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ABSTRACT: Tailoring nanoscale catalysts to targeted applications is a vital
component in reducing the carbon footprint of industrial processes; however,
understanding and controlling the nanostructure influence on catalysts is
challenging. Molybdenum disulfide (MoS2), a transition metal dichalcogenide
(TMD) material, is a popular example of a nonplatinum-group-metal catalyst
with tunable nanoscale properties. Doping with transition metal atoms, such as
cobalt, is one method of enhancing its catalytic properties. However, the
location and influence of dopant atoms on catalyst behavior are poorly
understood. To investigate this knowledge gap, we studied the influence of Co
dopants in MoS2 nanosheets on catalytic hydrodesulfurization (HDS) through
a well-controlled, ligand-directed, tunable colloidal doping approach. X-ray
absorption spectroscopy and density functional theory calculations revealed the nonmonotonous relationship between dopant
concentration, location, and activity in HDS. Catalyst activity peaked at 21% Co:Mo as Co saturates the edge sites and begins basal
plane doping. While Co prefers to dope the edges over basal sites, basal Co atoms are demonstrably more catalytically active than
edge Co. These findings provide insight into the hydrogenolysis behavior of doped TMDs and can be extended to other TMD
materials.

■ INTRODUCTION
Hydrogenolysis (or hydrotreating) is a catalytic process used
on an industrial scale in applications such as , among other
things, removing sulfur compounds from crude oil to reduce
sulfur oxides (SOx) pollution and for valorizing biomass into
biofuels by deoxygenation.1,2 To reduce the energy demand of
hydrogenolysis, tailoring catalysts for specific applications, such
as hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) of fuel feedstocks3 and hydrodeoxygenation (HDO)
of biomass4 is paramount. In this work, we focus on HDS,
which is presently vital to preventing SOx pollution as the
demand for a global shift to more renewable energy sources
occurs. SOx emissions from petroleum refining largely
contribute to smog formation, especially in densely populated
industrial regions, and as such are heavily legislated.1

Furthermore, any remaining sulfur in the resulting fuel
deactivates precious metal catalysts commonly used for tailpipe
emissions control in vehicles. Removing sulfur contaminants
prior to refining is regularly achieved through the use of
catalytic hydrogenolysis at elevated temperatures and pressures
to break down organosulfur compounds into hydrocarbons
and hydrogen sulfide gas.5

MoS2 is of great interest to hydrogenolysis, and to the wider
catalysis community, having long been used as a base for
catalysts in petroleum refining.6 Compared with platinum
group metal (PGM) catalysts traditionally used in hydro-
genation reactions, MoS2 is a desirable substitute since it is
precious metal-free and resistant to sulfur poisoning, which
renders PGMs ineffective for desulfurization applications.7

MoS2-based catalysts are used in a variety of applications,
including HDS and more recently in electrochemical reactions
such as hydrogen evolution.8−10 As a member of the class of
compounds known as transition metal dichalcogenides
(TMD), which take the form MX2 (M = transition metal, X
= S, Se, or Te), MoS2 exhibits covalent bonding in the x- and
y-directions but is bound only by van der Waals forces in the z-
direction. This crystal structure allows MoS2 to stably form
single- or few-layer 2D nanosheets with high surface area by a
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variety of straightforward synthetic methods, which could
potentially provide ample active sites for catalysis.11 The
catalytic activity of MoS2, however, is derived primarily from
the undercoordinated edge sites and the presence of sulfur
vacancies. The morphology and edge structure of MoS2,
especially at the nanoscale, can be modulated by growth
conditions or modified for tunable activity and selectivity in
hydrogenolysis reactions.12−14 However, the remaining atoms
in the basal plane are catalytically inert.15,16 A common
method for improving activity is to dope MoS2 with transition
metals, potentially activating the basal plane in addition to the
edge sites and, therefore, maximizing the catalytic surface area.
Single-atom transition metal dopants, particularly Co and to
some extent Ni, have been used to decorate the surface and
improve activity among other methods.17,18 Previous studies
on the synthesis of Co-doped MoS2 have proposed or observed
a variety of dopant locations, including single metal atoms
adsorbing along the edges,19 intercalated between layers,20

atop the basal plane,21,22 or even substituting S or Mo
atoms.23,24 From these studies, it became apparent that the
synthetic approach influences the geometric locations of the
dopants. Dopant atoms may thus appear at a specific site or a
combination of sites, preventing a clear and direct under-
standing of the structure−activity relationship in this class of
materials. This crucial understanding of dopant location and its
impact on subsequent activity will help optimize catalytic
processes by targeted synthesis of doped MoS2 with specific
dopant locations.

Other TMDs, such as NbS2 and WS2, combined with an
array of metal dopants (e.g., Fe, Ni, Cu), have attracted interest
for a variety of key reactions and applications,25−29 ranging
from catalysis to energy storage and optoelectronics. With the
growing combinations of TMD and dopant atoms, tunability in
dopant concentrations, and heterogeneity among dopant
locations, it has become challenging to optimally design
TMD catalysts for new and existing applications. To approach
this challenge, this work intends to study how dopant location
and local structure impact catalytic activity, particularly in
systems where a variety of dopant structures coexist, to further
elucidate the structure−activity relationship for catalyst design.
Furthermore, direct observation of the location of single-atom
dopants has also proven challenging, requiring advanced
characterization techniques to determine the local structure
and distribution across the nanosheet.28−30 By determining the
atom location accurately and subsequently designing synthetic
approaches to control both concentration and location, we can
derive a correlation between doping mechanisms and the
structure−activity relationship of dopant-TMD systems for
optimal catalyst design. In this study, we investigate the doping
of MoS2 with few atoms of Co for a model system of HDS
(thiophene) to elucidate structure−property−activity relation-
ships.

Characterization of nanometer-scale catalysts presents a
formidable challenge due to the ensemble-averaging nature of
most suitable characterization techniques, such as X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy
(EDX), and in particular X-ray absorption spectroscopy
(XAS).29,31−35 In order to accurately study individual Co
locations based on XAS, size control is crucial and the MoS2
particle size and Co placement distributions must be narrow,
which can be afforded by hot-injection colloidal syntheses.36

These bottom-up synthetic approaches allow for precise size
and shape control of host MoS2 sheets, with the only difference

between doped and undoped samples being the number of Co
dopant atoms. This systematic control of particle morphology
allows for the generation of a set of catalysts that are easily
comparable across the parameter space.

In the present work, we investigate the activity of colloidally
prepared Co-doped MoS2 nanosheets for HDS of thiophene,
specifically probing the effects of Co loading (concentration)
and local structure on the catalytic activity. The MoS2
nanosheets are prepared using hot-injection colloidal synthesis,
which affords simple preparation of catalysts with a narrow,
reproducible size distribution;37 doping occurs by a swift
injection of the desired amount of Co precursor during
synthesis. We demonstrate a correlation between the dopant
concentration and the sites where the dopant atoms affix to the
surface, primarily employing synchrotron techniques to
observe the local structure of finely dispersed Co atoms.
This approach couples extensive analysis with XAS at the Co,
Mo, and S K-edges with density functional theory (DFT)
calculations to develop a complete picture of the Co
environment. A multimodal combination of XRD, XAS, and
XPS is employed to confirm the finely dispersed state of Co
atoms and the lack of Co metal clustering. We then tie this
trend to their catalytic activity in HDS, using a batch reactor
containing thiophene as a model desulfurization analogue.
Previous work has demonstrated the potential of colloidally
synthesized Co-MoS2 nanosheets as catalysts for HDS,38 but
no studies have been performed to elucidate the relationship
between Co location and its catalytic properties in colloidal
MoS2 nanosheets, which motivates this work.

Although the focus of this work is on HDS as a model
reaction, investigating the dopant local structure can be utilized
to predict and design tailored 2D catalysts for other forms of
hydrotreatment such as HDO of biomass-derived lignin for
sustainable biofuels or the prevention of acid rain by HDN of
amine-based organic compounds. We can potentially extend
the analytical methods herein to other dopant-TMD and
reaction combinations, considering the wide variety of
reactions demonstrated to be catalyzed by doped TMDs. By
understanding the precise geometry and location in single-
atom doped TMDs, and the influence of the dopant position
on catalytic activity, we can better design next-generation
catalysts for optimal activity.

■ EXPERIMENTAL METHODS
Chemicals. Molybdenum(V) chloride (95%), cobalt (ii)

chloride (97%), bis(trimethylsilyl)sulfide (a.k.a., hexamethyldi-
silathiane, synthesis grade), oleylamine (70%, technical grade),
oleic acid (90%, technical grade), 1-ODE (90%, technical
grade), cyclohexane (≥99%, ACS reagent grade), hexane
(95%, anhydrous), methanol (99.8% anhydrous), thiophene
(≥99%), and n-decane (≥99%, synthesis grade) were
purchased from Sigma-Aldrich. Acetone (99.8%, extra dry)
and 1,2,3,4-tetrahydronaphthalene (a.k.a. tetralin, TCI Amer-
ica, ≥ 97%) were purchased from VWR. All chemicals were
used without further purification with the exception of
oleylamine and 1-ODE, which were each separately degassed
for 1 h by cycling between nitrogen flow and vacuum on a
Schlenk line at 80 °C prior to use.

Colloidal Synthesis of Co-MoS2 Nanosheets. Co-MoS2
nanosheets were prepared via a solvothermal hot-injection
method. In a typical synthesis, 2.0 mmol of MoCl5 and 10 mL
of previously degassed oleylamine were added to a 50 mL
three-neck flask inside a nitrogen-filled glovebox. The flask was
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attached to a water-filled condenser and Schlenk line and
heated to 130 °C and then degassed for 1 h by cycling between
nitrogen flow and vacuum. A separate, 25 mL three-neck flask
containing 5 mL oleic acid and 0.2, 0.4, 0.6, or 1.0 mmol of
CoCl2 (depending on the dopant loading to be studied) was
also degassed at 130 °C. In the glovebox, 4 mmol of
bis(trimethylsilyl)sulfide (TMS2S, 0.84 mL) was added to 2
mL of previously degassed 1-octadecene (ODE). Under a
nitrogen flow, the flask containing the MoCl5/oleylamine
mixture was raised to 180 °C, and then the TMS2S/ODE
mixture was swiftly injected into the flask. After 3 min to allow
nucleation of MoS2 nanosheets, the contents of the CoCl2/
oleic mixture flask were removed by a glass syringe and swiftly
injected into the MoCl5/oleylamine flask. The delay between
injections is meant to allow the MoS2 sheets to nucleate and
begin growth first, thus, depleting the S-content in the reaction
mixture and preventing the formation of cobalt sulfide. The
entire reaction mixture was stirred under nitrogen flow at 180
°C for 30 min, then allowed to cool naturally to room
temperature.

After it cooled, the flask was sealed and brought into a
nitrogen-filled glovebox. The contents were split among three
50 mL centrifuge tubes. An excess of acetone and methanol
were added to each tube. The tubes were briefly sonicated to
disperse the mixture and then centrifuged at 9500 rotations per
minute (RPM) for 10 min, and the supernatant was discarded
afterward. This process was repeated twice more with an
additional 5 mL of hexane added to the pellet to disperse the
particles before drying under a vacuum. To synthesize Co-free
pure MoS2 nanosheets, the above procedure is followed, but no
CoCl2 is added to the oleic acid.

HDS of Thiophene. The benchmark HDS activity of the
synthesized nanosheets was measured in a 316 stainless steel
stirred autoclave benchtop reactor from Parr Instruments
(Model 4564, 160 mL chamber volume). The reaction mixture
was created by dissolving 500 mg of thiophene in 50 mL of
1,2,3,4-tetrahydronaphthalene (tetralin). 500 mg of n-decane
was also added to the solution as an inert reference. 0.5 mL of
solution was removed and analyzed via gas chromatography
coupled with mass spectrometry using a Shimadzu QP2010
GC−MS. The sample was analyzed three times to determine
the average concentration of thiophene.

The catalyst (20 mg) was then added to the remaining
reaction mixture and sonicated for 10 min to fully disperse.
The contents were transferred to the reactor and the chamber
was purged by filling with 95%N2/5%H2 gas up to 13.8 bar-g,
then vented and repeated twice more. The chamber was then
pressurized with 95%N2/5%H2 gas to 10.3 bar-g and heated to
300 °C with a mixing speed of 320 rpm. The reaction was held
at temperature for up to 3 h, then allowed to cool naturally to
room temperature and subsequently depressurized. To analyze
the remaining thiophene content, 0.5 mL of solution was
extracted and filtered to remove the catalyst. The filtrate was
then analyzed by gas chromatography−mass spectrometry
(GC−MS) following the same procedure as the prereaction
mixture sample.

■ COMPUTATIONAL METHODS
All calculations (unless specified otherwise) were carried out
for a single-layer freestanding (i.e., unsupported) hexagonal
nanoparticle model of MoS2 with Mo-edge containing six Mo
atoms (including the corner atoms) while the S-edge contains
three Mo atoms (including the corner atoms), reflecting the

typical truncated triangular shape of a single-layer particle
observed in STM experiments.16 Two layers of S atoms
sandwich the Mo layer, such that they are in the trigonal
prismatic positions characteristic of the 2H phase of MoS2. All
figures in this article with MoS2 structures and adsorption
configurations show Mo atoms in blue, S atoms in yellow, and
Co atoms in pink. For ligands, C atoms are shown in black, O
atoms in red, and H atoms in white. We, therefore, suggest that
the given model captures the local electronic structures
adequately to provide a comparative analysis between different
locations along the periphery of the MoS2 nanoparticles used
in experiments. We further assume that the sulfur edge is 100%
S-decorated while the metal edge is 50% S-decorated,
consistent with ab initio phase diagrams and STM observa-
tions.39 A single Co atom was included in the calculations in
many cases (in different locations) to represent cobalt
decoration of the MoS2 basal plane.

The calculations were carried out with VASP,40,41 a plane
wave periodic DFT code. Generalized gradient approximation
and projected augmented wave (PAW) potentials were used
with PBE exchange-correlation functional and the D3 Grimme
dispersion correction.42−44 All calculations were carried out in
a box that had at least 10 Å of vacuum between the two images
in all directions. Spin polarization is included in all calculations
involving the MoS2 nanosheet. Plane wave and density wave
cutoffs of 400 and 645 eV were used, respectively. A Gaussian
smearing of 0.05 eV was used, and the energies were
extrapolated to 0 K. Only gamma-point sampling was used,
in view of the large dimensions of the supercell. The
convergence criterion for geometric relaxation was set to
0.02 eV/Å. The energies computed using VASP are not
reported as such; only energies relative to a reference are
presented. The binding energy of hydrogen sulfide (H2S),
BEHd2S, was computed using the following equation:

E E EBEH S H S NS NS H S(g)2 2 2
= + (1)

where EH S NS2 + is the energy of H2S adsorbed onto the
nanosheet, ENS is the energy of the free nanosheet, and EHd2S(g)

is the energy of H2S in the gas phase.

■ RESULTS AND DISCUSSION
Catalytic Activity in HDS. Samples of Co-MoS2 were

prepared with a range of Co loadings with Co:Mo atomic
ratios between 0 and 39% as determined by inductively
coupled plasma mass spectroscopy (ICP-MS). HDS of
thiophene was carried out in a batch reactor using a mixture
of thiophene, n-decane (as a reference), and tetralin solvent.
The tetralin solvent dispersed the organic-ligand-capped
nanosheets and acted as a hydrogen donor, as noted by the
presence of naphthalene after HDS (see reaction scheme,
Figure S7 in SI). Colloidal synthesized MoS2 nanosheets
(without Co) showed an increase in activity as compared to
bulk MoS2, from 6.5 to 11.5% thiophene converted after 3 h
(see Figure S8 in Supporting Information, SI). This increase
can be attributed to the increase in the active edge surface area
stemming from the reduced sheet size in the nanosheets.
Figure 1a demonstrates the catalytic performance of Co-MoS2
nanosheets with various Co concentrations as a function of the
time of reaction. While all Co-MoS2 samples show increased
activity compared to pure MoS2 nanosheets, there is a notable
nonmonotonous trend with the highest activity observed for
21% Co-MoS2.
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Co makes an effective promoter of MoS2, increasing the rate
of thiophene desulfurization over the cobalt-free cata-
lyst.6,7,45,46 The role of Co:Mo ratio has long been investigated
in studying HDS catalysts, with some literature reporting an
optimum closer to 37−40% Co:Mo.45,46 According to Figure
1, there exists an optimal dopant concentration for our system;
activity maximized in the range of 21−25% Co:Mo, but
decreased as further Co was added (39%). 21% Co:Mo
performed the best initially and after three h in HDS,
converting 20.6% (103 mg) of thiophene. The data fit to a

first-order reaction rate eq (Figure 1b), produced a linear plot
whose slope is the reaction rate due to the pseudo-first-order
nature of the reaction ascribed to the excess hydrogen. The
rate constants of the reaction are listed in Figure 1c. Again, the
21% Co:Mo sample exhibited the highest reaction rate; 25%
Co:Mo displayed similar activity, but 39% Co:Mo showed a
suppressed reaction rate. Indeed, this is further evident in the
turnover frequency (TOF) measured per mole of the catalyst
shown in Figure 1d and the number of turnovers in Figure 1e.
We have also computed the TOF per unit mole of sites in
Figure 1f; this is done by estimating the number of potential
active sites, including MoS2 edge sites and Co atomic sites
without differentiation. The details of this calculation are based
on measurements that will be discussed later, including the
average nanosheet size measured by transmission electron
microscopy and the saturation concentration and location of
Co on the surface of MoS2. The details of this computation be
found in the “Turnover Frequency Computation” section of
the SI. Based on this computation, it further clarifies the
maxima around 21% Co:Mo in thiophene conversion.
However, these methods thus far do not fully demonstrate
the role that Co plays in modifying the reaction rate of MoS2
catalysts. To grasp this, we must differentiate the intrinsic
activity of MoS2 from that of Co.

To effectively compare samples by Co content, we took the
activity difference between each Co-doped sample and
nanoscale MoS2 without Co and normalized it to its respective
Co concentration, as seen in Figure 1g. We calculated a Co-
specific TOF improvement rate using this approach since both
Co and the MoS2 edges are possible active sites; simply
attributing all activity to Co would have artificially increased
the TOF per unit Co at lower Co loadings by undercounting
active sites. Instead, we calculated the difference in thiophene
conversion between each Co-MoS2 catalyst with the 0%
Co:Mo catalyst and divided it by the Co content (see Section
“Turnover Frequency Computation” in SI for calculation
details). This approach does not calculate TOF per unit Co
atom but rather calculates the relative improvement per unit
Co atom by removing the intrinsic activity of MoS2 from the
comparison. By doing so, we remove from the equation the
moles of Mo-edge and basal atoms, the latter of which are inert
and dilute the overall TOF per unit mole. This is to provide a
better comparison of activity between Co positions, which as
we shall show is dependent on the Co loading. Interestingly,
the maximum value at 21% Co:Mo implies that the Co atoms
in this catalyst is more active than in the 10% Co:Mo catalyst,
per unit Co atom. This observation opens the intriguing

Figure 1. Hydrodesulfurization studies of Co-MoS2 catalysts: (a)
thiophene conversion over time for various Co-doped MoS2
nanosheets, (b) first-order reaction rate kinetics of Co-MoS2
nanosheets (dotted lines represent the line of best fit), (c) table of
first-order rate constants calculated from 1b, (d) turnover
frequency�total mole basis, (e) total turnovers after 3 h�mole
basis, (f) turnover frequency�mole sites basis, and (g) improvement
rate in TOF�mole Co basis. Solid lines in (d−f) provide a visual
guide showing the nonmonotonous trends in sample activity by
varying Co concentration. 21% Co:Mo samples exhibited the highest
performance in conversion of thiophene, indicating an optimal
concentration of Co.

Figure 2. (a) X-ray diffraction patterns of pre-HDS MoS2 at various Co loadings. (b) High-resolution transmission electron microscopy 21%
Co:Mo after use in HDS, showing the 7.1 Å interlayer distance of the (002) plane and nanosheets do not agglomerate under reaction conditions.
Size distribution of the sample is shown in (c) with a sample size of 210 nanosheets.
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prospect of not only a concentration effect but also a positional
change of Co that increases its per-atom activity, thus requiring
an in-depth study of the MoS2-dopant structure, which we
discuss further in the next section.

Structure of Co-MoS2 Nanosheets. To determine any
structural or morphological differences in the synthesized
nanosheets that may suggest this peak in catalytic activity, we
first employed powder X-ray diffraction (p-XRD) and high-
resolution transmission electron microscopy (HRTEM), the
results of which are featured in Figure 2. From XRD, the broad
peaks typical of small, amorphous nanostructures due to
Scherrer broadening are present and do not necessarily
indicate that the nanosheets are amorphous. The XRD
patterns were compared with references of the metastable,
metallic trigonal 1T and stable, semiconducting hexagonal 2H
phase.47,48 The reference patterns are taken from Materials
Project.49 The primary (002) peak is missing from the as-
synthesized nanosheets, indicating that there is little to no
stacking along the vertical axis, and these are primarily single-
to few-layer sheets. Instead, a new peak appears at 19°, which
has been observed in prior literature and typically attributed to
(004) in 1T-MoS2 preparations.50,51 The normalized inten-
sities of these broad peaks are made more prominent by the
lack of a strong (002) peak. However, it is difficult to fully
determine the phase solely from the XRD data due to the lack
of defining features.

Although we cannot specify the phase of the fresh catalyst
from XRD alone, we can notice other important details about
the structure. No diffraction peaks from Co metal or cobalt
sulfides appear, suggesting that Co was completely incorpo-
rated into the MoS2 structure with no phase separation. We
also do not observe the formation of any major segregation
between Co and Mo at the micrometer scale in scanning
electron microscopy−energy dispersive X-ray spectroscopy
(SEM−EDX) (see Figure S4 in SI). Using atomic force
microscopy (AFM), the measured nanosheets had a height of
20−30 Å, equal to 3−4 MoS2 layers (see Figure S5 in SI). The
appearance of (100) and (103) peaks in XRD of post-HDS
catalysts indicates the structure conformed to the 2H phase
during operation (see Figure S2 in SI).47 After use in HDS,
there is little evidence of agglomeration of the nanosheets as
they maintain their nanoscale form with minimal stacking and
no agglomeration of Co was observed. Figure S2 also shows
the small appearance of the (002) interlayer peak post-HDS.
This correlates with the small amount of stacking in HRTEM
of the post-HDS catalyst in Figure 2b, which measures to the
expected interlayer distance of 7.1 Å. HRTEM images show
that the nanosheets tended to be very small even after use in
HDS, measuring roughly 4−5 nm in diameter (Figure 2b,c).
The population count in Figure 2c is taken from a total of
three populations shown in Figures S31−S33 in the SI, which
shows the generally homogeneous size distribution of these
nanosheets. Thus, while we cannot identify the phase of freshly
synthesized MoS2 in this manner, we observe a minimal change
in the structure by the addition of Co. Post-HDS, the structure
is consistent with the 2H phase across all samples, and neither
the Co nor the MoS2 nanosheets themselves agglomerate.
Further characterizations included in the SI comprise SEM−
EDX (Figure S4), thermogravimetric analysis (Figure S6),
Fourier transform infrared spectroscopy (Figure S29), and
additional HRTEM characterization (Figures S30−S33).

Given the difficulty in verifying the structure from the broad
peaks in XRD and the relatively consistent morphology across

the sample space, we employed XAS to observe the finer local
structure of the Mo species. As our XRD peaks did not
strongly match to any expected MoS2 phase, this study allowed
us to better understand the initial MoS2 structure and phase, if
any, as well as the impact of use in HDS on the structure.
Figure 3 shows XAS data collected at the Mo K-edge, both for

the as-synthesized and post-use samples in HDS, with their X-
ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) in k- and R-space.
Interestingly, the pre-HDS XANES spectra generally did not
match the bulk MoS2 reference material while the post-HDS
spectra did; however, the pre-HDS XANES shows Co
influence (particularly 19,998−20,006 eV, Figure 3a). This
influence shows relatively better agreement at lower Co
loadings than at higher ones, but the general features of bulk
MoS2 at 20,002 and 20,020 eV are not present in the as-
prepared catalysts. Recall that the XRD spectra of the pre-HDS
samples also did not match the bulk 2H phase, while the post-
HDS spectra did. This mismatch is more apparent in k-space
(Figure 3c,f) and R-space (Figure 3b,e) data, which offer a
good agreement with the reference post-HDS but deviate
significantly in the fresh material. The post-HDS measure-
ments agreed with the bulk MoS2 structure, in which the first
R-space shell peak is attributed to the Mo−S distance and the
second major peak is the Mo−Mo distance. As such, the data
fit this structure when it is modeled in R-space. The as-
synthesized catalyst, however, agreed with the Mo−S peak but
exhibited a shortened and reduced second peak. We attribute
this structural difference to the distorted 1T phase of MoS2, in

Figure 3. X-ray absorption data collected at the Mo K-edge: (a)
XANES of the fresh catalyst, (b) Fourier transform magnitudes of k2-
weighted EXAFS spectra of the fresh catalyst showin in (c). (d)
XANES of the catalyst post-HDS (3 h of use), (e) Fourier transform
magnitudes of k2-weighted EXAFS spectra of catalyst post-HDS
shown in (f).
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which the Mo−Mo coordination reduces and the interatomic
distance shrinks as the crystal distorts to accommodate this
metastable state. This distorted phase has been observed in
previous literature on colloidal synthesis (and other synthesis
methods) of MoS2 nanosheets48,52,53 and may be ascribed to
the reducing environment of the oleylamine ligands. The 1T
phase, while metallic and more favorable for catalysis, reverts
to the more stable and semiconducting 2H phase at elevated
temperatures. Thus, we focus primarily on the structure
measured in the post-HDS catalyst as the active species in the
reaction. This is confirmed by observing the time-resolved
EXAFS of the Mo K-edge (see Figure S12 in the SI), where we
observe that the structure rapidly changes from distorted 1T-
to 2H-MoS2 similar to the bulk reference while heating to the
reaction temperature of 300 °C.

In stability testing, the catalyst showed excellent reusability,
even after three runs (see Figure S9 in SI). Catalytic activity
was preserved, showing no deactivation during use and
demonstrating the stability of these catalysts. This observation
agrees with the limited stacking of sheets in XRD, the retention
of the nanoscale regime observed in the transmission electron
micrographs (TEM), and minimal structural change in time-
resolved XAS observations (see Figures S10 and S13 in SI).

X-ray photoelectron spectroscopy (XPS) was performed on
both fresh and used catalysts to verify the findings in XAS and
to further observe the sulfur electronic state, using the two
highest Co loadings (25, 39%) to maximize the signal from the
Co-edge. Due to the obscuring nature of the amorphous
surface ligands, we pretreated these samples with nitrosyl
tetrafluoroborate in order to remove the organic ligands (see
Section “Ligand Removal Procedure on Nanoscale MoS2” in
SI). With ligands present, the signal was muted; this ligand
removal treatment was performed only for XPS samples and is
not used on any other samples in this work. We did not
observe any change in the structure after ligand removal.

In both fresh and post-HDS catalysts, the S 2p orbital
(Figure 4a) shows a slight redshift from bulk MoS2. The

greater redshift in the fresh S 2p peaks is attributed to the
metallic 1T phase and the presence of Co doping. Meanwhile,
the shift in the post-HDS catalysts likely arises just from the
Co contribution, as further Co addition increases the
magnitude of redshift. The ratio of peak height between
2p1/2 and 2p3/2 is observed higher in the fresh catalyst (Figure
S27 in SI) than in the post-HDS catalyst. A similar
phenomenon has been observed in prior literature, attributing
the increased height of the higher-energy peak to the formation
of disulfides (S2

2−).48,54 Seo et al. in particular have previously
noted these peaks appearing in mono- and few-layer MoS2,

with a greater disulfide ratio as the number of layers
decreases.54 These factors may contribute to the observed
apparent peak ratios deviating from the expected spin−orbital
splitting ratio of 1:2, which is especially evidenced in the fresh
catalyst. Additionally, a slight oxidation peak is present at ∼169
eV, which may arise from residual oxygen- or nitrogen-
anchored ligands present on the surface. We also note a
redshift in the Mo-edge 3d5/2 and 3d3/2 peaks (Figure 4b)
compared to bulk MoS2, and further redshifting as Co loading
increases. The fresh catalyst also shows a similar redshift in the
Mo-edge (Figure S26 in SI), which indicates that the as-
synthesized 2D-TMDs may exhibit the expected metallic
distorted 1T phase.48,55 By observing the XPS survey scan, we
did not detect any additional species that may be present as
contaminants, such as chlorine.

We have confirmed the successful synthesis of nanosheets
but have not identified any structural changes in the MoS2
lattice attributable to the optimal catalytic activity observed at
21% Co:Mo. The distorted metallic 1T phase is not retained
under reactor conditions by the addition of Co. XAS and XPS
both showed a reduction in the oxidation state of Mo as Co
loading increases. As the nonlinear activity was likely derived
from the role of Co in the structure, we found it necessary to
probe the Co local structure.

Co Local Structure and Location. To study the local
bonding environment of Co atoms in Co-MoS2, we first
extended our XAS analysis to the Co K-edge. First, the Co K-
edge XANES (Figure 5a,d) showed a transition between two
apparent Co states, as indicated by the blue-shift in absorption
energy and increase in white line intensity as the Co
concentration increases. The presence of quasi-isosbestic
points at 7719 and 7730 eV implies that a transition exists
predominantly between only two states. This observation
agreed with the shortening of the primary Co−S bond length
in EXAFS (Figure 5b,e) as well as the phase shift in k-space
(Figure 5c,f), implying a change in the generalized local
structure of Co as a function of the Co concentration. In 25
and 39% Co:Mo samples especially, we note that the Co bond
length approaches that of Co−O in cobalt(II) oxide. However,
while little changed in the Co structure at low Co
concentration, the absorption energy redshifted at higher Co
concentrations between fresh and post-HDS catalysts. At 21
and 25% Co:Mo, in particular, the absorption energy redshifts
post-HDS and the Co bond length increased, in agreement
with expected Co−S length than Co−O. With the exception of
39% Co:Mo, samples appeared in-phase in k-space. EXAFS of
Co-MoS2 did not indicate any Co−Co bonding, confirming
that Co was present as isolated atoms and not in clusters.
Although the classic CoMoS structure can be synthesized by
substituting edge Mo atoms with Co atoms,56 we do not
expect this case due to the minimal appearance of a second-
shell peak, showing that Co atoms were uniformly dispersed
with only minimal interaction with Mo atoms.

To further elucidate the origin of the peaks observed in
EXAFS, we modeled the data in R-space and performed a
wavelet transform (WT) to investigate the Co−S and Co−O
contributions. This approach also allowed us to compute the
ensemble-averaged bond lengths observed in each sample,
which, as shown in Figure 5b,e, vary with Co concentration.
WTs were calculated using methods adapted from Muñoz et
al.57 Employing WTs and modeling the EXAFS data allow
differentiation of the Co bonding species, coordination, and
bond length. We see by comparing the WTs of fresh 21% Co-

Figure 4. XPS of (a) S-edge and (b) Mo-edge for 25 and 39% Co:Mo
post-HDS. Bulk MoS2 reference height is multiplied by 0.5 for
comparison.
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MoS2 with literature and cobalt oxide (see Figure S24 in SI)
that, although the bond length in EXAFS was closer to Co−O
than Co−S, there is a combined contribution of O and S
present.58,59 This is denoted in Figure 6c by the two features at
4 and 6 Å−1 (radial distances of 1.3 and 1.7 Å), respectively.
The Co−O feature is more pronounced in catalysts of higher
Co loading, such as that seen in 25% Co-MoS2 (Figure S25 in
the SI). Post-HDS, the Co−O contribution to the bond
lengths was reduced and a new feature appeared at 9 Å−1. This
feature was also present in other samples post-HDS except for
10% Co-MoS2. This peak did not match Co−Co bonding
during EXAFS modeling, and we instead attribute it to the
Co−Mo path expected in Co doping atop the basal plane.58 To
further elucidate the structure, we modeled the EXAFS data by
individual species contributions (Figure 6a,b). Both Co−O
and Co−S contributed to the fitting of the first shell for all of
the species. However, the ratio of Co−O to Co−S
coordination and their subsequent bond lengths varied as a
factor of Co concentration, in both fresh and post-HDS
samples. At low Co concentrations, while the Co−S
contribution dominated; the Co−O contribution increased as
the amount of Co increased. As evidenced by the isosbestic
point in the Co XANES region, Co transitions between states
of Co−S and Co−O dominance. We believe that the Co−O
contribution originated from the ligands present on these
nanosheets; catalysts prepared and measured in an air-free
environment had a structure similar to samples measured in

air. While it is difficult to differentiate between neighboring
atoms of similar atomic number (O, N) in EXAFS modeling,
we presume oleic acid to be the dominant ligand species on Co
owing to their abundance and presence with CoCl2 during
synthesis, likely proceeding to the formation of a Co-oleate
complex prior to precursor injection in the reaction mixture.
However, Co−S was dominant in all catalysts after use in
HDS, even while the structure was maintained, especially at
high Co concentrations. Furthermore, the appearance of the
Co−Mo feature in the second shell leads us to believe that Co
was affixed to the basal plane. Co−S coordination was greater
than the expected value of three for surface-bound Co, which
we attribute to the sulfidation of Co under HDS conditions.
Detailed tables of fitting parameters and additional R-space
and k-space fit plots are included in Tables S1−S3 and Figures
S14−S23 in the SI.

To further probe the state of Co incorporated into MoS2, we
employed XPS of the Co 2p orbital. Due to the high dilution of
Co atoms on the surface of MoS2, only the two highest Co
loadings were measured to maximize the signal. By observing
the Co 2p orbital, we further elucidated the Co electronic
structure observed in the nanosheets. The peak shapes for the
fresh catalysts were broad and low in intensity, attributed to
the presence of a mixture of Co2+ and Co3+ states by
comparison to literature spectra (Figure S28, SI).38,48,60−62

This is potentially the result of the remaining Co-oleate
complexes present on the surface of the fresh catalyst. The
post-HDS sample (Figure 7), however, presents a much
sharper peak (denoted “A”) at ∼779.6 eV, suggesting primarily
a Co3+ state. The Co2+ contribution was still slightly present in
the tailing peak at ∼783 eV (“B”). The shift in contribution to
primarily Co3+ is consistent with Co bound to the sulfur
surface, as has been previously reported, particularly in relating
the adsorption of single Co atoms on the surface of
MoS2.

21,38,48,63,64 The absence of metallic Co (∼778 eV)
indicates that no Co metal nanoparticle clusters appear to form
post-HDS. This supports the lack of Co−Co bonding observed

Figure 5. X-ray absorption data collected at the Co K-edge: (a)
XANES of the fresh catalyst, (b) Fourier transform magnitudes of k2-
weighted EXAFS spectra of the fresh catalysts shown in (c). (d)
XANES of the catalyst post-HDS (3 h of use), (e) Fourier transform
magnitudes of k2-weighted EXAFS spectra of catalyst post-HDS
shown in (f). A phase transition is observed before and after use
particularly at 21 and 25% Co:Mo, with a bond length increase and
phase shift in k-space at 25% Co:Mo after use.

Figure 6. Fourier transform magnitudes of the k2-weighted data and
fits for the Co K-edge EXAFS of (a) fresh and (b) post-HDS 21%
Co:Mo samples fitted with Co−S and Co−O paths. Wavelet
transforms of (c) fresh and (d) post-HDS 21% samples.
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in XAS and WT (Figure 6), as well as the lack of Co metal
peaks observed in XRD (Figure 2a).

Up to this point, we have experimentally observed the
shifting influence of O and S as Co-oleate complex morphs
into Co atoms on the surface of MoS2. However, while we can
identify the presence of Co-oleate and MoS2 before use in
HDS as well as the influence of Co addition on the Mo state,
we have yet to show the indication that Co-oleate attaches to
the sulfur surface during the initial synthesis. Figure 3a reveals
no change in the oxidation state of sulfur, and it is difficult to
discern from XPS alone how Co and Co-oleate influence the
sulfur local structure. To study this, we employed XAS at the
sulfur K-edge to probe its local environment (Figure 8). At the
S K-edge XANES of fresh material, the first peak at ∼2472 eV
was generally redshifted from bulk MoS2, but blueshifted
among the nanoscale samples as Co loading increased. This
peak can be attributed to the S2− state present in MoS2. We
assign this peak shift and broadening to the presence of the 1T
phase, as previously reported.65 An additional peak begins to
appear as Co loading increases at ∼2484 eV. This peak is
present with a high level of oxidation of sulfur, up to S6+. This
is likely due to the presence of oleate-liganded Co complexes
attaching to the surface as we initially hypothesized.

The catalysts post-HDS align much more clearly with the
bulk MoS2 reference (vide supra). The secondary peak
disappears for 10 and 21% Co:Mo and is significantly reduced
for 25% Co:Mo. However, this complex is still present in 39%
Co:Mo. Additionally, the peak location no longer shifts as a
function of the Co loading. If this secondary peak indeed arises
from the Co-oleate complex, it suggests the existence of a
crowding effect. At higher Co loadings, not all Co atoms fully

attach to the surface, and some may remain as a Co-oleate
complex, precluding active sites. The lack of Co influence on
the peak shift in the post-HDS catalyst further supports the
notion that Co does not play any influence on the structural
phase of MoS2. Additionally, at high Co loading, these oleate
complexes are still present and are detrimental to the catalytic
activity. This implies that these Co-oleate complexes may
remain on the surface even during HDS if there is not enough
space to support more Co atoms on the basal surface, thus
impeding the activity.

In summary, the doping of MoS2 with Co plays a significant
role in the overall catalyst structure and the mechanism by
which Co atoms attach to MoS2. Furthermore, the catalytic
activity is tuned by tweaking the Co dopant concentration. At
low concentrations, the structure of Co observed in fresh and
post-HDS catalysts shows little difference and suggests the
direct formation of CoxMoS2. Meanwhile, at higher concen-
trations, Co-oleate complexes are observed, suggesting that the
first atoms of Co (i.e., at low concentrations) fix to a different
location than Co atoms at higher concentrations. These
complexes interact directly with the surface of MoS2, either
through the Co−S bond, van der Waals forces between Co-
oleate and the MoS2 basal plane, or both. Post-HDS, catalysts
exhibit similar structures regardless of Co concentration,
indicating that the Co-oleate complexes are transformed to
CoxMoS2. To shed more light on the observed differences
between Co concentrations, we performed DFT calculations to
compare what ought to be expected for this system with what
was observed experimentally, and the driving factors for dopant
location and for charge transfer between Co and Mo. By
studying the underlying mechanisms, we can better develop
the rules for the design of doped TMD catalysts.

DFT Calculations. Through DFT calculations, we first
examined the location and preference for binding sites of the
Co atoms that decorate the MoS2 nanosheets. The 2H phase
of MoS2 is used for this computation, as it is the stable, active
catalyst structure that supports Co atoms under reaction
conditions. By computing a variety of positions for a single Co
atom along the Mo-edge, S-edge, on the corners, and atop the
basal plane, we determined the general preference for Co atom
location. The energy of each position was set relative to the Co
atom located on the basal plane. Examining the relative
energies, we observed that Co has a strong preference for the
corner sites of the MoS2 slab, particularly along the S-edge
(Figure 9c). This is followed by edge-doping along the metal
edge, which has fewer S atoms. These positions are all favored
over the basal plane, indicating that Co, in general, would
prefer to bind to the nanosheet edges. Although Co atoms will

Figure 7. Fitted Co XPS of post-HDS 25 and 39% Co:Mo. (A)
CoMoS phase, ∼779 eV; (B) Co oxides, ∼782 eV; (C) saturation
peaks.

Figure 8. Sulfur K-edge XANES of (a) fresh and (b) post-HDS material.
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first dope the edges, the limited edge area and minimal corner
sites available relative to the size of the nanosheets implies that
these sites may saturate quickly as the Co:Mo ratio increases,
thus allowing Co to begin doping the basal plane past a certain
concentration threshold.

We then took these computed structures and measured their
interaction with H2S as an analogue material for S-adsorption
(see structures in Figure S35 in the SI). H2S was chosen in
place of thiophene both to simplify the calculations and to
observe how readily the H2S product desorbs after the
reaction. While basal Co is the least stable structure, it adsorbs
H2S well compared to edge-doped sites, surpassed only by the
sparing corner sites. Interestingly, the remaining sites tend to
follow a trend converse to basal Co, where decreasing H2S
adsorption correlates to decreasing Co-MoS2 stability. This
implies that not only would Co atop the inert basal plane
create new active sites on MoS2, but the sites would themselves
be more active at adsorbing sulfur. This creates a trade-off: the
preference of H2S to adsorb to basal Co would lead to a slower
desorption of H2S products. The difference between 21 and
25% Co:Mo HDS activity may be attributed to the greater
initial formation of H2S poisoning the additional active basal
Co sites of the latter. This propensity for H2S to bind to the
surface of Co also agrees with the excess Co−S coordination
found with EXAFS modeling (see Table S3 in the SI),
implying the Co is further sulfided under reaction conditions.

Local Structure of Co Atoms. Combining the structural
and electronic computations with our experimental observa-
tions, we can develop a better model of how Co loading
influences the Co location and attachment mechanism on
MoS2 for this system. From our TEM measurements (Figure
2b), we calculate that the nanosheet edges comprise
approximately 32% of the total area, assuming a truncated
triangular morphology (see Figure S34 in the SI for calculation
details). If the edges were to be completely doped with Co
without basal plane coverage, this would result in a Co:Mo
ratio of ∼32%. However, we note both structural and activity
changes as low as 21%, indicating edge saturation occurs even
before the entire edge has been filled. We attribute this
nominally to steric hindrances introduced by oleate ligands on
Co, which act as directing agents to prevent crowding of Co

along the edges and to activate basal plane doping at lower
Co:Mo ratios. Additionally, electrostatic repulsions between
adjacent Co atoms along the edges may play a role in the
saturation of the edge at lower ratios than what is expected
from simple geometric calculations. We demonstrate using
XAS and XPS (Figures 3 and 4) that the Mo oxidation state
reduces with increasing Co concentration and a local charge
state change which would make nearby doping with more Co
difficult. It is likely a complex combination of factors, but we
can conclude that the dopant saturation limit of the nanosheet
edges is far less than the number of possible edge sites. In our
calculations, we also consider a hexagonal structure (see Table
S4 in SI), although we do not observe this in TEM.

Based on these findings, we propose that Co prefers to
adsorb onto the edge of MoS2, which does not add new active
sites and only replaces the active edge sites. Based on the
average nanosheet size, however, we calculate that at Co:Mo
atomic ratios greater than 16%, the edges become saturated.
Any additional Co then partially binds to the basal plane as
Co-oleate complexes, which under the reaction conditions are
significantly reduced to Co atoms atop the basal plane. A
similar mechanism has been proposed by Hong et al. for
ligand-directed Co doping of WS2, forming organocobalt
molecules on the basal plane that are further reduced by 300
°C sulfidation.66 This is evident in both the increase in Co−S
coordination and the trends in Co−S radial distance observed
in FT-EXAFS (Figure 10c); Co−S length increases as more
Co-oleate complexes attach to the surface but decreases as
more Co fixes to the basal plane. However, Figure 8a implies
that Co-oleate is interacting with sulfur, whether through
surface bonding between S and O or through van der Waals
forces keeping Co-oleate on the surface. Additionally, we see
agreement between measured bond lengths and those
predicted by DFT, as average Co−S length trends downward
with the increase in basal-fixed Co atoms.

We additionally propose that there is a performance limit
through this doping practice as activity decreases beyond 21%
Co:Mo. It is likely difficult, given steric and electronic
hindrances, for a large amount of Co to populate the basal
plane. Therefore, we see that while 21% Co:Mo performs best
by the addition of new active sites on the basal plane, adding

Figure 9. Predicted H2S adsorption structures for (a) basal Co and (b) M4 Co positions, and (c) expected Co dopant locations with relevant
computed DFT results (Co−S coordination, Co−S bond length, the energy of Co at different positions relative to Co located on the basal plane,
and H2S binding energy).
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further Co (25, 39% Co:Mo) does not improve and in fact
decreases. This explains the presence of higher oxygenation of
Co observed in the post-HDS catalyst�the excess Co can only
partly bind to the surface and is complexed with oleic acid
ligands (the source of the Co−O bond observed). These
ligands add steric hindrance to the reaction mechanism, thus,
inhibiting further improvements. Crowding the basal plane
with Co atoms reduces their dispersion, which is known to
inhibit reaction kinetics in single-atom catalysts.67 It should be
noted that these ratios are dependent upon sheet size; for
larger sheets, more Co would be necessary to saturate the
nanosheet edges but the basal plane would have a higher
crowding tolerance.

Overall, this positional effect of Co concentration explains
the increased per-atom activity of the 21% Co:Mo catalyst
relative to the others. Basal-doped atoms below a crowding
threshold are more active than edge-doped atoms, which, in
turn, are more active than undoped sites. Additionally, there is
a trade-off for basal Co atoms, as their strong H2S affinity may
limit product desorption. This helps to outline the rules
governing doping of ultrasmall MoS2 nanosheets with Co�to
fully activate the basal plane, edge-doping must be overcome.
While this is less of an issue for larger nanosheets in the 100+
nm range, maximizing active sheet surface area using
nanosheets in the 5 nm regime will require optimization to
overcome this threshold.

■ CONCLUSIONS
Colloidal MoS2 nanosheets doped in situ with various loadings
of single Co atoms have been successfully synthesized to study
the structure−activity relationship among Co local structure,
positional effect, and HDS activity. While the as-synthesized
nanosheets exist in a metastable distorted 1T phase, during
reaction conditions, they transform to the more stable 2H bulk
phase. Using spectroscopy techniques, we have determined
that nanosheet size and Co concentration each play a crucial
role in directing the location of Co and its subsequent catalytic
behavior. Co prefers to adsorb along the nanosheet edges;
once a saturation point is reached, adsorption on the basal
plane becomes favorable. Basal-doped Co atoms are more
active than their edge-doped counterparts but are prone to

surface crowding, yielding optimal activity around 21% Co:Mo.
Thus, to activate the basal plane of MoS2 and create more
active Co species, the threshold of edge-doping must be
overcome. We also observe that the edge saturation point of
MoS2 is less than the available number of edge sites, possibly
dictated by steric or electrostatic hindrances. While Co-doped
MoS2 edges are more catalytically active than undoped edges,
the Co atoms on the basal plane are demonstrably more active
than edge-doped Co. This optimum and the details of these
findings provide insight into how doped TMDs behave in
hydrogenolysis and can inform the design of next-generation
catalyst materials tailored to respective applications. While
these results are specific to Co-doped MoS2, the analyses we
demonstrated are a guideline that can be extended to other 2D
TMD materials and dopants to help realize new phenomena in
catalytic activity.
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