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A B S T R A C T   

Single-layer mixed metal transition metal dichalcodenides (TMDCs), such as Co-promoted MoS2 supported on 
metal oxide supports like TiO2, have a wide range of applications in heterogeneous, electro- and photocatalysis, 
energy harvesting, and energy storage. In this work, we present atomic-level insights into the interaction be
tween single-layer Co-promoted MoS2 clusters and a model oxide rutile TiO2(110) support. We have used 
physical vapor deposition (PVD) to synthesize a precursor containing bimetallic Co-Mo nanoparticles supported 
on (1 × 1) TiO2(110). We sulfide this precursor using an H2S background of 1 × 10− 3 mbar at 650 K to synthesize 
the Co-promoted MoS2 clusters. We use a combination of scanning tunneling microscopy (STM) and X-ray 
photoelectron spectroscopy (XPS) to analyze the Co-promoted MoS2 clusters. We compare our results with that of 
pristine MoS2 clusters supported on TiO2(110), synthesized by an identical procedure, but without the Co atoms. 
We demonstrate that Co addition enhances the yield of (Co-promoted) MoS2 clusters, in comparison to sulfi
dation of Mo nanoparticles to form MoS2 clusters. Additionally, we also find that the Co-promoted MoS2 clusters 
have predominantly high-index edge terminations which likely are stabilized by Co-S-Ti and Mo-S-Ti linkages to 
an (3 × 1) S-TiO2 structure formed during the sulfidation. This causes an increase in the local density of states 
(LDOS) at the BRIM sites, thereby increasing their contrast in the STM images at the linkage sites. We have used 
our experimental results to propose a candidate atomic model for the Co-promoted MoS2 clusters supported on 
TiO2(110).   

1. Introduction 

To understand the atomic structure of surfaces, one of the very 
successful approaches has been to use a scanning tunneling microscope 
(STM) [1]. This technique provides the possibility to directly image the 
atomic structure of the active phase, especially when it is 
atomically-thin, such as for instance, a 2D material. This is very useful 
for catalysis research as it helps with relating the atomic structure of the 
catalyst to possible reaction mechanisms, structural and chemical 
changes of the active sites, and, ultimately, to the catalyst’s activity and 
selectivity. STM especially, has been very useful for imaging the surface 
of 2D-material-based catalysts for hydrodesulfurization (HDS), a process 
that is very important for reducing global SOx emissions and meeting the 
stringent emission standards [2,3]. 

A typical HDS catalyst used in the industry is based on sulfided Mo, 
Ni-Mo and Co-Mo nanoparticles supported on oxide supports like Al2O3 
and TiO2 [4–9]. The sulfidation process generates single-layer slabs of 
MoS2 decorated with Ni or Co dopant atoms on the step edges [10,11]. 

So far, model HDS catalysts based on sulfided Mo, Ni-Mo and Co-Mo 
nanoparticles supported on Au(111) have been imaged using STM to 
gain insights into the atomic structure, location of dopant atoms, ki
netics and chemistry of the active MoS2 phase, and the effects of Ni and 
Co dopants [11–18]. Au(111) has been the choice substrate for this 
purpose as it is a chemically inert support with an atomic structure that 
has been well-studied, and also interacts relatively weakly with the 
pristine and promoted MoS2 clusters, therefore allowing for the ther
modynamic stability of the step edges to dominate their morphology. In 
order to understand the effect of the slab-support interactions, model 
oxide supports like rutile TiO2(110) have been used as a convenient 
model support instead of Au(111) [19–24]. STM and atomic force mi
croscopy (AFM) have been used to image pristine MoS2 clusters sup
ported on TiO2(110) grown using low- and high-temperature synthesis 
strategies based on the sulfidation of Mo nanoparticles supported on 
TiO2(110), and using a sulfiding agent like H2S or elemental sulfur 
[19–24]. These studies have consistently shown that the MoS2 slab 
morphologies are strongly influenced by the support interactions. 
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However, atomic-level investigations using an STM on the role of pro
moter atoms on the shape and size of the single-layer MoS2 clusters on a 
metal oxide support have not been explored so far. Furthermore, the 
exact nature of the single-layer metal sulfide-metal oxide support in
teractions that are catalytically relevant is poorly understood. This be
comes a very important next step as many recent studies have shown 
that HDS catalysts based on strongly interacting supports like TiO2 have 
a high activity for sulfur removal from sterically hindered aromatic 
molecules like thiophene derivatives which are the primary left-over 
sulfur contaminants in present-day commercial fuels [25–28]. 

In addition to heterogeneous catalysis, Co-doped MoS2/TiO2 junc
tions have been shown to have good catalytic activity for the hydrogen 
evolution reaction (HER), the oxygen evolution reaction (OER), and the 
oxygen reduction reaction (ORR) [29]. Transition-metal-doped MoS2/
TiO2 nanocomposites also have potential applications for ammonia 
production by light-activated direct nitrogen fixation [30]. Transition 
metal doping of MoS2/TiO2 nanocomposites have been found to lower 
contact resistance to enhance transistor performance and 
photo-degeneration activity for breakdown of volatile organic com
pounds [31,32]. The doped and pristine MoS2/TiO2 junction architec
ture has also been explored for applications in broad-spectrum 
photocatalysis, lithium ion batteries, high-energy storage, 
hetero-structure supercapacitors, gas and liquid sensors, and selective 
CO2 reduction electrodes [33–37]. Many of these enhanced chemical, 
optical, and physical properties of the MoS2/TiO2 system are linked to 
the atomic structure of the two layers and the interface between them, 
which in turn, is affected strongly by the precise growth conditions [38]. 

In this article, we have used STM to image single-layer Co-promoted 
MoS2 clusters supported on rutile TiO2(110) to gain insights into the 
atomic structure and substrate interactions. We have also used X-ray 
photoelectron spectroscopy (XPS) to gain chemical insights into the ef
fects of incorporating Co into the lattice of MoS2 clusters. A synthesis 
strategy in which, Co and Mo nanoparticles are sequentially deposited 
on TiO2(110) using physical vapor deposition (PVD) to prepare a pre
cursor containing purely Co-Mo bimetallic nanoparticles on TiO2(110) 
has been used. This precursor is then sulfided using H2S to synthesize 
single-layer Co-promoted MoS2 clusters. We compare the results to a 
control system containing pristine MoS2 clusters on TiO2(110) grown at 
identical conditions. We find that the presence of Co increases the yield 
of Co-promoted MoS2 clusters by enhancing the diffusion of sulfur 
without significantly influencing the overall size distribution. Further
more, the Co-promoted MoS2 clusters have irregular shapes with pre
dominantly high-index edge terminations. The slabs adopting this shape 
are found to be commensurate with a (3 × 1) S-TiO2 structure, which is 
expected to form at the H2S background pressures used in this experi
ment [22], suggesting that the metal sulfide-support interactions 
dominate over the thermodynamic stability of the edges themselves, in 
determining the morphology of Co-promoted MoS2 supported on rutile 
TiO2(110). We have presented a candidate atomic model to fit our 
experimental findings. Ultimately, our results provide fundamental in
sights into the atomic structure and interactions between Co-promoted 
MoS2 clusters and the TiO2(110) substrate relevant for establishing 
atomic structure-activity relationships for catalysis, photochemistry, 
and electrochemistry associated with the Co-MoS2/TiO2 system. 

2. Experimental methods 

A rutile TiO2(110) single crystal was purchased from Surface Prep
aration Laboratory (SPL), Zaandam, the Netherlands. The surface of the 
TiO2(110) single crystal was cleaned with repeated cycles of sputtering 
with Ar+(1.2 keV) and annealing (~900 K) in the analysis chamber of 
the ReactorSTM set up [39] based on a recipe detailed in our previous 
work [22] until the contaminations from the polishing were below the 
detection limits of the XPS and STM. This resulted in an atomically flat 
(1 × 1) TiO2(110) surface with a slightly blue color due to the formation 
of bulk O-vacancies rendering the single crystal conducting enough to 

perform STM measurements [40]. The background pressure of the sys
tem for all the experiments mentioned in this work was of the order of 
10− 10 mbar. The sample was mounted using tungsten clamps. Tungsten 
was used as it has a distinct XPS signal which is conveniently far from 
any Mo, S, or Ti signatures. Furthermore, the vapor pressure of W is far 
too low for any significant evaporation and cross contamination of the 
single crystal. Additionally, we also expect that any volatile W oxides, if 
formed, are etched away by the ion bombardment during the cleaning 
procedure and hence, do not contaminate the sample surface. The TiO2 
samples are always found to be free of W contamination within the 
detection limits of the XPS. 

Mo and Co evaporation were carried out from an Oxford EGCO4 e- 
beam evaporator. The Mo and Co rods were purchased from Goodfellow 
and outgassed thoroughly before usage. The coverages of Mo and Co 
(reported as monolayers (ML) with respect to TiO2) were measured by 
comparing the intensities of Mo 3d and Co 2p3/2 XPS spectra to that of 
the Ti 2p spectrum after taking into account the relative sensitivity 
factors, inelastic mean free path of electrons and emission depth dis
tribution functions of TiO2 [41–43]. For all the metal evaporation pro
cedures, a counter voltage was applied on the pockets to deflect any 
metal ions produced. For preparing Mo nanoparticles alone on 
TiO2(110), Mo was evaporated with a flux of 0.02 ML/min onto a clean 
rutile TiO2(110) substrate held at room temperature to up to 0.2 ML 
coverage. For preparing bimetallic Co-Mo nanoparticles, Co was evap
orated with a flux of 0.05 ML/min to up to 0.2 ML onto a sample con
taining 0.2 ML of Mo nanoparticles supported on the rutile TiO2(110) 
substrate held at room temperature. For preparing Co nanoparticles 
alone on TiO2(110), Co was evaporated with a flux of 0.05 ML/min onto 
a clean rutile TiO2(110) substrate held at room temperature to up to 
0.14 ML coverage. 

The sample containing bimetallic Co-Mo nanoparticles supported on 
TiO2(110) was used as the precursor for sulfidation based on a low- 
temperature recipe adapted from our previous work [22]. For synthe
sizing Co-promoted MoS2 clusters, the sulfidation was carried out using 
H2S gas as the sulfiding agent. The Co-Mo nanoparticles/TiO2(110) 
precursor was heated in 1 × 10− 3 mbar of H2S to 650 K and held at that 
temperature for 45 min. Thereafter, the sample was cooled to room 
temperature in UHV. For preparing pristine MoS2 clusters as a control 
experiment, the Mo nanoparticles/TiO2(110) precursor was heated in 1 
× 10− 3 mbar of H2S to 650 K and held at that temperature for 45 min. 
Thereafter, the sample was cooled to room temperature in UHV. 

To regenerate the clean TiO2(110) surface after Mo and Co evapo
ration and subsequent sulfidation, the sample was cleaned by cycles of 
sputtering followed by annealing in oxygen (873 K, 1 × 10− 5 mbar) to 
retain the residual Mo and Co on the surface following the Ar+ ion 
bombardment. About 30 monolayers were removed before Mo, Co, and 
S were below the detection limit in the XPS. Annealing in UHV to 900 K 
to up to 10 min was performed in the last cleaning cycle to recover the 
clean (1 × 1) surface of TiO2(110). 

Scanning tunneling microscopy (STM) in the ReactorSTM set up[39] 
was performed using STM tips made by cutting Pt-Ir 90–10 wires pur
chased from Goodfellow. The scans were performed in the UHV mode of 
the ReactorSTM at room temperature. All the STM images reported in 
this work were obtained using the constant-current mode using LPM 
video-rate scanning electronics described in detail elsewhere [44–46]. 
In-house developed Camera software was used for data acquisition and 
WSxM was used for STM image processing [47]. For obtaining the height 
profiles, a correctly connected surface was obtained using the 
most-common normal filtering method. Line-by-line background sub
traction was carried out for obtaining sufficient contrast for viewing the 
surface features easily. 

The XPS measurements were carried out using a SPECS Phoibos 
laboratory system equipped with an XRM50 X-ray source set to the Al K- 
alpha line (1486.8 eV) used along with a monochromator for excitation 
at an incidence angle of 55◦. The XPS acquisition was carried out within 
the ReactorSTM set up itself without exposing the samples to air. The 
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XPS source was operated at 250 W with an acceleration voltage of 10 kV. 
The photoemission was analyzed using a HSA3500 hemispherical 
analyzer with a pass energy of 30 eV. The obtained spectra were inte
grated 20 times to obtain sufficiently high signal-to-noise ratio. The XPS 
spectra were calibrated by setting the bulk Ti 2p peak to 459.1 eV 
[48–50]. The calibration was further confirmed by checking that the Au 
4f signal of a clean Au(111) single crystal was obtained at 84 eV. The 
XPSPEAK41 software was used for peak fitting the Mo 3d, Co 2p3/2, and 
Ti 2p spectra. All the fitting was done using mixed Gaussian-Lorentzian 
(65–35) curves. Shirley background subtraction was applied, and a 
non-linear least squares method was used for converging on to the so
lutions by constraining the peak positions to within ± 0.1 eV of the 
mean literature-reported value and solving for the peak area and peak 
width. In the case of satellites, the relative intensity ratio with respect to 
the main peak obtained from the literature was used as an additional 
constraint along with the peak position. The convergence of the solution 
was checked by using different initial conditions for the main peaks. The 
peak positions used for fitting are tabulated in Table 1. 

3. Results and discussion 

To prepare the Co-promoted MoS2 clusters supported on rutile 
TiO2(110), we first prepare a Co-Mo/TiO2(110) precursor. First, Mo 
nanoparticles are grown on a clean rutile (1 × 1) TiO2(110) substrate. 
Thereafter, Co nanoparticles are deposited onto the Mo/TiO2(110) 
substrate at room temperature, as detailed in the experimental methods. 
Furthermore, a control sample containing only Co nanoparticles sup
ported on an identically processed clean TiO2(110) (without Mo) is 
prepared to gain insights into the chemistry of the Co-Mo/TiO2 
interactions. 

Fig. 1a and b show the STM image and the Mo 3d XPS spectrum of Mo 

nanoparticles supported on TiO2(110). Fig. 1a shows the presence of 
randomly nucleated Mo nanoclusters on the terraces of TiO2(110). Most 
of the nanoparticles have a measured height in the range of 2–3.5 Å, 
while a few nanoparticles in the range of 5–6 Å are also observed (for 
height line A, see SI, Fig. S1). The exact diameters of the nanoparticles 
are difficult to determine, due to tip effects from the cut Pt-Ir wires. 
There is no preference for any nucleation sites along the steps or the 
terraces given the fully random nature of the Mo nucleation. Further
more, the Mo nanoparticles consist of Mo in 4+ and less than 4+
oxidation state (denoted as MoOx with 1 < x < 2), suggesting a spon
taneous oxidation of Mo (see Fig. 1b). We also observe the near-surface 
reduction of the TiO2(110) substrate upon the deposition of Mo (See SI, 
Fig. S2). The spontaneous oxidation of Mo to Mo4+ and reduction of Ti4+

to Ti3+ is expected due to the thermodynamic favorability of this redox 
process and has been reported in the literature [51–54,68,69]. However, 
the complete oxidation of Mo to Mo4+ is kinetically limited at room 
temperature [51–54,68,69]. The results presented in Fig. 1a and 1b 
agree very well with prior reports of Mo nanoparticles synthesized on a 
TiO2 substrate [51–54,68,69]. 

Fig. 1c shows the STM image of Co nanoparticles deposited on top of 
the sample containing Mo nanoparticles supported on TiO2(110) (as in 
Fig. 1a) according to the recipe detailed in the experimental methods. 
Comparing Fig. 1c and a, we observe that the random distribution of 
nanoparticles in Fig. 1a is preserved in Fig. 1c. The nanoparticles are 
measured to be 4–5.6 Å high (For height line B in Fig. 1c, see SI, Fig. S1), 
suggesting an average increase in height of up to 2 Å upon Co deposition. 
Additionally, the Mo 3d XPS spectrum after the deposition of Co 
(Fig. 1d) shows a decrease in the Mo4+component and an increase in the 
component for Mo in the less than 4+ oxidation state. This suggests that 
the interaction between Co and Mo leads to a slight reduction of the Mo 
nanoparticles. It is therefore, evident that the Mo nanoparticles gener
ally act as pinning sites for the Co atoms. The Co 2p3/2 XPS spectrum in 
Fig. 1e shows that most of the Co is in the metallic state along with some 
Co2+ oxide. Furthermore, the Ti 2p XPS spectrum (SI, Fig. S2) for this 
sample shows an additional 2% increase in the amount of near-surface 
Ti3+, suggesting a slight further reduction of TiO2 upon the deposition 
of Co. The increase in the amount of Ti3+ upon the spontaneous 
oxidation of the Mo and Co strongly suggests a redox reaction involving 
charge transfer between the nanoparticles and the TiO2 substrate. 

As a comparison, when Co nanoparticles are grown on a freshly 
prepared TiO2(110) substrate, we observe the formation of fewer but 
larger nanoparticles without a preference for a nucleation site (see 
Fig. 1f). The Co nanoparticles thus grown, have a height of 8–9 Å (see SI, 
Fig. S1). The formation of fewer but larger nanoparticles is attributed to 
the weaker interaction of Co with TiO2 in comparison to Mo, and hence, 
a longer diffusion length [63,64,70–73]. This is because, the sponta
neous partial oxidation of Mo to Mo4+ at the cost of the reduction of Ti4+

to Ti3+ is thermodynamically favorable, whereas, the formation of Co 
oxides is less favorable than the formation of TiO2 [51,52,54,74]. Only 
the oxidation of the interfacial Co and a slight reduction of Ti4+ as a 
consequence have been reported in the literature [63]. In comparison to 
Fig. 1e, the Co 2p3/2 spectrum in Fig. 1g shows more metallic Co and less 
Co2+ oxide agreeing well with literature. The presence of more Co2+

oxide signature in Fig. 1e compared to Fig. 1g indicates that there more 
Co atoms at the interface, which agrees well with our STM observation 
that Co spreads more when Mo nanoparticles are present on the surface. 
The XPS spectra of Co 2p3/2 further demonstrate that the spontaneous 
oxidation of Co is limited to the interface only even when Mo nano
clusters are already present. 

Typically, when bimetallic nanoparticles are synthesized on reduc
ible oxide supports like TiO2(110), the more reactive metal is deposited 
first. This allows the first metal to act as the nucleation site for the 
second less reactive metal, leading to a greater spreading of the second. 
Typically, the two metals are selected such that the first metal is highly 
reactive (such as Mo, Ni, Fe, Co) while the second is a noble metal (such 
as Pt, Pd, Au, Rh) [71,75–81]. This ensures that all the nanoparticles are 

Table 1 
Table of XPS peak positions used for peak fitting.  

Component Peak 
type 

Peak position 
(eV) 

ΔBE 
(eV)* 

Reference 

Mo metal Mo 3d5/ 

2 

228 3.15 [51–59] 

MoOx Mo 3d5/ 

2 

228.7 3.15 [51–59] 

MoO2 Mo 3d5/ 

2 

229.8 3.15 [51–59] 

MoS2 Mo 3d5/ 

2 

229.2 3.15 [51–59] 

MoSx (4 coordinated 
Mo) 

Mo 3d5/ 

2 

228.3 3.15 [51–59] 

MoSx (5 coordinated 
Mo) 

Mo 3d5/ 

2 

228.8 3.15 [51–59] 

S S 2s 226.2  [58–61] 
Co metal Co 2p3/2 778.1  [62–64] 
Co metal satellite 1 Co 2p3/2 781.1  [62–64] 
Co metal satellite 2 Co 2p3/2 783.1  [62–64] 
Co2+ oxide Co 2p3/2 779.9  [62–64] 
Co2+ oxide satellite 1 Co 2p3/2 782  [62–64] 
Co2+ oxide satellite 2 Co 2p3/2 785.4  [62–64] 
Co2+ oxide satellite 3 Co 2p3/2 786.4  [62–64] 
Co sulfide (Co9S8) Co 2p3/2 777.8  [58,59, 

65–67] 
Co sulfide satellite 1 Co 2p3/2 780.8  [58,59, 

65–67] 
Co sulfide satellite 2 Co 2p3/2 782.8  [58,59, 

65–67] 
Co Co-MoS2 Co 2p3/2 778.5  [58,59, 

65–67] 
Co Co-MoS2 satellite 1 Co 2p3/2 781.5  [58,59, 

65–67] 
Co Co-MoS2 satellite 2 Co 2p3/2 783.5  [58,59, 

65–67] 
TiO2 (Ti4+) Ti 2p3/2 459.1 5.7 [48,50] 
TiOx (Ti3+) Ti 2p3/2 456.5 5.7 [48,50]  

* ΔBE(3d) = BE 3d5/2 – BE 3d3/2, ΔBE(2p) = BE 2p3/2 – BE 2p1/2. 
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bimetallic without phase separation. In our case, both Co and Mo are 
considered reactive with respect to noble metals, with Mo being reactive 
enough to partially oxidize spontaneously while Co undergoes sponta
neous oxidation of the first atomic layer at the interface only. While our 
results show that the Mo nanoparticles act as nucleation sites for Co, we 
discuss several possibilities:  

a) All the Mo nanoparticles contain Co. There is no new nucleation of 
Co nanoparticles.  

b) All the Mo nanoparticles contain Co. There is some nucleation of 
additional Co nanoparticles also. 

c) Some Mo nanoparticles do not contain Co. There is no new nucle
ation of Co nanoparticles.  

d) Some Mo nanoparticles do not contain Co. There is some nucleation 
of Co nanoparticles also. 

Given the uniform flux of Co atoms from the e-beam evaporator, we 
expect that all Mo nanoparticles are exposed to Co equally. Therefore, 
possibilities c) and d) are eliminated. In order to check whether there is 

new nucleation after Co deposition, statistical analysis of a large number 
of STM images is carried out to determine the number of nanoparticles 
per unit substrate area (see Table 2). We observe that the number den
sity of the nanoparticles per 100 nm2 substrate area is 37.82 ± 2.17 
before Co deposition and 36.70 ± 1.47 after Co deposition, suggesting 
that new nanoparticles are not formed within the limits of the particle 
detection error. Therefore, the only possibility which satisfies the 
experimental observations is that of a), that is, all Mo nanoparticles must 
contain some Co. Additionally, comparison of the signal intensity of the 
Mo 3d spectra in Fig. 1b and d shows a 14.5% decrease in the intensity of 
Mo after Co deposition. This attenuation can only be explained if the Mo 

Fig. 1. a, c, f) STM images of Mo, Co-Mo, and Co nanoparticles on TiO2(110), respectively, b, d) Mo 3d XPS spectrum of Mo and Co-Mo nanoparticles on TiO2(110), 
respectively, e, g) Co 2p3/2 XPS spectrum of Co and Co-Mo nanoparticles on TiO2(110), respectively. Measured height along the lines marked A, B and C in Fig. 1a, c 
and f are shown in SI, Fig. S1. STM images are acquired at +2.2 V, 100 pA. 

Table 2 
Statistical analysis of the number of particles after PVD of Co and Mo.   

Mo/TiO2(110) Co-Mo/TiO2(110) 

Total number of nanoparticles 36,094 46,407 
Area analyzed (nm2) 330,300 482,350 
No. of particles / 100 nm2 substrate area 37.82 ± 2.17 36.70 ± 1.47  
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nanoparticles are, in general, encapsulated by Co to some extent. 
We, however, note the striking differences in the behavior of Co in 

the presence and absence of Mo nanoparticles. Based on thermody
namics arguments alone, we do not expect the reduction of Mo and Ti to 
occur upon the deposition of Co due to the lower heat of formation of Co 

oxide in comparison to Mo4+ oxide and Ti4+ oxide [51,52,54,74]. 
However, our experiment shows that oxidation of Co is more favorable 
only when there is greater spreading of Co. Therefore, we infer that the 
spontaneous oxidation of Co at the Co nanoparticle/Mo nanoparticle 
interface alone is favorable enough to slightly reduce both Mo and Ti 

Fig. 2. a, c) STM images of Co-Mo nanoparticles on TiO2(110) after sulfidation at 650 K for 45 min under 1 × 10− 3 mbar H2S, b, d) STM images of Mo nanoparticles 
on TiO2(110) after sulfidation at 650 K for 45 min under 1 × 10− 3 mbar H2S, e) Measured height along the dashed lines marked blue and green in Fig. 4c and 
d showing the enhanced BRIM contrast of the Co-promoted MoS2 slab in comparison to an MoS2 slab, f) STM image of a Co-promoted MoS2 slab with a 3 × 1 S- 
TiO2(110) lattice drawn to scale. The dotted circles show the location of the bright edge features on the BRIM that are commensurate with the 3 × 1 lattice. All STM 
images were acquired at +2.2 V and 150 pA. 
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near the surface while the bulk oxidation of Co is not. In fact, it has been 
observed in previous studies that the addition of reactive metals like Co 
and Ni increases the reducibility of Mo oxides even though the formation 
of bulk oxides of these metals is less favorable [82–86]. This behavior 
has been linked to the strong favorability of the spontaneous oxidation, 
especially in the case of more reactive Ni than Co, at the interface only. 

We note that in the interpretation of the XPS data, binding energies 
of the components reported by studies on similar sub-monolayer 
coverage films of Mo and Co are used, whenever possible. It is well- 
known that the binding energies of nanoclusters, especially in the 
limit of a few atoms, are very size dependent. Typically, there is an in
crease in the binding energies with increase in size [87,88]. We expect 
that such size effects contribute to additional uncertainties in the XPS 
interpretation. Nevertheless, the interpretation of the measured data 
provides a lower bound for the amount of oxidation in the Co, Mo, and 
Co-Mo nanoparticles. Additionally, the density of Mo and Co-Mo 
nanoparticles mentioned in Table 2 is obtained using detection 
methods involving the significant contrast differences between Mo and 
Co-Mo and the TiO2 substrate. Due to the spreading of Mo, very small 
nanoclusters are formed, and precise identification can be difficult. To 
better understand the contrast difference with the TiO2 substrate for the 
nanoparticle detection procedure, STM images with lower Mo nano
particle coverage were used as a reference (see SI, S0). 

We select the Co-Mo/TiO2(110) precursor, thus prepared, for syn
thesizing the Co-promoted MoS2 clusters. We also reproduce the 
experiment from our previous work [22] and prepare a precursor con
taining 0.2 ML Mo nanoparticles alone on TiO2(110) as a control for the 
sulfidation process, so that insights into the effects of introducing Co can 
be gained. Fig. 2a and 2b show the large-scale STM images obtained 
after the sulfidation of the Co-Mo precursor and the control Mo pre
cursor, respectively. In both cases, irregularly shaped atomically-flat 
slabs with a bright periphery are observed to form. We identify these 
slabs as single-layer Co-promoted MoS2 clusters in the case of sulfiding 
the Co-Mo nanoparticles as in Fig. 2a and single-layer MoS2 clusters in 
the case of sulfiding Mo nanoparticles as in Fig. 2b. A typical height 
profile of a Co-promoted MoS2 nanocluster (see Fig. 2e) shows a basal 
plane thickness of 2.2–2.6 Å, which matches well with the height of 
single-layer MoS2 clusters supported on TiO2 reported in previous 
experimental works where it has been shown that sub-monolayer 
coverage of Mo nanoparticles up to ~0.4 ML form single-layer clusters 
upon sulfidation, owing to the layer-by-layer growth mode of pristine 
MoS2 on TiO2(110) [19–21]. Fig. 2a also shows the presence of very 
bright nanoparticles which are identified as those of 3D Co sulfide. 
These nanoparticles are further resolved and shown in the SI. Addi
tionally, several elongated linear structures oriented along the [110]
direction of the TiO2 substrate can be seen in Fig. 2b. These features are 
not formed upon the sulfidation of Co-Mo precursor (Fig. 2a). These 
elongated structures are identified as the “edge-on” MoSx stripes and are 
formed due to the diffusion limitations of both Mo and S, given the 
strong interaction of both Mo and S with the TiO2 substrate and a lower 
sulfidation temperature. For a discussion on the structure of these 
elongated MoSx stripes, we refer to our previous work [22]. 

Qualitative comparison of Fig. 2a and b shows that the presence of 
Co suppresses the formation of the MoSx stripes. The Co-promoted MoS2 
(Fig. 2a) and MoS2 clusters (Fig. 2b) are formed in a crowded fashion on 
the TiO2(110) terraces, indicating that the Mo diffusion length is not 
significantly affected by the presence of Co during the sulfidation 

process. The statistical analysis of the Co-promoted MoS2 and MoS2 
clusters is tabulated in Table 3. The presence of Co increases the yield of 
Co-promoted MoS2 clusters obtained from sulfidation of the Mo by 
108%, in comparison to sulfidation of the same amount of Mo nano
particles without Co. Based on this observation, we propose that the 
presence of Co enhances the transport of S atoms on the surface, thereby 
partially overcoming the diffusion limitations for the formation of 
single-layer Co-promoted MoS2. Co nanoparticles are known to undergo 
cluster diffusion in the presence of H2S by forming CoySz clusters, even 
at room temperature on metallic substrates like Au(111) [89]. A similar 
cluster diffusion mechanism could play a role on the TiO2(110) substrate 
as well, especially given the high background of H2S used. The promo
tional effect of Co on the formation of MoS2 clusters was observed to a 
coverage of up to 0.08 ML (with Mo being 0.2 ML). Traces of Co did not 
have significant effects on the formation of MoS2 clusters (see SI, S4). 

Fig. 2c and d show the zoomed-in STM images of Co-promoted MoS2 
and MoS2 clusters, respectively. Both slabs are observed to have a bright 
periphery. The bright periphery is attributed to the presence of metallic 
edge states known, by trademark, as BRIM sites [90–92]. The BRIM sites 
are the result of electronic states build up near the edges due the pres
ence of polar step edges on the Co-promoted MoS2 and MoS2 clusters 
[91,92]. The BRIM sites are visible as an increase in the measured height 
on the edges of the slabs, as the STM directly measures the local density 
of states near the surface (see Fig. 2e). Measured heights in Fig. 2e show 
that the Co-promoted MoS2 clusters have a much higher BRIM site 
contrast with respect to the basal plane in comparison to the MoS2 
clusters. We attribute the increase in the BRIM contrast of Co-promoted 
MoS2 clusters with respect to MoS2 clusters on TiO2(110) to the elec
tronic effects of Co incorporation on the edges. It is expected that sub
stitution of Mo by Co, even if partially, influences the residual 
polarization of the cluster edges and hence, the BRIM contrasts. For 
instance, on the Au(111) support, Co-promoted MoS2 clusters have a 
higher BRIM contrast as compared to pristine MoS2 clusters because Co 
incorporation into the edges of MoS2 causes an increase in the metal
licity of the edges, leading to an increase of the edge local density of 
states [10,15]. 

In Fig. 2a, c, and f, the TiO2(110)-supported Co-promoted MoS2 
clusters also have irregular shapes, indicating that the slabs have high- 
index edge terminations. In our previous work [22], we have shown 
that sulfidation with 1 × 10− 3 mbar of H2S partially sulfides the 
TiO2(110) substrate, leading to the formation of a (3 × 1) S-TiO2 
structure on to which the pristine MoS2 clusters are commensurate with, 
through edge Mo-S-Ti linkages. An identical (3 × 1) S-TiO2 structure was 
also observed in research work by other groups concerning the reaction 
of elemental S with TiO2 [60,61]. We proposed that the MoS2 clusters 
adopt an irregular shape due to the substrate interactions dominating 
the thermodynamic stability of the edges alone which would otherwise 
lead to a hexagonal cluster shape based on the 2D Wulff construction of 
an MoS2 cluster. Furthermore, these Mo-S-Ti linkage sites were observed 
to cause local enhancement of the local density of states (LDOS) at the 
BRIM sites. The Co-promoted MoS2 clusters in our experiments also have 
very bright features along the edges in addition to the BRIM, as is shown 
by the yellow circles in Fig. 2f. Using a relatively high H2S background of 
1 × 10− 3 mbar, we also find that a (3 × 1) structure forms on the 
TiO2(110) surface due to the S-O exchange. The LEED pattern of this 
structure is shown in the SI, S5. In Fig. 2f, a rectangular lattice scaled to 
the (3 × 1) S-TiO2 structure is overlaid on the Co-promoted MoS2 
clusters. Clearly, the locations of bright features at the BRIM of the 
Co-promoted MoS2 clusters match very well with the (3 × 1) S-TiO2 
lattice suggesting that the irregular cluster shapes are due to anchoring 
via the edges to the underlying sulfur atoms of the S-TiO2 structure. 
Furthermore, we also note that not all these edge features have the same 
contrast enhancement. This may be due to the presence of two types of 
edge sites, namely, Mo-S-Ti and Co-S-Ti sites, which contribute to 
different amounts of enhancement to the local LDOS at the BRIM. This 
possibility may be further investigated through density functional 

Table 3 
Analysis of Co-promoted MoS2 and MoS2 clusters in Fig. 2a and b.  

Property Co-promoted MoS2 MoS2 

Coverage (vs. TiO2) (Monolayers) 0.435 0.201 
Average size (equivalent hexagon 

radii) (nm) 
3.8 ± 1.2 [2134 
slabs] 

3.7 ± 1.6 [967 
slabs] 

Co sulfide coverage 0.084 0  
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theory (DFT)-based modeling, which is outside the scope of this exper
imental work. 

To gain chemical insights into the samples, XPS analysis is used to 
analyze the oxidation states of Co and Mo before and after the sulfida
tion. Particularly, the Co 2p3/2 and Mo 3d spectra are fit with Gaussian- 
Lorentzian curves to de-convolute the XPS signals into the components 
according to the procedure detailed in the experimental methods. As a 
first step, we sulfide a sample containing 0.14 ML Co nanoparticles alone 
on TiO2(110) at identical sulfidation conditions, in order to measure the 
signature of the Co sulfide formed. Fig. 3a shows the Co 2p3/2 spectra of 
Co sulfide. The Co 2p3/2 signature of this sulfide matches very well with 
the XPS signature of metallic Co9S8 supported on TiO2 [58,59,67]. The 

Co 2p3/2 spectrum of the sulfided Co/TiO2(110) is fit with a main 
asymmetric peak and two satellite peaks. The peak positions are tabu
lated in Table 1 in the experimental methods. 

It is known that incorporation of Co on to the edges of MoS2 results in 
a component that resembles the Co9S8 signal, but is blue shifted by 0.5 to 
0.8 eV depending on the support interactions [28,93]. After sulfidation 
of the Co-Mo precursor, the measured Co 2p3/2 signal in Fig. 3a (bottom 
spectrum) shows an overall blue shift of 0.7 eV. We de-convolute the Co 
2p3/2 XPS signature obtained after the sulfidation of the Co-Mo pre
cursor with a component for Co9S8 (main peak at 777.8 eV) and a 
component for Co on the MoS2 edges (main peak at 778.5 eV). Within 
the uncertainties of the fitting procedure, we find that up to 65.8% of the 

Fig. 3. a, b) Co 2p3/2 and Mo 3d spectra of Co-Mo and Mo nanoparticles supported on TiO2(110) after sulfidation with H2S. Co 2p3/2 spectrum of Co nanoparticles 
after sulfidation is also shown in a) for comparison, c) The difference between the Mo 3d spectra of Co-Mo nanoparticles and Mo nanoparticles after sulfidation 
with H2S. 
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Co on the surface exists on the edges of MoS2. This is in agreement with 
the STM image in Fig. 2a which shows that there is insufficient amount 
of Co9S8 nanoparticles to account for the 0.2 ML Co evaporated prior to 
sulfidation. Despite the larger diffusion length of Co in the presence of 
H2S, the large number of Mo nanoparticles and MoS2 clusters formed 
from them may act as pinning sites for the CoySz diffusing clusters during 
the growth process, resulting in a higher yield of Co-promoted MoS2. 

The Mo 3d spectra of the Co-Mo and Mo nanoparticles after sulfi
dation are shown in Fig. 3b. The measured spectra are fit with compo
nents for Mo in the clustersof MoS2, Mo in the elongated stripe phase, 
and Mo along the edges of the flat slabs along with the S 2s signature. We 
note that the Mo 3d spectra of both the Co-Mo precursor and Mo pre
cursor are very similar. Therefore, to highlight the effects of Co addition, 
we also consider the difference between the Mo 3d signals of Co-Mo 
nanoparticles and Mo nanoparticles after sulfidation (see Fig. 3c). In 
Fig. 3c, it becomes clear that addition of Co causes an increase in the Mo 
signals around 229.9 and 233.2 eV which correspond to the 3d5/2 and 
3d3/2 components of Mo4+ in the clusters of MoS2 and Co-promoted 
MoS2, while there is a decrease in the signal at 228.2 eV which corre
sponds to reduced Mo in the elongated stripe phase and coordinatively 
unsaturated Mo on the edges of the slabs. This can be explained by the 
increase in the yield of Co-promoted MoS2 clusters and the absence of 
the elongated features upon addition of Co, as well as the decreased edge 
occupancy of Mo atoms due to Co substitution, all of which are in good 
agreement with the STM results. For the corresponding Ti 2p and S 2p 

spectra, we refer to the SI, Fig. S2. 
Based on the well-agreeing STM and XPS results, we propose an 

atomic model for the Co-promoted MoS2 clusters supported on 
TiO2(110). As an example, we consider the Co-promoted MoS2 slab in 
Fig. 2f. For simplicity, we assume that all edge Mo atoms are substituted 
by Co. Given the observation from the STM images that the Co-promoted 
MoS2 clusters are oriented along the [110] direction, we propose the 
atomic model shown in Fig. 4a. A 3D rendered STM image of this slab is 
shown in Fig. 4b. According to this atomic model, one pair of opposite 
sides of the Co-promoted MoS2 slab are oriented along the [110] direc
tion of the (3 × 1) S-TiO2 structure while the remaining edges demon
strate higher-index terminations. The Mo atoms (violet) along the edges 
and corners are also substituted by Co, shown in blue. The terminating S 
edge atoms of the lower basal plane, shown in green, are proposed to 
interact through direct bonding to the (3 × 1) S-TiO2 structure. The 
other S edge atoms may interact with the 4- and 5-fold coordinated Ti 
atoms on the surface. According to this model, twice the S-S distance in a 
Co-promoted MoS2 slab matches closely with the distance between the 
Ti rows of the (3 × 1) S-TiO2 structure (6.24 Å), thus allowing for 
maximum edge S-substrate Ti interactions. As a final comparison, Fig. 4a 
and 4b are overlaid in Fig. 4c to demonstrate a one-to-one match be
tween the location of the Co-S-Ti sites and the bright BRIM features of 
the Co-promoted MoS2 slab. 

We note that an assumption of 100% edge substitution by Co is made 
in our atomic model for simplicity. Based on the STM images presented 

Fig. 4. a) Atomic model of the Co-promoted MoS2 slab on TiO2(110), b) 3D rendered STM image of Co-promoted MoS2 slab from Fig. 2f, c) Fig. 4b overlayed on top 
of Fig. 4a to show the match between corner sites and the brightest edge features in the STM image. The dotted circles highlight the location of the Co-S-Ti linkages in 
the model. 
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in this work, presence of both Mo and Co on the edges is very likely. 
Additionally, Co doping of the MoS2 (without any ion bombardment) 
typically occurs via the edge substitution of Mo by Co, due to the ther
modynamic stability of this location of Co [11]. To experimentally 
determine the precise location and configuration of the Co, atomic res
olution, dI/dV spectroscopy, and supporting DFT calculations are 
necessary. Unfortunately, due to instrumental challenges, dI/dV spec
troscopy is not possible on the ReactorSTM at the time of this work. 
Atomic resolution of the edges with the low-temperature synthesis is 
difficult to obtain due to the large number of diffusing sulfur species still 
remaining on the surface. To obtain better resolution, one may anneal 
the sample to ~900 K to desorb any excess sulfur, but this will cause 
irreversible morphological changes to the surface, such as sintering of 
the Co-MoS2 clusters. DFT calculations involving large atomic models 
with a few thousand atoms taking into account irregular slabs of 
Co-MoS2 including the TiO2 surface with the (3 × 1)-S structure, such as 
the candidate atomic model presented in this work, are necessary in the 
future to better understand the state of Co on the edges of the Co-MoS2 
nanoclusters and the interaction with the S-TiO2 support. 

4. Conclusions 

We have imaged and analyzed Co-promoted MoS2 clusters supported 
on a model metal oxide rutile TiO2(110) substrate using STM and XPS. 
The Co-promoted MoS2 clusters were synthesized by sulfiding a Co-Mo 
bimetallic nanoparticle supported on TiO2(110) using H2S gas at a 
temperature of 650 K. The Co-promoted MoS2 clusters are compared 
with pristine MoS2 clusters synthesized by an identical procedure. Our 
STM and XPS results show that the presence of Co during the sulfidation 
process enhances the yield of Co-promoted MoS2 clusters by increasing 
the diffusion of S atoms while limiting the formation of other Mo sulfide 
structures formed due to the diffusion limitations of Mo and S without 
Co. The Co-promoted MoS2 clusters contain sites along the edges which 
appear bright in the STM images and are commensurate with a (3 × 1) S- 
TiO2 structure. These sites are interpreted as locations of both Mo-S-Ti 
and Co-S-Ti linkages, as such strong interactions with the substrate 
can further explain the local enhancement of the LDOS at the edges and 
the irregular shapes of the Co-promoted MoS2 clusters. We present a 
candidate atomic model based on our findings for possible future 
theoretical modeling. In summary, we provide atomic-level insights into 
the 2D material-metal oxide support interactions which are very useful 
for obtaining a fundamental understanding of the physical and chemical 
properties of this system that are useful for a wide range of applications 
in catalysis and energy storage and harvesting. 
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