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ABSTRACT

Plasma functionalization is an effective method to improve the electrocatalytic activity of catalysts for the
hydrogen evolution reaction (HER), but the relationship between the plasma and catalytic activity is not clear.
Herein, oxygen plasma processing is conducted on MoSe; nanosheets and the effects of the plasma parameters
including ion energy and radical flux are investigated by plasma simulation and molecular dynamics (MD) to
fathom the interactions between the plasma and catalyst. A moderate ion energy and flux produce doping effects
leading to proper replacement of Se sites by oxygen atoms to balance vacancy generation. Consequently, the HER
characteristics are improved as exemplified by a small overpotential of 165 mV at 10 mA cm ™2 and Tafel slope of
55.2 mV dec’. Based on first-principles density-functional theory calculation, increased polarization and state
density distributions close to the Femi level introduced by oxygen and vacancies reduce the bandgap and AGy at
the Mo, Se, and O sites, consequently enhancing charge transfer between the catalyst and electrolyte. The results
convey new fundamental knowledge about plasma surface functionalization of electrochemical catalysts and
enable precise and optimal selection of plasma processing parameters to control and balance the active sites for

efficient water splitting.

1. Introduction

Hydrogen energy featuring zero carbon emission and recycling of
water is a potential candidate to replace traditional fossil fuels [1] and
therefore, hydrogen production and utilization are hot topics in clean
energy research [2,3]. Hydrogen can be produced by different tech-
niques and one of the attractive means is electrochemical water splitting
[4]. Noble metals such as platinum are popular catalysts for the
hydrogen evolution reaction (HER) in water splitting but their scarcity
and high cost hinder commercial application [5,6]. Therefore, alterna-
tive catalysts such as two-dimensional (2D) transition metal dichalco-
genides (TMDs) which possess tunable crystalline and electronic
structures as well as plenty of active sites have been explored [7-10]. In
addition, optimization of the heterojunctions and defect engineering

* Corresponding author.
E-mail address: paul.chu@cityu.edu.hk (P.K. Chu).

https://doi.org/10.1016/j.apcatb.2021.119983

have been shown to improve the catalytic activity of TMDs in water
splitting [11].

Plasma surface functionalization is an effective means to perform
defect engineering, alter the surface morphology, and dope catalysts
[12,13]. Both low-pressure and atmospheric-pressure plasma processes
have been investigated [14-17]. For example, reactive plasma doping of
polymetallic compounds such as nickel-based and cobalt-based metal
oxides and layered double hydroxides has been shown to improve the
electrochemical activity [18-20]. However, the actual influence of the
dopants on the electrocatalytic activity is dubious because many ele-
ments coexist in the catalyst and electrochemical reactions are quite
complicated to clarify. In contrast, TMDs with binary compound prop-
erties and tunable structures yield good effects after plasma surface
modification because the electronic bandgap and Gibbs free energy can
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be altered by plasma-induced defects and dopants [14,21,22]. Never-
theless, the different roles played by reactive plasmas (e.g. O3 and Nj)
and inert plasmas (Ar, He, etc.) in surface modification of electro-
chemical catalysts are not well understood and consequently, the
outcome of various plasma interactions such as doping, etching, and
defect generation is sometimes confusing [17,23]. Moreover, although
the water splitting efficiency of catalysts can indeed be improved by
plasma surface modification, the underlying mechanism has seldom
been studied and the precise influence of plasma parameters on the
catalytic activity is still unclear. Particularly, precise control of the
active sites by selecting the optimal plasma processing parameters is
essential but not well understood [24]. Therefore, a comprehensive
study of the interactions between plasmas and catalysts is essential to
optimize the active sites in catalytic reactions.

In this work, a low-pressure oxygen capacitively-coupled plasma
(CCP) is sustained by 13.56 MHz radio frequency in the power range
between 10 W and 30 W to modify MoSe; nanosheets prepared on
carbon felt to investigate the doping effects and influence of different
plasma parameters such as the energy, density, and radicals. Different
from an inert gas plasma, the oxygen plasma serves the dual functions of
sputtering and doping and the dopant distribution and concentration are
dictated by the ion energy and density of radicals. As illustrated in Fig. 1,
the MoSe; nanosheets hydrothermally synthesized on carbon felt is fixed
on the bias electrode of the plasma reactor and subjected to various
plasma interactions including ion bombardment, ion implantation,
diffusion, as well as reactions associated with the oxygen discharge. The
oxygen discharge and interactions are analyzed by plasma simulation
and molecular dynamics, and the effects are experimentally verified by
X-ray photoelectron spectroscopy (XPS), transmission electron micro-
scopy (TEM), Hall effect measurements and so on. Besides replacement
of Se atoms by oxygen atoms, some vacancies at Se sites are not fully
occupied by oxygen after sputtering by oxygen ions, which is confirmed
by the hall measurements. According to density-functional theory
calculation, oxygen doping and vacancy formation increase the active
sites, promote the conductivity, and reduce the Gibbs free energy (AGy)
to enable easier hydrogen adsorption. However, over-doping de-
teriorates the HER performance due to over-replacement of Se atoms by
oxygen atoms giving rise to less active sites and larger AGy. Therefore,
the proper plasma ion energy and flux are crucial to balancing oxygen
doping and vacancy generation. Our results reveal that the 20 W oxygen
plasma treatment yields the best HER activity and enrich our under-
standing of the effects of plasma surface functionalization on the elec-
trochemical properties of catalysts.
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2. Experimental section
2.1. MoSe; nanosheets synthesis

Commercial NapMoQy4-2H,0, selenium powder, and NaBH,4 were
purchased from Sigma Co., Ltd. and used without purification. The
MoSe; nanosheets were fabricated on a piece of carbon felt by the
conventional hydrothermal technique. In brief, 360 mg of Se powder,
440 mg of NagMo0O4-2H,0, and 60 mg of NaBH,4 were dissolved in 30 mL
of distilled water and 30 mL of ethanol. The solution was put in a
stainless steel autoclave together with carbon felt, sealed, and heated to
220 °C for 18 h. The MoSe; nanosheets were produced by annealing at
700 °C in argon for 2 h and dried at 65 °C for 12 h.

2.2. MoSe; thin film fabrication

To measure the carrier density and conductivity of MoSe; after the
plasma treatment, the MoSe; film with a thickness of about 30 nm was
deposited on glass at room temperature at a pressure of 10 m T using a
radio-frequency (RF) power of 50 W (applied to the MoSe; target) on the
physical vapor deposition (PVD) equipment manufactured by AJA In-
ternational Inc. (USA).

2.3. Plasma functionalization processing

The annealed MoSe; nanosheets and films were transferred to the
multifunctional plasma processing system made by the AJA Interna-
tional Inc. (USA) and treated for 600 s using radio frequency (13.56
MHz) power settings of 0 W, 10 W, 20 W, or 30 W. The pressure was 20
m T and oxygen flow rate was 20 sccm. The MoSe; film after the plasma
treatment was vacuum annealed at 200 °C for 30 min for comparison.

2.4. Materials characterization

X-ray diffraction (XRD) was conducted on the Philips X’Pert Pro with
Cu K, irradiation and scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were performed on the Thermo-
Scientific and FEI Tecnai G2 F20, respectively. X-ray photoelectron
spectroscopy (XPS) was carried out on the Thermo Scientific™ K-
Alpha™ equipped with monochromatic Al K, X-ray and Raman scat-
tering was done on the HORIBA Scientific Lab RAM HR Raman spec-
trometer equipped with a 514.5 nm green laser. UV-vis double-beam
spectrophotometry was performed on the Dynamic Model HALO DB-20
and Ramé-hart 500 was employed to measure the surface contact angles.
The Se vaccines were evaluated by electron paramagnetic resonance
(EPR, Bruker A300 EPR spectrometer). A standard probe station with an

Fig. 1. Schematic illustration of the preparation of the MoSe, nanosheets, plasma surface functionalization using an oxygen discharge, as well as doping effects.
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Agilent 4155C semiconductor analyzer (Agilent Technologies, Santa
Clara, CA, USA) was used for the two-probe measurements. Atomic force
microscopy (AFM) was performed on the Veeco DiMultimode and the
Ecopia HMS-5300 Hall Effect measurement system was used in the
carrier and conductivity measurements.

2.5. Electrochemical assessment

The electrochemical properties were determined on the CHI 6144D
electrochemical workstation (CH Instruments, Inc. Shanghai) using the
standard three-electrode configuration in which the MoSe; nanosheets
on carbon felt, Ag/AgCl, and carbon graphite rod were the working,
reference and counter electrodes, respectively. Linear scan voltammetry
(LSV) was conducted at a scanning rate of 5 mV s~ and cyclic vol-
tammetry (CV) was performed at scanning rates from 10 mV to 100 mV
and 0.15V to 0.25 V. The electrochemical impedance spectroscopy (EIS)
data were fitted with the simplified Randles circuit. All the electro-
chemical measurements were performed in 0.5 M HySO4 and the po-
tentials were calibrated and referenced to the reversible hydrogen
electrode (RHE) based on the following equation: Eggg = Egcg + 0.242 V
+ 0.059 pH. The electrochemical double layer capacitances (Cg) and
per-site turnover frequency (TOF) were derived out according to the
methodology described in previous reports [25,26].

2.6. Simulation of oxygen discharge, and interactions on MoSe,
nanosheets

Plasma simulation was performed by solving the one-dimensional
fluid model with the COMSOL Multiphysics software and the plasma
reactions including excitation, ionization, dissociation, and collisions
are summarized in Table S2 [27,28]. The pressure used was consistent
with the experiments and the gas temperature was 300 K. More detailed
descriptions of the various functions used in the computation such as the
particle reactions, drift diffusion, energy transfer, and interactions under
an electric field for species generated in the plasma can be found from
related references [29,30].

Oxygen doping was simulated by the molecular dynamics code
implemented with the LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) package [31]. 14 layers of MoSe; in the
z-direction, 10 layers in the y-direction, and 1 layer in the x-direction
were considered in the model. The oxygen energy and flux were derived
from the plasma simulation results and atoms were injected into the
MoSe; layers vertically in the z-direction regardless of the trajectories in
the lateral directions of the x and y axes. The oxygen atom was initially
positioned at 0.5 nm above the top layer in the z-direction. The tem-
perature was 300 K and the bottom layer was fixed by ignoring the force
generated by particle movement to avoid loss of oxygen atoms from the
system. The Stillinger-Weber (SW) interatomic potential functions were
considered for the interactions between oxygen atoms [32] and MoSe,
and the SW potential parameters were extracted from the literature
[33]. To visualize the particle movement and doping effects, the
calculated results were imported to the OVITO software.

2.7. DFT calculation

First-principles calculation was performed using the Vienna ab initio
simulation package (VASP) based on the density-functional theory
(DFT) and the electron-ion interactions were conducted by the projector
augmented wave (PAW) potentials [34,35]. The generalized gradient
approximation (GGA) in combination with the Perdew Burke Ernzerhof
(PBE) functional was adopted to describe the exchange-correlation in-
teractions and the Van der waals (vdW) interactions were considered by
the Grimme’s DFT-D3 method. All the models were forced to a
self-consistent accuracy of 107> eV. The kinetic energy cut-off of 450 eV
for the plane-wave basis restriction and K-points were taken under
Monkhorst-Pack for Brillouin-zone integration [36,37]. A sufficient
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vacuum slab of 15 A was implemented to avoid interactions between
adjacent layers and the MoSe; monolayer was calculated with the
relaxed lattice constants of a = b =3.32 A. To calculate the electronic
properties and hydrogen evolution activity, a 4 x 4x1 supercell was
used. The HER characteristics were evaluated by AGy+ defined as A
GH* = AEH + AEZPE — TASH [38], where AEH, AEZPE: SH are the differ-
ential hydrogen adsorption energy, change in the zero point energy, and
entropy between adsorbed hydrogen and molecular hydrogen in the gas
phase, respectively, and T is the temperature. The term TASy is taken as
-0.205 eV for the gas phase standard state (300 K, 1 bar).

3. Results and discussion
3.1. Characterizations of catalysts

The MoSe, nanosheets hydrothermally synthesized on carbon felt
and treated with the oxygen plasma using different power settings are
characterized by X-ray diffraction (XRD). As shown in Fig. 2a, typical
diffraction peaks from MoSe; are observed besides that from the carbon
felt (CF). When the plasma power is increased to 20 W, the peaks show
little changes, but some small peaks related to molybdenum oxide
appear after the 30 W plasma treatment due to over-doping and exces-
sive oxygen implantation [39,40]. The intensity of the (002) peak de-
creases gradually with increasing power and a shift to a smaller angle is
shown in Fig. Sla. The reason for the changes is that oxygen coverts
MoSe; into molybdenum oxide such as MoO; and MoOs, which hy-
bridize the crystal lattice [41-43]. Fig. 2b displays the Raman scattering
results and similar to XRD, two small peaks appear at the high wave-
number from the 30 W sample arising from molybdenum oxide. In
addition, red-shift occurs with wavenumber shifting to a smaller value
as shown in the inset implying structural change. According to the
literature [44,45], the oxygen plasma introduces oxygen into the MoSe;
crystal, alters dielectric screening in the environment, and restores the
force between adjacent MoSe; layers, consequently affecting the vibra-
tional frequencies and producing the red-shift. UV-vis spectrophotom-
etry is performed to determine the change in the electronic bandgap
(Fig. S1b). As shown in Fig. 2¢c, the bandgap decreases from 1.21 eV of
the untreated sample to 1.12 eV of the 20 W sample providing evidence
that oxygen plasma modification improves the MoSe, conductivity.

The composition of MoSe; after plasma modification is determined
by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 2d,
compared to the pristine MoSe, which exhibits Mo*" as indicated by the
peaks of Mo 3d 5/2 at 232.1 eV and Mo 3d 3/2 at 228.7 eV as well as the
small peak at 230.3 eV of Mo®" arising from weak air oxidization, the
high valence state of Mo®* and more Mo®* emerge from the 20 W and 30
W samples because of oxygen insertion after the plasma treatment [22,
42,46]. More oxygen is incorporated after 30 W plasma exposure
(Table S1) due to the higher ion energy and density. Additionally, a shift
in the binding energy arising from changes in the crystal lattice and
dielectric screening is observed [47], as indicated by the shift of the Mo
3d 3/2 peak from 232.13 to 232.44 eV and 232.32 eV, respectively in
Fig. Slc. A similar phenomenon is observed from Se 3d in Fig. 2e.
Different from natural oxidization in air, Fig. 2f discloses the extent of
energetic oxygen ion implantation into MoSe,. Compared to that at
532.5 eV stemming from MoOs and surface contamination on the pris-
tine MoSe; [48,49], the new state of O 1s at about 531.0 eV after plasma
modification originates from sub-surface oxygen confirming the exis-
tence of MoO, with a distorted rutile crystal structure which has metallic
conductivity and high electrochemical activity [50,51]. The peak shift to
smaller binding energy after the 30 W treatment suggests more oxygen
incorporation and larger implantation depth [48,52] and the results are
consistent with the theoretical results to be discussed later (Fig. 5).

Scanning electron microscopy (SEM) is performed to investigate the
morphological change after the plasma treatment. As shown in Fig. S2a,
the MoSe; nanosheets are uniformly distributed on the carbon felt and
the SEM images in Figs. 3b and S2b disclose that the morphology is only
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Fig. 2. Characterization of MoSe, nanosheets modified using different discharge power settings: (a) XRD patterns, (b) Raman scattering spectra, (c) Bandgaps
derived by UV-vis spectrophotometry, and XSP spectra of (d) Mo 3d, (e) Se 3d, and (f) O 1s.

Fig. 3. SEM images of MoSe, modified using power settings of (a) 0 W and (b) 20 W; TEM image of MoSe, modified using 20 W: (¢) Low-resolution TEM image, (d

and e) High-resolution TEM images, and (f) EDS elemental maps.

slightly altered by the oxygen plasma in contrast to the pristine sample
without modification (Fig. 3a). Owing to the complicated effects of
physical collisions, electron transfer, and ion-ion recombination in the
oxygen discharge [27], the oxygen plasma has a smaller ion density and
flux than the argon discharge as shown in Figs. S3a-b and consequently,
weak etching is observed relative to an argon plasma (Fig. S3c).
Furthermore, different from the argon plasma treatment which produces
only the physical effect of sputtering, the oxygen plasma also introduces

chemical modification and creates an oxygen in-depth distribution. The
elemental maps in Fig. S4 reveal increasing oxygen concentrations with
discharge power besides the elemental distributions of C, Mo, and Se
with moderate oxygen doping after the 20 W treatment.

Fig. 3c depicts the low-magnification TEM image after oxygen
plasma modification and vertical nanosheets are observed similar to the
SEM observation and the insignificant morphological change indicates
that etching is minimal. The high-resolution TEM image in Fig. 3d
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reveals a layer spacing of 0.647 nm corresponding to the MoSe»-(002)
plane. The blurred areas interrupting the normal lattice indicated by the
red circles in Fig. 3d disclose the plasma-induced lattice damage which
is also validated by the comparison before and after the plasma treat-
ment shown in Fig. S5a. The crystal lattice of MoSe; after oxygen plasma
modification in Fig. 3e shows the conversion of the typical 2H-MoSe,
magnified at the bottom right corner to MoO2 shown at the top left
corner [50]. The converted structure is corroborated by Figs. S5b-d and
fast Fourier transform (FFT) image in Fig. S5e, demonstrating MoO,
formation by plasma-induced oxygen doping [40,43]. Oxygen incorpo-
ration after plasma functionalization is also confirmed by the elemental
maps in Fig. 3f. Besides oxygen doping, the defects produced by the
plasma are evaluated by EPR measurements. As shown in Fig. S6, a
higher intensity indicates more Se vacancies generated after the plasma
treatment [17]. Combining the TEM observation and XPS and EPR re-
sults, oxygen doping from the plasma produces different states of oxide
and the binding energy shift as well as vacancies stem from the in-
teractions between the plasma and catalyst. Therefore, it is essential to
unravel the mechanisms by investigating the plasma process on the
catalyst.

3.2. Mechanism studied by simulation of the oxygen discharge and doping
process and Hall measurements

Although there have been studies on the effects of plasma function-
alization on the activity of electrocatalysts [12,14,16], the associated
mechanisms and discrete effects of the various interactions are not well
understood. A better understanding of the various plasma processes such
as electron impact and radical collisions as well as properties such as
radical species and ion energy is crucial to the design and preparation of
catalysts by optimizing the effects of etching, doping, and defect gen-
eration under different plasma conditions. Here, the important plasma
parameters including the energy, density, and radicals which affect
sputtering, doping, and etching are investigated. Fig. S7 presents the
reactions in the oxygen discharge including electron-impact excitation,
ionization, dissociation and collisions and they are summarized in
Table S2. Comparison between simulation and experimental results in
Fig. S8 illustrates a CCP discharge. The electron densities in the plasmas
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sustained by different power settings are presented in Fig. 4a which
indicates a dominant middle zone of the plasma as the source of ions and
radicals. The characteristic drop above the electrode arises from plasma
consumption including processes of ion bombardment and radical
diffusion in the plasma sheath [29,53,54]. Fig. 4b shows the primary
radicals and ions formed in plasma are influenced by the doping process
through combination of ion bombardment, radical diffusion, and for-
mation of the modified surface [27,55]. On account of the sharp po-
tential drop across the sheath, the positive plasma potential in Fig. 4c
forces ions to rapidly migrate from the central plasma zone to the
electrode in energetic ion bombardment and ion implantation. Howev-
er, owing to the reverse movement of positive and negative ions
(Fig. 4b), the positive ion flux concentrates in the pre-sheath as shown in
Fig. 4d and is consumed by negative ions (0?>~, O- and electrons) thus
accounting for the weaker etching effects compared to an argon plasma
(Figs. S3a-c). The electric field across the sheath on the electrode
generated by the bias voltage (Fig. 4e) accelerates free positive ions in
the pre-sheath to traverse the collisionless sheath to the catalyst surface
resulting in oxygen ion implantation. The movement of ions and radicals
in the chamber can also be observed by the collisional energy loss shown
in Fig. 4f and Fig. S9a-b, in which ions are extracted from the plasma
across the sheath into the materials accompanied by power dissipation
and energy loss because of the strong interactions between the plasma
and materials. By means of plasma simulation, the evolution of ions and
radicals in the plasma can be determined.

Different from previous reports in which the catalysts are only
exposed to the plasma “statically” [12,17,23], our samples experience
extra energetic ion interactions arising from the sample bias which can
be utilized to tune the dopant concentration and distribution. In our
experiments, the MoSe; nanosheets are fixed on the biased electrode as
shown in Fig. 1 and owing to the electric field across the plasma sheath,
oxygen ions and charged particles are accelerated to bombard the
nanosheets as shown in Fig. S10a leading to oxygen doping of the MoSe;
layers together with sputtering and defect formation, which depend of
the ion energy, density, and radicals of the plasma species as shown in
Figs. 4a-f. These effects are accentuated as the discharge power goes up.
To evaluate the influence of these parameters on the catalytic properties,
multiple aligned MoSe; layers are used to simulate the nanosheets

Fig. 4. Plasma simulation of different oxygen discharges: (a) Electron density distributions, (b) Primary ions and radicals taking part in the interactions between the
plasma and catalyst, (c) Plasma potential distribution, (d) Ion fluxes to the electrode, (e) Electric field distributions, and (f) Collision energy loss companied by

migration of ions and radicals in the 20 W plasma process.
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during plasma exposure. Molecular dynamics (MD) simulation is per-
formed using the LAMMPS package by solving Newton’s equations of
motion [32,33,56]. Fig. 5a presents the surface evolution of the MoSe,
nanosheets taking into the ion energy and flux based on results in Fig. 4.
Sputtering and lattice destruction are observed after plasma exposure
compared with the initial state and oxygen atoms are present at the
sub-surface of the 10 W sample after stripping the surface atoms.
Compared to the 10 W sample, oxygen diffuses to greater depths in the
20 W and 30 W samples together with more substantial sputtering and
structural damage as shown by the snapshots of surface evolution, which
are in line with the observation in Fig. 3d. The ion bombardment and
radical diffusion affect oxygen doping synergistically that energetic ions
penetrate the molecular layers and sputter away Se atoms. At the same
time, oxygen radicals diffuse to the Se sites forming oxide. However, the
radicals have less energy without acceleration by the electric field and
are initially confined in a shallow zone before gradually diffusing into a
deeper zone. More heat and energy are consumed on the surface to
benefit formation of MoOs, and MoO- is produced by replacing Se atoms
in the deeper layers. In addition, the Se sites not occupied by oxygen
atoms in the deeper zone remain as vacancies as shown in Fig. 5a. As a
result, different valence-state oxides as well as vacancies are mixed in
the oxygen-doped region. More oxygen atoms are introduced in the 30
W treatment due to the larger ion energy and flux. The changes in ox-
ygen concentrations with power shown in Fig. 5b are comparable to the
XSP results in Table S1 by taking into account of the nanosheet thickness
(Figs. S10b-c). The oxygen depth distribution along the vertical orien-
tation of the nanosheet is displayed in Fig. S10d and the corresponding
MoSe; layers are shown in Fig. 5b considering the main doped region.
The dopant depth is also studied by the Monte Carlo code and the results
of the 30 W sample in Fig. S11 are consistent with those obtained by the
LAMMPS code. The overall results reveal that over-doping brought
about by larger ion energy and flux (30 W power) introduces excessive
oxygen atoms compared to doping using a medium power of 20 W, but
10 W does not produce sufficient effects.

The electrical properties of the catalyst after plasma functionaliza-
tion are critical to the electrochemical activity as better conductivity
leads to better HER performance. It is noted that the electrical properties
of catalysts without electrolytes have rarely been studied [13,16,18].
Fig. S12 displays the I-V and resistance results indicating promoted
conductivity after the plasma treatment. However, the two-probe mea-
surement determined by the carbon fiber in two dimensions (Fig. S12a)
cannot calibrate the current and exclude the contact resistance thus
producing resistance values that vary significantly with the voltage
(Fig. S12c). Additionally, the carrier type (i.e. n or p-type) of MoSe; after
the plasma treatment cannot be determined either. To better determine
the carrier type, the relationship between the carrier concentration and
conductivity as well as influence of oxygen doping on vacancies and
physical changes of MoSe; is assessed by Hall measurement which is
more precise and sensitive to get physical information by affiliating with
the four-probe detection calibrating all the electrical parameters in our
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case [56]. A smooth MoSe; film with a thickness of 30 nm is prepared on
a glass substrate (Fig. S13a) to support the four probes for the Hall
measurements comparatively revealing the mechanisms of plasma
functionalization of MoSe, nanosheets.

The negative value of the carrier concentration in Fig. 6a indicates
the n-type semiconductor property of MoSey [14]. The concentration
increases with the discharge power before 30 W but conversely after that
on account of over-doping at high power which produces more stable
oxide because of more energy diffusion and consumption and inhibition
of the free movement of electrons. The electron mobility reflects the
capacity of electron transfer and enhanced mobility after the proper
plasma exposure is shown in Fig. 6a. The best results are observed for 30
W because the glass substrate has poorer conductivity compared to the
carbon felt. By integrating the carrier concentration and mobility, the
conductivity is summarized in Fig. 6b which presents a similar trend and
improvement. To confirm the vacancies in the layers, Hall measure-
ments are carried out from the samples after vacuum annealing.
Figs. 6a-b indicate that the carrier concentration, mobility and con-
ductivity decrease after annealing due to recombination of vacancies by
oxygen or Se atoms at the high temperature. As shown in Fig. 6¢c, Se
vacancies in the deeper zone and disordered lattice arising from ion
bombardment and sputtering remain before annealing. Nonetheless,
high-temperature annealing facilitates oxygen diffusion and Se rear-
rangement as shown in Fig. 6d and consequently, the vacancies are
re-occupied by oxygen or Se atoms. Therefore, the amount of vacancies
can be estimated by observing the change in the carrier concentration
before and after annealing during the Hall measurement because Se
vacancies can be recombined after high-temperature annealing. The I-V
measurement in Fig. S13b reveals reduced conductivity with a higher
sheet resistance after annealing. Moreover, self-heating and energy ab-
sorption at a larger power such as 50 W lead to over-doping and fewer
vacancies and hence, there is inconspicuous difference in the carrier
concentration and mobility before and after annealing (Fig. 6a).

3.3. Hydrogen evolution reaction performance

The hydrophilic properties of the samples after the oxygen plasma
treatment are determined. As shown in Fig. S14a, the pristine MoSe; is
hydrophobic but after oxygen plasma modification, the contact angles
polarity after oxygen incorporation which improves electron / proton
transfer between the catalyst and electrolyte and ultimately the HER
activity [45,57]. To examine the effects of plasma functionalization on
the electrocatalytic activity, HER measurements are conducted in 0.5 M
H»S04 employing the calibrated three-electrode configuration. The po-
larization curves acquired by linear scan voltammetry (LSV) at a scan-
ning rate of 5mV s! in Fig. 7a demonstrate significant improvement in
the HER properties after plasma functionalization. The best performance
is observed from the 20 W sample, as exemplified by the smallest
overpotential of —165 mV at 10 mA cm™2, which is closest to that of the

Fig. 5. Molecular dynamics (MD) simulation of oxygen doping for different oxygen discharges: (a) Snapshots of the oxygen doping evolution and (b) Oxygen

concentrations and depths calculated by MD.
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Fig. 6. Hall measurements: (a) Carrier concertation and electron mobility, (b) Conductivity and resistivity, (c) Disordered MoSe; lattice with vacancies after plasma

exposure, and (d) Rearrangement of the MoSe, lattice after annealing.

Fig. 7. HER characteristics of the catalysts: (a) LSV curves, (b) Tafel plots, (c) Overpotentials and Tafel slopes in comparison with other reported catalysts, (d)
Nyquist plots derived by EIS, (e) Capacitive current densities at different scanning rates, and (f) Stability evaluation of the 20 W MoSe, sample.

Pt/C electrode, indicating fast electron transfer kinetics in ther redox
reaction. Moreover, the smaller Tafel slope of 55.2 mV dec™! observed
from the 20 W sample in Fig. 7b suggests larger a reaction rate and
superior HER electrocatalytic activity benefiting from the embedded
MoO3 and vacancies in the subsurface layers [9,14,51]. The depressed

electrocatalytic activities of the 10 W and 30 W samples can be attrib-
uted to either insufficient or excessive effects of oxygen incorporation as
discussed above from the theoretical and experimental perspectives. The
Tafel slope of the Pt/C catalyst (30 mV dec™?) is similar to that reported
previously confirming the consistency and validity between our and
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previous results [14,51,58]. Compared to other metal-based catalysts
such as layered double hydroxides (LDH) and metal-organic frameworks
(MOF), the performance of the MoSe; is intermediate. However, these
catalysts always contain more than two elements (e.g. Ni, Fe, Co, etc.)
and the mechanisms responsible for the electrochemical activities are
more complicated [59,60]. Therefore, it is more difficult to clarify the
interactions between the catalyst and plasma using these other catalysts.
For instance, a more mesoporous triangular-shaped Co-Fe-MOF struc-
ture is produced after annealing at a higher temperature comparing to
the Ar-O5 plasma treatment, but regular engraved NiFe-LDH holes are
etched by a hot plasma (>500 °C) without lithography thus blurring the
interactions between the catalyst and plasma [17,23]. All in all, MoSe; is
easier to analyze because of fewer elements and stable structure after
high-temperature annealing. By optimizing the plasma parameters to
achieve optimal control of the active sites, MoSe, nanosheets deliver
better HER performance in comparison with other molybdenum-based
TMDs modified by different plasma techniques as shown in Fig. 7c
and Table S3.

Electrochemical impedance spectroscopy (EIS) is performed and the
data are fitted by an equivalent circuit. As shown in Fig. 7d, the charge
transfer resistance (Rcr) decreases after plasma doping to 16.3 , 19.7
Q, and 22.1 Q corresponding to the 20 W, 30 W, and 10 W samples,
respectively, which are much smaller than 85.5 Q of the pristine MoSey
suggesting improved conductivity after plasma exposure. The combined
EIS and Hall results indicate improved electrical properties by lowering
the charge transfer resistance between the catalyst and electrolyte [14].
To evaluate the relationship between the catalytic properties and elec-
trochemical active surface area (ECSA), cyclic voltammetry (CV)
(Fig. S15) is conducted to calculate the electrochemical double-layer
capacitance (Cq)) [42] in the potential range of 150-250 mV (vs. RHE)
at scanning rates between 10 and 100 mV/s. The linearly fitted curves of
Cqrin Fig. 7e show that the 20 W sample has the largest value of 21.9 m F
cm 2 compared to the 30 W, 10 W, and pristine MoSey which show 19.7
mFem?, 7.4mFem 2, and 1.1 m F em ™2 respectively, indicating larger
ECSA and more catalytic active sites on the moderately oxygen-doped 20
W sample. The turnover frequency (TOF) is calculated to estimate the
HER capability of the active sites by taking into account the LSV curves
and Cq) [25]. As shown in Fig. S16, the TOF is improved after the plasma
treatment and the best effect is again observed from the 20 W sample.
The 30 W sample shows worse HER capability as more oxygen atoms are
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incorporated to occupy the vacancies and form high valence oxide
which has a lower electrocatalytic activity as confirmed by Fig. 8. In the
electrochemical measurements, moderate oxygen doping and the
optimal amount of vacancies improve proton / electron transfer at the
solid-liquid interface by improving the polarity and conductivity,
implying that the amount of incorporated oxygen is crucial.

Besides the activity, the electrocatalytic stability of catalysts is an
important factor [18]. The long-term stability test is carried out by
replacing the Pt/C electrode with a graphite rod to avoid Pt/C dissolu-
tion and contamination to other electrodes [58]. The polarization curve
of the 20 W sample after cycling for 10,000 cycles exhibits only small
deterioration (Fig. 7f). Compared to the pristine sample, the minute drop
in the inset figure after the test for 20 h is ascribed to minute surface
oxidization in the acidic electrolyte due to protection by the modified
surface layer on MoSe;.

3.4. Analysis of the electrocatalytic activity by DFT calculation

To investigate the mechanism of the oxygen dopant and vacancies on
the HER catalytic activity, first-principles density-functional theory
(DFT) calculation is conducted by substituting Se atoms with O atoms
because Se is sputtered more easily by oxygen ions as revealed by XPS.
The simulation is performed by inserting one and two oxygen atoms into
the system as shown in Fig. S17 to compare oxygen doping. In addition,
an oxygen atom is inserted into a Se vacancy in the study (Fig. S18). The
calculated bandgaps in Fig. 8a and Fig. S19 show smaller reduction after
oxygen incorporation consistent with the UV-vis results in Fig. 2c.
Compared to the pristine MoSe;, a new density-of-states (DOS) peak
appears near the valence band and shifts gradually to the Femi level as a
result of the interactions between oxygen and Mo and Se lowering the
energy barrier between the valence band and conduction band [61]. It
reflects the enhanced density of active sites in HER. Different from ox-
ygen doping only, the bandgap is significantly reduced when vacancies
are introduced and a new DOS appears at the conduction band due to
dangling electrons on the Mo atom. The extra active sites arise mainly
from the dangling Mo atoms in the vacancy case compared to oxygen
doping because Mo and O atoms play important roles in the new active
sites similar to active sites at the Mo edge and O edge in MoO3 [50]. The
electron density distribution in Fig. S20 shows the effects of oxygen
doping on charge transfer. There is an obvious enhancement on the

Fig. 8. DFT calculation results for different oxygen doping levels: (a) Density-of-state distribution and (b) AGy at Mo, Se, O sites.
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electron distribution around the O edge compared to the Se edge, and
the Bader charge on the O site (-1.25e ™) is almost two times higher than
the charge on the Se site (-0.68e ™) indicating improved polarization and
stronger adsorption of H' from the electrolyte leading to the better HER
performance [61,62].

The effects of oxygen doping and vacancies on hydrogen adsorption
are investigated by calculating AGy for the different active sites
(Fig. S17 and Fig. S18). As shown in Fig. 8b, |AGy| decreases at the Mo
and Se sites in both cases because of polarization and enhanced con-
ductivity brought by the inserted oxygen atoms and vacancies, respec-
tively [62,63]. However, no difference is observed from the Mo site in
the cases of one and two oxygen atoms as Mo atoms are occupied fully
with oxygen and selenium atoms. Although the oxygen active sites can
further reduce |AGy| because of the closer density distribution to the
Femi level, |AGy| at the Se site deteriorates when the doping concen-
tration is further increased (e.g. 20 doping). Since Se atoms provide the
prime active sites for HER in the MoSe; basal plane [14], excessive
replacement of Se sites by oxygen atoms worsens the HER activity. Va-
cancy introduction reduces |AGy| both at the Se site and O site. As
summarized in Table S4, a proper balance between Se and O atoms as
well as vacancy sites is crucial to the electrochemical activity and HER
characteristics. The combination of oxygen doping and vacancies pro-
duced by the plasma contributes to the enhanced electrocatalytic ac-
tivity and our results produce evidence that plasma surface modification
is very helpful in boosting the performance of electrochemical catalysts
in HER.

4. Conclusion

A capacitively-coupled oxygen plasma is applied to modify MoSey
nanosheets and the effects of the important plasma parameters such as
the energy of ions and density of radicals on the HER activity are
investigated. The increased polarity after oxygen incorporation im-
proves the surface hydrophilicity of the materials and the synergistic
effects rendered by the oxygen dopant and vacancies facilitate faster
charge transfer between the catalyst and electrolyte and promote the
conductivity and amount of active sites. However, over-doping is
counter-productive because of vacancies reoccupation and excessive
replacement of Se sites by oxygen atoms. Our results show that moderate
ion energy and flux yield the optimal HER characteristics such as a small
overpotential of 165 mV at 10 mA cm ™2 and a smaller Tafel slope of 55.2
mV decl. Theoretical simulation imparts information on not only the
oxygen plasma discharge, but also migration of ions and radicals in the
materials, which are used as initial parameters in the MD calculation to
analyze the interactions between energetic oxygen species and MoSe;
molecules. The theoretical results are consistent with the experimental
observation. Based on the DFT calculation, oxygen and vacancy reduce
AGy at the Mo, Se and O sites as a result of increased polarization and
also because the state density distribution is close to the Femi level. To
achieve the best improvement, balanced substitution of Se by oxygen
atoms and vacancies reservation are essential to the optimal control of
the active sites control, which can be accomplished by tuning the plasma
conditions. This study enriches our fundamental understanding of the
interactions between plasmas and HER catalysts and the results also
provide insights into the design and surface modification of high-
performance catalysts for water splitting.
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Table S1. XPS analysis of different Mo valence states.

Samples  Mo*" 3d3» Mo*" 3ds, Mo®" 3ds Mo 3ds. Mo®" (%)
ow 28666.64 45539.317 0 0 0
20W 14332.97 29882.18 1705.645 7366.214 17.02
30W 11038.47 28353.509 2685.786 10135.03 24.56




Table S2. Reactions in the oxygen discharge for simulation.

Collision
Excitation Ionization Dissociation and
Reactions
et02(V=0)—
et02—2e+02" et+02—e+20 e+20,—0,+0;
etO0(V=1...7)
etOr—etOald et Orald —»2e+ Oy"  etOr—etO+0ls  0x+0ald — 20
etOr—etOobls et O2bls —»2et+ 02" e+t02—etO0+01d  02+O2bls — 20
et02—e+02245 et 0:245—2e+ 02" e+ Osrald —»e+20 O+0Ozbls — O,+0
et O— e +0 e+0—2e+0" et O2bls—et+20 0O+0ald — O0+0
e+O—e+O0ls e+ Ols —2e+0" e+ 02245—e+20 02102245 — 20,
etO—etO1d et Old —2e+O" ¢rO:m0T0 02+ 01ld »0+02
(e attachment)
et+0s"—e+20 02+ Ols -0+0;
et+0,"—0+01d O+ 0Ols —20
e+0,"—>0+01s O+ 01d —-20
20+02—202
30 -20,+0
0"+0,—02"+0
O0+02—02+0
O0+0—0zte
O+0"—>20
0+0,"—>30

0+ 0, =2 0




Table S3. Comparison of the HER characteristics of plasma-treated molybdenum-based

materials.
Overpotentials
v Tafel slopes
Catalysts Electrolytes (mV) Refs.
(mV dec™)
(10 mA cm™)
This
O2p]asma dOped MOSez 05 M HZSO4 165 55.2
work
OZp]asma mOdlﬁed MOSZ 0.5 M HZSO4 131 69 1
OZp]asma mOdlﬁed MOSZ 0.5 M HZSO4 550 138 2
Waterplasma modified MoS; 0.5 M H,SOq4 164 71 3
H2p]asma mOdlﬁed MOSZ 0.5 M HZSO4 193 94 4
Ar" etching MoSe: 0.5 M H2SO4 148 51.6 6
Ar" irradiation MoSe» 0.5 M H2SOq4 135 35 7
H>Spiasma deposited MoS, 0.5 M H2SO4 394 122 ?




Table S4. AGy at the Mo, Se and O sites.

AGu/eV AGu/eV AGu/eV
Samples . . '
(Mo site) (Se site) (O site)
Pristine 2.18 1.92
o 2.05 1.86 1.05
20 2.05 1.88 1.01
Vse (side)+O doping -0.194 1.59 0.67
Vse (bottom)+O doping -0.059 1.59 0.7




Figure S1. (a) XRD shifts of the MoSe> nanosheets processed with different power, (b)
UV-vis spectra of the samples treated with different power, and (¢) XPS shifts of the MoSe:

nanosheets treated with different power.
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Figure S2. (a) MoSe; nanosheets synthesized on carbon felt and (b) MoSe> nanosheets

modified with the 30 W oxygen plasma.



Figure S3. (a) Electron density distributions of the 20 W oxygen and argon plasmas, (b)
Ion flux distributions of the 20 W oxygen and argon plasmas, and (c) SEM image of the

argon plasma-etched MoSe> nanosheets using a power of 20 W.



Figure S4. EDS elemental maps: (a) C, (b) Mo, and (c) Se; O: (d) 0 W, (e) 20 W, (f) 30 W.



Figure S5. (a) TEM images of MoSe> treated using 0 W (top) and 20 W (bottom), (b and
c¢) High-resolution TEM images of MoSe; treated with a power of 20 W indicating MoO-
formation, (d) Lattice spacing distribution of the structure shown in (¢), and (e¢) FFT image

of the crystal shown in (c).
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Figure S6. Electron paramagnetic resonance (EPR) measurements.
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Figure S7. Illustration of the elementary processes in the oxygen plasma discharge.
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Figure S8. (a) Picture of the CCP oxygen plasma discharge and (b) Simulation results of

the CCP oxygen plasma for the reactions shown in Table S2.
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Figure S9. Collisional energy losses companied by migration of ions and radicals of the

samples processed using (a) 10 W and (b) 30 W.
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Figure S10. (a) Oxygen implantation into the MoSe> nanosheets under an electric field
generated by the bias voltage, (b) Oxygen concentration derived from MD calculation, (c)
TEM image showing the MoSe; nanosheet thickness, and (d) Oxygen distribution as a

function of depth.
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Figure S11. Oxygen distributions calculated by the Monte Carlo code: (a) 2D and (b) 3D.
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Figure S12. (a) Carbon fiber image, (b) I-V measurement, and (c) Resistance derived from

I-V measurements.
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Figure S13. (a) Thickness of the MoSe; film determined by AFM and (b) I-V measurement.
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Figure S14. (a) Hydrophobic pristine MoSe> and (b) Changes in the contact angles after 10

W and 20 W plasma treatments.
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Figure S15. CV curves of the MoSe; nanosheets on carbon felt after plasma treatment using

different power: (a) 0 W, (b) 10 W, (¢) 20 W, and (d) 30 W.
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Figure S16. (a) TOFs of MoSe; treated using different discharge power and (b) LSV curves

normalized by the electrochemically active area (ECSA).
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Figure S17. Hydrogen absorption on different active sites of the pristine MoSe> and
surfaces doped with one oxygen atom and two oxygen atoms: (a, ¢, and e) Mo site, (b, d,

and g) Se site, and (e and h) O site.

22



Figure S18. Hydrogen absorption on different active sites of surfaces doped with one
oxygen atom and one Se vacancy (side and bottom of O): (a, and d) Mo site, (b, and ¢) Se

site, and (c and f) O site.
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Figure S19. DOS distributions in different cases
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Figure S20. Electron density distributions: (a) Cross-section of the model, (b) Pristine

MoSe», (c) MoSe> with one oxygen dopant, and (d) MoSe. with two oxygen dopants.
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