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hydrodesulfurization and hydrogen evolution
reaction via NaBH, assisted formationt

Huandi Hou,? Ting Wang,? Baohuan Wang,® Wenting Guo,” Xiang Miao®
and Xin Liang (2 *®

Co—Mo-S based catalysts have promising applications in both the hydrogen evolution reaction (HER) and
hydrodesulfurization (HDS). Herein, Co—Mo-S catalyst and Co—Mo-S catalyst with and without NaBH4
modification have been successfully synthesized by a simple hydrothermal synthesis method. Co—Mo-S
catalysts with NaBH, modification show better catalytic activity towards both HDS and the HER. The
phase purity, morphology, crystal structures and electron valence distribution of the catalysts with and
without NaBH,4 modification were studied by experimental characterizations and theoretical calculations.
The catalysts without NaBH4 modification are mostly 2H-MoS,, while the catalysts without NaBH4
modification have 1T-MoS,, and 1T-MoS; is exposed to more active sites, which will be conducive to the
results of HDS performance of the catalyst. DFT calculations investigated the required activation energies
of 1T-MoS; and 2H-MoS, for HDS and HER, respectively. The activation energy required for both HDS
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1 Introduction

In the field of clean energy, hydrogen energy is known as one of
the most important clean energies for the future.* The hydrogen
evolution reaction (HER) through acidic water splitting is
a main part of modern clean energy technology.”® Meanwhile,
increasingly severe environmental regulations of the oil purifi-
cation in transport fuels worldwide have led to hydro-
desulfurization (HDS) being an integral part in the petroleum
refining industry.>*® The Co-Mo-S catalyst is a widely indus-
trialized HDS catalyst, while MoS, and metal-doped MoS,
catalysts have potential as hydrogen evolution catalysts for their
low-cost, near zero Gibbs free energy of hydrogen adsorption,
and they are noncorrosive.'**® Considering that HDS and HER
involve hydrogenation and dehydrogenation processes, which
are inverse reactions, the activity and correlation of Co-Mo-S
based catalysts between these two reactions are worthy of in-
depth investigation.***

It has been found that the size, morphology and structure of
MoS, have a certain correlation with its catalytic activity.**
Studies have shown that the Co promotes MoS, based catalysts
which have high performance for HER, are also active for HDS.*
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and H, generation of 1T-MoS; is significantly lower than that for the 2H-MoS,; structure.

The incorporation of Co atoms take place at the edges and
modifies the S-metal bond energy, leading to a reduction of the
S coverage on the active metal sites that weakens the Hads
binding energy.>* For HDS, the adsorption of thiophene on the
newly formed Co-Mo-S edge increased with the addition of Co,
and the energy barrier of the hydrogenation step decreased
significantly, which significantly increased the hydrogenation
capacity of Co-Mo-S catalyst.>® Modulating the structure of Co-
Mo-S catalyst active sites, such as sulfur vacancies and Co
coverage, is an effective way to regulate catalyst perfor-
mance.”*”” Thus, regulating the active sites and carrying out
theoretical research on the catalytic mechanisms of Co-Mo-S
catalysts for HDS and HER reactions can help people gain
a deeper understanding of the regulation and optimization
mechanisms of catalysts, thereby developing superior catalysts
with excellent performance.

NaBH, modification can release hydrogen during the
synthesis process of the catalyst, effectively regulate the sulfur
vacancies and the valence state and active site structure of metal
elements on the catalyst surface, thereby affecting the perfor-
mance of the catalyst. NaBH, modification might be a powerful
way to enhance the performance of the catalysts.?® Therefore,
systematic researches on the regulation mechanism of NaBH,
modification on Co-Mo-S catalysts over HDS and HER were
carried out.

Herein, Co-Mo-S catalyst with and without NaBH, modifi-
cation were successfully synthesized through a simple hydro-
thermal synthesis method. The effect of NaBH, modifications
on the catalysts towards HDS and HER were carefully studied.
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Experimental evidence shows that NaBH, modification is
beneficial for generating more active species and achieving
better catalytic activity. Theoretical calculations were conducted
to investigate the HDS and HER reaction mechanisms on the
Co-Mo-S catalyst. Catalysts with NaBH, modifications has
lower Gibbs free energy of hydrogen adsorption and C-S bond
breaking energy.

2 Experimental section
2.1 Materials

Cobaltous nitrate hexahydrate (Co(NOs),6H,0), ammonium
molybdate tetrahydrate ((NH,)¢Mo0,0,,-4H,0), tetranap and
thiocarbamide (CH,N,S)were purchased from Shanghai Mack-
lin Biochemical Co.,Ltd. Sodium borohydride (NaBH,) and n-
Heptane (C,H;s) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Deionized water (H,O) was
received from Beijing University of Chemical Technology. All
chemical reagents were commercially available and used as
received without further purification.

2.2 Preparation of Co-Mo-S catalyst with and without
NaBH, modification

For the preparation of Co-Mo-S catalyst without NaBH, modi-
fication, catalysts was synthesized using a simple hydrothermal
synthesis method. 2.472 g ammonium molybdate tetrahydrate,
3 g thiocarbamide and 815 mg cobaltous nitrate hexahydrate
were dissolved in 60 mL of deionized water to form a solution,
then, the mixed solution was transferred to a 100 mL Teflon-
lined static reactor. After stirred for 30 min at room tempera-
ture, it was heated to 200 °C and maintained for 8 h. After
cooling to room temperature, the products were collected and
washed by deionized water for several times. Finally, the prod-
ucts were dried at 80 °C overnight to obtain Co-Mo-S catalyst.
The catalyst was named as Co-Mo-S.

For the preparation of Co-Mo-S catalyst with NaBH, modi-
fication, 10.6 mg sodium borohydride was added in the mixed
solution of cobalt nitrate hexahydrate, ammonium molybdate
tetrahydrate, and thiocarbamide. The mixture was stirred for
another 10 minutes. Then, it was heated to 200 °C and main-
tained for 8 h. After cooling to room temperature, the products
were collected and washed by deionized water for several times.
Finally, the products were dried at 80 °C overnight to obtain Co-
Mo-S catalyst with NaBH, modification. The catalyst was
named as Co-Mo-S (NaBH,).

2.3 Characterization

The X-ray diffraction (XRD) patterns using an X-ray diffrac-
tometer (D/max-2500/PC) with Cu Ko radiation (11 0.154 nm).
The morphology and structure of the samples were observed by
transmission electron microscopy (TEM, HT7700, Hitachi
Limited). The high-resolution transmission electron micro-
scope (HRTEM) and energy dispersive spectrometry (EDS)
mapping were obtained by JEOL JEM-2010F having an acceler-
ating voltage of 200 kV. X-ray photoelectron spectra (XPS) was
acquired on a Themo Fisher ESCALAB 250Xi analyzer equipped
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with the excitation source of a monochromatic Al Ka. The
Raman spectra were tested on the LabRAM HR Evolution with
an Ar laser at a wavelength of 633 nm. The BET surface area was
tested using the nitrogen gas adsorption-desorption method
(ASAP 2020 HD88) at 77 K.

2.4 Catalyst activity evaluation

HER performance was measured in a rotating disk electrode
(Pine Research Instrumentation) by a CHI 760 E electro-
chemical workstation (CH Instruments, Inc., Shanghai, China)
at a speed of 1600 rpm. 5 mg of as-prepared sample was
dispersed in a mixed solution (1 mL of ethanol and 20 pL of
Nafifion solution (5 wt%)). Then the ink was sonicated into
homogeneous dispersion. Next 10 pL of catalyst ink was drop-
ped onto the glassy carbon electrode (GCE, diameter: 8 mm).
Saturated calomel electrode (SCE) and graphite rod were used
as reference electrode and counter electrode respectively. The
stable polarization curve was obtained after 40 cycles of scan-
ning. The linear scanning voltammetry curve (LSV) was
measured in 0.5 M H,SO, solution by scanning rate of 5 mv s,

For the evaluation of HDS reaction, a mixture of 250 mg g~
thiophene and n-heptane was used as residue simulation oil.
According to literature reports and previous studies, the
performance of catalyst HDS is related to many factors. Such as:
temperature, drug dosage, reaction time and so on. The effects
of reaction time, reaction temperature and dosage of NaBH, on
the properties of thiophene HDS were investigated.

Catalytic activity was evaluated by thiophene conversion
(amount of reacted thiophene):
Gs" = Cs

0
S

XT(%) = x 100 (1)
where Cg° is the thiophene content in the feedback (wt%) and
Cs is the thiophene content in the products (wt%).

2.5 DFT calculations

In this research, a 4 x 4 molybdenum disulfide cycle model was
established, and a 15 A vacuum layer was constructed in the Z-
axis direction. The plane wave pseudo-method based on density
functional theory is used to simulate the MoS, periodic model
with VASP calculation software. In the simulation, the gener-
alized gradient approximation PBE functional is used as the
exchange correlation energy. Within the MoS, cell, all atoms
except the edge atoms are fixed, while the edge atoms are set to
complete relaxation. Taking 10> eV as the energy convergence
accuracy of A single atom, and the upper limit of the inter-
atomic interaction force is set to 0.02 eV A™', the Monkhorst-
Pack automatic generation method is set as the K-point
sampling of Brillouin region integration, and performs elec-
tronic autonomous calculation on the K-point grid of 2 x 2 x 1.
The plane wave truncation energy is set to 400 eV. The climbing
image nudged elastic band method were employed to find the
transition state. Then, Co atoms were used to replace 50% Mo
atoms at the S-edge edge of MoS, model, and the difference
between HDS and HER of 1T and 2H crystal was calculated and
compared.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The adsorption energy (E.qs) is defined as the difference
between the total energy of the interacting (adsorbate + surface)
system and that of the bare surface and isolated adsorbate in
gas phase as shown in eqn (2). Energy barriers are calculated as
the energy difference between the corresponding transition
states and initial states.

E.qs = E(adsorbate/slab) — E(adsorbate) — E(slab) (2)

3 Results and discussion

Fig. 1a illustrates the synthesis procedures of Co-Mo-S catalyst.
Firstly, the cobaltous nitrate hexahydrate and ammonium
molybdate tetrahydrate as metal sources. Thiocarbamide as S
sources and deionized water as solvent, sodium borohydride as
additives. Then, the Co-Mo-S catalyst nanosheet is formed with
a hydrothermal reaction. The Mo/Co molar ratio was deter-
mined to0 9.70: 1 and 9.67 : 1 for Co-Mo-S (NaBH,) and Co-Mo-
S catalysts by ICP-MS, respectively, which are close to the feed
ratio. Fig. 1b and c show the transmission electron microscopy
(TEM) images of Co-Mo-S and Co-Mo-S (NaBH,) catalysts. The
Co-Mo-S catalyst was in the shape of nanosheets, while the Co-
Mo-S (NaBH,) catalyst was in the shape of more irregular and
thinner nanosheets. This may be because the addition of
sodium borohydride is conducive to the formation of smaller
nanosheets and the increase of the catalyst active sites. Co-Mo-
S (NaBH,) and Co-Mo-S catalysts shows the BET specific
surface areas of 8.668 and 1.214 m” g~ ', respectively (Fig. S1 and
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Fig.1 (a) Schematic illustration of the synthesis process of Co-Mo-S
catalyst with and without NaBH4 modification. TEM images of (b) Co—
Mo-S; (c) Co-Mo-S (NaBH,). (d) HRTEM images of Co-Mo-S
(NaBH,). (e) XRD spectrum of NaBH,4 before and after modification. (f)
EDS elemental mapping images of Co—Mo-S catalyst.
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Table S17), indicating that the NaBH, modification method can
effectively increase the specific surface area of the catalysts,
thereby exposing more active sites. The high resolution TEM
(HRTEM) image of Co-Mo-S (NaBH,) shows a lattice fringe
spacing of 0.64 nm (Fig. 1d), which is slightly bigger than the
lattice fringe spacing 0.62 nm of MoS,.>® X-ray diffraction (XRD)
patterns in Fig. 1e show that XRD diffraction peak position of
Co-Mo-S and Co-Mo-S (NaBH,) are mainly consistent with that
of standard MoS, (JCPDS 37-1492). The XRD test results showed
that besides MoS, phase, CooSs crystal phase was formed for
Co-Mo-S (NaBH,). According to relevant literature reports,*
CooSg is conducive to hydrogenation reaction and will play
a synergistic role with Co-Mo-S activity. Meanwhile, the energy
dispersive spectrometry (EDS) elemental mapping images of
Co-Mo-S (NaBH,) nanosheets show that Co, Mo and S elements
are uniformly dispersed in the catalyst (Fig. 1f). In addition, the
complementary distribution of Co, Mo and S elements in the
same region also indirectly proves the existence of Co-Mo-S
active phase.

In order to further determine the composition and structure
of the Co-Mo-S and Co-Mo-S (NaBH,) catalyst, X-ray photo-
electron spectroscopy (XPS) characterization and analysis are
performed. XPS full spectrum shows that the presence of Co,
Mo and S elements in the catalyst (Fig. 2a). Fig. 2b shows that
the high-resolution spectrum of Mo 3d orbital has four different
orbital peaks. The characteristic peaks of 229.5 eV and 232.5 eV
in the Mo 3d orbital spectrogram correspond to the peaks of
Mo**, and the characteristic peaks at 233 eV and 236 eV corre-
spond to Mo®". It can be clearly seen that the peak strength of
Co-Mo-S (NaBH,) catalyst becomes stronger at 232.5 eV than
Co-Mo-S catalyst, which indicates that NaBH, modification is
beneficial to the formation of Mo*". Fig. 2¢ shows that the high-
resolution spectrum of S 2p orbital has two different orbital
peaks. It can be shown that the Mo element exists mainly in the
form of MoS,. Fig. 2d is the high-resolution spectrum of Co 2p,
the characteristic peak locations at 781 eV and 798 eV are
attributed to Co 2ps/, (Co**) and Co 2py, (Co*™), respectively. It

. CoMo-S (NaBH,)
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Fig. 2 XPS spectrum of Co-Mo-S and Co-Mo-S (NaBH,) catalysts.
(a) XPS full spectrum; (b) Mo 3d; (c) S 2p; (d) Co 2p.
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can be seen that the peak intensity at Co 2p;,, and Co 2p3,
corresponding to Co”>* of the Co-Mo-S (NaBH,) catalyst
becomes stronger. Table S21 shows that the relative mass ratio
of CoMoS activity content before and after modification is 19%
and 22%, respectively. The calculation method is shown in S3.7

In order to further explore the structure of the catalyst before
and after NaBH, treatment, Raman characterization analysis of
the catalyst was conducted. It is found that the main catalyst of
cobalt molybdenum system synthesized by hydrothermal
synthesis is 2H type MoS,. The peak at 375 cm ™" in the figure
corresponds to the E;,, vibration model of type 2H MoS,. The
peak at 403 cm ' corresponds to the A, vibration model of 2H
type MoS,, which proves the existence of 2H type MoS, in Co-
Mo-S catalyst. The peaks at 160 cm ™', 217 cm™ ", 340 cm ™"
correspond to 1T type MoS,, which indicates that Co-Mo-S
(NaBH,) produces more 1T MoS,. According to the research
results, 1T type MoS, can expose more active sites than 2H
type.** The NaBH, modification is favorable for generating more
active 1T MoS, (Fig. 3).

The HER performance of all catalysts is tested in a H, satu-
rated 0.5 M H,SO, aqueous solution. Co-Mo-S and Co-Mo-S
(NaBH,4) nanosheet respectively were used as comparative
samples. The linear sweep voltammetry (LSV) curve results show
that Co-Mo-S (NaBH,) nanosheet exhibits the most excellent
acidic HER activity compared to Co-Mo-S (Fig. 4a). Fig. 4b
shows Tafel plots of acidic HER fo Co-Mo-S and Co-Mo-S
(NaBH,). The Tafel slope of Co-Mo-S (NaBH,) nanosheet cata-
lyst is 77.5 mV dec ', which is signifificantly smaller than Co-
Mo-S (96.3 mV dec ). This indicates that the Co-Mo-S (NaBH,)
nanosheet catalyst exhibits excellent reaction kinetics. In order
to achieve a current density of 10 mA ecm™ >, the Co-Mo-S
(NaBH,) nanosheet catalyst requires an overpotential of
200 mV, which is smaller than Co-Mo-S (256 mV) and most of
the reported non-noble metal electrocatalysts. The double-layer
capacitance of Co-Mo-S and Co-Mo-S (NaBH,) was measured
to be 0.0012 mF cm™> and 0.0052 mF cm >, respectively
(Fig. S2t). Fig. 4c shows that the overpotential of Co-Mo-S
(NaBH,) catalyst only increases slightly after 5000 cycles, indi-
cating the good stability of the catalysts for HER.

The conversion of thiophene was used as an evaluation index
to evaluate the hydrodesulfurization (HDS) performance of the
catalyst. Fig. 4d shows that the thiophene conversion over the
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Fig. 3 Raman spectra of Co—Mo-S and Co—Mo-S (NaBH,) catalysts.
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Fig. 4 (a) LSV curves of HER for Co—Mo-S and Co-Mo-S (NaBH,). (b)
Tafel plots of Co—Mo-S and Co—-Mo-S (NaBH,). (c) Polarization curve
of Co—Mo-S (NaBH,) catalyst before and after 5000 CV cycles. (d)
Conversion of thiophene over Co—Mo-S and Co-Mo-S (NaBH,)
towards HDS at different temperatures.

Co-Mo-S (NaBH,) catalyst is higher than the conversion over
Co-Mo-S catalysts at various temperatures, indicating the
NaBH, modification could effectively improve the HDS perfor-
mance of Co-Mo-S catalysts. The results might be attributed to
the facts that NaBH, modification helps the generation of more
1T phase Co-Mo-S catalyst, and more active sites exposure.
Fig. S31 shows the conversion of the catalyst to thiophene at
different reaction time. The results showed that the catalyst
maintained a high conversion rate to thiophene after 5 h reac-
tion, indicating that the catalyst had excellent stability. TEM
images (Fig. S41) and XRD patterns (Fig. S57) also revealed that
the phase and morphology of catalysts have no significant
change after HDS.

Density functional theory (DFT) calculations are used to
further explore the different of Co-Mo-S (NaBH,) and Co-Mo-S
on the HER and HDS performance. Fig. 5a shows the calculated
energy diagram of adsorption of H* on different catalysts. In
general, when the adsorption energy is too low, the adsorption
of molecules is very difficult; When the adsorption energy is too
high, desorption is very difficult. Therefore, the closer AG is to
0, the better the activity of HER. As can be seen from the figure,
the AG of the 1T configuration is only —0.19 eV, which is closer
to 0 than the AG of the 2H configuration (—0.27 eV). This
suggests that HER is more likely to occur in the 1T configura-
tion.** This is consistent with the results of previous
experiments.

The mechanism diagram of thiophene hydrodesulfurization
reaction was listed in Fig. S6.1 The calculated structures of the
intermediates in the DDS pathway at the S edge are listed in
Fig. S7,1 the calculated potential energy diagram is shown in
Fig. 5b. Firstly, thiophene IS adsorbed on the S vacancy (IS), and
the adsorption energy of 1T configuration is —0.76 eV, while
that of 2H configuration is —0.65 eV, indicating that thiophene
molecules are more stable adsorbed on 1T configuration. Then

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The Gibbs free energy changes of HER on Co—Mo-S

(NaBH,4) nanosheet and Co—Mo-S nanosheet. Calculated potential
energy diagram at the S edge, (b) calculated potential energy diagram
of the DDS pathway at the S edge, (c) calculated potential energy
diagram of the HYD (partl) pathway at the S edge, (d) calculated
potential energy diagram of the HYD (part 2) pathway at the S edge.

the thiophene underwent the first hydrogenation reaction to
produce 2-hydrothiophene (IM1). The DDS pathway is charac-
terized by the C-S bond breaking reaction that occurs imme-
diately upon the formation of 2-hydrothiophene, forming the
CH,CHCHCHS (IM2) intermediate.®® Subsequently, CH,-
CHCHCHS was further hydrogenated to produce C,HsSH
intermediate (IM3), while C-S bond was broken to produce
butadiene, completing the DDS path. The results show that the
reaction barrier of the rate-limiting step in the 2H configuration
and the rate-limiting step in the 1T configuration are 1.09 eV
and 0.76 eV respectively. We believe that thiophene is a favor-
able pathway for DDS reaction in the 1T configuration.**

The calculated structures of the intermediates in the HYD
pathway at the S edge are listed in Fig. S8,f the calculated
potential energy diagram is shown in Fig. 5c¢ and d. The initial
state of the reaction has the same reaction mechanism and
energy barrier as the intermediate 2-hydrothiophene, but unlike
the DDS path, 2-hydrothiophene will continue the hydrogena-
tion step to produce 2,5-dihydrothiophene (IM2).>*3*” Subse-
quently, the hydrogen atoms on the other pair of hydrogen
atoms dissociate and adsorb on the original S atom to form the
C,HeS (IM3) intermediate. Next, the 2,5-dihydrothiophene
continues to hydrogenate new, while the C-S bond breaks to
form the C,H,S intermediate (IM4). Finally, the C,H,S inter-
mediate is further hydrogenated, C-S bond breaks to form 2-
butene, and desorption from the catalyst completes the HYD
process. By comparing the reaction energy barriers of the two
different configurations, the reaction barrier of the rate-limiting
step of the 2H configuration is 1.71 eV, and the reaction barrier
of the rate-limiting step of the 1T configuration is 1.41 eV. We
believe that thiophene is a favorable reaction path for HYD in
the 1T configuration. This explains that the Co-Mo-S catalyst
modified with sodium borohydride has better HDS perfor-
mance, which is also consistent with the results of previous
HDS experiments. The DOS and PDOS calculations of Co doping

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in the 1T-MoS, configuration and the 2H-MoS, configuration
(Fig. S91) show that Co doping 1T-MoS, has the metal
conductor property, and 2H-MoS, still retains the semi-
conductor property. This also indicates that the 1T-
configuration has excellent catalytic performance.

4 Conclusions

In a word, a facile NaBH, modification approach was developed
for the synthesis of Co-Mo-S catalysts with enhanced activity
for both HER and HDS. The effect of NaBH, modification was
carefully investigated by both experiments and DFT calcula-
tions. The modified catalyst will produce more 1T-MoS,
configuration, expose more active sites, and it is also found that
its specific surface area is increased. The results show that the
activity of HER and HDS can be improved simultaneously by
modifying the composition and morphology of the catalyst by
NaBH,, which plays an important role in the research of high-
performance HER and HDS catalysts.
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