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The nature of K-induced 2H and 1T'-MoS, species

and their phase transition behavior
for the synthesis of methanethiol (CH3;SH)

Zhizhi Xu,"*4> Jian Fang,”** Jichang Lu,"?*>* Dedong He,"**> Sufang He,”** and Yongming Luo'?#>¢*

SUMMARY

The one-step reaction approach from syngas with hydrogen sulfide (CO/H,/H,S)
over potassium (K) promoted Molybdenum disulfide (MoS;) materials can pro-
vide alternatives for the synthesis of methanethiol (CH3SH). However, the direct
confirmation and determination of the real active nature of K-induced 2H and
1T'-MoS, for this reaction and the corresponding phase transformation behavior
and origin of K-induced 2H-MoS, from/to 1T'-MoS, remains unclear. Herein, we
proved at the atomic level the precise position of K over 1T-MoS, and 2H-
MoS, species using the technique of HAADF-STEM. A relationship between
K-induced 1T’ and 2H-MoS, phases and the catalytic property to synthesize
CH3SH was established, and K-intercalated 1T-MoS, phase was confirmed to
have excellent catalytic performances. Moreover, the behavior, origin, and influ-
encing factors of phase transformation of 2H-MoS, from/to 1T-MoS, in the exis-
tence of K were well proved.

INTRODUCTION

Methanethiol (CH3SH) is an important sulfur-containing intermediate for producing pharmaceuticals, pesti-
cides, and especially methionine, an essential amino acid for humans and other animals, which cannot be
synthesized in the human body and should be obtained outside the body (Lu et al., 2020a, 2020b). The tradi-
tional method for the synthesis of CH3SH focuses on the catalytic reaction of hydrogen sulfide (H,S) with meth-
anol (CH3OH) (Gutiérrez et al., 20113, 2011¢). However, CH30OH should be produced from syngas (CO/H,), and
this multi-step reaction gives rise to the enhanced consumption of resource and energy. Considering that CO/
H, and H,S are simultaneously produced from coal gasification, and H,S can be enriched using low-tempera-
ture methanol washing technology, the one-step reaction approach from CO/H,/H,S can provide alternatives
for the synthesis of CH3SH (Gutiérrez et al., 20113; Lu et al,, 2018, 20202, 2020b).

High-performance catalysts with high conversion and high selectivity are the key factor to realize the syn-
thesis of CH3SH. Potassium (K) promoted Molybdenum disulfide (MoS,)-based materials are the most
widely used catalysts for this reaction owing to the excellent ability for the adsorption and activation of
H,S, CO, H, molecules (Gutiérrez et al., 2011a; Lu et al., 2020a). However, in fact, the obtained conversion
of CO and the selectivity of CH3SH over K promoted MoS,-based materials could not reach the require-
ment of ideal catalysts (Gutiérrez et al., 2011b; c). The main cause for the low catalytic performances is
the insufficient knowledge of the real active phases over K-promoted MoS;-based catalysts, limiting the
rational design and synthesis of high-performance catalysts (Chen et al., 2008; Cordova et al., 2015; Yu
et al., 2020). There are several controversial views on K promoted MoS; active phases within the system
of Hy,S/CO/H; (Cordova et al.,, 2015; Gutiérrez et al., 2011a; Yu et al.,, 2020). The “K-Mo-S" phase mixed
with a different valence of Mo"" (n = 4, 5, 6) was first found to be closely related to the catalytic activity,
where increasing the concentration and chemical environment of the Mo®>" improved the selectivity of
CH3SH, while the detailed microstructure of “K-Mo-S"” phase was unclear (Chen et al., 2008; Yang et al.,
2000). Lercher et al. proposed a detailed microstructure of K decorated MoS, species with the decoration
of K on the undercoordinated Mo edge, which promoted the hydrogenation of intermediates, COS and
CS,, into CH3SH (Gutiérrez et al., 2011a, 2011¢). Nevertheless, a lacking of direct and solid evidence on
the determination of this K-decorated MoS, species discounts the attribution of the active phase for the
synthesis of CH3SH. Subsequently, a new active species of intercalated K,MoS; proposed by Lamonier
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et al. was detected by X-ray photoelectron spectroscopy (XPS), and was deemed to have high catalytic per-
formance for the synthesis of CH3SH (Cordova et al., 2015, 2017). This intercalated species with trigonal (1T)
structure is considered to have distinct difference in the structural properties with K decorated MoS, spe-
cies with hexagonal (2H) structure (Lu et al., 2020b). Nevertheless, the direct comparison of the catalytic
performance between intercalated K,MoS, and K-decorated MoS, species under identical conditions
cannot be found in this field (Cordova et al., 2015; Gutiérrez et al., 2011a; Lu et al., 2020b; Yu et al., 2020).

In some cases, the question raises that the phase of intercalated K,MoS, species was reported to be not
unstable and was sensitive to the pressure (Gutiérrez et al., 2011a; Liu et al., 2018; Tang and Jiang, 2015;
Yu et al., 2020). In the study of Lamonier et al., the condition in the reaction process was usually high pres-
sure, while the condition for preparing the sample and detecting intercalated K,MoS, by XPS was under the
atmosphere pressure (Cordova et al., 2015, 2017). The obvious inconsistency between these conditions
drives the researcher to consider the effect of high pressure on the intercalated K,MoS, phase and its cat-
alytic performance. Hensen et al. performed the catalytic test of the 1T-MoS, phase under the high pres-
sure of 10 bar and the high temperature of 350°C, and also the subsequent characterization of XPS under
the same conditions (Yu et al., 2020). Their results showed that there was no correlation between the pro-
ductivity of CH3SH and the number of 1T-MoS;, phase under harsh conditions. This result contradicts
severely the results of Lamonier et al. (Cordova et al., 2015). We assume if all the reactions and character-
ization undergo relative mild conditions, like atmosphere pressure and low temperature, and the 1T-MoS,
phase might be survived, whether the 1T-MoS; phase can be acted as the effective active center or not re-
mains to be investigated. In general, it is difficult to reach a consensus from current literature about what is
the real active phase for the synthesis of CH3SH, K-induced 2H or 1T MoS, (Cordova et al., 2015; Gutiérrez
etal, 2011a; Lu et al., 2020b; Yu et al., 2020). These controversies on active phase of K-induced 2H and 1T-
MoS, might be originated from the following causes.

Onthe one hand, as K-induced 1T-MoS; phase is reported to be unstable under some definitive conditions,
the effect of possible differences between the reaction and characterization conditions (temperature, pres-
sure, time) on the stability property of K-induced 1T-MoS, phase are presented, which is the main external
cause. On the other hand, the dominating internal cause is the lacking of in-depth cognition of the inherent
microstructure of K-induced 2H or 1T MoS; in the presence of K, especially the position of K over MoS; and
the dynamic evolution of K during the thermal treatment, as well as a systematic study on their influence on
the catalytic performance for the synthesis of CH3SH. Unusually, alkali metals, such as K, have been shown
to be an important promoter in many fields (Lee et al., 1994; Liu et al., 2016). As reported, K could modify
the surface coordination environment via the creation of O, -OH, and -SH linkages and stabilize the mi-
crostructures of active phases (Bai and Li, 2014; Hao et al., 2019; Yang et al., 2014). Specifically, the position
of K over active phases plays an important role in the catalytic performance. For instance, in the NH3-SCR
reaction, the covering of K on the surface of a-MnO, deceased the NO, conversion from 50.6% to 23.2%,
while the incorporation of Kinto the lattice of a-MnO5, largely increased the NO, conversion from 50.6% to
100% (Hao et al., 2019). Moreover, there has been very little research into the phase transformation
behavior, origin, and influencing factors of 2H-MoS; from/to 1T(T)-MoS, under the presence of K, which
further hinders the depth insight into the active site and the reaction mechanism for the synthesis of CH3SH.

In this work, the different amounts of K-induced 2H/1T’-MoS, phases (K-intercalated 1T'-MoS, and
K-decorated 2H-MoS;) were controllably synthesized by using a facile K-induced thermal driven tuning
method. We gave an insight into the position and role of K over MoS,, and also an understanding of the
phase transition origin, factors, and behaviors between K-induced 2H and 1T'-MoS; phases. The specific
location and atomic distribution of K on 1T" and 2H-MoS; phases were directly demonstrated at the atomic
level by aberration-corrected scanning transmission electron microscopy (STEM) with high-angle annular
dark-field (HAADF) line scan modes. Furthermore, the characterization conditions were matched with
that during reaction processes, and the relationships between individual phases (K-decorated 2H-MoS,
or K-intercalated 1T'-MoS,) and the catalytic performance for synthesizing CH3SH were established under
the mild and identical conditions.

RESULTS AND DISCUSSION
Synthesis and characterization of K-intercalated 1T'-MoS, and K-decorated 2H-MoS, phases

The phase transformation between 1T-MoS, and 2H-MoS, under the assistance of K was
achieved by vulcanizing the microspherical silica (MS) based monoclinic KzMoQO4 samples in the
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Figure 1. Raman spectra of K-Mo/MS catalysts
Raman spectra in the range of 50-600 cm ™" (A) and in the range of 600-1200 cm~" (B) of K-Mo/MS catalysts sulphided at
280, 300, 320, 360, 400°C, respectively.

continuous flowing of H,S/H, mixtures with tuned thermal annealing temperatures (280, 300, 320, 360,
400°C). This method allows the facile production of K-intercalated 1T'-MoS, and K-decorated 2H-
MoS,; species.

Raman spectroscopy was used to investigate the evolution of structural characteristics and compositions
during the phase transformation. First, the different atomic arrangement and symmetry modes between
Mo and S suggest the presence of different chemical environments of MoS,, which would give rise to
the large differentiation in Raman signals. When the K-Mo sample was sulphided at 280°C, four Raman
peaks at 153 em~" (A, mode), 302 cm™! (Ag mode), 326 em~' (A, mode), and 400 cm™' (A1g mode) are
observed (Figure 1A), which proves the presence of the intercalated 1T MoS; structure (Liu et al., 2018).
One special peak at around 240 cm ™" is attributed to the out-of-plane K-S Raman mode in the intercalated
MoS; species (Tan et al., 2017). These results confirm that K-intercalated 1T’ MoS, species are formed and
no other additional species is presented when sulphided at 280°C (as also confirmed by the absence of
distinct Raman peaks in the range of 600-1200 cm™! (Figure 1B)). With the vulcanization temperature
increasing to 300°C, the well-known 2H MoS, phase emerges (the new peaks at about 383 cm™,
403 cm™', and the weak signal at 453 cm ™’
order scattering, respectively). As reported in the literature, the Ajg mode of the 17" MoS, species at
400 cm ™" is similar to that of 2H MoS, species at 403 cm™' (as well as 408 cm ™ for the sample sulphided
at 400°C), while the Raman peak of 383 cm ™" is unique to a typical 2H Mo$S, phase (Tan et al., 2017). The
decreased intensities of Raman peaks of 1T" MoS, structure and the appearance of Raman peaks of 2H
MoS; phase indicate the occurrence of phase transformation of MoS; as the thermal vulcanization temper-
ature varied. Notably, a slight change in the position of the Raman peak (from 240 cm™" to 246 cm™") is
observed. As Raman spectroscopy is a useful tool to characterize the vibration of metal-oxygen bonds
and their surrounding chemical environment, this change corresponds to the possible alteration in the
chemical environment of K-S from 17" MoS; species to 2H-MoS, owing to the change in the distance of
K-S bond (Andersen et al., 2011). The K species in the K-intercalated 1T" MoS; is believed to be located
at the gaps between MoS; layers (confirmed in the STEM characterization). As the phase transition
occurred, the intercalated K would be pushed out from the MoS; layers and might be decorated at the
edge of MoS; via K-S linkages (246 em™', Figure 1A), resulting in the formation of the K-decorated MoS,
species. As the vulcanization temperature further increased from 320 to 400°C, the strongest peak at
153 cm™" related to the 1T" Mo$S; structure gradually weakens, indicating that K-intercalated 1T" MoS, is
gradually converted into the K-decorated 2H MoS, species, induced by K position-dependent phase
transformation.

, assigned to the in-plane E',g, out-of-plane A, and second
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Figure 2. XPS spectra of K-Mo/MS catalysts
XPS spectra of Mo 3d (A), S 2p (B), and K 1 s (C) of K-Mo/MS catalysts sulphided at 280, 300, 320, 360, and 400°C, respectively.

In agreement with the Raman result, X-ray photoelectron spectroscopy (XPS) spectra in Figure 2 and Fig-
ure S1 also demonstrate the properties of K-intercalated 1T MoS, and K-decorated 2H MoS, species as
well as their phase transformation behavior. As known, a typical 2H MoS, phase has a binding energy of
around 229.0 eV (Eda et al,, 2011; Wang et al., 2013; Zhang et al., 2016). As K is a typical electronic donor,
the decoration of K.on the edge of MoS, would induce the slight donation of a 4 s valence electron of Kinto
empty d orbits of Mo, which could increase the electron density of Mo and thus slightly decrease the bind-
ing energy to 228.8 eV (Lu et al., 2020b). This binding energy can be attributed to K-decorated 2H MoS,
species, which is also identified by S 2p3/, XPS peaks at around 161.8 eV as well as the K 2p3,, XPS peaks
at 293.0 eV (Figures 2A, 2B, and 2C). Moreover, a new peak at 228.1 eV appears, and the binding energy of
Mo 3d XPS shifts toward lower value compared to that of K-decorated 2H MoS; species. This peak should
be assigned to the presence of K-intercalated 17" MoS,. With the transformation of the phase structure
from hexagonal 2H MoS; to octahedral 1T" MoS,, the electron transfer ability from K 4 s to Mo 3d is
enhanced and the intercalated K would donate large amount of electrons to MoS; leading to reduced
binding energy (Lu et al., 2020b; Zhang et al., 2016), which is also proved by S 2p XPS peaks at around
161.0 eV as well as K 2p3,» XPS peaks at 293.0 eV (Figures 2A, 2B, and 2C). As the vulcanization temperature
increases to 400°C, the amount of K-intercalated 1T" MoS, gradually decreases, and the amount of
K-decorated 2H MoS; increases, indicating the occurrence of thermally induced K-position-dependent
phase transformation from K-intercalated 17" MoS; to K-decorated 2H MoS,.

As the coordination geometries of Mo and S atoms are different in 2H and 17" MoS,, differentiating the
K-intercalated 17" MoS; and K-decorated 2H MoS; at the atomic scale is possible. Thus, the corresponding
microstructures of the two phases were characterized by an atomically resolved HAADF-STEM imaging
technique. As a typical layered material, MoS; consists of molecular layers stacked by weak van der Waals
interactions. The weak interlayer interaction causes the guests to be intercalated into gaps between layers
to expand the interlayer spacing. Thus, interlayer spacing can be first considered as a characteristic sign to
identify the different phase structures. STEM-HAADF image of the sample sulphided at 320°C as a repre-
sentative (Figure 3A) shows the presence of a clear lattice fringe with the interlayer spacing of 0.62 nm,
which corresponds to the (002) basal plane of typically MoS, species (between 0.61 and 0.63 nm) (Kong
etal, 2013; Liu et al., 2015a; Zhang et al., 2015). In the other regions in the same sample (Figure 3B), the
fringes with an expanded interlayer distance of about 0.68 nm or 0.89 nm wider are observed, revealing
the existence of intercalated MoS, species. The high-resolution STEM-HAADF image in Figure 3C has
clearly visualized that Mo and S atoms are arranged with an interlaced net, where an Mo atom is linked
with four S atoms, and two long-bond or short-bond S atoms are located on the same side, in agreement
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Figure 3. HADDF-STEM images of K-Mo/MS catalysts

The representative HADDF-STEM images of K-Mo/MS catalyst sulphided at 320°C, where (A) and (B) are the images from
side view, (C) and (D) are the corresponding enlarged images; (E), (F) and (G) are the images from top view; the structures
schematic of 2H-MoS, (H), 1T-MoS; () and 1T"-MoS, (J).

with the theoretical unit cells of 2H MoS, displayed in Figure 3H. Also, from high-resolution STEM-HAADF
imaging in Figure 3D, the arrangement of Mo with the S atom in a straight chain is atomically observed,
where the Mo atom is linked with two long-bond or short-bond S atoms in the diagonal position, consistent
with the unit cells of 1T and 17" MoS, as shown in Figure 3I. Except for the observation of 2H and 1T(1T')
MoS, from the side view, the direct atomic visualization of two microstructures from the top view can be
achieved. As shown in model unit cells in Figure 3H (top view), the hexagonal Mo lattice in 2H MoS; is sand-
wiched with hexagonally packed S, where the coordination of Mo with S is trigonal prismatic, and the stack-
ing sequence is AbA BaB (the lower and capital case letters denote Mo and S atoms, respectively). This
microstructure of 2H MoS, with a hexagonal lattice is distinctly observed by STEM-HAADF imaging of sin-
gle-layer 2H MoS; in Figure 3E, where the signal intensity of Mo in the hexagonal lattice is stronger than
that of the S atom owing to the higher atomic number (Z). The measured nearest Mo-Mo distance of
0.31 nm in the hexagonal lattice is also a signature of 2H MoS, (Liu et al., 2015b; Voiry et al., 2013b).
With the gliding of one S planes into the hexagonal lattice center of 2H MoS,, the phase transition from
2H to 1T(1T") MoS; occurs, where the coordination of Mo with S becomes octahedral and the stacking
sequence becomes AbC, as seen from model unit cells in Figure 3l (top view). The atomically resolved
STEM-HAADF image (Figure 3E) clearly shows that S atoms with weak signal intensities are located at
the center of the distorted trigonal lattice with a marked Mo-Mo distance of 0.27 nm (Liu et al., 2015b;
Tan et al., 2017; Voiry et al., 2013b), proving the presence of the 1T Mo$S; phase with a distorted structure,
i.e., 1T MoS,. The 1T MoS, phase possesses a /3x1 superlattice structure as visualized in Figure 3G and
this species is deemed to originate from the distortion of the metastable 1T MoS; phase (Goki Eda et al.,
2012). Compared to 2H MoS; (Figure 3F), the observed zigzag chain-like patterns shown in Figure 3G are
another signature of the 1T MoS; phase. Based on the above HAADF-STEM results, we demonstrate at the
atomic level the presence of 2H and 1T" MoS; phases in the supported K-Mo/MS samples.
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Figure 4. HADDF-STEM images of 1T K,MoS,
K-Mo/MS catalyst sulphided at 320°C showing the selected HADDF-STEM image (A), the enlarged image (B) in (A), the
cell schematic (C), and the line scanning result (D) of K-intercalated 1T-MoS, (1T" K,MoS,).

Confirmation of the position and atomic distribution of K over MoS,-like phases

Despite the microstructures of 2H and 1T" MoS, phases were evidenced, the direct observation of the loca-
tion of Kin the MoS, phases is difficult (Liu et al., 2018; Wang et al., 2014a), and it is also a challenge to
precisely determine the position of K over different catalysts in the fields of heterogeneous catalysis and
materials science, owing to the fact that potassium is a light metal and has the very weak scattered electron
intensity in the STEM imaging (Cheng et al., 2014; Liu et al., 2018; Wang et al., 2014a). To confirm the oc-
cupancy of Kin MoS,, we have further performed the Z-contrast in HAADF-STEM images with line-map
scanning mode at the atomic level.

The corresponding line scanning results of the selected HADDF-STEM image of K-Mo/MS catalyst sul-
phided at 320°C were obtained by processing the map scanning data using the software of GMS, as shown
in Figure 4 and Figure 5. Figure 4D exhibits the intensity profile recorded along the green line with a nano-
scale width as signed in Figure 4A. As shown in the megascopic Figure 4B followed with the profile of Fig-
ure 4D, the black line recorded with the HAADF signal intensity shows four mountain-shaped peaks
(marked as 1, 2, 3, and 4 from left to right), matching well with the bright fringe of MoS, in Figure 4B.
The measured expanded interlayer spacing of 0.68-0.72 nm indicates the presence of the intercalated
MoS, phase by one or two K atom (Dai et al., 2015; Hu et al., 2014; Ling et al., 2017). In the region from
1 to 2 peaks, the strong peaks of elemental S (yellow line) are directly located below the top of the
HAADF peaks and the signal of elemental Mo (blue line) is very weak, revealing that the intercalated
MoS, phase exhibits the S-exposed edges. Notably, in this case, the strong peak of elemental K (red
line) is directly located below the valley of HAADF peaks (yellow region), suggesting that K atoms are
located between the gap of two MoS; stripes, which demonstrates the formation of the K intercalated
1T MoS; phase with S exposed edges. In the region from 3 to 4 peaks, the location of the signal peak
of elemental Mo below the top of the HAADF peaks proves that the intercalated MoS; phase displays
the Mo-exposed edges. For this region, the strong peak of K is properly located below the valley of
HAADF peaks (K has a distance of 0.28 nm with Mo atom), demonstrating the intercalation of K into the
gap of the 1T MoS; phase with Mo-exposed edges.

Meanwhile, in other selected HAADF-STEM region, as shown in Figure 5, three small K peaks are actually
located between two MoS; fringes (yellow region), and the interlayer spacing is expanded to 1.02 nm, con-
firming the intercalation of Kinto 17" MoS; phase by three K atoms and forming K-intercalated MoS; spe-
cies. Some researches also reported that a substantial increase in the interplanar spacing with 0.3-0.5 nm
could be observed for intercalated MoS,/WS; phases during the preparation of superconducting layered
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Figure 5. HADDF-STEM images of 2H K-MoS,

K-Mo/MS catalyst sulphided at 320°C showing the selected HADDF-STEM image (A), the enlarged image (B) in (A), the
cell schematic (C), and the line scanning result (D) of K-decorated 2H-MoS; (2H K-MoS,) and K-intercalated 1T'-MoS, (1T
KXMOSZ).

materials using the liquid method or vapor transport technique (Zak et al., 2002; Zhang et al., 2016). In addi-
tion, the occupancy of K over the 2H MoS, phase can also be evidenced by the line scan mode of the
HAADF-STEM image. As shown in Figures 5B and 5D, there are three MoS, fringes (blue region) with
the interlayer spacing of 0.61-0.63 nm, suggesting the existence of 2H MoS; species. Note that the signal
peak of the K atom is found to be located below the top of the HAADF peaks and has a closely linkage with
that of the Mo atom (0.13 nm). Meanwhile, no additional signal peaks of K element are found to be located
below the valley of the HAADF peaks, i.e., no K atom is located between the gap of MoS; fringe layers. All
the phenomena clearly demonstrate that the K atom is decorated at the Mo edge in the 2H MoS; phase.
According to the above line scan mode of the HAADF-STEM image, we have visualized at the atomic level
that K atoms in the 1T" MoS, are intercalated into the gap of fringe MoS, layers, then forming a
K-intercalated 17" MoS; phase, and K atoms in the 2H MoS; phase are decorated at the Mo and S edges,
generating a K-decorated 2H MoS; phase. The uniform atomic distributions of K over the 1T MoS, phase
and 2H MoS; species were also evidenced by the mapping HAADF-STEM images (Figure 6).

The origin, influencing factors, and mechanism of phase transformation

The knowledge of the mechanism of phase transformation from oxides to sulfide under the thermally driven
kinetics is beneficial to the controllable synthesis of the K-intercalated 1T MoS, and K-decorated 2H MoS,
phases. The variation of the phase behavior of MoS; under the assistance of K was investigated by in-situ
vulcanization of the unsupported monoclinic Ky;MoQOy species with different thermal annealing tempera-
tures in H,S/H, mixtures. The vulcanization temperatures varied from 20 to 400°C with an appropriate tem-
perature interval (20, 80, 160, 180, 200, 220, 240, 280, 320, 360, and 400°C). Powder X-ray diffraction (PXRD)
was used to investigate the evolution of the phase structure of K;MoO,4 during the vulcanization process.
Figure 7 shows the XRD patterns and photograph of the oxidized sample and the sample sulphided at
different temperatures. The diffraction peaks of the calcined samples in Figure 7 are assigned to the mono-
clinic K;MoOy4 phase (JCPDS card No. 29-1021) with a space group of 12/m(12). After vulcanizing the
oxidized sample at 20°C for 2 h, the crystal phases are changed significantly, wherein the K;MoO,4 phase
weakens, and three complex crystal phase structures appears, including the orthorhombic K;MoO,S,
structure with space group Pnma (62) (JCPDS card No. 23-1355), the tetragonal K;oMoQ, structure
(JCPDS card No. 21-1293) with space group of P41, 3212 (92), and the monoclinic K;5,0; with space group
of C2/¢(15) structure (JCPDS card No. 22-1239). In the first category, the appearance of K;M00,S; oxysul-
fide suggests that H,S molecules can attack O in K;MoQO4 oxide to induce a strong chemical reaction, even
at the atmosphere temperature. This process is defined as Mars-van Krevelen-like mechanism owing to the
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Figure 6. The STEM-EDX mappings of K-Mo/MS catalyst sulphided at 320°C

generation of K;MoO,S,, named the O-S exchange mechanism, and we proved herein that this process
could occur at room temperature. The observed yellow sample in Figure 7B also proves that the O-S ex-
change mechanism occurs. For the second category, the tetragonal K;gMoO,4 and monoclinic K;S,0;
structures are not common in the reported literature, and the appearance of those two phases indicates
that the H,S molecule promotes the separation of K species from the K;MoQy. These results show that
the complex phase transition and phase separation behavior could occurr even at room temperature.

When the vulcanization temperatures are increased to 80, 160, and 180°C, respectively, the overall crystal
phase structures do not change distinctly, followed by the enhanced diffraction intensity owing to the
increased crystallinity. Within this temperature range, two new crystalline phases also appear, the orthog-
onal K;MoQOS3 structure with the space group of Pnma (62) (JCPDS card No. 23-1356) and monoclinic
K2S404 structure with the space group of C*/c(15) (JCPDS card No. 02-0441). The appearance of
K2MoOS3 and K;S40, indicates that the degree of vulcanization increases with increasing temperature.
As the sulfidation temperature continues to increase, the crystalline phase begins to change dramatically.
When the vulcanization temperature arrives at 200°C, all the above-mentioned crystal phases gradually
disappear, new amorphous structures begin to form. When the vulcanization temperature is increased
to 220, 240, or 280°C, respectively, two new crystal phase structures are formed, i.e., an octahedral
K1.0MoS; structure (JCPDS card No. 18-1064) and a hexagonal K,SOy4 structure with the space group of
P63 mc (186) (JCPDS card No. 25-0681). These results show that the orthocrystalline K;MoO,S, and
KoMoOS3 oxysulfides are completely sulphided into the Ky oMoS; phase in the temperature range of
220-280°C. The critical temperature for the phase transition from the oxidized state to the sulfurized state
is 200°C in a H,S/H, atmosphere. After the vulcanization temperature is further increased to above 320°C,
the K;SO4 phase is completely decomposed, and the decomposed K ions are inserted into the middle of
the layers of MoS, phase to generate more K; gMoS;, namely K-intercalated MoS; phase. In addition, some
incomplete sulfidation of K;MoOQ, is existed during the entire temperature range owing to the bulk
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Figure 7. XRD profiles of bulk K;MoO,

(A) XRD profiles and (B) the picture of macroscopic color changes over bulk K;MoO,4 and the corresponding oxides
sulphided at different temperatures (20, 80, 160, 180, 200, 220, 240, 280, 320, 360, and 400°C). The number of temperature
is represented by the sample of K;MoQO, sulphided at the corresponding temperature.

property of oxide precursor. The color change diagram of the real object also matches the critical temper-
ature of the crystal structure transition. It can be concluded that during the vulcanization process, the
phenomenon of phase transitions and phase separation is observed owing to the occurrence of O-S
replacement, and the K-inserted Mo$S; phase is, eventually, formed. All of the above-mentioned species
and the corresponding phase transformations from oxide to sulfide are also demonstrated by Raman
and XPS characterizations (see Figures S2, S3, and S4).

It should be noted that when the bulk oxide is sulfurized at 400°C, there is the dominance of K-intercalated
1T MoS, phase presented in the sample of 400-B as confirmed by Raman (Figure 8), while the supported
sample sulfurized at the same temperature shows the presence of a large amount of K-decorated 2H MoS,
phase in the sample of 400-S (Figure 8), indicating that metal-support interaction plays an important role in
the phase transformation between 2H MoS;, and 17" MoS, phases. Because of strong metal-support (Mo-Si)
interactions, the 17" MoS; phase trends to be converted into 2H MoS; species. Based on the above phe-
nomenon, the K species, thermal annealing temperature, and the metal-support interaction are the key fac-
tors that affect the phase transformation between K-decorated 2H MoS, and K-intercalated 17" MoS,
phases.

The investigation of the structure-performance relationship

The supported catalysts sulphided at different temperatures were used to evaluate the catalytic activity
using a fixed-bed reactor. To exclude the effect of the difference between the reaction pressure and the
characterization pressure on recognizing the real active phase, we performed the reaction of CH3SH syn-
thesis at atmosphere pressure as same as the pressure used for XPS characterization. The structure-prop-
erty relationships were established according to the activity data (conducted at 280°C) as well as the
amount of K-decorated 2H MoS, and K-intercalated 1T" MoS, phases (calculated based on the XPS
data). Figure 9 shows the relationships between the reaction rate of CO (Rco) and the formation rate of
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Figure 8. Raman spectra of sulfided samples: bulk K;MoO, sulphided at 320°C and 400°C (320-B and 400-B),
respectively, as well as K;MoO, supported on MS samples sulphided at 320 and 400°C (320-S and 400-S),
respectively

CH3SH (Rchssh) with the amount of K-decorated 2H MoS; and K-intercalated 1T’ MoS, phases. It is found
that when the amount ratio of the K-intercalated 1T MoS; phase increases, the values of Rco and Rcpssn
increase linearly, revealing that K-intercalated 1T" MoS; phases are the active phases in the synthesis of
CH3SH. On the other hand, when the amount ratio of K-decorated 2H MoS; phase increases, the values
of Rco and Rcussy decrease, not linearly, in the form of power exponents. When the amount of
K-decorated 2H MoS, phase increases to an infinite value, the values of Rco and Repzsy will arrive a
steady-state numerical values. This result also proves that K-decorated 2H MoS, phase also possesses a
certain level of catalytic activity. Unfortunately, it is unknown which kinds of active phases have higher cat-
alytic performance for the synthesis of CH3SH, and the direct comparison of the catalytic activity of those
two MoS,-based phases is lacking in the current literature, which leads to the difficulty in designing the
high-performance catalysts (Cordova et al., 2015; Lu et al., 2020b; Yu et al., 2020). A quantitative analysis
was performed to solve this issue. When sulphided at 400°C, the relative amount ratio of K-decorated
2H MoS; is as high as 0.03 with a low relative amount ratio of K-intercalated 1T" MoS; of 0.007, while
when sulphided at 280°C, the corresponding relative amount ratio of K-decorated 2H MoS, decreases
to 0.0025 with an increased amount ratio of K-intercalated 17" MoS, of 0.033. At this time, the values of
Rco and Repssy for the sample sulphided at 400°C are 1.19*107% molcomol™"yos ™" and 1.77*107%
molchssimol ™ 'mes !, respectively, while the corresponding values for the sample sulphided at 280°C in-
crease to 2.34*107° molcomol ™ "ues ™! and 3.69%107* molcpssymol 'mos ™, respectively. These results
clearly demonstrate that the K-intercalated 17" MoS, phase has higher catalytic performances than that
of the K-decorated 2H MoS; phase.

H,-TPR experiments were conducted to uncover the underlying causes why K-intercalated 1T’ MoS; phases
are the most active phase. Our previous research results showed that active sulfur species had important
role in the synthesis of CH3SH (Lu et al., 20202). Thus, the property and amount of active sulfur species over
MoS,-based catalysts were investigated by H,-TPR and the results were shown in Figure 10. It is observed
that the small reduction peak between 500 and 600°C is assigned to K,S or K;SO5/K,SO, species (Lu et al.,
2020a). Importantly, two main reduction peaks are presented between 300 and 400°C, and distinct variation
in reduction peak intensity is found. The intensity of low-temperature peak attributed to high-active sulfur
gradually decreases with the increased sulphided temperature, while the intensity of medium-temperature
peak assigned to low-active sulfur, instead, increases. Combined the sulfur intensity variation in Ho-TPR
with the quantitative result of XPS (Figure 2A), the amount of surface low-temperature reactive sulfur
and medium-temperature reactive sulfur species are found to have a certain correlation with the amount
of K-intercalated 17" MoS, and K-decorated 2H MoS, phases, as established in Figures 10B and 10C,
respectively. These well-correlated results indicate that the reduction peak in the low-temperature region
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Figure 9. The profiles of structure-performance correlationships

Correlationships between the reaction rate of CO and the relative amount of K-intercalated 17'-MoS; (A) and
K-decorated 2H-MoS; (B), respectively. Correlationships between the formation rate of CH3SH and the relative amount of
K-intercalated 17'-MoS; (C) and K-decorated 2H-MoS, (D), respectively. All the relative amount of above K-Mo species
were calculated by the molar ratio of Mo/Si based on XPS analysis.

is related to reactive sulfur species in the K-intercalated 17" MoS;, and the reduction peak in a medium tem-
perature region is associated with reactive sulfur species in the K-decorated 2H MoS; phase. It is obvious
that the sulfurs in the basal plane of K-intercalated 1T MoS; are activated and have higher active than that
of K-decorated 2H MoS; (Yu et al., 2018). With the intercalation of K into the layers of 2H-MoS,, the coor-
dination mode of MoS; is transferred from a trigonal prismatic to the octahedral structure, forming
1T'-MoS,. The change in the coordination form of S around Mo drastically alters the activity of surface sulfur
owing to the electronic influence (as revealed by the variation in the binding energy of Mo 2p XPS spectra
by 0.7 eV between 2H and 1T-MoS; in Figure 2A) and the spatial behavior of K (as confirmed by the
enlarged interlayer spacing by 0.27 nm in Figure 3). In combination with the previous correlation between
the amount of active MoS, phases and the activity results, it is determined that the reactive sulfur in
K-intercalated 1T" MoS; phases is the most active species for the synthesis of CH3SH from CO/H,/H,S
(see Figure S5, 9, and 10). As for surface sulfur species in K-decorated 2H MoS; phases, as shown in Fig-
ure 10C, a non-linear relationship is established where when the amount of K-decorated 2H MoS; gradually
increases, the amount of surface sulfur species increases at first and then plateaus. This result evidences
that when the vulcanizing temperature increases, the surface sulfur species in K-decorated 2H MoS, phase
are gradually converted into strongly bonded sulfur species that cannot be detected in the temperature
range of TPR procedure, which in turn decreases the catalytic activity. It is also possible that the low activity
of K decorated 2H-MoS; is owing to that K atoms occupy the Mo-CUS on the surface of MoS,, thus resulting
in decreased surface active sites and lower activity. However, our previous study proved that when the cat-
alytic properties of MoS,/SBA-15 and K-MoS,/SBA-15 were compared, MoS,/SBA-15 with larger Mo-CUS
had lower activity, thus excluding the above cause. Therefore, it is concluded that the surface reactive sulfur
species located in the environment of K-intercalated 17" MoS; phase has higher catalytic performances
than that of surface sulfur species located in the environment of the K-decorated 2H MoS, phase.

For the synthesis of CH3SH, it is generally accepted that the reaction of CO and H,S first promotes the for-

mation of C-S bond, and the subsequent hydrogenation of C-S bond facilitates the generation of CH;SH
(Gutiérrez et al., 2011a; Lu et al., 2020a). In our precious researches, the formation and stabilization of C-S
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Figure 10. H,-TPR results of K-Mo/MS catalysts

H,-TPR results (A) of K-Mo/MS catalysts sulphided at 280, 300, 320, 340, and 400°C, respectively. The amount of reactive
sulfur species was plotted as a function of amount of K-intercalated 1T-MoS, (B) and K-decorated 2H-MoS, (C),
respectively (detected by XPS).

bond were reported to be fundamental to synthesizing CH3SH from the molecules of CO and H,S with the
aid of Hy (Lu et al., 2020a). Tuning the binding strength of C-S bond to the moderate degree, represented
by the strength of the Mo-S bond over MoS,, was found to be the key factor for the stabilization of C-Sbond
in the intermediate and final product of COS and CH3SH (Lu et al., 2020a, 2020b). Too strong the strength of
Mo-S bond would lead to the rupture of C-S bond in absorbed intermediate species. The previous study
showed that the strong strength of Mo-S bond over K-Mo-based catalysts reflected by the reduction tem-
perature of about 400°C in H,-TPR greatly inhibits the formation of CH3SH (Lu et al., 2020a). In our current
work, the H,-TPR result shows that K-decorated MoS; has the strong strength of Mo-S bond, as reflected by
the reduction temperature of about 400°C, which leads to the lower catalytic performance for the synthesis
of CH3SH. In contrast, K-intercalated MoS, exhibits the moderate strength of Mo-S bond, as reflected by
the reduction temperature of about 350°C, which is in favor of stabilizing the C-S bond and facilitating the
generation of CH3SH.

As adsorption is an essential stage of catalysis, the difference in the adsorption and desorption properties
of reactants is further considered to reveal the cause for the higher performance of K-intercalated MoS,
than K-decorated MoS,. Temperature-programmed desorption (TPD) of CO, H,, and H,S were shown in
Figures 11A and 11B, and 11(C), respectively. There are three CO desorption peaks in Figure 11A, indi-
cating the presence of three kinds of adsorption behaviors. As reported in the literature, the first desorp-
tion peak is typically assigned to the physisorbed CO, and the desorption peak at high temperature of
about 700°C is attributed to the strongly chemisorbed CO, as well as the moderate temperature peak cor-
responds to the desorption of CO linked with hydrogen bond over -SH group (Aegerteretal., 1996; Liet al.,
1992, Zhang et al., 1998). Distinctly, the desorption of H,S has a similar behavior to CO, indicating that CO
has similar adsorption sites to H,S. It is clear that the sample sulphided at 280°C with the domination of
K-intercalated MoS, shows the presence of far larger amount of strongly chemisorbed CO as well as
H,S than that of the sample sulphided at 400°C with the domination of K-decorated MoS,. This result sug-
gests that K-intercalated MoS; has stronger ability for chemically bonding CO and H,S to form and stabilize
the C-S bond. As for K-decorated MoS, over the sample sulphided at 400°C, there is no presence of des-
orbed H,S at high temperature, indicating a certain amount of H,S adsorbed in the K-Mo sample cannot be
desorbed during the desorption temperature range of TPD owing to the over-strong Mo-S bond strength
(as seen in Figure 10). Notably, the existence of strongly chemisorbed H,S over K-decorated MoS; can be
confirmed in the literature owing to the strong nucleophilicity of H,S with MoS, (Zhang et al., 1998).
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Figure 11. TPD curves of K-Mo/MS catalysts
TPD curves of CO (A), H; (B), and H,S (C) over K-Mo/MS catalysts sulphided at 280 and 400°C, respectively.

Moreover, the adsorption and desorption behavior of H, over K-intercalated MoS, and K-decorated MoS,
are different from that of CO and H,S, suggesting the adsorption sites of H, is not the same as that of CO
and H,S. The difference possibly explains the mechanism for the synthesis of CH3SH. Itis observed that the
low-temperature desorption peak at about 200°C is assigned to the physically adsorbed H,, and large
amount of desorbed H, at moderate temperature is generated over K-decorated MoS,, but not for
K-intercalated MoS,, which is originated from the chemically adsorbed H,. Distinctly, the desorption of
H, over K-decorated MoS; detected by TCD is activated as the hydrogen molecule. However, there is a
distinct negative peak of H over K-intercalated MoS,, suggesting the consumption of H, and the possible
dissociation of H, into adsorbed H* or the reaction of high-active sulfur with H; (see Figure Sé). However, in
fact, the reaction of H, with the high active S species over MoS, generally requires the occurrence of the
heterolytic and homolytic dissociation of H, into adsorbed H*, as proved by the experimental evidence
and DFT calculations (Afanasiev and Jobic, 2021; L. Jalowiecki et al., 1990; Li et al., 1992). All the results
indicate, when the C-S bond is formed, if H; is activated as the hydrogen molecule, the attack of C-S
bond by the hydrogen molecule easily leads to the cleavage of the C-S bond, as confirmed by the hydro-
desulfurization of thiophene over CoMoS, based catalysts (Chouzier et al., 2011). On the contrary, the C-S
bond shows enough nucleophilicity with the adsorbed H*, the intimate contact of the C-S bond with ad-
sorbed H* easily stabilizes the C-S bond and promotes the hydrogenation to generate adsorbed
CH3SH* (Li et al., 1992).

It should be noted that there are several questions in dispute presented in the current literature. The theo-
retical analysis in the literature considers that the layer gap of the 1T(1T) MoS; phase has higher steric hin-
drance for intermediates than that of the 2H MoS; phase (Lu et al., 2020b), and thus the 1T(1T’) MoS; phase
is regarded as a lower catalytic activity species. However, the reaction for the synthesis of CH3SH from CO/
H,/H,S more easily occurs at the external surface of K-MoS; phases, rather than the layer gap of K-MoS,,
which discounts the conclusion. In this reported literature, the higher dispersion of K-MoS; species seems
to be the main reason for the higher catalytic performance. Also, a recent study by Hensen et al. prepared
the K-Mo catalysts with pure 1T MoS; species and found that when the K-Mo catalysts were performed at
350°C and 10 bar, the 1T MoS; species had a tendency to convert into 2H MoS; species and was regarded
to have no correlation with the generation of CH3SH (Yu et al., 2020). However, our experiments were con-
ducted at 280°C under atmospheric pressure, so the mild reaction conditions guaranteed that the catalytic
activity of the 1T MoS; species remained relatively stable within 5 h test (Figures S7 and S8), and the 1T’
MoS; phase survived during the reaction as detected by XRD (Figure S9). The differences in the stability
between our experiment and literature might be owing to the following reasons. The first one is owing
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to the property difference between the 1T MoS, and 1T" MoS; species. This 1T MoS; phase is a distorted
octahedral structure and is usually originated from the distortion of the octahedral 1T structure in such a
way as to generate Z chains of bonded Mo-Mo atoms (Gao et al., 2015; Zhang et al., 2016). Actually, the
pure 1T structure has a formation energy of 0.84 eV, while the 1T" MoS; species has a lower formation en-
ergy of 0.55 eV, which shows the difference in the stability. As largely reported in the literature, the 1T MoS,
species was reported to have higher stability than typical trigonal 2H Ky 4MoS, and pure octahedral 1T
MoS, (Qian et al., 2014; Wang et al,, 2013; Zhang et al., 2016). Therefore, it is reasonable that
K-intercalated 1T" MoS; species in our work exhibit higher stability especially under conditions of low tem-
perature and room pressure. Furthermore, a recent study found that the stability of 17" MoS, was related to
the increased concentration of K, i.e., the 1T’ species became even more stable than the 2H phase when the
K concentration exceeded 44% (Liu et al., 2018). The higher theoretical content of K in our work (10.8 wt%)
than that of 5.5 wt% that reported in the literature (Yu et al., 2020) explains why the K-intercalated 1T’ MoS,
phase has relatively stable catalytic activity in our experiment. More importantly, large number of literature
had focused on the development of various strategies to further improve the stability of 1T MoS; and 1T’
MoS; species, including a one-step hydrothermal method assisted with ammonium ions (Geng et al., 2016;
Liu et al., 2015b), a colloidal synthesis method (Mahler et al., 2014), the intercalation of alkali metal (Liu
et al.,, 2018; Tan et al., 2017), the stability by Co and Re (Li et al., 2018; Xia et al., 2018), surface covalent
functionalization (Tang and Jiang, 2015), injecting the negative charge (Gao et al., 2015), and constructing
interfacial engineering (Liu et al., 2017; Nasr Esfahani et al., 2015). For example, the transition of 2H MoS,
into the metallic 1T MoS; phase under a high pressure of 35 GPa proved the achievement of the improve-
ment in the stability of 1T MoS, phase at a relatively low temperature and a specific pressure (Geng et al.,
2016). Considering the excellent properties of 1T" MoS, in the activation of surface sulfur species at the
basal plane, K-intercalated 17" MoS, had good potential application in low-temperature catalysis (Chang
et al., 2016; Zhang et al., 2016).

Conclusion

In summary, we controllably synthesized two phases, K-intercalated 1T" MoS; and K-decorated 2H MoS,,
via phase engineering with a simple K-induced thermally driven tuning method. The phase transformation
of 2H MoS; from/to 1T MoS; depended strongly on the presence of K, the annealing vulcanizing temper-
ature, and the metal-support interaction. The precise position and atomic distribution of K over the Mo$S,
phase were evidenced at the atomic level via the HADDF-STEM technique. One K position-dependent cat-
alytic activity was found, where when K was located in the gaps of MoS; layers, K-intercalated 17" MoS, was
formed, which had linear correlations with the catalytic performance for the synthesis of CH3SH. However,
when K was located at the edge of MoS,, K-decorated 2H MoS; was generated, which exhibited a lower
catalytic activity than that of intercalated species. The origin of the excellent catalytic performances for
the synthesis of CH3SH over K-intercalated 1T MoS, was owing to the K activation of surface insert sulfur
induced by the K position-dependent phase transition, which gave rise to the marked differences in the
adsorption and activation of CO, H,S, and H, molecules as well as in the stabilization of C-S intermediate.
K-intercalated 17" MoS; had a strong ability to adsorb CO and H;S so as to stabilize the C-S bond, then the
activation of Hy as adsorbed H* led to the hydrogenation of C-S bond into CH3SH*. The confirmation of the
K position, characteristic and catalytic behavior as well as phase transformation behavior of K-induced 2H-
MoS, from/to 1T(T")-MoS, could provide theoretical direction for the synthesis of CH3SH.

Limitations of the study

In this work, although K-intercalated 1T MoS; was demonstrated to have high catalytic activity and selec-
tivity to CH3SH. The stability of this phase still needed to be further improved by exploiting new methods in
the future. In addition, more evidences of in situ XPS and in situ DRIFTS are needed to further strengthen
the phase transformation and reaction mechanism in future work.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

K>CO5 Tianjin Chemical Reagent Co., Ltd. CAS: 584-08-7
(NH4)eM0o70,4-4H,0 Tianjin Chemical Reagent Co., Ltd. CAS: 12054-85-2
mSiO,-nH,O Qingdao Meigao Group Co., Ltd. CAS: SG09
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Yongming Luo (environcatalysis@kust.edu.cn).

Materials availability

Materials generated in this study will be made available on reasonable request, but we may
require a payment or a completed Materials Transfer Agreement if there is potential for commercial
application.

Data and code availability
@ Data reported in this paper will be shared by the lead contact upon reasonable request.

® The present research did not use any new codes.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon reasonable request.

METHOD DETAILS

Catalyst preparations

Microspherical silica supported KoMoO,4 materials (K-Mo/MS) were firstly prepared via incipient-wetness
impregnation method. Typically, the appropriate volume of potassium carbonate (K,CO3) and ammonium
molybdate ((NH4)sMo;0,4-4H,0) was dissolved into deionized water (the molar ratio of K/Mo is 2 and the
loading of Mo species calculated as MoOj3 is 20 wt.%), and then microspherical silica (mSiOz-nH,0, Qing-
dao Meigao Group Co., Ltd.) was added and mixed completely. The impregnated solids were standing at
room temperature for 12 h and dried at 120°C for 6 h, and then calcined in air at 550°C for é h with a ramp
rate of 2 °C/min.

0.4 g of the oxidized catalysts with the mesh of 40-60 was sulphided at different annealing temperature
(280, 300, 320, 360, 400°C, respectively) for 2 h with a heating rate of 2 °C/min in the atmosphere of 10
vol.% H,S/H, mixtures (20 mL/min). After vulcanization, supported K-intercalated 1T-MoS, and
K-decorated 2H-MoS, materials were controllably synthesized, and then used for the characterization
and activity measurements.

Unsupported K;MoOy4 material was prepared via the mechanical grinding method. Typically, a certain
amount of potassium carbonate and ammonium molybdate with the K/Mo molar ratio of 2 was added
into the mortar and grinded completely with pestle for 40 min. Then, the grinded samples were calcined
in the muffle at 700°C for 2 h (2 °C/min).

The prepared K;MoO,4 oxides with the mesh of 40-60 (0.4 g) was sulphided at different annealing temper-

ature (20, 80, 160, 180, 200, 220, 240, 280, 320, 360, 400°C) in the same atmosphere for 2 h. The sulphided
samples were ready for the characterizations.
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Characterizations of the catalysts

Raman spectra of the samples were recorded by a Renishaw Invia Raman imaging microscope with a
532 nm laser excitation. X-ray photoelectron spectroscopy (XPS) was recorded on a PHI 5000 Versa Probe
I with an aluminum anode (Al Ka. = 1486.6 eV). All the binding enegies of all the spectra were calibrated by
C 1 s peak at 484.8 eV. Casa XPS software was used to deconvolute the measured signals, employing a
Gaussian-Lorentzian curves and a Shirley background correction. The amounts of K-intercalated MoS,
and K-decorated MoS; were calculated by the peak area ratios of Mo/Si normalized by the corresponding
atomic sensitivity factors. High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and EDX mapping measurements were carried out on a FEI Titan Themis 200 electron mi-
croscope and operated at an acceleration voltage of 200 kV. The sulfided samples were finely ground in
mortar in a nitrogen-filled glovebox and immersed in ethanol. Then, a few droplets were dropped on a cop-
per grid deposited with a carbon film, and then the Cu grid was transferred into one sealed container for
measurements. The EDX line-scan results were obtained by processing the data of EDX mappings using
GMS 3 software in the company of GATAN. X-ray diffraction (XRD) patterns were collected on a Rigaku
D/Max-1200 diffractometer with Cu Ka radiation (40 kV, 30 mA). Temperature programmed reduction
(TPR) of H, experiments were carried out with a thermal conductivity detector (TCD). Ho-TPR measurements
of the catalysts (50 mg) were performed in a flow of 10 vol. % Hy/Ar (30 mL/min) from RT to 800°C with a
ramping rate of 10 °C/min. Temperature programmed desorption (TPD) of CO, H,S, H, experiments
were also performed by TCD. For a typical procedure, the sulphided catalysts were first pretreated at
280°C for 30 min in the inert atmosphere, then the temperature was decreasing to 30°C, 10% CO/He,
10% Hy/Ar, and 10% H,S/He were introduced into the reaction system, and the samples were adsorbed
respectively in the atomsphere for 60 min to arrive the saturated adsorption capacity. After purging in
the corresponding inert atmosphere (He, Ar, He) until the physically adsorbed species was removed, all
the experiments of CO-TPD, H,-TPD, and H,S-TPD were carried out by elevating temperature up from
30°C to 800°C with a heating rate of 10 °C/min using He, Ar and He as carrier gas, respectively. Moreover,
to verify the role of surface active sulfur on the adsorption property of H,, 10% CO/40 %H,/Ar was used to
pretreat the sulphided sample at 280°C for 30 min in order to remove the surface active sulfur species.

Catalytic performance evaluation

The performance for the synthesis of CH3SH from CO/H,/H,S as one typical thermocatalytic reaction was
evaluated using a fixed-bed microreactor under the atmosphere pressure, where catalysts were loaded
into a quartz tube with an inner diameter of 6 mm. Notably, the gas-tightness of reaction systems should
be checked in advance due to the high concentration of toxic and harmful gases. Before measurements,
0.4 g of the catalyst was in-situ pre-sulphided in 10 vol. % H,S/H, (20 mL/min) at 280, 300, 320, 360,
400°C, respectively, for 2 h as performed in the Section of catalyst preparation. Subsequently, the catalyst
bed was purged with high purity nitrogen for 30 min, and then the feed gas containing a composition of
10% CO, 40% H, and 50% H,S with the flow rate of 40 mL/min was introduced. The activity tests were con-
ducted at 280°C for 5 h under kinetic regime with CO conversion below 20% after the relative steady state
was achieved. The mass transport related problems were excluded by using the Weisz criterion method.
Quantitative analysis of reactant (CO) and products (CH3SH) was accomplished with a FULI GC 9790 gas
chromatograph with two flame photometric detector (FPD), a flame ionization detector (FID) and two ther-
mal conductivity detector (TCD). The reaction rate of CO (Rco reaction) @and the formation rate of CH;SH
(RcH3sH formation) Were calculated according to Equations 1 and 2, respectively.

Fco .
RCO reaction = 'XCO (Equatlon 1)
Mo
Fehs s .
Rery sH formation = ———— (Equation 2)
Nmo

where Fco, and Fepasy is the molar flow of CO, and the formation amount of CH3SH (molcos™ and
molcpass ), respectively; Xco is the conversion of CO; ny, is the molar fraction of Mo (moly,) based
the actual loading of MoS,.

QUANTIFICATION AND STATISTICAL ANALYSIS

Our study doesn't include quantification and statistical analysis.
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