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In the field of hydrogen production, MoS, demonstrates good catalytic properties for the hydrogen evol-
ution reaction (HER) which improve when doped with metal cations. However, while the role of sulfur
atoms as active sites in the HER is largely reported, the role of metal atoms (i.e. molybdenum or the
dopant cations) has yet to be studied in depth. To understand the role of the metal dopant, we study
MoS; thin films doped with Co and Mn ions. We identify the contribution of the electronic bands of the
Mn and Co dopants to the integral valence band of the material using in situ resonant photoemission
measurements. We demonstrate that Mn and Co dopants act differently: Mn doping favors the shift of the
S—Mo hybridized band towards the Fermi level, while in the case of Co doping it is the less hybridized Co
band that shifts closer to the Fermi level. Doping with Mn increases the effectiveness of S as the active
site, thus improving the HER, while doping with Co introduces the metallic site of Co as the active site,
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which is less effective in improving HER properties. We therefore clarify the role of the dopant cation in
the electronic structure determining the active site for hydrogen adsorption/desorption. Our results pave
the way for the design of efficient materials for hydrogen production via the doping route, which can be

rsc.li/nanoscale extended to different catalytic reactions in the field of energy applications.

The HER is a two-electron exchange reaction mechanism in
acidic media expressed by the following equation:

Introduction

Green hydrogen is emerging as one of the most viable clean
energy sources to decarbonize our daily lives, industry and
transportation. Thanks to the rapid growth of renewable
energy sources, green hydrogen can be produced by water split-
ting electrolysis powered by energy obtained from clean energy
sources that are intermittent or far from places of greatest
demand. The water splitting reaction 2H,O < 2H, + O,
involves two half-reactions, namely the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER).

2H' +2e” — H,.

This reaction is believed to involve the following three poss-
ible reaction steps:

H" +e” — Hyy (Volmer step)

Hag +H" + e~ — H, (Heyrovsky step)

2H,q — H, (Tafel step).

Hydrogen production occurs through either the Volmer-
Heyrovsky or Volmer-Tafel mechanism." In both combi-
nations, the HER proceeds through hydrogen atoms adsorbed
at the electrode surface, H,q4, and final desorption of the hydro-
gen molecule. As a consequence, the free energy of hydrogen
adsorption/desorption is the main factor affecting the overall
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reaction rate. A relevant parameter to describe the HER per-
formances can therefore be considered the adsorption free
energy of H atoms (AGy;). It should be close to zero, binding
hydrogen neither too weakly nor too strongly.

Many materials have been explored to find efficient cata-
lysts for the water splitting reaction. Among them, transition
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metal dichalcogenides have been largely investigated to
replace costly Pt-based catalysts in the HER, but there is still a
huge gap of performances between the functionality of these
materials and noble-metal-based electrocatalysts.”™ In recent
years, there has been renewed interest in MoS,, a material long
studied in the past for its applications as a dry lubricant and
hydrodesulfurization catalyst. More recently, MoS, aroused a
lot of interest for its multiple applications in (opto)electronics,
energy storage and catalysis, in particular as a catalyst for the
HER.® Interestingly, the first electrochemical studies demon-
strated that MoS, in the form of a perfect crystal is not an
active HER catalyst, but it can significantly improve the HER
activity when nanostructured, because it can expose different
types of active sites.” Indeed, because of its particular crystal
structure, 2H-MoS, can have in-plane or edge sites exposed to
the surface. The in-plane S sites are thermodynamically
favored, but the active sites for HER are considered the edge S
sites.” In order to improve the catalytic capabilities, different
strategies are employed to increase the number of catalytic
sites or enhance the activity of these sites.*® However, while
maximizing the number of edge sites, the performances
remain not satisfactory, the per-site activity being 50-100
times lower than that of Pt.'® Therefore, it becomes necessary
to find a way to trigger the catalytic activity of the in-plane S
atoms of MoS,. Among the different approaches, dopants were
successfully exploited."*

Theoretical and experimental works, reported in the litera-
ture, demonstrated that metal dopants in MoS, can decrease
the electron occupation on the S atom to offset the mismatch
between the H 1s orbital and the S 3p orbital for enhancing
the H-S bonding strength and thus the H adsorption and HER
activity.'* Therefore, the catalytic activity of MoS, can be
efficiently triggered by metal atom doping.*?

Avolcano curve was reported for the HER exchange current
with different AGy; values, which was further experimentally
confirmed for some dopants. The metal atoms on the right
side of the volcano curve (e.g. V, Ti, Fe, Mn, Cr, etc.) are con-
sidered bonded with six S atoms, and a lower activity is due to
their weak binding ability with H that limits the adsorption of
hydrogen, while the atoms on the left side of the volcano curve
(e.g. Ag, Pd, Co, Ni, etc.) are considered bonded with only four
S atoms, leaving the other two S atoms unsaturated. They have
lower activity because the unsaturated S atoms neighboring
the dopant give rise to a strong binding ability with H which
limits the desorption of hydrogen. Pt-doped MoS, was on the
top of the volcano plot, confirming a high HER activity in the
case of this dopant. Nevertheless, due to the high cost and
scarcity of Pt, different inexpensive and Earth-abundant cata-
lysts are required. Therefore, we decided to experimentally
explore two different dopant cations among the most abun-
dant transition metals, i.e. Mn and Co, one on right and the
other on the left side of the above described volcano curve.

However, in addition to the sulfur atoms, the role of molyb-
denum as an active site in the mechanism of hydrogen gene-
ration has been also demonstrated by theoretical calcu-
lations." Indeed, it was reported that the lowest reaction
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barrier in the HER is always obtained when the hydrogen atom
is first bonded to molybdenum.

Based on the assumption that metal ions play a fundamen-
tal role in the HER, the role of Co doping was studied in MoS,
and it was demonstrated that the Co dopant atoms act as
active sites enhancing the catalytic response of MoS,."> It was
reported that water is dissociated on the metal ion. So,
although water dissociation is kinetically facile on Mo, the
interaction between Mo and OH™ is stronger than on the Co
site. Therefore, in the Volmer step of the HER, the Mo*" sites
are less active than the Co®" sites. Accordingly, in our work, we
focus on Mn- and Co-doped MoS, materials to understand the
role of dopant ions as active sites from the point of view of
electronic structure and correlate them with HER properties.

To address these issues, we have grown doped and
undoped MoS, in the form of polycrystalline thin films by
pulsed-laser deposition (PLD), a versatile deposition technique
that can be efficiently employed to explore different doping
cations and concentrations. It has been reported that the
strong anchoring interaction between MoS, catalysts and the
substrate during the laser ablation process allows good HER
stability and electrochemical properties, demonstrating that
PLD is a very promising technique for the growth of films for
electrocatalysis.®

We used the multipurpose PLD facility directly connected
to the distribution chamber of the APE beamline to produce and
characterize in situ undoped 2H-MoS, films and doped with Co
(Co-MoS,) and Mn (Mn-MoS,) grown on an Nb:SrTiO; (NbSTO)
substrate.'”” The in situ transfer technology offered by the
NFFA-Trieste allowed measurements by surface sensitive X-ray
photoemission (XPS) and X-ray absorption (XAS) techniques
avoiding any surface contamination that may affect the sample
properties. In this study, we performed resonant photoemission
spectroscopy (RESPES) with photon energies across the Mn and
Co absorption L-edges, and the Mo M-edge, to study the elec-
tronic occupation close to the Fermi level. RESPES measurements
allow us to highlight the spectral weight of each specific metal
ion in the valence band of undoped and doped MoS,, which
otherwise is very difficult to detect.

We obtained direct experimental evidence of the actual con-
tribution of the Co and Mn electronic bands, which modifies
the efficacy of the metal active sites for the HER process. The
two contributions act differently on the adsorption/desorption
properties of H atoms which can explain why Mn-MoS, is a
better catalyst than Co-MoS, for HER, as demonstrated by
electrochemical measurements. These findings can be extre-
mely useful for engineering by metal doping the type of active
site in the surface reaction processes.

Results and discussion

Structural and morphological characterization studies of
undoped and doped MoS, samples with 5-6% Mn (Mn-MoS,)
and 5-7% Co (Co-MoS;,) films are shown in Fig. 1. Raman
spectroscopy measurements in Fig. 1(a) are reported on two

This journal is © The Royal Society of Chemistry 2024
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(@) Raman spectra of two undoped MoS, samples with different thicknesses compared with a reference sample of 1ML (0.65 nm) thickness

grown by chemical vapour deposition. (b) HRTEM image of an undoped 2 nm thick MoS, film. (c) Topographies and CPD maps for undoped and
doped 2 nm thick MoS; films. (d) Reflectivity measurements of undoped MoS, samples with different thicknesses. (e) Work function values for the

same samples as in (c) obtained from the CPD maps.

samples grown by the PLD technique on an Al,O; substrate to
avoid a broad background that would otherwise occur in the
case of the NbSTO substrate (Fig. S1 of the ESIT). The samples
grown by PLD were compared with a 1ML (monolayer) refer-
ence sample grown by chemical vapour deposition (CVD) after
aligning the A, peak position of the Al,O; substrate, as high-
lighted by the straight black line. The E%g and A, peaks corres-
pond to the typical vibration modes of 2H-MoS,, in particular
to the in-plane vibration of Mo and S atoms and to the out-of-
plane vibration of S atoms, respectively.'® The dashed lines
show how the Raman shift Ak(A;q — Eég) depends on the thick-
ness of the samples. In fact, as reported in the literature, E%g
and A, peaks shift to lower and higher frequencies, respect-
ively, with changing the thickness. While the A, peak shift is
in agreement with the strengthening of interlayer forces
induced by the van der Waals interactions with stacking, the
E;g peak shift has been explained in terms of additional cou-
lombic interlayer interactions."® These opposite shifts can be
used to determine the layer thickness of MoS,, thus allowing
us a further calibration of the growth rate.*® The width of the
Eég peak is influenced by the crystal quality. A Lorentzian
fitting gives the full width at half maximum (FWHM) of the
E;, peak at 9.1 cm™" and 7.6 cm™" for the 2.8 nm and 1 nm
thick films, respectively. These values are quite larger than the
E;g FWHM of the CVD grown monolayer, which is 3.9 ecm™,
close to the exfoliated monolayer reported in the literature.>
The FWHM values are a consequence of the polycrystalline
nature of the PLD grown samples. This is confirmed by the
high-resolution transmission electron microscopy (HRTEM)

This journal is © The Royal Society of Chemistry 2024

image of the undoped MoS, film, 2 nm thick, as shown in
Fig. 1(b). It can be observed that the sample is polycrystalline,
with a lattice spacing of 0.27 nm corresponding to the (100)
crystal plane of 2H-MoS,.>"*> Measurements performed on
both the Co- and Mn-doped samples shown in Fig. S2 of the
ESIt give similar results. X-ray diffraction measurements
(XRD) always show the presence of multiple diffraction peaks,
as in the case of undoped MoS, reported in Fig. S3,T thus con-
firming the polycrystalline nature of the films inferred by TEM
investigations. Nevertheless, the polycrystalline nature allows
the exposure of different types of unsaturated Mo (Mn, Co)
and/or S atoms to the surface which can act as active sites and
contribute to improve the HER catalytic properties. In order to
evaluate possible structural differences among the films, the
most intense XRD peak (namely 002) was investigated for all of
the films (Fig. S4t1). With respect to the undoped MosS,
sample, both Mn-MoS, and Co-MoS, films show an increase in
the lattice parameter as demonstrated by the shift to a lower
angle of the (002)-diffraction peak (larger in the Mn-doped
films with respect to the Co-doped films, respectively). Since
both Co>* and Mn”>" ionic radii are larger than Mo*", the enlar-
gement of the lattice parameter of doped films demonstrates
the substitution of the Mn and Co dopant cations in the Mo
ionic site. Atomic Force Microscopy (AFM) measurements on
the doped and undoped MoS, films 2 nm thick are reported in
Fig. 1(c). They show very smooth surfaces, in agreement with
the large number of oscillations observed in reflectivity
measurements in Fig. 1(d). The root-mean-square roughness
obtained from AFM measurements is ~0.25 nm for undoped
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MoS,, 0.16 for 5% Mn-MoS, and 0.16 for 5% Co-MoS,. The
surface maps of the contact potential difference (CPD) indicate
that the sample surfaces are also quite homogeneous, thus
demonstrating that the composition is uniform over the entire
surface. Some different CPD contrasts indicating a slightly
different work function (WF) can be observed on the scale of
1 pm (see Fig. S8 of the ESIT). WF values by Kelvin Probe Force
Microscopy (KPFM) in Fig. 1(e) show very similar values for all
the samples, which are reasonable values for 2 nm MoS, poly-
crystalline samples.”?

The functionalities of the undoped MoS, and doped Co-
MoS, and Mn-MoS, samples have been investigated by electro-
chemical measurements. Fig. 2 shows the results of the HER
and electrochemical impedance spectroscopy (EIS) in an acidic
medium on 20 nm thick samples. The linear sweep voltammo-
grams (LSV), that is the current density as a function of poten-
tial, are reported in panel (a). These polarization curves are
corrected by the potential drop iR.

Two relevant parameters to compare catalysts against are
the onset potential (potential with current density > 1 mA
cm™?) and the overpotential 77, (the potential at which current
density increases over 10 mA cm™?). It can be observed that
the onset potential and 7,, for the undoped MoS, sample
(blue curve) are about —0.3 V and —0.36 V, respectively. The
doping of MoS, films slightly decreases the onset potential to
—0.28 V and 74, to about —0.35 V in the case of Co doping
(orange curve) but, more consistently, in the case of Mn
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doping (green curve) to —0.23 V and —0.31 V for the onset
potential and 7,0, respectively. Therefore, the sample with Mn
doping needs a lower potential to start the HER process
(onset) and a lower potential is required to reach an operating
current density (overpotential #,,). To compare the catalytic
activity of the three samples, we also calculated their mass
activity as shown in Fig. S10,T which is obtained by normaliza-
tion of the current density to the mass of the samples.> It can
be noticed that its behavior is similar to that in Fig. 2(a). In
Fig. 2(b) are reported the Tafel plots, whose slope is very useful
to evaluate the HER performance. An electrocatalytic material
with a smaller value of Tafel slope is considered as a better
electrocatalyst because it increases hydrogen generation with a
higher rate with an increase in the potential. A broad range of
Tafel slopes has been reported in the literature for MoS,.>> A
value close to 120 mV dec ™" indicates that the Volmer reaction
is the rate-limiting step, while a value close to 40 or 30 mV
dec™ indicates that the Heyrovsky or Tafel reaction is the rate-
limiting step.>® In our case, the slope values are quite in the
middle of those discriminating values, making it difficult to
identify the rate-limiting step. The Tafel slope of the three
samples is not much different, being about 81 mV dec™" for
the undoped MoS,, 80 mV dec™? for Co-MoS, and 79 mV dec™*
for Mn-MoS,. These results indicate that the rate-limiting
process is the same for both the undoped and doped films.
However, the intercept with zero overpotential gives the
exchange current density J,, which is a parameter indicating

(b)
Tafel plot
0.36}
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b 80 mV/dec o MoS
o
S o024} 2
Co-MoS2
018} 79 mV/dec @ Mn-Mos,
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(a) LSV measurements corrected by the potential drop iR. The arrows indicate the onset potential and the overpotential. (b) Tafel plots

together with the fit with the Tafel equation. (c) EIS measurements together with the fit (continuous black line) obtained using the circuit elements
shown in the inset: Ry is the contact resistance, CPE1 is the constant phase element and Ry (or R.) is the charge transfer resistance. (d) Current
density variation Aj at different scan rates from cyclic voltammetry measurements performed at 0.38 V.
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how fast is the electron transfer during the HER. From the be-
havior in Fig. 2(b), J, values are 3.27 x 10™%, 4.41 x 10™* and
1.23 x 10~ mA cm™? for MoS,, Co-MoS, and Mn-MoS,,
respectively, being the highest for Mn-MoS,. The working elec-
trode kinetics at the electrode-electrolyte interface during the
HER operation was investigated using EIS. The whole set of
measurements is reported in Fig. S11.t Fig. 2(c) shows Nyquist
(Re(2) versus Im(Z)) plots for the undoped and doped MoS,
films, together with the fit performed with the equivalent
circuit model shown in the inset. The results obtained for the
circuit elements are reported in Table S1.f A better HER active
material corresponds to a semicircle with a smaller radius in
the Nyquist plot, because it indicates a smaller charge transfer
resistance (R.) and fast transfer of electrons during the HER
process.”” It can be observed that Mn-MoS, forms the lowest
semicircle, despite very similar to Co-MoS,. In addition, the
uncompensated resistance Ry, which corresponds to the ima-
ginary part equal to zero at high frequency (i.e. when the
capacitance is zero) primarily comes from electrical conduc-
tivity. We can observe that it is the smallest for Co-MoS,,
although very close to the one of Mn-MoS,. The performances
of our samples as electrocatalysts in HER were also evaluated
by the current density variation Aj at different scan rates
obtained by a typical Cyclic Voltammetry (CV) method, which
is related to the electrochemical active area. All the CV curves
recorded at different scan rates for each sample are reported in
Fig. S12.7 The results of Aj at 0.38 V vs. the reversible hydrogen
electrode (RHE) at different scan rates are reported in Fig. 2(d).
From the linear fit, we extracted the double-layer capacitance
(Ca1) which is proportional to the number of active sites. It can
be observed that the Cg of Mn-MoS, (1.94 x 10™" mF cm™?) is
almost twice that of undoped MoS, (5.49 x 107> mF cm™?),
while the Cg4; of Co-MoS, is nearly placed in the middle (8.84 x
107> mF cm?). A larger Cq; corresponds to a higher amount of
available active sites for hydrogen adsorption/desorption and
hence a larger hydrogen generation. The specific active surface
was calculated by multiplying the geometrical surface with the
electrochemical surface area (ECSA), namely Cgq,/Cs, where C;
is a reference flat surface which we assume to be 66.7 uF cm™>
according to the literature.”®° The results are reported in
Table S1 of the ESL.{ The behavior of the specific active surface
is similar to that of the Cg values. From all these data
together, we can infer that in Mn-MoS, a higher number of
active sites is available, followed by Co-MoS, and the undoped
MoS, has the lowest number of active sites. Finally, the stabi-
lity tests in Fig. S131 show that all the undoped and doped
samples are stable with no decay after 500 CV cycles. In
Table S1f are summarized the HER and EIS results. As a
general picture, we can conclude that the electrical conduc-
tivity and the ability of exchange electrons, which are funda-
mental for the HER, are slightly better in the case of Co
doping. However, from the point of view of catalytically active
sites, an overall improvement is observed for the Mn-doped
sample, showing a better electrocatalytic surface area with
more efficient active sites which allow a lower potential to start
the HER process and to reach an operating current density.

This journal is © The Royal Society of Chemistry 2024
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The chemical state of the samples was determined by XPS.
In Fig. 3 we report, as a representative case, the Mo 3d, S 2p,
Mn 2p and Co 2p core level spectra of undoped MoS, and
doped Mn-MoS, and Co-MoS,. The Mo 3d and S 2p spectra
have the typical shape of 2H-MoS,. Details on the fitting pro-
cedure are reported in the ESL{ A careful analysis reveals
important characteristics for understanding the doping effect
on the functionality. A slight shift towards lower binding
energy (BE) in the Mo 3d and S 2p core levels is present with
Mn and Co doping (Fig. 3(a) and (b)). The lower valence of the
dopant ions, together with the local octahedral distortions,
determines those shifts. Indeed, the Mn 2p and Co 2p core
level spectra (Fig. 3(c)) show the prevalent Mn®" and Co>*
valence states. This valence state is demonstrated by the pres-
ence of satellites arising at the higher BE with respect to the
main peaks. These, in turn, are a mixing of different valence
state contributions and they are here fitted considering the
non-local and local screening effects, labelled as A and B,
respectively, in Fig. 3(c).>** The Mn** and Co** valence states
are confirmed from the XAS measurements reported in Fig. 5
and 6, respectively.

Other interesting characteristics that emerge from the core
level spectra in Fig. 3 when MoS, is doped are the decrease of
the higher BE additional components in Mo 3d and the
increase of the asymmetry of S 2p, which can be again ascribed
to higher BE additional components. However, they have an
opposite trend, i.e. in Mo 3d they decrease and in S 2p they
increase with doping. This is a result of two correlated effects:
(i) the formation of sulfur vacancies and (ii) the steric effects
related to the dopant ion dimensions. (i) As for sulfur
vacancies, from the compositional analysis we observed that
the S concentration decreases with both Mn and Co doping, as
shown in ESI Fig. S14.1 Therefore, we can deduce that the sub-
stitution of Mo*" with a lower valence cation Mn>* or Co**
induces a vacancy concentration increase with doping in order
to partially compensate the charge unbalance. (ii) As for the
steric effects, since the larger Mn** and Co”" replace the Mo
ions, they push sulfur ions away. Dopant ions prefer to associ-
ate with sulfur vacancies. Therefore, in the Mo 3d spectra, the
behavior of the higher BE components is related to the redistri-
bution of sulfur vacancies closer to the larger dopant ions.
This redistribution changes the chemical environment of Mo,
and thus its effective positive valence becomes higher (Mo™).
In the S 2p spectra, the higher BE components correspond to
non-stoichiometric sulfur (Sys), that is the sulfur vacancies.
With increasing doping concentration, the formation of
Mn*'S™ and Co*'S™ bonds determines the even higher asym-
metry at higher BE.

To identify the element contributions to the valence band
(VB), we performed RESPES measurements on the MoS,, Mn-
MoS, and Co-MoS, samples (similar to those samples used in
the electrochemical measurements).>**> RESPES is an element
selective technique because it involves X-ray absorption from a
core level of a specific atom. It is approximately proportional
to an element-projected density of states, rather than the total
density of states. When RESPES experiments are carried out
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across the 2p — 3d absorption threshold (L-edge) in 3d tran-
sition metal compounds, a large difference between the VB off-
resonance and on-resonance for the 3d level is expected, much
larger than that observed at the 3p — 4d threshold
(M-edge).*>**” In Fig. 4, we report the RESPES results at the Mo
M;-edge, where off and on resonance VB spectra are measured
at the photon energy far from the absorption edge (off-reso-
nance) and at the maximum of the XAS spectra (on-resonance)
highlighted by the red line in Fig. 4(b).

It can be observed that the off and on resonance VB spectra
are very similar, also in between the different doped samples,
as expected for RESPES at the XAS M-edge. However, in
Fig. 4(a) we can see the presence of new gap states emerging at
the leading end of the VB. The same measurements on both
the Co- and Mn doped-samples reported in Fig. 4(c) and (d),
respectively, show that the defect states tend to disappear.
Since we assume that the sulfur vacancies are closer to the
bigger dopant ions, we cannot associate these new gap states
to the sulfur vacancies, as on the contrary reported in the
literature.?®*° Further analysis is required for determining
their origin. However, the presence of these in-gap states in
undoped MoS, could be useful from a functional point of
view, because they can extend the range of photo-induced
applications to that of infrared, where much of the solar spec-
trum falls.*®

To study the band contribution of Mn and Co dopant ions
to the VB of MoS,, RESPES measurements were performed at
the XAS Mn Ls-edge for Mn-MoS, (Fig. 5) and at the Co L;-edge
for Co-MoS, (Fig. 6). In panel (b) of both Fig. 5 and 6, the XAS
L, ;-edge spectra are reported, which are typical of a prevalent

12242 | Nanoscale, 2024, 16,12237-12247

Mn>" and Co”" valence state, respectively.*'™** This finding is

in agreement with the XPS analysis on the Mn 2p and Co 2p
core level spectra of Fig. 3(c). In panel (d) of both Fig. 5 and 6,
the RESPES experiments show that VB spectra noticeably
change between the off-resonance and on-resonance cases. In
particular, we can observe in Fig. 5(d) that, on resonance, the
highest contribution to the VB from Mn*' is developed at
about 7 eV. The spectral shape is similar to literature results.**
Above 9 eV a contribution from the Mn** valence state can also
be present. According to these observations, we made a quali-
tative fit of the VB spectra as reported in Fig. 5(a) and (c).
Features A, B, C and D are also present in the undoped case
(Fig. S15%). They can be associated with the Mo 4d,. and Mo
4d,, bands (A and B features) and with the hybridization of Mo
4d with S 3p (C and D features).>* With respect to the fit of the
undoped VB case in Fig. S15,7 we add here a further feature
centered at about 7 eV to include the Mn>*" contribution,
labelled as C' in Fig. 5(a), which can be considered hybridized
with S 3p orbitals. When the S 3p-Mn 3d hybridized band is
taken into consideration, the fit procedure needs the shift of
the S 3p-Mo 4d hybridized band, labelled as C in Fig. 5(a),
towards the Fermi level. In contrast, A and B bands corres-
ponding to Mo 4d remain almost at the same binding energies
as the non-doping case shown in Fig. S15.F

Since such Mo 4d bands are not affected by the Mn doping,
the shift of the S 3p-Mo 4d hybridized C band can be con-
sidered mainly a consequence of the shift of the S 3p band
closer to the Fermi level. Therefore, Mn doping enhances the
H-S bonding strength and S atoms can be considered more
effective active sites than Mo."

This journal is © The Royal Society of Chemistry 2024
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With regard to the Co-MoS, sample, in Fig. 6(d), the larger
contribution from Co>" is expected at about 5 €V according to
literature results.*> The presence of a Co®>' contribution is
expected above 7 eV. Similarly to the case of Mn-MoS,, the fit

This journal is © The Royal Society of Chemistry 2024

of the off and on resonance VB spectra reported in Fig. 6(a)
and (c) was performed by adding a further contribution
labelled as C’ in Fig. 6(a) to the VB of the undoped case in
Fig. S15.1 The C’ band corresponds to the Co 3d band, which

Nanoscale, 2024, 16, 12237-12247 | 12243
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is less hybridized with S 3p whose contribution begins to be
relevant above 5 eV. Due to such Co 3d additional contri-
bution, we can observe that the S 3p-Mo 4d hybridized C band
is slightly shifted farther from the Fermi level. The Co and Mo
metallic bands are closer to the Fermi level, but those of Mo
do not move compared to the non-doping case. Then, we can
assume that Co doping enhances the H-Co bonding strength
and Co atoms can be considered as active sites.

These results are confirmed also in the case of thinner
films (Fig. S161), demonstrating the intrinsic origin of the
shift of the valence band contributions. Therefore, our RESPES
results demonstrate that the improved HER properties, which
we observed upon Mn doping by electrochemical measure-
ments, can be explained by the S 3p band shift towards the VB
edge. In contrast, when the Co 3d band contribution is added
in the VB fit, the hybridized S-Mo band shifts farther from the
Fermi level, while it is the Co 3d band that is closer to it. As a
consequence, the enhancement of H adsorption/desorption is
less effective than in the case of Mn doping, as demonstrated
by the electrochemical measurements, and it is mainly related
to the electron transfer from the Co site.

Experimental
Thin film deposition and characterization

Doped and undoped 2H-MoS, films were grown by PLD at the
NFFA-APE facility of IOM-CNR and Elettra in Trieste using a
KrF excimer pulsed laser source with a typical energy density
of about 2 ] cm ™2 and the laser repetition rate was varied from

12244 | Nanoscale, 2024, 16, 12237-12247

1 to 10 Hz. The films were grown under an ultra-pure Ar
pressure (99.9999%). The background pressure was varied
from high vacuum (i.e. base pressure in the range of 107°
mbar) up to 10~" mbar. The films were grown at 650 °C on a
(111) NbSTO single crystal substrate. By using the conductive
substrate, we can limit the sample charging during the spec-
troscopic measurements. Deposition parameters were opti-
mized in order to get a very low deposition growth rate, which
ultimately was set to about 324 laser shots per unit cell for
MoS,, while 5 times slower for Mn and 20 times slower for Co.
The growth rate was calibrated by reflectivity measurements
and Raman spectroscopy. The undoped MoS, sample was
obtained by focusing the laser pulses on a stoichiometric poly-
crystalline MoS, target (purity 99.99%). Mn (or Co) doping was
obtained by alternating the laser beam on the MoS, and Mn
(or Co) metal targets. The calibration of the Mn (or Co)
content was achieved by XPS measurements. In this work, the
doping concentration is in the range of 5-6% for Mn and
5-7% for Co, as determined by XPS. The composition results
reported in Fig. S141 are in agreement with Energy-Dispersive
X-ray Spectroscopy (EDX) measurements. After the film
growth, the samples were cooled down to room temperature at
about 30 min under deposition pressure conditions and trans-
ferred in situ to the XPS analysis chamber through the distri-
bution center chamber of the APE beamline.

X-ray diffraction measurements were performed with a
Malvern Panalytical Empyrean analytic diffractometer using a Cu
Ko source. In particular, low-angle X-ray reflectivity measurements
were performed with a point detector while theta—2theta scans
were obtained by using a Galipix 2D detector.

This journal is © The Royal Society of Chemistry 2024
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The surface morphology was studied using a Zeiss Supra 40
field-emission gun (FEG) Scanning Electron Microscope (SEM)
equipped with an Oxford X-Act silicon drift detector for EDX.

Raman measurements were performed using a Horiba
LabRAM HR800 system coupled with an Olympus BX41
inverted optical microscope and using a laser source with an
excitation wavelength of 532 nm. The laser power was adjusted
to avoid sample damage or any sample modification, as
observed by optical microscopy. Spectra were acquired between
300 and 500 cm ™" with 1 s exposure time and as an average of
ten different measurements.

AFM topography and KPFM measurements were performed in
contact mode with a Bruker Multimode 8 AFM using Pt/Ir-coated
cantilevers (PPP-EFM Nanosensors). The samples (size = 0.5 x
0.5 cm?) were glued on metallic sample holder disks with conduc-
tive tape and then additionally connected to the sample holders
with silver paste. WF values of the doped and undoped MoS,
samples were obtained from CPD images according to the follow-
ing equation: WF(MoS,) = WEF(tip) + e x CPD, where e it is the
electronic charge and WF(tip) was extracted from the CPD images
of a gold calibration sample, assuming WF(gold) = 5.1 V.

High-resolution TEM (HRTEM) investigations were carried
out on cross-sectional samples using a JEOL 2010 UHR operated
at 200 kv and equipped with a field emission gun with a deter-
mined spherical aberration coefficient Cs = 0.47 + 0.01 mm.
Combined Scanning TEM (STEM) and Energy Dispersive X-ray
Spectroscopy (EDS) were used to address the chemical assess-
ment by site-selective chemical profiles. TEM samples in cross-
sectional geometry were prepared by conventional polishing, fol-
lowed by dimpling and milling with Ar ions.

Electrochemical characterization

Electrochemical measurements were performed with a three-elec-
trode system on an electrochemical workstation (BioLogic,
SP-300) in a standard cell at room temperature in 0.5 M H,SO,
electrolyte, where the sample is the working electrode, Hg/HgCl,
(saturated KCl) is the reference electrode, and a graphite rod is
the counter electrode. For the sample preparation as the working
electrode, non-conductive epoxy is used as a waterproof layer, Ag
glue as a binder and Ti wire as a conductor (Fig. S9t). The area of
each electrode was accurately determined using image processing
software and is reported in Table S1.

Polarization curves were recorded by linear sweep voltam-
metry with a scan rate of 10 mV s~'. The measured potentials
relative to the reference electrode Eygygc1, Were converted with
respect to RHE by the following equation:

E(RHE) = Eyg/pec1, + 0.059 x pH + E;g JHgCl,

where Epggc, is the applied potential by the electrochemical
station, pH is the electrolyte pH (Nernst equation) and
g igr, = 0-241V.

The Tafel plots [overpotential versus log(current density)]
were fitted to get their slope by the Tafel equation: n = b x logj
+ log jo, where 7 is the overpotential, j is the current density, j,

is the exchange current density and b is the Tafel slope.*®

o
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EIS measurements were performed in the frequency range
from 200 kHz to 200 mHz at —0.24 V, —0.34 V, and —0.44 V.

CV measurements were performed at scan rates of 20, 50,
100, 200, and 500 mV s~ in the range of 0.32-0.42 V. Such
measurements can give information on the electrochemical
surface area (ECSA), which is the actual area of the catalyst
surface on which the electrochemical reaction of interest
occurs.”” The stability tests were performed by CV measure-
ments for 500 cycles.

Spectroscopic measurements

XPS and XAS measurements by synchrotron radiation were used
to measure samples grown in situ by the PLD system directly con-
nected to the transfer chamber of the APE-HE beamline at Elettra
synchrotron in Trieste. The in situ transferring procedure limits
the surface contaminants effects and guarantees that the samples
were all measured under identical conditions, so that a reliable
comparison of surface properties vs. doping concentration can be
performed. XPS measurements were performed at room tempera-
ture using a hemispherical electrostatic analyzer with the sample
at 45° with respect to the impinging linearly polarized light and
normal to the surface. The binding energies of the photoemission
peaks were calibrated with respect to the Fermi level of Au refer-
ence samples. XAS measurements were performed on the same
geometry in total electron yield mode at room temperature, nor-
malizing the intensity of the sample current to the incident
photon flux measured on a grid placed between the last mirror
and the analysis chamber.

The occupied electronic states in the valence band have
been studied by RESPES with photon energies across the Mn and
Co absorption L-edges (2p — 3d) and the Mo M-edge (3p — 4d).
In the off-resonant photoemission process, only the direct
process of electron excitation occurs from a valence state into the
continuum following absorption of a photon. In resonance, a
new transition channel opens up, namely when the photon
energy is around the absorption threshold, in the case of 3d tran-
sition metal atoms such as cobalt and manganese, the incoming
photon excites a 2p electron to an empty 3d level and in the case
of molybdenum, the electron is excited from the 3p to the empty
4d level. This core-excitation process is followed by the decay of
the core-excited state through auto-ionization. In the latter
process, the excited electron and one valence electron scatter by
Coulomb interaction such that one electron fills the core-hole
and the other one is ejected as the photoelectron. In resonant
photoemission, the core-excitation and auto-ionization have to be
considered as a coherent process yielding a final state identical to
that obtained by the direct photoemission process.

Conclusions

We studied the Mn and Co doping effects in MoS, thin films
grown by PLD for HER. The two dopant cations are respectively
on the left and on the right of the volcano curve of the
exchange current as a function of the adsorption free energy of
H atoms reported in the literature.”® The electrochemical
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measurements show a better HER activity in the order of MoS,
< Co-MoS, < Mn-MoS,. Core level shifts and VB measurements
in XPS show that the electronic properties are modified by
doping. More intriguing results are obtained from RESPES
measurements, which allow to get in a direct manner the
involvement of the Mn and Co bands in the VB spectra.
Having identified such contributions, an analysis of the VB
was carried out as the dopant varies, showing a shift of the S-
Mo hybridized band closer to the Fermi level in the case of
Mn-MoS, and farther to it in the case of Co-MoS,.

Our results demonstrate that in the case of Mn doping, the
active sites are mainly S ions, while in the case of Co doping,
the role of Co ions as active sites becomes relevant. These find-
ings are in agreement with the electrochemical measurements.
The HER improvement in the case of Co doping in MoS, with
respect to the undoped film is mainly related to the electron
exchange of H with Co ions acting as main active sites. In con-
trast, the lower potential needed to start the HER process and
to reach an operating current density demonstrates that the
sulfur ions as active sites induced by Mn doping are more
effective, in agreement with the even better HER properties of
Mn-MoS, with respect to Co-MoS, and undoped MoS,.

We therefore elucidate the role of the dopant cation in the
electronic structure determining the active site for H adsorp-
tion/desorption, which can be extremely useful for designing
efficient materials for hydrogen production via the doping
pathway. From the point of view of the electronic properties,
the behavior of the VB contributions with different doping
concentrations in MoS, can also be useful in other fields of
materials science, as the field of magnonics, where our results
can be relevant for dilute magnetic semiconductor engineer-
ing.*® In addition, we demonstrate the doping effect on
vacancy-induced electronic states within the gap. This finding
is fundamental for properly tuning the wavelength range for
the optical absorption of MoS,-based photo-devices.
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