
iScience

Article

ll
OPEN ACCESS
Highly efficient hydrodesulfurization driven by an
in-situ reconstruction of ammonium/amine
intercalated MoS2 catalysts
Tianlan Yan,

Yingshuai Jia,

Kaige Hou, ...,

Qingsheng Gao,

Yahong Zhang, Yi

Tang

tqsgao@jnu.edu.cn (Q.G.)

yitang@fudan.edu.cn (Y.T.)

Highlights
Intercalating amine in

MoS2 produces high

amount of 1T phase and S

vacancies

Intercalation/

deintercalation of MoS2
generates abundant 1T

phase and S vacancies

1T phase is conducive to

hydrogenation, and S

vacancy favors

desulfurization

Yan et al., iScience 27, 109824
June 21, 2024 ª 2024 The
Authors. Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.109824

mailto:tqsgao@jnu.edu.cn
mailto:yitang@fudan.edu.cn
https://doi.org/10.1016/j.isci.2024.109824
https://doi.org/10.1016/j.isci.2024.109824
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109824&domain=pdf


iScience

Article

Highly efficient hydrodesulfurization driven
by an in-situ reconstruction of ammonium/amine
intercalated MoS2 catalysts

Tianlan Yan,1 Yingshuai Jia,1 Kaige Hou,1 Zhuxin Gui,1 Wenbiao Zhang,1,2 Ke Du,1 Di Pan,1 He Li,1 Yanghao Shi,2

Lu Qi,3 Qingsheng Gao,2,* Yahong Zhang,1 and Yi Tang1,4,*

SUMMARY

Hydrodesulfurization (HDS) is a commonly used route for producing clean fuels in modern refinery. Here-
in, ammonium/amine-intercalated MoS2 catalysts with various content of 1T phase and S vacancies have
been successfully synthesized. Along with the increment of 1T phase and S vacancies of MoS2, the initial
reaction rate of the HDS of dibenzothiophene (DBT) can be improved from 0.09 to 0.55 mmol$gcat

�1$s�1,
accounting for a remarkable activity compared to the-state-of-the-art catalysts. In a combinatory study via
the activity evaluation and catalysts characterization, we found that the intercalation species of MoS2
played a key role in generating more 1T phase and S vacancies through the ‘intercalation-deintercalation’
processes, and the hydrogenation and desulfurization of HDS can be significantly promoted by 1T phase
and S vacancies on MoS2, respectively. This study provides a practically meaningful guidance for devel-
oping more advanced HDS catalysts by the intercalated MoS2-derived materials with an in-depth under-
standing of structure-function relationships.

INTRODUCTION

With the increase of heavy oil component in crude oils and more strict regulations of environmental protection, there is an escalating world-

wide demand for light cleaning oils.1 However, the sulfur-containing impurities cause a series of fatal problems such as poisoning the catalysts

and corroding equipment in the refinery process, while emitting harmful SO2 from their combustion of the petroleumproducts and leading to

serious environmental pollution as well as health problems.2,3 The production of ultra-low sulfur fuel oil is essential to eradicate the unfavor-

able consequences. Nowadays, the developed ultra-deep desulfurization technologies are mainly composed of extraction desulfurization,

adsorption desulfurization, oxidative desulfurization and hydrodesulfurization (HDS).4,5 Among these approaches, HDS features the

advantages of strong catalyst adaptability to feedstocks, long catalyst lifetime and process simplicity, which enable the efficient and wide

application in oil refineries by removing refractory sulfur compounds, such as dibenzothiophene (DBT), 4-methyldibenzothiophene (4-

MDBT), 4,6-dimethyldibenzothiophene (4,6-DMDBT) mostly found in heavy oils,6,7 to produce clean oils with ultra-low sulfur content.

Designing high-efficient HDS catalysts is regarded as the straightforward yet desirable choice for further improvement of HDS technol-

ogy.8,9 Molybdenum disulfide (MoS2) has gained great popularity in petroleum HDS due to its changeable edge structures and unique phys-

icochemical properties.10,11 Generally, MoS2 predominantly exists in two crystal phases, i.e., 1T and 2H.12 2H MoS2 is a thermodynamically

stable phase containing A-b-A sandwich-like layers with edge-sharing [MoS6] trigonal prisms, while the metastable 1T MoS2 has been re-

ported to have A-b-C layers with edge-sharing [MoS6] octahedra.
13 According to crystal field theory, different atomic arrangements of

MoS6 unit result in distinct splitting of Mo 4d orbitals, leading to a different progressive filling of nonbonding d bands.14 Thus, the electronic

properties of 1T-MoS2 are dramatically different from 2H-MoS2.
15 Considerable theoretical and experimental researches have been devoted

to investigating the active sites over MoS2.
16–18 For HDS reaction, traditional view advocates that the catalytic ability of hydrogenation and

cleavage of C-S bonds are indispensable. H2 dissociation is a key step in hydrogenation via homolytic or heterolytic pathway.19,20 Recent

research showed that H2 can be easily dissociated on 1T-phase MoS2 compared with 2H-phase MoS2.
21 Additionally, it is generally accepted

that the S vacancies located at the edges of Mo or S can serve as active sites in the HDSprocess. This is owing to the fact that S vacancies serve

as chemisorption sites, lowering the activation energy barrier for reactions involving sulfur compounds and promoting the cleavage of C-S
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bonds in sulfur-containing compounds.22 Based on the previous studies, as an ideal HDS catalyst, MoS2 should possess more 1T phase and

abundant S vacancies.

Although numerous strategies, including morphological regulation (stacked layers and size), defect engineering and metal doping,

were developed to improve the HDS performance of MoS2, the symbiosis of 1T-2H MoS2 were rarely reported to the best of our knowl-

edge.23–25 The original discussion of 1T-2H MoS2 in HDS system could date back to the report of Cao and co-workers in 2020, in which DBT

conversion of �80% was obtained over 63.5% 1T phase MoS2-water-ethanol-gly catalyst prepared by solvothermal method under the envi-

ronment of water, ethanol, and glycerin.26 Further studies were also carried out in 2022 using oxalic acid in place of glycerol to further

increase the fraction of 1T phase in MoS2. By regulating oxalic acid in the mixture of ethanol and water, the synthesized MoS2-water-

ethanol-OA with 79.7% of 1T phase showed the highest DBT conversion of 89.3% and an HYD selectivity of 88% after 10 h.27 Later on,

Wei et al. reported that, the MS-50 (�48% 1T phase) prepared with 50% ethanol showed the highest HDS conversion of DBT (84.2%),

and the selectivity of BP was as high as 70.2%.28 These studies found that the fresh 1T-2H MoS2 catalysts possess an expanded interlayer

spacing, while the catalytic performance of HDS was greatly enhanced by increasing the proportion of 1T phase in MoS2. Significantly, the

selectivity of products on MS-50 was quite different compared with the former two catalysts. However, in-depth explanations still required

to clarify the unique catalytic behaviors of coexisting 1T-2H MoS2 for HDS. On the other hand, several researchers have observed the

reconstruction under reaction conditions, such as the smaller interlayer space along the c-axis and the reduced 1T phase content of

MoS2 after HDS.27,28 However, its structure-activity relationship was primarily established on the characterizations and catalytic perfor-

mance of the fresh catalysts (i.e., before reconstruction), which may not be persuasive. Meanwhile, the impacts of intercalation agents

and the induced in-situ reconstruction under HDS conditions have not been mentioned on the structure and corresponding HDS perfor-

mance of expanded-MoS2 catalysts in the previous reports. Therefore, a deep insight is urgently essential to reveal the mechanism and real

active sites of expanded 1T-2H MoS2 catalysts in HDS.

Here, the ammonium/amine-intercalated 1T-2H MoS2 nanosheets with varied interlayer spacings were successfully employed for the first

time in the HDS process. The intercalated MoS2 samples with inorganic ammonium content from low to high were denoted as MoS2-LA and

MoS2-HA, respectively, while the intercalation of organic amine produced MoS2-OA. During the HDS process of DBT, the specific reaction

rate improved from 0.09 to 0.21 mmol$gcat
�1$s�1 with the increase of intercalated ammonium content. To achieve a superior performance of

HDS, MoS2-OAwith the intercalated organic amine can surprisingly obtain a high reaction rate of 0.55 mmol$gcat
�1$s�1. Meanwhile, high DBT

conversion of 100% and a high ultra-deep sulfur removal of 98.9% can be well accomplished over MoS2-OA, which also exhibited excellent

stability even after six consecutive catalytic runs. The comprehensive characterization showed that the excellent activities were highly con-

nected with the abundant content of 1T phase and S vacancies generated by in-situ construction of intercalated MoS2. The 1T phase was

beneficial for boosting the hydrogenation while the S vacancies would facilitate the desulfurization. Compared with inorganic ammonium,

the intercalation of organic amine in MoS2 would generate higher amounts of 1T phase and S vacancies, while in situ S vacancies during

HDS can further enhanced by the reconstruction induced by the deintercalation of interlayer species. Our investigation offers new insights

into the intercalated MoS2 to realize highly efficient HDS via regulating the ‘intercalation-deintercalation’ processes.

RESULTS AND DISCUSSION

Synthesis and characterization of ammonium/amine-intercalated MoS2 catalysts

The ammonium/amine-intercalated MoS2 catalysts were prepared via a hydrothermal method referring to our previous reports,29,30 as de-

picted in Scheme 1 (see Experimental procedures for more details). The 1T-enriched MoS2 with expanded and tunable interlayer spacing

would be produced by introducing ammonium (NH4
+) or dimethylamine cations (DMA+), which would serve as the intercalants to inhibit

the order growth of MoS2 nanosheets, forming a disordered basal plane with abundant dislocations and distortions.

Figure 1A depicts the XRD patterns of the samples and the standard pattern of MoS2 (JCPDS 37–1492). The MoS2-LA showed the typical

peaks of MoS2. However, a significant shift in the peak corresponding to (002) plane was observed from the 2q value of 14.4� to 9.4� for MoS2-

HA and to 9.0� for MoS2-OA due to the NH4
+ and DMA+ intercalation between the layers of MoS2.

29,30 It’s indicated that their interlayer spac-

ings have been substantially expanded from 6.2 Å to about 9.4 Å and 9.8 Å, respectively. A peak appearing around 17.8� corresponds to the

(004) diffraction provides additional support for the expanded interlayer spacing.31 Two broadened peaks at centered 32� and 57� can be well
indexed to (100) and (110) planes, suggesting the same atomic arrangement along the basal planes.32 The results indicate that MoS2 with

different lattice expansion were successfully obtained in the regulation of hydrothermal time or guest intercalants.

The morphology and intercalated structure of aforementioned MoS2 catalysts can be further characterized by scanning electron micro-

scope (SEM), transmission electron microscope (TEM) and high-resolution TEM (HRTEM). According to the SEM images (Figure 1B), the

MoS2 samples exhibit uniformly spherical nanoflowers (�250 nm) with wrinkled surface and are composed of flake-like sheets. Typical fringes

of MoS2 were observed in the TEMmicrographs of all MoS2 catalysts (Figure 1C). Most of the MoS2 nanoflower particles consist of about ten

layers with a length range of 200–250 nm. The hydrothermal time and the introduction of N,N-dimethylformamide (DMF) in precursor solu-

tions have no obvious effect on the morphology of the MoS2 nanosheets. The HRTEM images of MoS2-LA, MoS2-HA and MoS2-OA showed

lamellar pattern with an interlayer spacing of 0.62, 0.94 and 0.98 nm, respectively, further confirming the existence of the inserted species in

MoS2-HA and MoS2-OA. Additionally, the HRTEM image of MoS2-OA revealed the defect-rich feature and relatively disordered atomic

arrangement along the basal planes, as evident by the presence of abundant dislocations and distortions (indicated by the red circles in Fig-

ure 1C). The selected area electron diffraction (SAED) showed a pattern of concentric rings (inset in Figure 1C), revealing the polycrystalline

nature of MoS2 catalysts.
12
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The phase identification of the fresh MoS2 catalysts was studied using X-ray photoelectron spectroscopy (XPS).33 Figure 2A presents the

Mo 3d XPS spectra of three MoS2 catalysts, from which the content of 1T phase is semi-quantitatively determined. The Mo 3d peaks are

deconvoluted to two chemical states, the peaks at 228.6 (3d5/2) and 231.7 eV (3d3/2) correspond to the 1T phase and the ones at 229.1

(3d5/2) and 232.4 eV (3d3/2) are for the 2H phase.34 Accordingly, the contents of the 1T phase were estimated (Table 1). The MoS2-LA ob-

tained with longer hydrothermal time has a �40.4% 1T-MoS2 phase, and its 1T/2H ratio is 0.68. MoS2-HA synthesized in short time ex-

hibited predominantly 1T-MoS2 phase. The MoS2-OA sample in the hydrothermal system containing DMF possesses the highest content

of the 1T phase, that is, �65.0% with a 1T/2H ratio of 1.85. A similar trend is obtained from the deconvolution of the S 2p XPS spectra

(Figure 2A). Moreover, a remarkable N 1s peak is also observed at 401.9 eV, which can be attributed to the existence of NH4
+ and

DMA+. This demonstrates the successful intercalation of guest species into the MoS2-HA and MoS2-OA, consistent with the XRD and

HRTEM results.35

To verify the formation of the 1T phase of MoS2, the Raman spectrum of the fresh catalysts was also collected. The crystal structural var-

iations in 1T-MoS2 and 2H-MoS2 can be easily distinguished from their Raman spectra, as shown in Figure 2B.36 The Raman shifts located at

147 (J1), 195, 235 (J2), 283(E
1
g) and 335 (J3) cm

�1 correspond to the characteristic phonon vibration patterns of 1TMoS2.
21,37,38 The weak peaks

at 376.1 cm�1 and 403.4 cm�1 can be attributed instead to the in-plane (E12g) and out-of-plane (A1g) vibrationmode of 2H-phaseMoS2.
39 It can

be concluded that all the fresh MoS2 catalysts possess a hybrid phase of 1T and 2H.

Electron paramagnetic resonances (EPR) can be considered as a powerful tool to estimate the concentration of S vacancies in all cata-

lysts.40 They exhibit a significant paramagnetic signal at g = 2.004 in Figure 2C, and the peak intensity is proportional to the concentration

of Mo-S dangling bonds originating from the presence of single S vacancies in the MoS2 nanosheets.
41 The peak intensities increased in

the order MoS2-LA < MoS2-HA < MoS2-OA, indicating that the coordinatively unsaturated S2� content in MoS2 increased as the interlayer

spacing increases.

The H2-temperature programmed reduction (H2-TPR) curves of the fresh MoS2 catalysts are shown in Figure 2D. It was found that all the

catalysts exhibited two reduction peaks, including a peak at �220�C, originating from the sulfur atoms that are weakly bonded to the MoS2
particle on the catalyst surface, especially originating from the reduction of S-S dimmers or bridging S atoms at the edges of the MoS2 nano-

clusters, and a broad peak at�350�C, corresponded to the partial reduction of the small MoS2 crystals.
42 In the range of 120�C and 320�C, the

TPR peak area of MoS2-LA was minimal among those of all the MoS2 samples. MoS2-HA, possessing 63.2% 1T phase and few vacancies,

already exhibited a larger low-temperature peak, which moved toward lower temperature. The largest peak area for the MoS2-OA demon-

strates the abundant active sites as compared with MoS2-LA and MoS2-OA. Therefore, it is reasonable to expect that the MoS2-OA exhibits

superior performance in the HDS reaction.

Thermogravimetry (TG) measurements on MoS2 catalysts were also performed to confirm the presence of the guest species. As

depicted in Figure 2E, the obtained MoS2 catalysts underwent gradual decomposition on heating as evidenced by their TG curves.

TG curves of the fresh MoS2 samples suggested the presence of intercalated species that deintercalated at different temperatures.

In the case of MoS2-LA and MoS2-OA, we observe an obvious single-step mass loss center around �260 and �285�C, respectively,
while in MoS2-HA there were two distinct mass loss steps centered around �80 and �240�C. According to the TG results, the selected

reaction temperature (320�C) is high enough to ensure that almost all inorganic/organic components can be removed from the catalyst

surface.

Scheme 1. The preparation process of ammonium/amine-intercalated MoS2 catalysts
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Catalytic activity assessment

HDS of DBT on MoS2 catalysts

The catalytic performance of all fresh MoS2 catalysts was evaluated for the HDS of DBT (Figure 3A). All the catalysts yield the same products

such as BP, THDBT, HHDBT, CHB, BCH, CPMB, and CPMC, among which CHB is the main product of all catalysts. Under the same reaction

conditions, the activities of these catalysts increased in the order MoS2-LA < MoS2-HA < MoS2-OA. Obviously, MoS2-OA can achieve 100%

conversion of DBT and the high ultra-deep sulfur removal of 98.9% even the catalyst amount was as low as 50mg. It seems that the insertion of

NH4
+ or DMA+ ions can induce an increase in the interlayer spacing of MoS2, resulting in a significant enhancement in activity for the HDS of

DBT compared with MoS2-LA. However, XRD patterns of the used catalysts revealed a shift in the diffraction peak corresponding to theMoS2
(002) plane toward to a higher angel of approximately 14.4� (Figure 3B), implying that the interlayer species might disappear after HDS re-

action at 320�C. The TEM also demonstrates this result while the morphology, size and laminate stacking number of the MoS2 particles

were almost no changes in the used catalysts (Figure S1). We firstly selected themost active MoS2-OA to understand the role of inserted spe-

cies in enhancing HDS performance, and found that the performance was essentially stable in the second cycle (Figure S2). It’s suggested that

the catalytic activitymay be not affectedby the expanded layer structure and interlayer species.Meanwhile, XPS, Raman and EPR experiments

were conducted further to explore the phase and S vacancies content of used MoS2 catalysts. The results revealed that there was an increase

in S vacancies, while the 1T phase content was basically maintained compared to fresh MoS2 catalysts(Figures 3C–3E), probably due to the

role of S vacancies in the stabilization of 1T.43 In addition to the generation of S vacancies and 1T phases due to NH4
+ and DMA+ insertion in

the synthetic process, three samples also exhibited an enhancement in S vacancies after the HDS reaction, indicating that the deintercalation

of ammonium/amine is favorable for the further generation of S vacancies. It is concluded thatMoS2-LA undergoes slight but inevitable recon-

struction during the HDS reaction.44 Compared with the usedMoS2-LA, the usedMoS2-HA and usedMoS2-OA possess more 1T phase and S

vacancies (1.4–1.6 times vs. 2.4–3.8 times). This suggested that whether ammoniumor amine intercalation intoMoS2 can further induce the in-

situ reconstruction, the latter is more effective in promoting the reconstruction. Thus, MoS2-OA possessed the superior HDS performance

thanks to the highest content of 1T phase and S vacancies that were in situ derived from the ‘intercalation-deintercalation’ of interlayer

species.

Meanwhile, the similar initial reaction rate on the fresh and used (�0.56 mmol$gcat
�1$s�1) MoS2-OA implies the rapid reconstruction of the

catalyst during the initial reaction (Figure S3). Furthermore, the shrinkage of theMoS2-OA interlayer spacingwas observed after HDS in 10min

Figure 1. Structural and morphology characterization of MoS2 catalysts

(A) XRD pattern of MoS2 catalysts.

(B) SEM image of MoS2 catalysts.

(C) TEM images of MoS2 catalysts.
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(reduced to 6.3 Å, as evidenced by XRD and HRTEM in Figures S4 and S5), suggesting that the reconstruction has been completed in the very

early stage of HDS. Therefore, the catalytic performance of freshMoS2 can reflect the behavior of catalysis after in-situ reconstruction of HDS,

and the characterization of used catalysts may represent the state of those under the reaction conditions.

Hydrogenation of BP and CHB on used MoS2 catalysts

The HDS process involves hydrogenation and desulfurization.45 We first investigated the hydrogenation performance of used MoS2 catalysts

by using model compounds of BP and CHB (typical HDS products of DBT) under the same reaction conditions (Figure 3F). Using usedMoS2-

OA with the highest proportion of 1T-phase as a catalyst, the conversion of BP and CHB reached 39.0% and 4.9%, respectively. Results show

that both BP and CHB can be hydrogenated, and BP is much easier for hydrogenation than that of CHB while CHB is scarcely further hydro-

genated. Considering the actual conditions of HDS, we further investigated the BP hydrogenation onMoS2-OA in the presence of benzothio-

phene. The existence of H2S has no influence on the hydrogenation products of BP. No other products, including isomerized and cracking

products, were detected, indicating that the used MoS2 cannot catalyze the skeletal rearrangement of cycloalkanes and the cleavage of C-C

bonds.46

The BP conversion on used MoS2-OA was found to be 3.9 times higher than that of used MoS2-LA and 1.8 times higher than that of used

MoS2-HA (Figure 3F), that is, the hydrogenation activity of the MoS2 catalysts ranked as follows: used MoS2-OA > used MoS2-HA > used

MoS2-LA. These results suggest a strong relationship between the hydrogenation capability and the 1T phase content, because the 1T phase

in MoS2 is essential for the dissociation and activation of H2, which can be corroborated by XPS and H2-TPR results.21

Table 1. 1T-2H Percentages and atomic ratios of S/Mo for different samples derived from the XPS spectra

Samples 1T/% 2H/% S/Mo

MoS2-LA 40.4 59.6 1.86

MoS2-HA 63.2 36.8 1.77

MoS2-OA 65.0 35.0 1.74

Figure 2. XPS, Raman, EPR, H2-TPR and TG spectra of MoS2 catalysts

(A) XPS of Mo 3d, S 2p and N1s for MoS2 catalysts.

(B) Raman spectra of MoS2 catalysts.

(C) EPR spectra of MoS2 catalysts.

(D) H2-TPR results of MoS2 catalysts.

(E) TG spectra of MoS2 catalysts.
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HDS kinetics and possible reaction network

For the further development of high-performance HDS catalysts, an in-depth understanding of the HDS reaction mechanisms and kinetics of

sulfur-containing molecules over these MoS2 catalysts are indispensable. A precise comparison among activities of all fresh catalysts was

made by measuring the reaction rate and product yields in the HDS as a function of reaction time. Such catalysts were tested under the iden-

tical reaction conditions. As depicted in Figures 4A–4C, the primary product over all catalysts is CHB. As reaction time was prolonged, the

yield of CHB, BCH, CPMB and CPMC gradually increased and then remained at a certain level. Whereas the yield of THDBT and HHDBT

increased rapidly first, and then depleted eventually with the subsequent consumption. And the content of BP also increased first and

then diminished due to the hydrogenation.

It’s commonly accepted that THDBT, HHDBT, CHB, CPMB, BCH and CPMC are the main products for the hydrogenation (HYD) pathway,

while BP is the product of the direct hydrodesulfurization (DDS) pathway.47,48 Considering that BP andCHBmay be further hydrogenated, the

ascription of reaction pathways on the HDS of DBT requires some caution, especially for MoS2-HA andMoS2-OA (Figures 4A and 4B). Taking

MoS2-OA for instance, the complicatedHDSprocess was divided into three consecutive stages: (I) Initial/(II) Middle/(III) Later stages. In the

initial stage, the secondary reactions scarcely occurred at a lower conversion (<25%). Themiddle stage primarily involves the transformation of

partial hydrogenation sulfur-containing intermediates such as THDBT andHHDBT. The later stagemainly involves BP conversion. The process

onMoS2-HA is similar to the aforementioned one. However, only the first two stages are observed onMoS2-LA, which is attributed to its inad-

equate performance.

First, during the stage (I) with low conversion, in order to distinguish the difference among three catalysts on HDS, the reaction rate and the

selectivity of product by reaction routes on MoS2 catalysts were calculated and summarized in Table 2. The rHDS over the MoS2-OA catalyst

reaches 0.55 mmol$gcat
�1$s�1, which is approximately 6.3 times greater than that over MoS2-LA catalyst (0.09 mmol$gcat

�1$s�1) and 2.6 times

greater than that over the MoS2-HA catalyst (0.21 mmol$gcat
�1$s�1). During the initial stage, the hydrogenation of BP to CHB is negligible in

the presence of sulfur-containing compounds, which means that the selectivity of BP can be used as a criterion of the DDS pathway and the

selectivity of others products (CHB, etc.) representing the HYD pathway.47,48 Both kDDS and kHYD over MoS2-OA are higher than those of

MoS2-HA due to its higher amount of 1T and S vacancies, and the kDDS and kHYD of MoS2-LA are lowest in these three samples due to its least

active sites.26–28 For MoS2-OA, the SHYD/DDS is up to 3.26, much higher than that of MoS2-HA (1.86), indicating the enhancement of HYD is

more significant. On the contrary, MoS2-LA possesses a slightly lower SHYD/DDS value (1.76), meaning the decrease of HYD is relatively faster.

Nevertheless, the SHYD/DDS were much higher than 1 indicating that the HYD route is a more favorable route over all catalysts.

In themiddle stage (II) of HDS, in comparisonwithMoS2-HA, it can be observed that the THDBT has been accumulated at amore rapid rate

on MoS2-OA. The higher reaction rate and HYD selectivity of MoS2-OA with the highest 1T phase content are responsible for this. When the

Figure 3. Catalytic performance and structural characterization of MoS2 catalysts

(A) Catalytic HDS performance of MoS2 catalysts after 8 h.

(B–E) (B)XRD, (C)XPS, (D) Raman and (E) EPR of used MoS2 catalysts.

(F) The hydrogenation performance of used MoS2 catalysts after 8 h.
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reactants have been largely consumed, the accumulated THDBT can be consumed faster and vanished quickly within 6 h, which is apparently

shorter than that of MoS2-HA (>10 h). The higher S vacancies in MoS2-OA could be the reason for this, according to the EPR results in Fig-

ure 3E. AlthoughMoS2-OA possesses the highest S vacancies, the high hydrogenation ability leads to the overproduction of THDBT beyond

its desulfurization capabilities resulting from the S vacancies. Additionally, THDBT will compete with the DBT reactant and other sulfur-con-

taining products for active sites, such as HHDBT andDHDBTwith faster desulfurization rate due to their lower C-S bond cleavage barriers.49,50

In contrast, MoS2-LA is the slowest catalyst in terms of THDBT formation because of its lowest 1T phase content, and consumed slowly due to

having the least S vacancies. In summary, it can be concluded that 1T-phase plays an essential role in achieving highly efficient HDS, while it

should also be noted that the S vacancies are also indispensable.

When the HDS reaction proceeds to the (III) latest stage, the BP yield declined rapidly on the MoS2-HA and MoS2-OA due to its further

hydrogenation.51,52 TheMoS2-OA exhibited a lower accumulation of BP and faster decrease rate originating from its high hydrogenation abil-

ity, aligned with the BP hydrogenation performance as above-mentioned in Figure 3F.

Based on the above study, we propose the reaction networks for the HDS of DBT over the MoS2 catalysts, as depicted in Figure 4D. The

HDS of DBT includes two reaction routes for sulfur removal.47,48 One is the HYD pathway, which involves hydrogenation of one or both ar-

omatic rings prior to C-S bond hydrogenolysis, primarily the hydrogenation into partially hydrogenated sulfur-containing intermediates,

and subsequently desulfurization toward CHB, BCH and isomerized products CPMB and CPMC. The other is a DDS pathway, which involves

Figure 4. Catalytic HDS performance of MoS2 catalysts and proposed reaction network

(A–C) Conversion and product yields as function of reaction time for the HDS of DBT over (A) MoS2-OA, (B) MoS2-HA and (C) MoS2-LA catalysts, respectively.

(D) Proposed reaction network for the DBT HDS.

Table 2. HDS of DBT analysis results over MoS2- OA, MoS2-HA, and MoS2- LA catalystsa

Samples

rHDS
a

(mmol$gcat
�1$s�1)

rHYD
a

(mmol$gcat
�1$s�1)

rDDS
a

(mmol$gcat
�1$s�1) SHYD/DDS

b

SISO
c

(%)

MoS2-OA 0.55 0.42 0.13 3.26 4.19

MoS2-HA 0.21 0.14 0.07 1.86 4.03

MoS2-LA 0.09 0.06 0.03 1.76 2.79

aReaction rate was calculated at low conversion.
bDDS = BP, HYD = THDBT + HHDBT + CHB + CPMB+ BCH + CPMC.
cISO = CPMB + CPMC.
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direct hydrogenolysis of the C-S bond of thiophene ring without hydrogenation of the aromatic rings, and ultimately leads to BP as the hy-

drocarbon product.52 Both HYD and DDS pathways play an important role in the DBT HDS, while the HYD pathway is considered to be domi-

nant for the DBTmolecule to realize the final sulfur removal for all fresh catalysts. In comparison, the enhancement of HYD pathway onMoS2-

OA was stronger than that on the DDS pathway.

The aforementioned study found that BP can be hydrogenated to CHB, and BP cannot be used as a criterion for DDS pathway as

decreasing concentrations of BP were observed under the conditions of higher conversion. And BP can represent the DDS pathway at low

conversion since BP further hydrogenation can be neglected in the presence of sulfur-containing compounds. The hydrogenation of CHB

to BCH is challenging (Figure 3F). Therefore, it is speculated that BCH is primarily obtained through the desulfurization of intermediate com-

pounds produced by deep hydrogenation of DBT, rather than further hydrogenation of CHB. Additionally, no isomerization products are

formed in BP hydrogenation even in the presence of H2S. Thus, isomerization products may be derived from hydrogenated sulfur-containing

intermediates, such as THDBT, HHDBT and DHDBT. This is different from the previous reports in which the isomerization products were ob-

tained from the isomerization of CHB and/or BCH.53,54

Based on the performance of BP hydrogenation and analysis of the whole HDS reaction process over all catalysts, it is reliably demon-

strated that the 1T phase is highly conducive to hydrogenation, while the S vacancy favors desulfurization. Indeed, a linear correlation is

observed between the catalytic performance and the 1T phase content, as well as desulfurization and S vacancies (Figures 5A and 5B), which

further verify that the aforementioned structure-function relationships that higher 1T content can enhance the hydrogenation, and the

Figure 5. Investigation of the HDS mechanism on MoS2 catalysts

(A and B) Catalytic performance between functional sites.

(C) 1H NMR of used MoS2 catalysts.

(D) Proposed mechanism for THDBT isomerization on MoS2.
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desulfurization process is mainly driven by S vacancies over MoS2 in HDS. This work takes a big step forward in determining the catalytic effect

of 1T phase and S vacancies, and thereby provides a more comprehensive understanding of HDS on MoS2 catalysts.
24,26

Possible isomerization reaction mechanisms

It’s noteworthy that all catalysts obtained isomerization products. Regarding the requirement of acid sites for isomerization, we first studied

the IR spectra of adsorbed pyridine to quantify the concentration of Brønsted acid (BAS).55–57 MoS2-OA has a higher concentration of -SH

than MoS2-HA because its peak intensity is significantly greater than that of MoS2-HA. For MoS2-LA, the results were not given because its

signal is too weak to detect (Figure S6). Thus, the 1H solid-state nuclear magnetic resonance (1H NMR) spectra provided robust evidence to

support the above Py-IR results of the surface sulfhydryl (-SH) groups. 1H NMR spectra of all used MoS2 samples in Figure 5C show two

broad signals located at 7.0 and 0.5 ppm, which might be assigned to isolated -SH groups and -SH species that interacted with S

vacancies,58 respectively. The 1H signal of all MoS2 catalysts is dominated by chemical shift 7.0 ppm. MoS2-OA exhibited a higher abun-

dance of -SH groups than other catalysts. Based on the EPR results, as the content of S vacancies increases, 1H NMR peaks tend to shift

toward high field.59

Our results on the HDS experiments of DBT revealed that the isomerization selectivity from the lowest to the highest is as follows: MoS2-

LA<MoS2-HA<MoS2-OA. It is noteworthy that this trend appeared to be relatively proportional to the concentration of -SHgroups. However,

the -SH group’s acidity is inadequate to catalyze the isomerization of CHB, BCH and BP hydrogenation intermediates. Therefore, we spec-

ulated that the isomerization originated from sulfur-containing carbonium ion intermediates whichmay be triggered by the proton-supplying

capacity of the Brønsted acid of -SH itself. Meanwhile, the 1T phaseMoS2 favorable for hydrogenated-DBT generation. As a result, MoS2-OA

with the highest 1T phase and -SH content possesses the highest isomerization performance among all catalysts. MoS2-LA has the lowest

isomerization selectivity, followed by MoS2-HA.

Accordingly, the possible HHDBT isomerization mechanism is proposed in Figure 5D. Once the addition of the first H by -SH group for

HHDBT, the cleavage of the cycloalkyl C-S bonds occurred, while the sulfur-containing carbonium ion intermediates formed. The latter

may lead to the rearrangement of the carbonium ion intermediates, resulting in the formation of a new carbocation and an isomerization re-

action. Then the cleavage of aryl C-S occurs followed by hydrogenation accompanied by the production of CMPB. The reactionmechanism of

DHDBT is analogous to HHDBT.

Therefore, the differences in isomerization performance over MoS2 catalysts may be explained by the both hydrogenation ability origi-

nates from the content of 1T phase and weak acidic from the -SH.

Catalyst superiority

MoS2-OA catalyst shows the best performance for DBT HDS among the reported catalysts (Table S1). Furthermore, the stability of MoS2-OA

was evaluated as another important indicator for practical application since it had already exhibited outstanding activity as mentioned

above.60 MoS2-OA was reused in the HDS of DBT for six cycles continuously, and the results are summarized in Figure 6A, which indicates

the good stability of MoS2-OA during DBT HDS. In addition, the MoS2-OA catalyst could still show outstanding HDS efficiency in treating

the highly refractory organosulfur compound 4,6-DMDBT (Figure 6B). Thus, the excellent HDS activity and stability facilely achieved over

our catalyst guarantee a feasible prospect in the industrial application.

Figure 6. Catalytic stability test over MoS2-OA and comparison of HDS activity on various catalysts

(A) The HDS performance of DBT on MoS2-OA in 6 cycles.

(B) The HDS of DBT and 4,6-DMDBT on various catalysts.
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Conclusions

In summary, the ammonium/amine-intercalated 1T-2HMoS2 has been successfully employed in the HDSprocess for the first time. A highDBT

conversion of 100% and a high ultra-deep sulfur removal of 98.9% can be achieved over organic amine-intercalatedMoS2-OAduring theHDS,

and MoS2-OA also exhibited a good stability with over 90% sulfur removal even after six consecutive catalytic runs. Even in processing the

highly refractory organosulfur compound 4,6-DMDBT, MoS2-OA exhibited excellent HDS performance. Combined with the HDS perfor-

mance and the characterization analyses, the unequivocal structure-activity relationships established for DBT HDS pinpoints the role of

the 1T phase as hydrogenation sites and S vacancies for desulfurization, and -SH groups as the acidic sites. The ‘intercalation-deintercalation’

processes of interlayered MoS2 is critical to the in situ generation of active sites. Compared with inorganic ammonium, the intercalation of

organic amine in MoS2 was able to generate higher amounts of 1T phase and S vacancies, and reconstruction induced by the deintercalation

of interlayer species further enhanced S vacancies formation during HDS. The hydrogenation activity by 1T phase and Brønsted acidic by -SH

groups would promote the isomerization hydrogenated-DBT.

This study not only enables a more rigorous comparison of intrinsic activities amongMoS2 which were derived from the in situ reconstruc-

tion of expandedMoS2 with various interlayer spacings but also bridges the gap between interlayer chemistry and efficient HDSperformance.

It is anticipated to inspire the rational design of cost-efficient catalysts via further regulating the ‘intercalation-deintercalation’ process.

Limitations of the study

Our work demonstrates the highly efficient HDS driven by an in-situ reconstruction of expanded MoS2 catalysts, which is originated from the

high amount of 1T phase and S vacancies via the ‘intercalation-deintercalation’ processes. However, the mechanism of in-situ reconstruction

of different intercalated MoS2 still needs to be explored, which will also be the future research.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by the lead contact, Yi Tang (yitang@

fudan.edu.cn).

Materials availability

This study did not generate new unique reagents. All catalysts generated in this work are available from the lead contact upon request.

Data and code availability

� The datasets generated in this study are available from the lead contact upon request.

� This work does not report original code.
� Any additional information required to reanalyze the data reported in this paper can be obtained from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models.

METHOD DETAILS

Catalysts synthesis

All catalysts used in this study were prepared through a facile one-step hydrothermal reaction. In a typical synthesis, 0.282 g of ammonium

heptamolybdate and 1.464 g of thiourea were dissolved in a mixed solvent containing 8 mL of deionized water and 4 mL of N,N-dimethyl-

formamide. The mixture was ultrasonic treatment for 15 min and magnetically stirred for 30 min to form a transparent solution, the solution

was transferred to a 25mL Teflon-lined autoclave and heated to 180�C for 4 h. The autoclavewas then cool to room temperature naturally, and

the product was collected by centrifugation. Finally, the obtained product was rinsed thoroughly with deionized water and ethanol for several

times and then dried at 60�C under vacuum. The resulting product was named MoS2-OA.

Similarly, theMoS2-HA was prepared by following same procedures described above except for only using deionized water as the solvent

but in absence of N,N-dimethylformamide. For comparison,MoS2-LAwere synthesized from identical precursors through hydrothermal treat-

ment at 180�C for a long time to eliminate NH4
+ intercalation using deionized water as solvent.

Catalysts characterization

Powder X-ray diffraction (XRD) patterns were obtained on a Bruker D2 diffractometer (Germany), using copper Ka radiation (l = 0.154056 nm)

at 30 kV and 10mA in the 2q scanning range of 5-80� at a scanning rate of 5� min-1. Themorphology and energy dispersive spectroscopy (EDS)

of catalysts were investigated by using a high-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2 F20 S-Twin). Element

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Ammonium heptamolybdate Sinopharm Chemical Reagent Co., Ltd CAS 12027-67-7

Thiourea Sinopharm Chemical Reagent Co., Ltd CAS 62-56-6

N,N-dimethylformamide Sinopharm Chemical Reagent Co., Ltd CAS 68-12-2

Cyclohexylbenzene Tokyo Chemical Industry Co., Ltd CAS 827-52-1

Bicyclohexane Tokyo Chemical Industry Co., Ltd CAS 92-51-3

Dibenzothiophene Aladdin Ltd (Shanghai, China) CAS 132-65-0

Biphenyl Aladdin Ltd (Shanghai, China) CAS 92-52-4

Decalin Sigma-Aldrich CAS 91-17-8

Software and algorithms

OriginPro Learning Edition OriginLab https://www.originlab.com/
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compositions were determined by inductively coupled Plasma Optical Emission Spectrometer (ICP-OES) on AGILENT 730 (USA). Raman

spectrum is collected on the laser confocal Raman microspectrometer (XploRA, Horiba Jobin Yvon, Ltd.) with an excitation wavelength of

532 nm. X-ray photoelectron spectroscopy (XPS) is collected by scanning X-ray microprobe (Thermo Scientific, ESCALAB 250Xi) using Al

Ka radiation and the C 1s peak at 284.8 eV as the internal standard. Electron paramagnetic resonance (EPR) spectra were obtained using

a JEOL JES FA200 spectrometer. Temperature programmed reduction using hydrogen (H2-TPR) were conducted onMicromeritics Autochem

2920 chemisorption instrument. For H2-TPR experiment, the samples were pretreated at 130�C for 1h in Ar flow to remove impurities and

adsorbed water from sample surface. After cooling to room temperature, H2-TPR analyses were carried out in a 5 vol% H2/Ar flow of

20 mL min-1 from room temperature to 800�C. 1H MAS NMR experiments were recorded on a Bruker AVANCE III 400 WB spectroscope at

400 MHz. Adamantane was used as the external standard both for the chemical shift and the quantification of the 1H molar number corre-

sponded to related peaks.

HDS activity measurement

The catalytic performance in HDS was carried out in a 100 mL batch reactor (Shanghai LABE Instrument Co., Ltd) using DBT as a model sulfur

compound with a concentration of 330 ppm of sulfur content corresponding to decalin solvent. Typically, 50 mg of catalyst and 20 mL model

fuel transferred to the batch reactor. Prior to the activity test, the reactor was purged with H2 for five times, and then the initial H2 pressure at

room temperature was controlled at 3.5 MPa with a stirring speed of 500 rpm. Normally, the total pressure in the sealed reactor gradually

increased to 6.0 MPa along with the reaction temperature reached 320�C. After reaction, the liquid-phase products were collected and

analyzed by gas chromatograph (Shimadzu, GC 2010 plus) equipped with HP-5 column (30 m 3 0.32 mm 3 0.25 mm) and flame ionization

detector. To further identify each of the compounds in the liquid products, GC-MS (Shimadzu, GCMS-QP2010 SE) with a HP-5 capillary col-

umn (30 m 3 0.25 mm 3 0.25 mm) was used to analyze the collected products.

There are seven main products after the HDS of DBT, which are tetrahydro-dibenzothiophene (THDBT), hexahydro-dibenzothiophene

(HHDBT), biphenyl (BP), cyclohexylbenzene (CHB), bicyclohexane (BCH), (cyclopentylmethyl)benzene (CPMB) and (cyclopentylmethyl)cyclo-

hexane (CPMC). The conversion (X) of DBT and the selectivity (Si) of products were defined as follows equations:51

X ð%Þ =

�
1 � nt

n0

�
3 100%

Si ð%Þ =
ni

n0 � nt
3 100%

where n0 and nt refer to themolar concentrations of DBT in the feed and products, respectively, and ni refer to the HDS products of DBT in the

reaction.

It is well known that HDS of DBT occurs two pathways: (i) direct desulfurization (DDS) and (ii) hydrogenation (HYD).47,48 It has been reported

in many previous literatures that THDBT, HHDBT, CHB, BCH, CPMB and CPMC are main products for the HYD pathway, while the BP is the

product of DDS pathway. The selectivity of the HYD reaction and DDS reaction pathway (SHYD/DDS) can be calculated by the equations as

follows:52

Selectivity of DDS ð%Þ =

�
nBP

nTHDBT+nHHDBT+nBP+nCHB+nBCH+nCPMB+nCPMC

�
3 100%

Selectivity of HYD ð%Þ =

�
nTHDBT+nHHDBT+nCHB+nBCH+nCPMB+nCPMC

nTHDBT+nHHDBT+nBP+nCHB+nBCH+nCPMB+nCPMC

�
3 100%

SHYD=DDS =
SHYD

SDDS

Meanwhile, the total sulfur content was determined using sulfur-nitrogen analyzer (Jiangsu Guochuang Analytical Instrument Co., Ltd,

GCTNS-3000). The standard curve of the integral area corresponding to the total sulfur content is established with the standard samples

with different sulfur contents. The sulfur removal rate (S) of DBT was defined as follows:61

S ð%Þ =
Sf � Sp

Sf
3 100%

in the above equations, Sf and Sp represent the sulfur content in the feed and products, respectively.

For the catalytic reusability experiments, the cyclic reaction procedure to evaluate the stability of the MoS2-OA was the same as that used

for evaluating the fresh catalyst. The used catalyst was separated by centrifugation after the reaction, washed thoroughly with decalin used for

the next run, and the same procedure was repeated before every successive catalytic run.

The pseudo first-order reaction model was adopted in the hydrodesulfurization reaction of DBT, and the reaction rate (mmol$gcat
�1$s�1)

was calculated at low conversion based on the following formula:47
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rHDS =
WDBT 3X

MDBT 3 t

where WDBT denotes the weight fraction of DBT in the reactant and MDBT denotes the molecular mass of DBT.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include statistical analysis or quantification.

ADDITIONAL RESOURCES

This work does not include any additional resource.
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