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Molybdenum dichalcogenides (MoS,, MoSe,, MoTe;)
have attracted significant attention because of their pri-
mary importance as catalysts [1-3] and photovoltaic
materials [4—6]. These materials have a hexagonal
closed packed (hcp) structure that results from the
stacking of weakly bonded X-Mo-X layers (X = S,
Se, Te) and gives rise to highly anisotropic proper-
ties [7]. Of these, molybdenum disulfide (MoS,) has
been widely studied primarily due to its relevance as a
hydrotreating catalyst to remove sulfur- and nitrogen-
containing compounds from various oil fractions. The
large basal plane (0001) of MoS; is relatively catalyti-
cally inactive, while the edge planes (S-edge, 1010; Mo-
edge, 1010) are generally accepted to be the active sites
due to the presence of coordinatively unsaturated (cus)
Mo (or promoter) sites. The MoS,(0001) surface has
been shown to be catalytically inactive toward thio-
phene [8]; however, additional studies with ethanethiol
have indicated slight reactivity suggesting the pres-
ence of cus sites on the freshly cleaved basal surface.
Wiegenstein and Schulz [9] demonstrated the density of
cus Mo sites can be increased using ion bombardment,
thereby increasing the reactivity of methanethiol. Their
XPS measurements of MoS,(0001) indicated that the
Mo 3d peaks of a (0001) surface are consistent with
Mo(IV), and no significant change in binding energy
or intensity was observed after annealing to 573 K.
However, following ion bombardment the Mo 3d peaks
shifted to a higher binding energy consistent with a
concentration of additional Mo oxidation states on the
defective basal surface. Consequently, the MoS,(0001)
surface can be made reactive using controlled ion bom-
bardment to increase the density of cus sites.

In addition to the widespread application in the pho-
tovoltaic industry, MoSe, may also have the potential
to be used as a nanostructured hydrotreating catalyst.
For example, the mechanism of C—N bond cleav-
age in the hydrodenitrogenation (HDN) of aliphatic
nitrogen-containing molecules has been suggested to
be Hofmann-type elimination or nucleophilic substi-
tution [10-14]. Both of these mechanisms require a
pair of sites: an acid site to react with the nitrogen-
molecule through the nitrogen atom, making the amine
group ready to leave from the molecule; and a ba-
sic site to abstract the B-hydrogen in the elimination
mechanism, or a nucleophile to attack the «-carbon in
the nucleophilic substitution mechanism. It has been
previously suggested that on a promoted (Ni) edge of
MoS; (1010), the uncovered promoter atoms can ac-
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commodate the nitrogen-containing molecules as ad-
sorption sites (Lewis acid sites) and the neighboring
sulfur atoms can be the basic sites or the nucleophile
[15]. Consequently, a favorable approach to increasing
the reactivity is to increase the nucleophilic strength of
the active site to promote the nucleophilic substitution
mechanism. Comparing the nucleophilities of several
compounds, RSe™ > RS™ > R,NH > NH;3; > H,O0,
selenium is the strongest nucleophile [10]. Therefore,
promoted molybdenum diselenides are ideal materials
for highly active and selective hydrodenitrogenation
catalysts.

The objective of the present study is to present and
interpret X-ray photoelectron spectroscopy (XPS) data
of MoSe;(0001) and ion-sputtered MoSe,(0001) to de-
duce the surface chemistry of well-defined and defec-
tive surfaces. This characterization information will not
only fill the current information gap, but also provide
an indication whether MoSe, may be a potential candi-
date as a hydrotreating catalyst. Molybdenum selenide
(0001) single crystals were obtained from Matek GmbH
(Jiilich, Germany) and used as received. X-ray photo-
electron spectroscopic analysis was performed using
a Kratos Axis 165 spectrometer with monochromatic
Al Ko radiation. Survey (wide) spectra were collected
from O to 1100 eV with a pass energy of 160 eV, step
size of 0.33 eV, and a dwell time of 0.031 s (single
scan), and high-resolution (narrow) spectra over the
Mo 3d (224-238 eV), Se 3d (48-60 eV), and C 1s
(279-289 eV) regions were acquired with a pass en-
ergy of 20 eV and a dwell time of 0.4 s (average of
two scans). Argon ion sputtering was performed with
a Kratos Mini Beam III operating at 3 kV with a sys-
tem backpressure of 5.5 x 10~% Torr for duration of
90 s. Peak deconvolutions of the high-resolution scans
and atomic concentrations were calculated using the al-
gorithm and sensitivity factors contained in the Kratos
Vision?2 software. Shirley-type background subtraction
was performed and the high-resolution photoemission
features were fitted with 70/30 Gaussian—Lorentzian
peaks using a systematic approach.

Survey spectra of MoSe,(0001) and ion-sputtered
MoSe; are shown in Figs 1 and 2, respectively, and
the relative atomic concentrations of the elements are
presented in Table 1. The spectra show intense Mo 3p,
Mo 3d, Se 3p and Se 3d photoemission features, in ad-
dition to Se LMM Auger peaks. Based on the integrated
Mo 3d (RSF = 3.321) and Se 3d (RSF = 0.853) peak
areas the Se/Mo ratio is 1.93, which is slightly less
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Figure 1 Survey (wide scan) X-ray photoelectron spectrum of
MoSe;(0001), as received.
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Figure 2 Survey (wide scan) X-ray photoelectron spectrum of ion-
sputtered (90 s) of MoSe;.

than the stoichiometric value of 2 suggesting a small
quantity of surface defects (cus sites). The spectrum of
MoSe;,(0001) also indicates minor quantities of surface
carbon (66.9 atom %) and oxygen (1.1 atom %). Sele-
nium is preferentially removed from the surface after
ion sputtering for 90 seconds giving rise to strong Mo
photoemission features, as evidenced in Fig. 2. Addi-
tionally, the oxygen is completely removed and the car-
bon is slightly reduced (63.2 atom%) upon ion sputter-
ing. The ratio of Se/Mo decreased to 1.07 indicating the
stabilized stoichiometry is MoSe o7, which is in excel-
lent agreement with a previous time resolved ion sput-
tering study of metal dichalcogenide compounds [16].

High-resolution analysis was performed over the
Mo3d and Se 3d photoemission features to determine
values for the relative binding energies, as summarized
in Table I. The corrected binding energies presented in
parentheses in Table I are calculated referencing the
C 1s photoemission feature. High-resolution spectra
of the C 1s features (not shown) indicate a chemical
shift of +0.4 eV for MoSe,(0001) and —0.8 eV for
ion-sputtered MoSe,, assuming an adventitious C 1s

2680

TABLE I Summary of spectral features

Binding energy FWHM Conc.
Element/transition (eV)? (eV) (atom %)P
MoSe,(0001)
Mo 3ds)2 229.3 (228.9) 0.49 10.9
Mo 3d3/> 232.4 (232.0) 0.71
Se 3ds)2 54.9 (54.5) 0.49 21.1
Se 3d3)» 55.7(55.3) 0.56
Cls 285.4 (285.0) 1.27 66.9
Ols 531.9 (531.5) 1.57 1.1
Ion sputtered MoSe;
Mo 3ds)2 227.9 (228.7) 0.52 17.8
Mo 3ds/» 228.5(229.3) 0.60¢
Mo 3ds/o» 229.0 (229.8) 0.60°
Mo 3d3/2 231.1(231.9) 0.81
Mo 3d3/» 231.9 (232.7) 0.60°
Mo 3d3 5~ 232.3 (233.1) 0.60¢
Se 3d 54.7 (55.5) 1.43 19.0
Cls 284.2 (285.0) 3.38 63.2

2 The values in parentheses are corrected binding energies assuming the C
1s photoemission band corresponds to adventitious carbon at 285.0 eV.
b Atomic concentrations were quantified from the survey spectra.

¢ The FWHM for the peaks was constrained to 0.6 eV during peak fitting.

photoemission band at 285.0 eV [17]. The observed
charging effects are the result of electron loss from the
surface by emission or electron gain by conduction or
acquisition of slow or thermal electrons from the vac-
uum space. The high-resolution spectra of the Mo 3d
features for MoSe,(0001) and ion-sputtered MoSe, are
shown in Fig. 3a and b, respectively. The spectrum of
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Figure 3 High-resolution (narrow scan) X-ray photoelectron spectra
with peak deconvolutions of the Mo 3d binding energy region for: (a)
MoSe»(0001) and (b) ion-sputtered MoSe;. The binding energy scale is
not corrected for observed charging effects.



MoSe,(0001) shows the Mo 3ds/» and Mo 3d3,» pho-
toemission features with uncorrected binding energies
of 229.3 and 232.4 eV, respectively, which is consis-
tent with a Mo(IV) oxidation character after charge
correcting [17, 18]. The region between the Mo 3d3,,
and Mo 3ds/, also suggests the presence of the Se
3s photoemission band (ca. 230.5 eV) [19]; however
no attempt was made to fit this feature. Ion sputtered
MoSe, Mo 3d features are considerably broader indi-
cating additional molybdenum surface oxidation states
at higher binding energy. The individual Mo 3ds,, and
Mo 3d3/, photoemission features were fit with three
peaks, and the positions of these features are presented
in Table I. The Mo 3ds,, binding energy ranged from
227.9 to 229 eV and the Mo 3ds3,, binding energy
ranged from 231.9 to 232.3 eV (uncorrected), indi-
cating Mo(IV), Mo(V), and Mo(VI) surface oxidation
states. This is in agreement with previous XPS obser-
vations of Mo surface chemistry of MoS,(0001) and
ion bombarded MoS; [9]. The high-resolution spectra
of Se 3d for MoSe,(0001) and ion-sputtered MoSe,
are shown in Fig. 4a and b, respectively. The spectrum
of MoSe;»(0001) clearly indicates the Se 3ds,, and Se
3d3,» photoemission features with binding energies of
54.9 and 55.7 eV (uncorrected), respectively, Follow-
ing ion bombardment, the Se 3d peak is significantly
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Figure 4 High-resolution (narrow scan) X-ray photoelectron spectra
with peak deconvolutions of the Se 3d binding energy region for: (a)
MoSe,(0001) and (b) ion-sputtered MoSe,. The binding energy scale is
not corrected for observed charging effects.

broadened over a range of 5 eV to include both the Se
3ds» and Se 3d3,, photoemission features. Due to the
apparent lack of distinguishable peaks, the peak fitting
procedure produced subjective results which are not
presented for additional discussion. It should be noted
the Se 3d corrected binding energies are in excellent
agreement with reference values [17].

The XPS analysis in this report provides definitive
information on the surface chemistry of MoSe,(0001),
and the effects of ion sputtering on the preferential re-
moval of selenium and the subsequent change in com-
position and surface chemistry. It is also apparent that
MoSe,(0001) is susceptible to defect site formation
through ex situ sample handling, or exposure to irra-
diation or UHV conditions. An acute knowledge of the
relative surface chemistry and stability of MoSe, will
support the development of nanocrystalline MoSe, for
increased utilization in the photovoltaic industry and
further the development of selenium-based heteroge-
neous catalysts.
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