2.5 bar, PH2 + PN2 = 5 bar; in (b) , PCO = 2.5 bar, P
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A higher H2S partial pressure leads to a stronger increase of the
CO conversion for CsMo0.5/Al2O3 (25.3% to 83.1%) in comparison
to Cs/Al2O3 (11.7% to 15.6%) but has a little influence on the pro-
duct distributions (Fig. 12b). We attribute this by a faster activa-
) H2 partial pressure and (b) H2S partial pressure. Reaction conditions: T = 350 �C,
H2S + PN2 = 7.5 bar.



Fig. 12. CO conversion (dots) and product distribution of sulfided CsMo0.5/Al2O3 at varying (a) H2 partial pressure and (b) H2S partial pressure. Reaction conditions: T = 350 �C,
P = 10 bar, in (a) , PCO = 2.5 bar, PH2S = 2.5 bar, PH2 + PN2 = 5 bar; in (b) , PCO = 2.5 bar, PH2S + PN2 = 7.5 bar.
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tion of H2S on MoS2, thereby promoting the overall reaction
between CO and H2S on Cs sulfide [68,69]. Clearly, MoS2 has two
roles in promoting CH3SH synthesis on Cs sulfide, the performance
enhancement thus being dependent on the reaction conditions.
4. Conclusions

This work emphasizes the catalytic role of alkali sulfides in the
synthesis of CH3SH, an important chemical intermediate. Different
from the current understanding that K-promoted MoS2 catalyzed
conversion of CO/H2/H2S mixtures to CH3SH, we demonstrate that
alkali sulfides are the active sites. A key aspect is that these sulfides
catalyze the shift reaction between CO and H2S and the subsequent
hydrogenation of COS to CH3SH via H2S. Cs sulfide shows the high-
est catalytic performance, being almost as active as Cs-promoted
MoS2 and substantially more active than commonly used K-
promoted MoS2. The advantage of the MoS2-free catalyst is the
absence of CH4 formation. The main role of MoS2 is to stabilize a
high dispersion of alkali at its edges and provide spillover H atoms
for COS hydrogenation. These insights imply that the role of alkali
as promoters in other heterogeneous reactions such as Fischer-
Tropsch synthesis should be reassessed.
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