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a b s t r a c t

A H2O2 etching strategy was adopted to introduce coordinatively unsaturated sites (CUS) on MoS2-based
catalysts for dibenzothiophene (DBT) hydrodesulfurization (HDS). The CUS concentrations on MoS2 slabs
were finely regulated by changing the concentrations of H2O2 solution. With the increasing H2O2 con-
centrations (0.1e0.3 mol/L), The CUS concentrations on MoS2 slabs increased gradually. However, the
high-concentration H2O2 etching (0.5 mol/L) increased the MoOxSy and MoO3 contents on MoS2 slabs
compared to etching with the H2O2 concentration of 0.3 mol/L, which led to the less CUS concentration in
the sulfided MoeH-0.5 catalyst than in the sulfided MoeH-0.3 catalyst. A microstructure-activity cor-
relation indicated that the CUS introduced by H2O2 etching on MoS2 slabs significantly enhanced DBT
HDS. Different Co loadings were further introduced into MoeH-0.3, which had the most CUS concen-
tration, and the corresponding 0.2-CoMo catalyst with the highest CoMoS content (3.853 wt%) exhibited
the highest reaction rate constant of 6.95 � 10�6 mol g�1 s�1 among these CoMo catalysts.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With currently strict environmental standards and an apparent
increase in heavy crude oil use, the key to achieving ultraclean fuel
production is to refine the heavy crude oil into gasoline and diesel
with sulfur contents less than 10 ppm (Yuan et al., 2020; Asadi et al.,
2019; Wang et al., 2017). Hydrodesulfurization (HDS) is commonly
used to remove the sulfur compounds from fuel. Conventional HDS
catalysts are composed of transitionmetal sulfides (TMS), including
Mo(W) as the active component and Co(Ni) as the promoter, and
Al2O3 serves as the support (Brunet et al., 2005). However, the HDS
activities of alumina-based catalysts loaded with active metals are
restricted by the low density of HDS active sites and the poor
structures of active phases caused by strong metal-support in-
teractions (Zhou et al., 2017). To deepen the understanding of the
relationships between active microstructures and their HDS activ-
ities, bulk Co(Ni)eMo(W) HDS catalysts were studied extensively
(Varakin et al., 2018; Li et al., 2014; Afanasiev, 2010).

Recently, graphene-like structures of TMS, such as two-
y Elsevier B.V. on behalf of KeAi Co
dimensional (2D) MoS2, have attracted widespread attention, and
various nanostructures have been reported for MoS2. Lai et al.
(2016) synthesized homogeneous NiMoS nanoflowers with self-
assembled nanosheets by a hydrothermal growth method using
sulfur as the sulfur source. Cao et al. (2020) prepared defect-rich 1T-
2H MoS2 nanoflowers via a solvothermal method using water,
ethanol and glycerol. Abbasi et al. (2020) successfully synthesized
bulk MoS2 and cobalt-loaded MoS2 nanosheets using molybdenum
oxide and thiourea under an inert gas and at high temperature.
However, the low concentrations of active S vacancies in the syn-
thesized MoS2 nanoparticles described above resulted in inferior
HDS activities. De la Rosa et al. (2004) attempted to separate TMS
particles from the Al2O3 support with HF etching to eliminate the
support disturbance. Nevertheless, for CoMoS catalysts, etching of
the support with HF led to Co loss and rearrangement of MoS2
particles, which partially destroyed the structures of CoMoS active
phases and reduced the dibenzothiophene (DBT) HDS activities of
the corresponding catalysts (Berhault et al., 2008). In general, un-
modified Co(Ni)eMoS2 particles, as well as Co(Ni)eMoS2 particles
etched with strong corrosive agents, exhibited low activities in HDS
of sulfur-containing compounds.

Vacancies constitute crystal point defects and are beneficial in
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regulating the crystal electronic structure and the degree of active
site exposure, thus significantly improving the reaction perfor-
mance of catalysts (Feng et al., 2015; Xiong et al., 2017). Zhang et al.
(2019) applied H2O2 solutions to etch monolayer MoS2 slabs and
their results showed that when monolayer MoS2 slabs were
exposed to H2O2 solutions, the S atoms near the vacancies were first
oxidized and replaced by O atoms. Li et al. (2020) found that
multilayer MoS2 was partially dissolved into monolayer MoS2 after
being mixed with H2O2 solutions, which led to a 2H-to-1T phase
change of the MoS2 and thereby promoted the formation of S va-
cancies. Electron-rich 1T-MoS2 exhibited high activity for advanced
oxidation processes. No reports have yet been published on appli-
cations of H2O2-etched MoS2 slabs for HDS of sulfur-containing
compounds, and the relationship between coordinatively unsatu-
rated site (CUS) concentrations on the etched MoS2 slabs and their
HDS performance remains unknown.

Herein, the mild etching agent H2O2 was used to etch synthe-
sized three-dimensional MoS2 nanoflowers in an effort to accu-
rately regulate the quantity of HDS active sites. Different loading
amounts of the promoter Co were introduced into etched MoS2 to
further optimize the number of HDS active sites. The present work
finely modulated the CUS concentrations on MoS2 slabs by
changing the concentrations of H2O2 solution. Then, the Co loading
amounts of the MoeH-0.3 catalyst with the highest CUS concen-
tration were further adjusted to obtain the optimal HDS catalyst.
2. Experimental

2.1. Materials

Sodium molybdate dihydrate (Na2MoO4$2H2O, 99.0%), thio-
acetamide (CH3CSNH2, 99.0%), acetic acid (CH3COOH, 99.5%),
hydrogen peroxide solution (H2O2, 37.0%), cobalt nitrate hexahy-
drate (Co(NO3)2$6H2O, 99.0%), n-heptane (C7H16, 98.0%), ethanol
(C2H5OH, 99.5%), decahydronaphthalene (C10H18, 99.0%), dibenzo-
thiophene (DBT, 99.0%), and carbon disulfide (CS2, 99.9%) were
purchased from Shanghai Aladdin Company (China).
2.2. Preparation of catalysts

In the synthetic process, 1.5 g of Na2MoO4$2H2O was solubilized
in 70 mL of deionized water and magnetically stirred for 15 min at
25 �C. Then, 0.94 g of CH3CSNH2 was dispersed in the above solu-
tion. Subsequently, the pH of the resulting mixture was changed to
4.0 with acetic acid. After stirring for 40 min, the clarified blue-
green solution was transferred into a 100 mL stainless steel
Teflon-lined autoclave, which was maintained at 200 �C for 20 h.
The resulting black precipitate was filtered, and thoroughly washed
with 500 mL of deionized water and ethanol absolute. Finally, the
obtained catalyst was dried in a vacuum oven at 80 �C for 12 h and
abbreviated as MoeH-0.

A total of 1.5 g of the MoS2 powder obtained in the above-
mentioned process was dispersed in H2O2 solutions with variable
concentrations (0.1, 0.2, 0.3 and 0.5 mol/L) and stirred at high speed
for 5 min at 25 �C. The etched samples were filtered, washed and
dried in a vacuum oven at 80 �C for 12 h. The collected catalysts
were abbreviated as MoeH-x (where x ¼ 0.1, 0.2, 0.3 and 0.5).

Cobalt species were introduced into the aforementionedMoeH-
3.0 by incipient wetness impregnation using cobalt nitrate hexa-
hydrate as the cobalt precursor with Co/(CoþMo) ratios of 0.05, 0.1,
0.2 and 0.3. Then, the impregnated catalystswere dried in a vacuum
oven at 80 �C for 12 h. The collected catalysts were abbreviated as x-
CoMo (where x ¼ 0.05, 0.1, 0.2 and 0.3).
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2.3. Characterization techniques

X-ray diffraction (XRD) patterns were recordedwith a Bruker D8
focus diffractometer equipped with a Cu Ka emission over the
5 � 2q � 90� range with a scanning speed of 4 �/min. Physical N2
adsorption-desorption measurements were performed on a
Quantachrome adsorption instrument from the Conta Instrument
Company. Scanning Electron Microscopy (SEM) images were per-
formed on a HITACHI SU8010 instrument operated at an acceler-
ating voltage of 20 kV. Raman spectra of the catalysts were
collected on a LabRAM Aramis spectrometer (l ¼ 532 nm) over the
range 100e1600 cm�1. Electron paramagnetic resonance (EPR)
spectra were obtained at 9.846 GHz by using a Bruker A200 spec-
trometer at 100 K.

Temperature-programmed reduction (TPR) studies of the cata-
lysts were carried out with an AutoChem1 II 2920 instrument. 0.1 g
of catalyst was placed in U-shape quartz tube and pretreated under
He flow from room temperature to 150 �C at a rate of 10 �C/min for
1 h. After the baseline was stabilized, the catalyst was heated at a
rate of 10 �C/min to 800 �C in a mixture of 10% H2/Ar (50 mL/min).
The amount of hydrogen consumed was detected by TCD detector.

The images of the catalysts were characterized by a High-
resolution transmission electron microscopy (HRTEM) operated
with 200 kV accelerating voltage (Tecnai G2 F20). The average
lengths (L) and stacking numbers (N) of the MoS2 slabs were ob-
tained by analyzing 20 representatives HRTEM micrographs (at
least 500 crystallites) as follows (Kasztelan et al., 1984; Song et al.,
2018; Chowdari et al., 2021):

L ¼

Pn
i¼1

xiLi

Pn
i¼1

xi

and N ¼

Pn
i¼1

xiNi

Pn
i¼1

xi

(1)

where Li is the length of slab i, Ni is the stacking degree of slab i, xi is
the number of MoS2 slabs with Li length or Ni layers and n is the
total number of MoS2 slabs.

Dispersion of the MoS2 (D) was statistically evaluated by the
following equation:

D¼

Pt
i¼1

ð6ni � 6Þ
Pt
i¼1

�
3n2i � 3ni þ 1

� (2)

where ni denotes the number of Mo atoms along one side the of
MoS2 slab determined by its length (L ¼ 3.2(2ni�1) Å), and t de-
notes the total number of MoS2 slabs.

The chemical structures of the catalysts were analyzed by X-ray
photoelectron spectroscopy (XPS) using a PHI 5300 X-ray photo-
electron spectrometer with a monochromatic Al Ka source pro-
vided by Pekinelmer Physics Electronics company. All binding
energies of the peaks were calibrated by the C 1s peak at 284.6 eV.
The recorded spectra were deconvoluted with PeakFit v4.12 soft-
ware with a Shirley background subtraction.

The concentration of species j on the catalyst surface was
calculated in wt% with the following formula (Pimerzin et al., 2017;
Nikulshin et al., 2014):

CðjÞT ¼
�
Arj,Aj

�
Si
�

Pn
j¼1

�
Arj,Aj

�
Si
�� 100 (3)

where Aj and Arj refer to the peak areas and atomic weight of
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species j, respectively. Sj is the sensitivity factor of the species j.
The relative contents of the Co9S8 and CoMoS phases were given

with the following equations (Pimerzin et al., 2017; Nikulshin et al.,
2014):

½Co9S8� ¼
ACo9S8

ACoMoS þ ACo9S8 þ ACoO
� 100 (4)

½CoMoS� ¼ ACoMoS

ACoMoS þ ACo9S8 þ ACoO
� 100 (5)

where Ax is the fitted peak area of species x.
The effective contents of Co9S8 and CoMoS phases were deter-

mined in accordance with the following equations (Pimerzin et al.,
2017; Nikulshin et al., 2014):

CðCo9S8Þ ¼ ½Co9S8� � CðCoÞT (6)

CðCoMoSÞ ¼ ½CoMoS� � CðCoÞT (7)
2.4. Assessments of catalyst activity

The DBT HDS experiments were performed with a fixed-bed
flow microreactor using a mixture of DBT (1.0 wt%) and decahy-
dronaphthalene (as solvent). Before evaluation, all the catalysts
were presulfided with a mixture of CS2 (3.0 wt%) and n-heptane at
4.0 MPa and 360 �C for 4 h. The assessment pressure and temper-
ature were 4.0 MPa and 340 �C, the liquid hourly space velocity
(LHSV) was 15.0 h�1, and the H2/feed ratio was 400. Finnigan Trace
chromatograph-mass spectrometer was used to analyzing the
liquid products of DBT HDS.

Assuming the DBT HDS reaction followed a pseudo-first-order
kinetic model, the reaction rate constant kHDS (mol$g�1 $s�1) was
obtained from the following equation (Hensen et al., 2001):

kHDS ¼ F
m

ln
1

1� x
(8)

where F is the feed rate of DBT (mol$s�1), m is the weight of the
catalyst (g) and x is the DBT conversion (%).

HDS turnover frequencies (TOF, s�1) for DBT were obtained by
the following equation (Hensen et al., 2001):

TOF¼ F,x
nMo,D

(9)

where D is the MoS2 particle dispersion and nMo is the content of
Mo species in the catalyst (mol).

Based on reaction pathway for DBT HDS, the selectivity factor
(SDDS/HYD) for the direct desulfurization pathway (DDS) and the
prehydrogenation pathway (HYD) was calculated by the following
equation (Gao et al., 2015):

SDDS=HYD ¼ WBP

WCHB þWTH þWHH
(10)

whereWTH,WHH,WCHB andWBP are respectively the contents (wt%)
of tetrahydro-dibenzothiophene (THDBT), hexahydro-
dibenzothiophene (HHDBT), cyclohexylbenzene (CHB) and
biphenyl (BP) among the DBT HDS products.
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3. Results and discussion

3.1. Characterizations of the sulfided MoeH-x catalysts

3.1.1. XRD and N2 adsorption-desorption
XRD results for the sulfided MoeH-x (x ¼ 0.1, 0.2, 0.3 and 0.5)

catalysts in Fig. 1 indicated that the diffraction peaks at 14.0�, 33.2�

and 58.6� corresponded well to the (002), (100) and (110) crystal
planes of MoS2 (JCPDS card no. 37e1492). The XRD patterns for all
of the MoeH-x catalysts showed only MoS2 diffraction peaks and
no other diffraction peaks, indicating that these catalysts were
pure. After H2O2 etching, the diffraction peaks for the MoeH-x
catalysts were similar, which illustrated that H2O2 etching neither
changed the crystalline structure of the MoS2. Furthermore, with
increasing H2O2 concentration, the (002) peak of the sulfided
MoeH-x catalysts shifted to a lower angle, demonstrating that the
interlayer spacings of the MoS2 slabs increased gradually. The
increased interlayer spacing originated fromweaker van der Waals
interactions between MoS2 slabs due to crystal defects (Guo et al.,
2015). With increasing H2O2 concentration, the (100) peak of the
sulfided MoeH-x catalysts shifted to a higher angle because lattice
distortions and stacking faults affected the MoS2 lattice (Xie et al.,
2013). In addition, the N2 adsorption-desorption isotherms of
MoeH-x catalysts were presented in Fig. S1 and the results were
summarized in Table S1. The results in Table S1 indicated that the
BET specific surface areas and pore volumes of the MoeH-x cata-
lysts showed negligible changes as the H2O2 concentration was
increased.

3.1.2. HRTEM
The SEM images for sulfided MoeH-x are displayed in Fig. S2.

Themorphologies and structures of theMoS2 catalysts were further
characterized by HRTEM. As illustrated in Fig. 2, the sulfided
MoeH-x (x ¼ 0, 0.1, 0.2 and 0.3) catalysts consisted of nanoflowers
with light edges and dark centers, indicating that the MoS2
morphology remained unchanged after low-concentration H2O2
etching (� 0.3 mol/L). However, when the H2O2 concentration was
increased from 0.3 to 0.5 mol/L, the sulfided MoeH-0.5 catalyst
showed a broken flower-like morphology. As shown in Fig. 3(b) and
(h), the MoS2 layer spacing increased from 0.62 to 0.65 nm, which
resulted from introduction of defect sites such as aberrations, layer
Fig. 1. XRD patterns of sulfided MoeH-x catalysts.



Fig. 2. HRTEM images of sulfided MoeH-x: MoeH-0 (a, b), MoeH-0.1 (c, d), MoeH-0.2 (e, f), MoeH-0.3 (g, h) and MoeH-0.5 (i, j).
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Fig. 3. Distributions of the length (a) and the layer number of MoS2 slabs (b) on sulfided MoeH-x catalysts.
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dislocations and vacancies in the MoS2 slabs caused by H2O2
etching. With increasing H2O2 concentration (0.1e0.5 mol/L), the
number of defect sites at MoS2 edges (white circle position in
Fig. 3(b), (d), (f), (h) and (j)) first increased and then decreased, and
the maximum value was obtained with 0.3 mol/L H2O2.

The lengths and stacking numbers of MoS2 slabs are depicted in
Fig. 3. The lengths of MoS2 slabs in the sulfided MoeH-x catalysts
were predominantly distributed within the range 11e20 nm, and
the numbers of stacking layers were mainly distributed within 5e8
layers. The results in Table 1 show that as the H2O2 concentration
was increased, the average length of the MoS2 slabs first decreased
and then increased, the MoS2 dispersion first increased and then
decreased, and the average number of MoS2 layers first remained at
approximately 7.0 and then decreased. These results are explained
as follows. When the MoS2 slabs were exposed to low H2O2 con-
centrations (0.1e0.3 mol/L), some lattice defect sites formed on
MoS2 slabs crossed the (002) crystal plane, which divided the long
MoS2 lattice strips into several short strips and thereby shortened
the MoS2 length in the direction of the (002) crystal plane. More-
over, etching with low H2O2 concentrations had a negligible effect
on the number of stacking layers. However, when the MoS2 slabs
were exposed to a high H2O2 concentration (0.5 mol/L), the average
stacking number of MoS2 was reduced by approximately one layer
compared to etching with low H2O2 concentrations, which resulted
from massive two-dimensional defect structures on the MoS2 sur-
face produced by the high-concentration H2O2 etching.

3.1.3. XPS
XPS analysis was conducted to determine the chemical com-

positions of the sulfided MoeH-x surfaces. The binding energy
difference for Mo 3d3/2 andMo 3d5/2 was approximately 3.2 eV, and
the relative area ratio was approximately 2:3. The Mo 3d spectra
and the corresponding peak fitting results for sulfided MoeH-x are
presented in Fig. 4. There were three types of Mo chemical species
Table 1
Average length, average layer numbers and dispersion of MoS2 slabs on sulfided
MoeH-x catalysts.

Catalyst L, nm N D

MoeH-0 18.4 7.0 0.061
MoeH-0.1 17.5 7.1 0.066
MoeH-0.2 16.1 7.0 0.069
MoeH-0.3 14.5 6.8 0.075
MoeH-0.5 17.8 6.0 0.064
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existed on the catalyst surface: Mo4þ, Mo5þ, and Mo6þ related with
MoS2, MoOxSy oxysulfides and MoO3, respectively; the corre-
sponding banding energies were 229.1 ± 0.1, 229.9 ± 0.1 and
233.7 ± 0.1 eV, respectively. The S 2s binding energy was
226.2 ± 0.1 eV (Ninh et al., 2011). The peak fitting results in Table 2
show that the Mosulfurization values for the sulfided MoeH-x cata-
lysts increased and then decreased as the concentration of the H2O2
solution was increased and reached a maximum at MoeH-0.3. The
positions of the Mo4þ binding energy peaks for MoeH-0.1, MoeH-
0.2 and MoeH-0.3 remained unchanged, which indicated that low-
concentration H2O2 etching had a negligible effect on the surface
structures of the Mo species. However, the Mo 3d3/2 and Mo 3d5/2
binding energy peaks attributed to Mo4þ in the sulfided MoeH-0.5
catalyst shifted to lower energies by 0.3 eV, which indicated that
the electronic structure of MoS2 in the sulfided MoeH-0.5 catalyst
was changed by high-concentration H2O2 etching, resulting in
shifts of the Mo 3d binding energy peaks (Li et al., 2019).
3.1.4. H2-TPR
The obtained H2-TPR results for the sulfided MoeH-x catalysts

are presented in Fig. 5. The reduction peaks observed for bulk MoS2
catalysts below 300 �C were attributed to the reduction of weakly
bonded S2� species on the surface of MoS2 particles (Yoosuk et al.,
2008). When the MoS2 surface was reduced by hydrogen, the CUS
were generated, which were considered active sites for HDS
(Varakin et al., 2018; Nag et al., 1980). The formed CUS numbers
were determined by the amount of hydrogen consumption
(Varakin et al., 2018; Nag et al., 1980). Mangnus et al. (1995) and
Scheffer et al. (1990) indicated that the first H2S evolution peak in
the H2-TPR patterns of MoS2 based catalysts was assigned to
reduction of Sx species adsorbed on coordinatively unsaturated
(CUS) edge/corner sites that would be responsible for the HDS ac-
tivity. Thus, the H2 consumption amounts are equal to the numbers
of coordinatively unsaturated sites. The H2-TPR results in Table 3
show that all of the sulfided MoeH-x catalysts exhibited low-
temperature reduction peaks at approximately 235 �C, indicating
that the effect of H2O2 etching on the MoeS bond strength was
negligible. When the H2O2 concentration was less than 0.3 mol/L,
the amount of hydrogen consumption for sulfided MoeH-x grad-
ually increased with increasing H2O2 concentrations, which indi-
cated that the number of active sites in sulfided MoeH-x
progressively increased. However, when the H2O2 concentration
was further increased from 0.3 to 0.5 mol/L, the amount of
hydrogen consumption decreased. This was because the contents of



Fig. 4. Mo 3d XPS spectra of sulfided MoeH-x: MoeH-0 (a), MoeH-0.1 (b), MoeH-0.2 (c), MoeH-0.3 (d) and MoeH-0.5 (e).
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MoOxSy and MoO3 species increased but the MoS2 content
decreased in sulfided MoeH-0.5 compared to those in sulfided
MoeH-0.3 (Table 3), which lead to a decrease in the weakly bonded
S2� species for sulfided MoeH-0.5.
3.1.5. EPR spectra
EPR spectroscopy is a powerful tool for studying chemical
3880
species with unpaired electrons or surface defects in the case of
MoS2. As shown in Fig. 6, all of the sulfided MoeH-x catalysts
exhibited a significant paramagnetic signal at approximately
g¼ 2.004, which indicated the presence of dangling MoeS bonds in
MoeH-x (Cao et al., 2020). In addition, the peak intensity is pro-
portional to the concentration of MoeS dangling bonds generated
by coordinatively unsaturated S2� species in MoS2 slabs (Lei et al.,



Table 2
Fitting results of Mo 3d XPS on sulfided MoeH-x catalysts.

Catalyst Mo4þ 3d5/2, eV Mo4þ 3d3/2, eV Mo4þ phase, %a Mo5þ phase, % Mo6þ phase, %

MoeH-0 229.1 232.3 80.0 13.5 6.5
MoeH-0.1 229.1 232.3 84.6 11.2 4.2
MoeH-0.2 229.1 232.3 88.0 9.2 2.8
MoeH-0.3 229.1 232.3 91.9 6.0 2.1
MoeH-0.5 228.8 232.0 83.2 12.4 4.4

a Mosulfurization ¼ Mo4þ/(Mo4þþMo5þþMo6þ)

Fig. 5. H2-TPR patterns of sulfided MoeH-x catalysts.

Table 3
Temperatures and H2 consumptions of the low-temperature reduction peaks on
sulfided MoeH-x catalysts.

Catalyst Peak temperature, �C H2 consumption, mmol$g�1

MoeH-0 234 6.5
MoeH-0.1 235 9.9
MoeH-0.2 235 13.8
MoeH-0.3 234 16.7
MoeH-0.5 235 8.8

Fig. 6. EPR spectra of sulfided MoeH-x catalysts.
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2014). The peak intensities for sulfided MoeH-x decreased in the
order MoeH-0.3 >MoeH-0.2 >MoeH-0.1 >MoeH-0.5 >MoeH-0,
indicating that the coordinatively unsaturated S2� content in sul-
fided MoeH-x first increased and then decreased as the H2O2
concentration was increased, and a maximum was observed for
sulfided MoeH-0.3. The peak intensity of sulfided MoeH-0.5 was
lower than that of sulfided MoeH-0.3 because etching with the
high H2O2 concentration generated massive two-dimensional
defect structures on MoS2 slabs (Table 1), which led to the less
MoeS dangling bonds in sulfided MoeH-0.5 than in sulfided
MoeH-0.3.
3.2. Characterizations of the sulfided x-CoMo catalysts

3.2.1. XRD
XRD patterns for the sulfide x-CoMo catalysts are shown in

Fig. 7. All x-CoMo catalysts exhibited characteristic peaks at
2q ¼ 14.0�, 33.2� and 58.6�, which represented the MoS2 crystalline
phase (JCPDS 37e1492), and 0.2-CoMo and 0.3-CoMo also showed
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characteristic peaks attributed to Co9S8 at 29.8� and 52.1� (JCPDS
65e6801) (Liu et al., 2022). These results indicated that some cobalt
species formed Co9S8 crystallites during sulfidation when the Co/
(Co þ Mo) ratio was greater than 0.2. In addition, the peak in-
tensities for MoS2 decreased with increasing Co loading (Liu et al.,
2017). For the 0.05-CoMo and 0.1-CoMo catalysts, no diffraction
peakwas observed for Co9S8 in the XRD patterns. Aweak diffraction
peak for Co9S8 appeared in the pattern for 0.2-CoMo, indicating
that a small amount of Co9S8 crystallites were formed in 0.2-CoMo.
Furthermore, a strong diffraction peak for Co9S8 appeared in the
pattern of 0.3-CoMo, which demonstrated that a large number of
Co9S8 crystallites were formed in this catalyst.

3.2.2. XPS
The decompositions of Mo 3d core level in the sulfided x-CoMo

catalysts are further investigated (Fig. 8). The relative proportions
of Mo4þ in sulfided x-CoMo were approximately constant, consis-
tent with that for the MoeH-0.3 catalyst (Table 4). This result
illustrated that the Co loading had a negligible effect on the pro-
portion of Mo4þ in x-CoMo, which was beneficial for investigating
the synergistic effects between Co species and MoS2.

Fig. 9 shows the deconvolution results for the Co 2p spectra of
sulfided x-CoMo. There were three types of Co chemical species
existed on the catalyst surface, Co9S8, CoMoS, and CoO, and the
corresponding banding energies were 793.3 ± 0.1 , 793.9 ± 0.1 and
798.7 ± 0.1 eV (Gandubert et al., 2006). The contents of different Co
species on sulfided x-CoMo are listed in Table 4. A large proportion
of the cobalt in 0.05-CoMo existed as CoMoS active phases, with
only a trace amount of the Co9S8 phase detected on the catalyst
surface. When the Co/(Co þ Mo) ratio was increased from 0.05 to
0.1, the effective contents of the corresponding CoMoS active
phases increased from 0.851 wt% on 0.05-CoMo to 1.855 wt% on



Fig. 7. XRD patterns of sulfided x-CoMo catalysts.

Fig. 8. Mo 3d XPS spectra of sulfided x-CoMo: 0.05-CoM
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0.1-CoMo, indicating that the increase in Co loading generated
more of the CoMoS active phase. Similarly, the 0.2-CoMo catalyst
exhibited a higher content of CoMoS active phase than 0.1-CoMo.
However, as the Co/(Co þ Mo) ratio was increased from 0.2 to 0.3,
the effective content of the CoMoS active phase decreased, and the
effective content of the Co9S8 phase increased significantly. This
meant that an overly high Co/(Co þ Mo) ratio produced a high
content of Co9S8, which covered the CoMoS active phases and
thereby reduced the activity of CoMoS.
3.3. Catalytic activities of the sulfided MoeH-x and x-CoMo
catalysts

The activities of the sulfided MoeH-x and x-CoMo catalysts
were evaluated with DBT HDS tests. There are two reaction path-
ways for DBT desulfurization: the direct hydrodesulfurization
pathway (DDS) and the prehydrodesulfurization pathway (HYD).
For the DDS pathway, the CeS bonds of DBT are directly broken via
hydrogenolysis to remove the sulfur atom and yield BP. In the HYD
pathway, one of the aromatic rings in the DBT molecule is hydro-
genated to form THDBT and HHDBT, followed by removal of the S
atom to form CHB and BCH (Tuxen et al., 2012; Huirache-Acu~na
o (a), 0.1-CoMo (b), 0.2-CoMo (c) and 0.3-CoMo (d).



Table 4
Fitting results of XPS spectra on sulfided x-CoMo catalysts.

Catalyst Mo distribution, rel.% Co distribution, rel.% CCo9S8
a, wt% CCoMoS

a, wt%

Mo4þ Mo5þ Mo6þ CoMoS Co9S8 CoO

0.05-CoMo 91.8 5.5 2.7 49.3 3.6 47.1 0.062 0.851
0.1-CoMo 91.2 5.7 3.1 59.8 6.4 33.8 0.198 1.855
0.2-CoMo 91.5 5.4 3.1 62.9 12.6 24.5 0.769 3.853
0.3-CoMo 91.0 5.8 3.2 46.7 21.9 31.4 1.641 3.492

a Effective content of Co9S8 and CoMoS obtained by XPS.

Fig. 9. Co 2p XPS spectra of sulfided x-CoMo: 0.05-CoMo (a), 0.1-CoMo (b), 0.2-CoMo (c) and 0.3-CoMo (d).

Table 5
HDS results of DBT on the sulfided catalysts.

Catalyst TOFa, 10�4 s�1 kHDS
b, 10�6 mol�1 g�1 s�1 SDDS

c, % SHYD
c, % SDDS/HYD

MoeH-0 0.47 0.25 58.3 41.7 1.40
MoeH-0.1 1.28 1.09 61.2 38.8 1.58
MoeH-0.2 2.05 1.93 65.6 34.4 1.91
MoeH-0.3 2.84 2.75 68.7 31.3 2.19
MoeH-0.5 1.09 0.86 60.4 39.6 1.53
0.05-CoMo 3.25 3.84 74.2 25.8 2.88
0.1-CoMo 4.67 4.76 79.4 20.6 3.85
0.2-CoMo 7.64 6.95 81.5 18.5 4.41
0.3-CoMo 6.39 5.78 71.4 28.6 2.50

a Number of reacted DBT molecules per second and per Mo atom at the edge surface.
b Calculated at about 25% of DBT conversion.
c Calculated according to the final products in DBT HDS at about 25% of DBT conversion.
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Fig. 10. Correlations between kHDS and the CUS concentrations obtained from H2

consumption amounts in H2-TPR.
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et al., 2015). The selectivity factors (SDDS/HYD) at approximately 25%
DBT conversion were greater than 1 for all nine catalysts (Table 5),
which indicated that DBT was mainly desulfurized via the DDS
pathway. For the sulfided MoeH-x catalysts, the kHDS and TOF
values decreased in the order MoeH-0.3 > MoeH-0.2 > MoeH-
0.1 > MoeH-0.5 > MoeH-0, which demonstrated that the MoeH-
0.3 catalyst had the highest kHDS and TOF values. Introduction of Co
into the monometallic molybdenum catalyst (MoeH-0.3) signifi-
cantly improved the HDS activity of the catalyst, and the corre-
sponding kHDS and TOF values for the bimetallic x-CoMo catalysts
decreased in the order 0.2-CoMo > 0.3-CoMo > 0.1-CoMo > 0.05-
CoMo. In Table 6, the kHDS value of the optimal 0.2-CoMo catalyst
was compared with those of reported CoeMo HDS catalysts, and
the results indicated that 0.2-CoMo had the highest kHDS value
among these catalysts. The results of stability tests for DBT HDS on
MoeH-0.3 showed that the DBT HDS ratio of this catalyst remained
stable at 94.4% during test for 133 h, which indicated the good
stability of MoeH-0.3 during DBT HDS (Fig. S3).

3.4. Microstructure-activity correlations for sulfided MoeH-x and
x-CoMo

3.4.1. Correlation of CUS concentration with HDS activity based on
sulfided MoeH-x

The relationship between the CUS concentration (Ccus) and the
HDS rate constant (kHDS) are shown in Fig. 10. The kHDS value
increased linearly with increasing Ccus value, and the highest kHDS
was obtained with MoeH-0.3. The MoeH-0 catalyst without H2O2
etching showed the lowest Ccus value, which resulted in the lowest
kHDS. ForMoeH-x (x¼ 0.1, 0.2 and 0.3), the exfoliating effect of H2O2
on S atoms was gradually enhanced as the H2O2 concentration was
increased (0.1e0.3 mol/L); the relatively integral edges of MoS2
slabs were continuously etched when H2O2 reacted with S and Mo
atoms, which increased the “perimeter” of the MoS2 slab and was
equivalent to reducing the horizontal sizes of theMoS2 slabs (Zhang
et al., 2019). Thus, the etchedMoS2 slabs exposedmore unsaturated
S2� sites. Consequently, the Ccus values increased gradually with
increasing H2O2 concentration, and thereby, the kHDS for MoeH-0.1,
MoeH-0.2 and MoeH-0.3 increased successively. However, when
the H2O2 concentration was increased from 0.3 to 0.5 mol/L, the
Ccus value decreased, and the kHDS value for MoeH-0.5 decreased.
This was because more MoOxSy and MoO3 species in sulfided
MoeH-0.5 than in sulfided MoeH-0.3 (Table 2) reduced the num-
ber of unsaturated S2� sites in the former catalyst. Hence, MoeH-
0.3, which had the highest CUS concentration, showed the best DBT
HDS performance among the MoeH-x catalysts.

3.4.2. Correlations of the effective contents of CoMoS with HDS
activity based on sulfided x-CoMo

It is commonly believed that introduction of cobalt into Mo-
based catalysts significantly enhances their HDS performance
(Okamoto et al., 1977; Payen et al., 1994). The promoting effect of
cobalt on MoS2 catalysis was dominated by electronic contribu-
tions, and donation of electrons from Co to Mo weakened the
strengths of MoeS bonds, which increased the number of CoMoS
active phases and thereby enhanced the HDS activity (Berhault
Table 6
Comparisons of kHDS values between the 0.2-CoMo catalyst and the reported HDS cataly

Catalyst Conditions

0.2-CoMo T ¼ 340 �C, P ¼ 4.0 MPa
CoMoWeH T ¼ 350 �C, P ¼ 3.1 MPa
La0.25Co0.75MoS2 T ¼ 350 �C, P ¼ 1.2 MPa
CoMo/Al (10) KIT-6 T ¼ 320 �C, P ¼ 5.5 MPa
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et al., 2008). Thus, the HDS performance of a CoMo catalyst
depended on the effective content of CoMoS active phases (CCoMoS).
The relationships of effective CoMoS with the HDS activities of the
x-CoMo catalysts are presented in Fig. 11. The kHDS increased line-
arly with increasing in CCoMoS. For increasing Co/(CoþMo) ratios of
x-CoMo, the CCoMoS value first increased and then decreased and
showed a maximum value for 0.2-CoMo. When the Co/(Co þ Mo)
ratio was less than 2.0, the CCoMoS values for x-CoMo gradually
increased with increasing Co loading. However, when the Co/
sts for the HDS of DBT.

kHDS, 10�6 mol�1 g�1 s�1 Ref.

6.95 This work
2.0 Huirache-Acu~na et al. (2006)
1.07 Valdes et al. (2021)
0.87 Suresh et al. (2017)

Fig. 11. Correlations between the effective CoMoS content and kHDS.
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(Co þ Mo) ratio was greater than 0.2, the excess Co9S8 phases
covered some of the CoMoS active phases, which resulted in a
lower CCoMoS value for 0.3-CoMo; thus, the kHDS of 0.3-CoMo was
less than that of 0.2-CoMo. The above analyses demonstrated that
the 0.2-CoMo catalyst with the highest CoMoS content exhibited
superior performance for DBT HDS among x-CoMo catalysts.

4. Conclusions

A H2O2 etching strategy was proposed to introduce coor-
dinatively unsaturated sites (CUS) in three-dimensional MoS2
nanoflowers synthesized for DBT HDS. This method finely modu-
lated the CUS concentrations on MoS2 slabs by varying the H2O2
concentrations. The exfoliating effect of H2O2 on the S atoms was
gradually enhanced as the H2O2 concentration was increased
(0.1e0.3 mol/L), and the etched MoS2 slabs possessed more un-
saturated S2� sites. However, when the MoS2 slabs were exposed to
a high H2O2 concentration (0.5 mol/L), more MoOxSy and MoO3

species in the sulfided MoeH-0.5 catalyst than in the sulfided
MoeH-0.3 catalyst decreased the number of unsaturated S2� sites
in MoeH-0.5. Thus, the CUS concentration in MoeH-0.5 was less
than that of MoeH-0.3. The correlation between the etched MoS2
microstructure and the HDS activity showed that more CUS intro-
duced on MoS2 slabs effectively promoted DBT HDS. Therefore, the
MoeH-0.3 catalyst with the highest CUS concentration showed the
highest kHDS value (2.75 � 10�6 mol g�1 s�1) among the MoeH-x
catalysts. Furthermore, different Co loadings were introduced into
MoeH-0.3, and the resulting 0.2-CoMo catalyst with the highest
CoMoS content (3.853 wt%) exhibited the highest reaction rate
constant, 6.95 � 10�6 mol g�1 s�1, among these bimetallic CoMo
catalysts. Compared with reported CoeMo HDS catalysts, the
optimal 0.2-CoMo catalyst in this work had a higher reaction rate
constant, shedding a light on the development of high-
performance HDS catalysts.
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