Chemical Engineering Journal 485 (2024) 149526

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

t.)

Check for

Plasma treatment of electrodeposited SboSes thin films for improvement of — [w&s
solar-driven hydrogen evolution reaction

a,1

Magno B. Costa ™', Moisés A. de Aratjo ™, Robert Paiva?, Sandra A. Cruz*, Lucia H. Mascaro ™

@ Departamento de Quimica, Universidade Federal de Sao Carlos, Rodovia Washington Luiz, km 235, zip code: 13565-905, Sao Carlos — Sao Paulo, Brazil
b mnstituto de Quimica de Sao Carlos, Universidade de Sao Paulo, Avenida Trabalhador Sancarlense, 400, zip code: 13566-590, Sao Carlos — Sao Paulo, Brazil

ARTICLE INFO ABSTRACT

Keywords: Semiconductor films based on SbySes are a promising choice to be applied as photocathodes for Hy generation via
Antimony selenide solar-driven water splitting. However, the surface of SbySes is extremely hydrophobic, which considerably
Hydrogen

compromises its photoelectrochemical (PEC) performance. To tackle this issue and improve H, generation via
light-driven water splitting, we have developed a plasma treatment approach and evaluated the effect of plasma
type (i.e., plasma of N, and ambient air) and plasma exposure time. According to water contact angle mea-
surements, the surface of the SbaSes films changed from hydrophobic to hydrophilic over increasing plasma
treatment time, and that was noticed for both Ny and ambient air plasmas. XPS analyses showed the formation of
a new Sb-N bond on the surface of the plasma-treated SbySes and this may have enhanced wettability since the N
in the Sb-N bond has the propensity to form hydrogen bonds with water. The PEC analyses showed that the
optimized plasma treatment condition (N3 plasma for 20 s) of the SbySes films delivered a substantial photo-
current density (jpn) value for HER of (-3.9 + 0.3) mA em2at —0.2 VRug, i.e., corresponding to 3-fold increase
compared to that of the untreated film. Based on additional physical and electrochemical characterizations, the
improved PEC performance for HER was assigned to the combined contribution of enhanced wettability and
enlarged ECSA of the plasma-treated SbySes films. Overall, this work features a new and simple method based on
plasma treatment to improve the wettability of those semiconductor films facing hydrophobicity and to enhance
solar-driven water splitting.

Plasma treatment
Surface modification
Wettability
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1. Introduction

The use of oil for energy supply has become one of the most
important products in the economic and geopolitical scenarios around
the world. However, oil or fossil fuels often feature increases and vola-
tility in prices, and on top of that, the exhaustive burning of this non-
renewable resource for energy purposes causes very serious environ-
mental impacts. To exemplify, the excessive emission of carbon dioxide
released into the atmosphere from fossil fuels has contributed to the
intensification of the greenhouse effect and climate change, being the
main responsible for global warming and environmental damage. To
circumvent these problems, efforts have been made to develop tech-
nologies that could replace fossil fuels in favor of using renewable en-
ergy sources available on our planet, such as the sun, as it can provide
more than enough energy to meet all the global energy demand.

One way to harvest solar energy is via using photoelectrochemical
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(PEC) cells, which deal with the conversion of solar energy into chemical
energy, that can generate hydrogen gas (Hy), i.e., clean energy carriers,
from photoelectrolysis of water (also known as solar-driven water
splitting) [1]. Among the semiconductor materials under consideration
for Hy generation in PEC cells, films based on antimony(III) selenide
(SbaSes) are an excellent choice of semiconductor due to the adequate
optoelectronic properties of this material [2] as well as the low-toxicity
and the abundance of Sb,Ses's chemical elements [3,4]. In terms of
optoelectronic properties, SboSes features a high absorption coefficient
(@) of > 10° em™! in the ultraviolet and visible region of the solar
spectrum [5], suitable optical bandgap energy (Eg) of 1.10-1.17 eV
[6,7], whose values enable a theoretical maximum photocurrent density
(jpn) of > 38 mA cm 2 [8], and proper energy position of the conduction
band for the occurrence of hydrogen evolution reaction (HER) [9].
Another advantage of SbySes is that this material has only one single
crystalline phase [10], consisting of stacked one-dimensional parallel
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(Sb4Seq), ribbons (formed by trigonal and tetragonal polyhedra
SbiSeySes linked alternately [3]). This crystal structure exhibits aniso-
tropic behavior for charge carriers transportation, i.e., photogenerated
charge carriers travel more efficiently along the (SbsSeg), ribbons
compared to their transportation between ribbons (hopping transport
mechanism) [11-13]. Studies have shown that preferential crystal
growth of SboSes films at the [hk1] direction can provide a better
transportation of the photogenerated charge carriers [14-16]. For
example, a recent study reported the obtainment of [hkI]-oriented
SbsySes films in a multilayer-based photocathode, namely, Mo/SbsSes/
CdS(In)/TiO5/Pt, and this system delivered a substantial cathodic jp, of
—35.7 mA cm 2 at 0 VruEg, onset potential of 0.54 Vgyg and half-cell
solar-to-hydrogen conversion efficiency of 5.6 % [17]. SbySes semi-
conductor has also gained interest and has been widely investigated over
the past years as a light-harvesting material for photovoltaic [18] and
photodetector technologies [19], reaching high efficiency and perfor-
mance [20,21].

It is fair to mention that SboSes features as a drawback the slow
charge carriers transfer at the SbySes|electrolyte interface, which is one
of the limiting factors in obtaining a high-performance solar-driven HER
[22]. As recently reported in our previous works, the charge carriers
transfer for HER can be enhanced via modifying the surface of SboSes
films with MoSy- and Pt-based electrocatalysts [23,24]. Another issue
that SbaSes has is that the film surface of this material can be extremely
hydrophobic, which considerably compromises the PEC performance of
the material for Hy generation via light-driven water splitting. The hy-
drophobic surface of SbySes stands as an issue for light-driven water
splitting reaction, as it prevents water molecules or hydronium (H30™)
species from reaching the semiconductor’s surface to be reduced by its
photogenerated electrons. Therefore, semiconductor films featuring a
hydrophilic surface is a fundamental prerequisite for the occurrence of
the subsequent steps of light-driven water splitting. Materials presenting
adequate roughness and surface energy can also directly contribute to
the enhancement of the material’s surface wettability since the presence
of nano- or microstructures significantly contributes to high hydrophi-
licity [25,26].

It has been shown that surface wettability can be improved by
exposing the materials to plasma [26-28], which is an electrically
neutral substance comprised of electrons, neutrons, ions, free radicals,
and excited particles [27]. In addition, exposing materials to a plasma
environment enables a variety of surface modifications, such as struc-
tural reconstruction [29,30], surface etching to introduce defects [31],
regulation of the vacancy’s formation [32], and modulation of the band
structure to improve wettability and conductivity [33], and all these
surface modifications favored improvement of (photo)electrocatalytic
activity for the oxygen evolution reaction, i.e., water oxidation. Another
advantage of plasma treatment is that can also improve the electro-
catalytic activity of the electrocatalysts for HER [31,32,34,35].
Regarding the plasma treatment of SbySes films for the sake of
improving their wettability characteristic and photoelectroactivity for
the HER, to the best of our knowledge, such an approach has not been
attempted yet. Nevertheless, recent studies have shown the capability of
dinitrogen (N3) plasma treatment to improve wettability and photo-
electroactivity for HER of antimony(III) sulfide (Sb,Ss) films [36,37]. In
this context, de Aratijo and Mascaro [36] reported a novel Ny plasma
treatment approach to enhance Hy generation on SbsSj3 thin films via
light-driven water splitting. The PEC analyses showed that the plasma-
treated Sb,S3 films delivered a substantial increase in jy, value for
HER of 24-fold compared to that of the untreated films, and this
improvement was assigned to the enhanced wettability performance of
the films (i.e., it changed from superhydrophobic, before plasma treat-
ment, to hydrophilic, after plasma treatment). The enhanced wettability
was due to the superficial chemical modification of the films, namely,
the formation of an S—N polar group on the films surface by the Ny
plasma treatment.

In the present work, we propose a similar approach based on plasma
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treatment of the SbySeg films to improve their wettability behavior and
photoelectroactivity for Hy generation via light-driven water splitting.
Particularly, we aimed to evaluate the photoelectroactivity for HER of
the SbySes films treated under N3 and ambient air plasmas and subjected
to different exposure times of these plasmas. As will be shown, the
maximum jpy, value for HER was achieved for the N, plasma treatment,
which delivered a value of approximately —3.9 mA cm 2 at —0.2 Vryg.
This value represented a 3-fold increase of the jp, compared to that of the
untreated film. To explain the substantial enhancement achieved of PEC
performance for HER of the plasma-treated SbySes films, it was carried
out a thorough physical and chemical characterization as well as an in-
depth investigation of the wettability characteristics of the films. The
results indicated that the enhanced PEC performance towards HER was
due to the joint contribution of the improvement of surface wettability
and the enlarged electrochemical active surface area (ECSA) of the
plasma-treated SbySejs films. At last, using a plasma treatment approach,
in addition to considering a new surface modification strategy, provides
a huge advantage over other techniques, such as being easy to handle,
simple to reproduce, and able to operate with many samples at once.
Thus, it can be used to improve the wettability of other semiconductor
films and to enhance the PEC activity in aqueous medium.

2. Material and methods
2.1. Deposition of SbaSes films

The detailed method of SbySes synthesis can be found elsewhere
[23]. Briefly, it was employed a three-electrode cell configuration for the
electrodeposition of SboSes films on FTO substrates, which were previ-
ously cleaned and hydrophilized. The counter electrode was a Pt plate
(geometric area of ca. 1 cmz), while the reference electrode was an Ag/
AgCl/Clsar. ke and all the potential values presented in the text are
referenced against the Ag/AgCl/Clisa:. ke scale, unless the reversible
hydrogen electrode (RHE) scale is specified. The films were obtained by
potentiostatic co-electrodeposition at —0.60 V with a cutoff charge
density of 600 mC cm™2. The deposition bath was comprised of 2.0
mmol/L SeO; and 1.25 mmol/L CgH4K3012Sby-xH20 precursor solu-
tions dissolved in the supporting electrolyte (i.e., 0.5 mol/L NaySO4/
H2SO4 at pH 2). Before the electrodeposition, this deposition bath was
deaerated for 15 min with N; flow and maintained throughout the
experiment as an atmosphere inside the cell. The electrodeposited films
were subjected to thermal treatment at 300 °C for 60 min with a heating
rate of 10 °C min~! and under argon flux in a tubular furnace containing
~ 200 mg of Se. The estimation of the thickness of the Sb,Ses films (after
the thermal treatment process) was ~ 600 nm, as shown in Fig. S1. We
should mention that was not possible to determine exactly the thickness
of the films due to non-uniformity.

2.2. Plasma treatment of SbSes films

The plasma treatment of the SbySes films was performed in a com-
mercial plasma cleaning machine (Zhengzhou CY-P2L-B) having an
inner chamber size of 100 mm (diameter) and 270 mm (length), which
corresponds to a volume of 2 L. The SbySes films were treated under
plasma of Ny (SbaSe3(N3-P)) and ambient air (SboSes(air-P)) for 10, 20,
and 30 s. The SbySes films treated under N plasma for 10, 20 and 30 s
were labeled as SbySe3(10 Ny-P), SbySes(20 Na-P) and SbySes3(30 No-P),
respectively, and the SboSes films treated under ambient air plasma for
10, 20 and 30 s were designated as SbySeg(10 air-P), SbySes(20 air-P)
and Sb,Se3(30 air-P), respectively. The sample not subjected to plasma
treatment (SboSes(non-P)) was employed for comparison. Either the Ny
or ambient air plasma was generated by the application of a radio fre-
quency (RF) of 13.56 MHz and RF power of 5 W. It was maintained a
pressure of 30-35 Pa and gas flow of ca. 500 mL min~! during the entire
plasma treatment process. It is worth mentioning that the choice of these
values provides the basis of plasma generation and was experimentally
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determined by simplicity based on the etching capability of the plasma
(i.e., removal of SbySes films from the substrate). Any increase in these
parameter values could result in the total etching/removal of SbySes
from its film’s surface or even preventing the plasma generation. To
guarantee reproducibility and control in all the experiments, the opti-
mized parameters for plasma generation were employed for the plasma
treatment of all the samples.

2.3. Pt deposition on SbySes films

It was deposited Pt nanoparticles over the untreated and plasma-
treated SbaSes films aiming to facilitate HER occurrence and minimize
the photocorrosion process during the PEC experiments, as shown in our
previous work [23]. Concerning the deposition procedure of Pt, 1.0
mmol/L HyPtClg-xH20 dissolved in the supporting electrolyte (i.e., 0.1
mol/L phosphate buffer solution (PBS) at pH 6.5) was used as Pt pre-
cursor. The deposition was performed using a three-electrode cell with a
quartz window with the counter electrode and reference electrode being
the same as previously mentioned [23], and the working electrode was
the untreated and plasma-treated SbySes films. The electrodeposition of
Pt nanoparticles was carried out under a solar light simulator (100 mW
cm™2, xenon lamp, and AM1.5G filter) and applying potentiostatically
—0.1 V until reaching a deposition charge density of 60 mC cm 2.

To better describe the different steps involved in the preparation of
the photoelectrodes, a schematic representation is depicted in Fig. S2.

2.4. Physical and chemical characterization of the films

The crystalline structure of the films was characterized using an X-
ray diffractometer (Rigaku DMax2500PC) with Cu Ka; radiation of 1.54
A and a scan speed of 0.02° s71, in a range between 26 = 10 to 60°. It was
also characterized the vibrational modes of the materials employing a
confocal Raman microscope (Horiba) with a 532 nm excitation laser.
The films’ chemical characterization was performed with an X-ray
photoelectron spectrometer (Scienta Omicron ESCA 2SR) having the Al
Ka radiation (1486.7 eV) as the excitation source. To correct/minimize
the surface charging effect, the binding energy value of all the spectra
was adjusted by setting the C 1 s peak at 284.5 eV [38]. For the spectra
fitting, it was employed the Gaussian-Lorentzian function (30 %) for
peak adjustment, and the Tougaard function for the background. The
chemical composition of the films was also assessed using a field emis-
sion scanning electron microscope (FE-SEM, Jeol JSM-7200F) equipped
with an energy-dispersive X-ray spectrometer (Bruker XFlash 6|60 de-
tector). The Morphological characterization was performed using a FE-
SEM (Jeol JSM-7200F) operating at 15.0 kV. The optical characteriza-
tion was accomplished using an ultraviolet-visible-near-infrared (UV-
vis-NIR) spectrophotometer (Cary 5E) containing an integrating sphere
for collection and measurement of diffusely reflected light signal. The
value for a was determined using the Kubelka-Munk equation and Eg
was obtained from Tauc extrapolation [39]. Besides the estimation of
the optical Ej, it was also obtained the light-harvesting efficiency (LHE,
elsewhere called “absorptance™) of the films from the reflectance
spectra, disregarding transmittance (for opaque objects), and employing
the Equations (1) and (2) [40,41]. Static contact angle measurements on
the film surface were performed using a goniometer (Ramé-hart 260 F4)
and employing the sessile drop method. It was used water and diiodo-
methane as polar and apolar solvents, respectively. The topographical
characterization of the films was carried out on an atomic force micro-
scope (CSInstruments Nano-Observer) in contact mode.

LHE=1-10" (@]
A = log @

where A is the absorbance and R is the reflectance.
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2.5. Photoelectrochemical characterization of the films

The PEC measurements were carried out in the same three-electrode
cell with a quartz window that was described before. The counter and
the reference electrodes were a Pt plate and an Ag/AgCl/Clgat. xci),
respectively. The working electrode was the untreated and plasma-
treated SbySes films containing Pt nanoparticles on their surfaces. It
was used 0.1 mol/L PBS at pH 6.5 as a supporting electrolyte in all PEC
measurements. The potential values originally recorded against the Ag/
AgCl/Clsat. kel scale were converted to the RHE scale (cf. Equation (3))
to facilitate comparison with the studies in the literature.

E(vsRHE) = E (vs Ag/AgCl/Cl, )+ (PH x 0.059V) +0.197V  (3)

where E (vs RHE) is the potential against the RHE scale, E (vs Ag/AgCl/
Clisat. kap) is the potential against the Ag/AgCl/Clsat. ka1 scale, and pH is
the hydrogenionic potential of the supporting electrolyte (6.5).

The j,, values were obtained from linear sweep voltammetry (LSV) at
ascanrate (v) of 5mV s~ and under chopped solar light simulation (100
mW cm™~2) with 3 s pulses for each light on and light off condition. The
LSVs were obtained from the open-circuit potential to —0.4 Vgyg.
Chronoamperometry measurements were performed to evaluate the
short-time stability of the films via applying —0.2 Vgyg for 720 s under
chopped illumination (60 s for each light on and off condition). It was
also carried out photovoltage (Vpn) measurements of the films at open-
circuited voltage (V,.) conditions during 180 s and under chopped
illumination (60 s for each light on and off condition). All the light
pulses (i.e., light on and off) were controlled by an external device
(shutter) coupled to the potentiostat/galvanostat. The V,, experiments
were performed in a two-electrode cell configuration with a quartz
window. The working electrode was the untreated and plasma-treated
SbsSes films, and the counter electrode was a Pt plate.

3. Results and discussion

Initially, we employed scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) to evaluate the morphology
and chemical composition, respectively, of the SbySes films treated
under different plasma types and plasma treatment times (see Fig. 1a-g).
For the SbySes(non-P) film, it was noted the formation of globular
clusters (Fig. 1a), which is a characteristic morphology for SbySes thin
films obtained by co-electrodeposition followed by thermal treatment
under sublimated Se atmosphere [11,24]. The globular clusters featured
different lengths (the maximum one was approximately 1 pm) and were
uniformly distributed over the entire film. Another aspect of these
structures is the uniform distribution of Sb and Se elements, as shown by
the EDS elemental mapping found below the SEM micrograph of Fig. 1a.

Regarding the plasma-treated films, Fig. 1b-d shows the surface of
SbsSe;s films treated under N plasma at different exposure times. For the
lowest Nj plasma treatment time (i.e., 10 s), it is possible to notice that
the SboSes clusters underwent an etching process, i.e., material removal
from the film’s surface (see Fig. 1b), and such a phenomenon becomes
more evident for the Ny plasma treatment of 20 s (cf. Fig. 1c). For the
longest time of exposure to Ny plasma (i.e., 30 s), one notices consid-
erable etching of the SbySes clusters (see Fig. 1d), as at some portions
these clusters were removed by the plasma action, revealing thus the
tetrahedron-like structure characteristic of FTO substrate (for a better
viewing see Fig. S3a). The occurrence of etching might have been the
result of the bombardment of plasma species against the film surface
with high enough kinetic energy [42] to eject atoms of SbySes films.
Moreover, the ejection of material by the plasma bombardment has been
widely documented in the literature for a variety of selenide-based
compounds [43-45]. Concerning the chemical composition of the Ny
plasma-treated films, in addition to the presence of Sb and Se, the
elemental mapping by EDS indicated the presence of N distributed
uniformly over the films of SbySe3(20 N»-P) and SboSe3(30 Ny-P) (cf.
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Fig. 1. a-g) FEG-SEM micrographs with a magnification of 25k times for untreated and plasma-treated Sb,Ses films subjected to different plasma types and plasma
treatment times. EDS elemental mapping of Sb, Se, and N are displayed below the corresponding FEG-SEM micrographs. h) Photographs of untreated and plasma-
treated SboSe; films subjected to different plasma treatment times.

Fig. 1c—d). In terms of atomic nitrogen percentage, it reached up to 4.3 % possible to verify from the EDS elemental mapping the presence of N for
for the SbySe3(30 N»-P) film (Fig. S4d). the longest plasma exposure time conditions (i.e., 20 and 30 s) and the
For the films treated under ambient air plasma (Fig. 1e-g), it was also maximum estimation of atomic nitrogen percentage was 1.1 % (see
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Fig. 2. High-resolution XPS spectra of a) Sb 3d and b) N 1 s core levels for untreated and plasma-treated Sb,Ses films subjected to different plasma types for 10 s.
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Fig. S4g). Concerning the morphology analysis, the ambient air plasma
also led to etching the SbySes clusters. Compared with the same expo-
sure times, ambient air plasma seems to be less aggressive than Ny
plasma as the SbySes clusters are less etched due to the bombardment of
plasma species. Additionally, the SbySe3(30 air-P) film did not display
exposed regions of FTO (see Fig. S3b), suggesting that the bombardment
of ambient air plasma species may not have high enough kinetic energy
to eject a large number of atoms of the SbySes film. The ejection of
material from the Sb,Ses films becomes even more obvious for plasma
treatment time higher than 30 s. This can be observed for the film
treated under plasma for 40 s which resulted in a substantial removal of
the SbySes film from the FTO substrate, as shown by the photographs in
Fig. 1h.

The untreated and plasma-treated SbySes films for 10 s under
different plasma types were chemically assessed by high-resolution X-
ray photoelectron spectroscopy (XPS), as shown in Fig. 2. Initially
considering the XPS spectrum of the SboSes(non-P) film (cf. Fig. 2a), one
notices the presence of one doublet with the peaks of 527.7 and 537.04
eV, which corresponds to the Sb 3ds,, and Sb 3ds,; core levels,
respectively, of the Sb-Se bonding of Sb,Ses. It was also noted another
doublet with peaks of 528.4 and 537.74 eV that are characteristics of Sb
3ds/2 and Sb 3d3 /7 core levels, respectively, and both are assigned to the
Sb-O bound [46,47]. The additional peak located at 531.1 eV was
assigned to the O 1 s and is probably attributed to the superficial
oxidation of Sb,Ses. For the Sb,Se3(N,-P) film, in addition to the doublet
assigned to Sb-Se bonding of SbySes, the XPS spectrum shows an addi-
tional doublet located at 529.2 eV (Sb 3ds,2) and 538.54 eV (Sb 3d3,2),
which is probably associated with the formation of a new bond, namely
Sb-N bond [48], that could have been arisen from the exchange of Se?”
ions for N>~ during the Nj plasma treatment. The formation of Sb-N
bond in the SbySe3(N2-P) film can be verified in the N 1 s spectrum (cf.
Fig. 2b), which displays a peak at ~ 400 eV assigned to the occurrence of
Sb-N [49]. The N 1 s spectrum of the untreated SbySes film did not
display any photoemission peak of the Sb-N bond and this result verifies
once again that the formation of Sb-N in the SbySes films only occurs
during the N, plasma treatment. It is important to mention that given the
close binding energy values of Sb-N and Sb-O bonds and the over-
lapping of O 1 s peak with the peak assigned possibly to Sb-N (see
Fig. 2a), it is difficult to accurately assign the presence of Sb-N in the Sb
3d spectra for the plasma-treated films. Therefore, we have designated
as Sb-X, which represents the occurrence of Sb-N and Sb-O in the
plasma-treated films. Another important aspect to mention is that the
mechanism involving Sb-N bond formation on the surface of SbySes
films during nitrogen-based plasma treatment has not been investigated
yet. However, based on reported studies for other materials [50], we
believe that the fundamental steps involved are probably Sb-Se bond
break and Sb-N bond formation on the SbySes films’ surface due to the
bombardment of highly energetic nitrogen ions of the plasma towards
the films’ surface. Additionally, the formation of metal-N bond under
nitrogen-based plasma treatment has also been reported for other
chalcogenide materials [35,51-54]. Although more studies would be
required, these works indicate that the formation of this bond might
have a possible tendency to occur in chalcogenide-based materials
exposed to nitrogen plasma. Regarding the Sb 3d spectrum of the
SbySes(air-P) film (Fig. 2a), it was also observed the doublet located at
529.0 eV (Sb 3ds,2) and 538.3 eV (Sb 3ds,2) assigned to Sb-N bond and
this bond formation can be confirmed by the presence of the photo-
emission peak in the N 1 s spectrum (cf. Fig. 2b), which is also associated
to the occurrence of Sb-N bond [49]. Additionally, the doublet and the
photoemission peak of the Sb 3d and N 1 s spectra, respectively, assigned
to the Sb-N bond featured lower intensity for the SbySes(air-P) film
compared to that of the SbaSe3(N2-P) film. This reduction of peaks in-
tensity may be associated with the fact that air in the earth’s atmosphere
has only =~ 78 % N in its composition [55], indicating that less N-based
bonds are present on the film surface of the SbySes(air-P). Another
interesting feature of the XPS spectra for the plasma-treated SboSes films
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is the presence of O 1 s peaks, which might be attributed to the chem-
isorption of oxygen species on the surface of the film when exposed to
atmospheric air [56]. Additionally, since the O 1 s components associ-
ated with the Sb-O bond undergo minimal changes after treatment with
plasma of N, and ambient air, the modification on the surfaces of the
films is mostly associated with the Sb-N bond. The presence of Sb-N
bonds on SbySes films’ surface plays an important role in the wettability
improvement of SboSes films and consequently their PEC activity for Hy
generation from solar-driven water splitting, as will be shown in the
discussion of Figs. 4 and 5, respectively.

The crystal structure characterization of the untreated (SbySeg(non-
P)) and plasma-treated (SbySe3(Nyo-P) and SbySes(air-P)) films was
assessed by X-ray diffraction (XRD) patterns and can be seen in Fig. 3a.
Initially considering the SbySes(non-P) film, the diffraction peaks
without labels were indexed to the crystalline planes of the ortho-
rhombic SbySes phase, which follows the standard patterns of the
Powder Diffraction File (PDF) no. 89-821 [57] for SbySes. The diffrac-
tion peaks labeled with asterisks (*) were assigned to SnO, (PDF no.
41-1445 [58]) from the FTO-coated glass substrates. For the plasma-
treated samples, all the diffraction peaks without label were also
indexed to the SbySes phase, no additional peaks concerning the for-
mation of secondary phases have been identified. Additionally, as shown
in Fig. S5, it has been observed a slight increase of the full width at half
maximum (FWHM) values (corresponding to a percentage FWHM in-
crease of around 10.5 %), suggesting that the crystal structure of the
SbySes phase was affected during the plasma treatment. Specifically,
treating the SboSes films under plasma of either Ny or ambient air may
have led to crystallographic stress in the SbaSes crystal structure. The
occurrence of this phenomenon may be linked to the shift of the main
diffraction peak (corresponds to the (221) lattice plane) of the plasma-
treated SbySes films that shifted 0.12° towards higher 20 values
compared to that of the untreated films (cf. Fig. S5). The interplanar
spacing of SbySes(N2-P) and SbySes(air-P) films also underwent reduc-
tion compared to that of the SbySes(non-P) film. According to the
Bragg’s equation (cf. Equation (4), the interplanar distance of the (221)
lattice plane, i.e., corresponding to the main diffraction peak, reduced
from 0.2828 nm (SbySez(non-P) film) to 0.2819 nm (SbySe3(N»-P) and
SbySes(air-P) films), indicating a possible insertion of nitrogen atoms
inside the crystal lattice of SbySes (the nitrogen atomic radii is smaller
than that of selenium atom [59]). Similar results in terms of structural
changes observed by XRD data were reported in the literature for other
materials doped with nitrogen atoms via using Ny plasma and magne-
tron sputtering under Ny [60,61].

Zdh,dsiné‘ =1 (4)

where dpy is the interplanar spacing of SbaSes crystal, 6 is the incident
angle of the X-ray beam, and 4 is the wavelength of the incident X-ray
radiation (0.154056 nm).

Additional characterization of the untreated and plasma-treated
SboSe; films was achieved via the Raman spectra, as shown in
Fig. 3b—d. For the SbySes(non-P) film, the Raman spectrum (see Fig. 3b)
displayed bands centered at 118, 189, and 210 cm™ !, and such bands are
commonly attributed to the vibrational A; modes of SboSes [62]. The
band located at 118 cm ™! is assigned to the Se-Sb-Se bending [63,64],
and the ones at 189 and 210 cm™! are attributed to the Sb—Se—Sb
bending [65,66]. The band centered at 254 cm™! is assigned to the
Sb,03 secondary phase [63] and it has already been reported in other
works as being only superficial [67-69]. Its formation may have been
the result of different phenomena, such as: (i) the partial oxidation of the
SboSes due to air exposure after synthesis and/or (ii) the energy deliv-
ered by the laser exposure during Raman measurements performed in air
that could have led to the partial decomposition of SboSes into SboO3
[63]. It is interesting to note that the phase of SboO3 observed from the
Raman spectrum was not identified in the XRD measurements (see
Fig. 3a), and this may be linked to the differences in the sensibility of the
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Fig. 3. a) XRD patterns for sboSez(non-P) and plasma-treated films (Sb,Se3(N»-P) and Sb,Ses(air-P)) for 10 s. Standard patterns of the PDF database for Sb,Se; (PDF
no. 89-821 [57]) and SnO, (PDF no. 41-1445 [58]) phases are also displayed as vertical lines at the bottom of the diffractograms. Raman spectra for b) Sb,Ses(non-
P), ¢) SbySe3(N2-P), and d) SboSes(air-P) films subjected to different plasma treatment times. FWHM values for e) SboSe3(N,-P) and f) Sb,Ses(air-P) films subjected to

plasma treatment at different times.

Raman and XRD techniques, such as vertical and/or lateral resolution
[70].

Fig. 3c—d show the Raman spectra of the SbySes films treated under
plasma of Ny and ambient air, respectively, at different times. As noted,
the Raman spectra of the plasma-treated films also displayed the char-
acteristic bands of the SboSe3 phase, and it was not noticed additional
bands, meaning that there is no formation of secondary phases upon
plasma treatment. Aiming a further understanding of the plasma treat-
ment effect on the crystal structure of the SbySes films, it was obtained
the FWHM values of the Raman spectra for the untreated and plasma-
treated SboSes films (see the values in Table S1). For such an analysis,
Raman data processing employed spline and Gaussian functions to
generate the baseline (which was subsequently subtracted) and the
components of the bands, respectively. The intensity of the bands was

normalized to the band centered at 189 cm ™!, which is the most intense
band for SbjSes.

For the SbySes(air-P) films (Fig. 3f), a noticeable variation of the
FWHM values was only observed for the band at 118 cm~! of the SbySes
phase, whose values featured initially a gradual increase for the plasma
treatment time 10 s (19.3 cm™!) and 20 s (20.7 cm™ 1) compared to that
of the SbySes(non-P) film (14.8 cm_l). This behavior follows the XRD
data, as the FWHM of the main diffraction peak also featured an increase
for the plasma-treated films compared to that of the untreated one (cf.
Fig. S5). Concerning the longest plasma treatment time, namely 30 s, the
FWHM from the Raman spectrum underwent a reduction of its values
(16.4cm™H compared to the other plasma treatment times, however, it
was still higher in comparison to the FWHM values for the untreated
film. A similar trend was also observed for the FWHM values of the band



M.B. Costa et al.

= 90°

non-P 10s 20s 30s
Sb,Sey(N,-P)

[ Dispersive component, ysd
I Polar component, b2

2.0+

TE 1.5

Z ]

g

Q 1.0
0.5
0.0

non-P 10s 20s 30s
Sb,Se;(air-P)

Chemical Engineering Journal 485 (2024) 149526

50

non-P 10 20 30
Sb,Se,(air-P)

[ Dispersive component, y.2

I Polar component, y°
2.0+

TE 1.5 1

Z

g

e 1.0
0.5
0.0 -

non-P 10s 20s 30s
Sb,Sey(N,-P)

Fig. 4. a-b) 6, and c-d) y, values for the untreated and plasma-treated Sb,Ses films subjected to different plasma types and plasma treatment times.

at 189 cm™! for the SbySe3(No-P) films (cf. Fig. 3e and Table S1).
Compared to the untreated SbySes film, there was an initial increase of
the FWHM value (up to 19.0 cm ™! for plasma treatment time of 10 s)
followed by a decline (17.1 and 17.9 cm™! for plasma exposure times of
20 and 30 s, respectively). It is believed that the initial increase of the
FWHM value could be associated with the crystallographic stress by the
insertion of the nitrogen atoms in the crystal lattice of SbySes, as seen in
the XRD data. Regarding the reduction of the FWHM values for the
Sb,Se3(30 air-P), SboSe3(20 N»-P), and SbySe3(30 No-P) films, we believe
this might be linked to the partial or complete removal, i.e., etching
effect by the plasma treatment, of the modified Sb,Ses phase, namely
SbySe; phase containing probably incorporated nitrogen atoms and
Sb-N bond formation on the SbySes surface.

To assess the optical properties of the SbaSes films, the Eg of an in-
direct (allowed) electronic transition was estimated via the Tauc plots
for SbySe3(No-P) and SboSes(air-P) films (Figs. S6a-b, respectively)
subjected to different plasma treatment times. The E; for the SbySes(-
non-P) film was ca. 1.18 eV, which closely agrees with the value re-
ported in the literature [47,71,72]. The plasma-treated SboSes films did
not show a substantial change in the Eg values, indicating that plasma
treatment does not affect significantly the optical properties of the
SbySes films. Despite these Eg values being relatively close compared to
the SbaSez(non-P) film, the small variations of E; may be linked to the
occurrence of chemical defects such as vacancies, which could have
originated from the plasma etching effect [44]. We have also investi-
gated the effect of plasma treatment on the light absorption ability of the
SbsySes films and for this, it was obtained the LHE plots, as shown in

Figs. S6¢c-d. The LHE of the SbySes(non-P) film reached a considerable
value of up to 0.95 in the range of 800 and 950 nm. For the plasma-
treated SboSes films, the LHE values did not alter significantly
compared to that of the untreated film, which suggests that the plasma
treatment does not have a substantial influence on the light absorption
capability of the SbySes films.

To have a full picture of the light-driven water splitting process, it is
primally important to understand how a photoelectrode surface and a
liquid interact as well as how such an interaction pertains to the water
splitting performance. To verify these, wettability tests were performed
for the untreated and plasma-treated SboSes films and the results are
shown in Fig. 4. Before evaluating the results, it is important to keep in
mind that wettability can be defined as the tendency of a liquid to spread
over a flat rigid solid surface [73]. In a microscopic domain, wettability
can be delineated as a property governed by intermolecular interactions
to portray the extent of wetting of a solid rigid surface by a liquid droplet
[74]. Typically, wettability can be described in terms of static contact
angle determined by tangential angle that originates from the balance of
the surface tensions among the solid—vapor, liquid—vapor, and solid-
-liquid interfaces. It is generally accepted that a solid surface is char-
acterized as hydrophobic when its static water contact angle (6,,) is
higher than 90° and is hydrophilic when this angle is lower than 90°
[75]. These wettability parameters play a fundamental role in the
application of semiconductor thin films for solar-driven water splitting
since the semiconductor|electrolyte interface must present a hydrophilic
behavior.

Having in mind all these aforementioned concepts, the 6,, was
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determined for the SbySe3(N2-P) and SbySes(air-P) films subjected to
different plasma treatment times, as shown in Fig. 4a-b, respectively.
The 6, of the untreated SbySes film is also displayed in both figures for
the sake of comparison. The surface of SbySes(non-P) film showed 6,, >
90°, indicating that the film surface features low wettability or hydro-
phobic behavior [76]. For the plasma-treated films, the 6,, values
decreased over the plasma treatment time. For the SbySe3(Ny-P) films,
only the film treated for 30 s showed 6,, < 90°, meaning a high

wettability or hydrophilicity of this film surface. On the other hand, the
Sb,Ses(air-P) films treated for 20 and 30 s featured 6, below this limit of
90°, which is once again characteristic of the hydrophilic surface. The
wettability improvement for the plasma-treated films might be linked to
the presence of Sb—N bonds on the SbySes films’ surface (cf. discussion of
Fig. 2), as the N in the Sb-N bond tends to form hydrogen bonds with
water molecules [77].

The origin of the hydrophobicity of the SbaSes is related to its crystal
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growth orientation and the presence of dangling bonds exposed on the
SboSes films surface. According to Kim et al. [78], the hydrophilic/
phobic capacity of the SboSes surface is directly linked to the preferen-
tial orientation of its 1D ribbon-like orthorhombic crystal structure. The
crystal structure of SboSes is comprised of ribbons that contain Sb and Se
atoms strongly bounded by covalent bonds along the [001] direction,
while these ribbon-like structures are stacked in parallel by van der
Waals forces [12]. Thus, (001) planes have a large number of dangling
bonds formed by breaking the Sb—Se bonds of the ribbon-like structures
which can be found on the surface of the SbySes film. These dangling
bonds can contribute to the increase in the surface energy of the (001)
planes of the SbaSes and consequently increase its hydrophilicity, which
in turn means that the adhesive forces between the SbySes surface and
the water droplet become stronger than the cohesive forces of the water
molecules [78]. On the other hand, the (h00) and (0k0) planes exposed
on the surface of SbaSes do not have dangling bonds and therefore,
contribute to the hydrophobic character of the semiconductor [78].

The wettability behavior of the plasma-treated films was further
evaluated in terms of solid surface tension (ys), also known as surface
free energy, which was estimated based on the Fowkes method [79], i.e.,
taking into consideration the contribution of the dispersive component
(yg‘) and the polar component (%) of the solid surface tension, as shown
in Equations (5)-(8) [80-82].

Y=V Q)

(1 + cost) = 2(\/y3y;t n m&) ®

d ylv.dm(l + Cosgdm)2
Vs = -

(m.w(l +cosy) = 24 /1 )2 ®

Mo

)

"=

where 7}y is the interfacial surface tension of the liquid-vapor interface
in which the liquid can be water (yv,w = 72.8 mN m™ Y or diiodo-
methane (yjy,gm = 50.8 mN m™ D), Ois the static contact angle of the water
(0w) or diiodomethane (O, yijv is the dispersive component of the
interfacial liquid—vapor tension in which the liquid can be water (yldv’w =
21.8 mN m 1) or diiodomethane (yﬂ,,dm =50.8 mN m’l), and s}, is the
polar component of the interfacial liquid-vapor tension in which the
liquid can be water (yf,w = 51 mN m™!) or diiodomethane (yf, am =
0 mN m™1) [83].

The ys values estimated by employing Equations (5)-(8) and the
average 0y, and 6qn, values (cf. Table S2) are compiled in Fig. 4a-b for
SbaSes(Ny-P) and SbySes(air-P) films, respectively, subjected to different
plasma treatment times. Compared to the SboSes(non-P) film, both
SbaSes(No-P) and SbySes(air-P) films displayed an increased tendency of
the ys values over the plasma treatment times. This tendency can be
better explained by the increase in the y? values (estimated via Equation
(8) for both SbySe3(N3-P) and SbySes(air-P) films, as shown in Fig. 4c-d).
Knowing that y? arises from permanent dipole-dipole interactions [84]
or Keesom forces [85], the increased y? is linked to the introduction of
nitrogen-containing polar functional groups on the surface of the films
(as shown by the XPS data in Fig. 2) via the plasma treatment of either
Ny ambient air. The presence of the polar functional groups enables
greater attraction of water molecules towards the surface of the plasma-
treated films due to the predominance of adhesive forces (i.e., forces that
act on attracting water molecules onto the photoelectrode surface). Such
a hypothesis is based on the improvement of the wettability character-
istic of the plasma-treated films as noted by the continuous decrease of
the 6, values over plasma treatment times. It is also interesting to point
out from Fig. 4c—d that the y{ value (estimated via Equation (7) was
higher than y? for SbySes(non-P) film. Since y‘sj pictures the induced
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dipole-dipole interactions (London-van der Waals forces or London
dispersion forces) [84], the yS > y¥ for the SbySesz(non-P) film suggests
poor attraction of water molecules towards the film surface due to the
cohesion force (i.e., the attraction of water molecules to each other) of
water being the predominant one. This results in poor wettability
behavior for the SbySes(non-P) film, as observed by the 6, > 90°.
Despite the ¢ did not significantly change for the plasma-treated films,
the y? increased over plasma treatment times, suggesting enhancement
of the films’ surface adhesion with water (i.e., improvement of the
ability of water molecules to be drawn to the surface of SbySes films), as
shown by the 6, < 90°. Another interesting aspect noted from Fig. 4 is
that the wettability behavior of the SbySes films treated under plasma of
Ny and ambient air were very similar and did not exhibit significant
difference, even the XPS analyses showing different amounts of nitrogen
atoms bonded on the surface of the films (cf. Fig. 2). The contact angle
for water molecules may have achieved a saturation of wettability de-
gree, regardless of the amount of Sb-N bounds present in the surface of
SbsSes films as shown in the XPS analyses.

At last, we have evaluated the effect of plasma type and plasma
treatment time on the PEC activity of the plasma-treated SboSes films
toward HER. As mentioned previously, to perform the PEC experiments,
Pt nanoparticles were deposited on the surface of the untreated and
plasma-treated SboSes films, as Pt hinders photocorrosion of SbySes
films and facilitates the HER [23]. The surface modification of the
plasma-treated films with Pt can be observed by the SEM images, which
show the presence of small particles of Pt over the plasma-treated Sb,Ses
films (cf. Fig. S7). Additionally, based on EDS elemental mapping (see
Fig. S8a), it was possible to confirm the presence of Pt distributed on the
plasma-treated films. It was also estimated the amount of Pt photo-
electrodeposited from the EDS spectrum, and the atomic percentage of
Pt was approximately 1.0 at.% (see Fig. S8b). Regarding the PEC per-
formance of the plasma-treated SbySes films having Pt nanoparticles on
their surface, Fig. 5a-b show the LSV measurements in a potential range
between 0.2 Vgyg (approximately in the open circuit potential condi-
tions) and —0.4 Vgryg for the SboSe;s films treated under plasma of No and
ambient air, respectively, at different plasma treatment times. Still
concerning Fig. 5a-b, both untreated and plasma-treated Sb,Ses films
presented cathodic jp, signal, as indicated by the negative value of the
current density of the scale bar located at the base of the LSVs. This
cathodic photoresponse is assigned to the solar-driven HER, since the
conduction band edge potential of SbySes is more negative than the
potential of HER [86], which means that the photogenerated electrons
in the conduction band of SbySes can be transferred to reduce HsO™" or
water to Hj. Fig. 5¢c—d show the current density values in the dark and
under illumination, and their respective jp, for HER at —0.2 Vgyg for
SbySes3(No-P) and SboSes(air-P) films, respectively, at different plasma
treatment times.

For the SbySes films treated under Ny plasma (Fig. 5a and 5c¢), it is
possible to observe a trend of increase and decrease of the j, for HER as
the plasma treatment time increases. It was achieved a maximum
average jpn value for HER of (-3.9 & 0.3) mA cm 2 at —0.2 Vrue for the
SbySe3(20 N»-P) film. This means that the j,, value was 3-fold higher for
the film treated under Ny plasma during 20 s compared to that of the
untreated film, whose value reached (-1.3 &+ 0.2) mA cm~2 at —0.2
Veye. The improvement of photoresponse for HER may be due to the
increase in the y£ or, more specifically, the enhanced adhesion of water
to the surface of the plasma-treated SbaSes films, implying thus
improvement of wettability or hydrophilic characteristic of the films, as
observed by the reduction of the 6, (see Fig. 4a-b). The occurrence of
the hydrophilic surface for the plasma-treated films is probably related
mainly to the surface modification of these films, i.e., the presence of the
Sb-N bond (see discussion of Fig. 2) since the crystallographic stress
caused by the insertion of N atoms (cf. Fig. S5) did not result in signif-
icant differences in the results regarding the bulk properties of the
semiconductor. The presence of Sb-N bonds on the SbySes film surface
may have contributed to the enhancement of wettability because the N
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in the Sb-N bond is prone to forming hydrogen bonds with water mol-
ecules [77]. It is also important to highlight that the plasma-treated films
presenting a hydrophilic surface can provide better adsorption of water
or H3O™" species, which is a crucial process for the subsequent step of
light-driven HER, namely photogenerated electron transfer at the
semiconductor|electrolyte interface [87,88]. Additionally, the SbySes
films featuring a hydrophilic surface by the plasma treatment can also
reduce the size of the generated Hy bubbles in contact with the photo-
electrode surface [89], and this stands advantageously as it minimizes
the blockage of the active surface sites of the films by the bubbles as well
as diminish the probability of losses associated with the bubbles’ pres-
ence, e.g., kinetic and ohmic losses, and optical losses [90]. In addition
to the improvement of the jpj, signal for HER, it was noted a decline in
the j,p, of the SbySes film treated for 30 s under N3 plasma (see Fig. 5¢),
and this is mainly due to the etching of the film exposed to a long plasma
treatment time (i.e., > 30 s), which resulted, consequently, in the loss of
the light absorber material. Another interesting feature noted from
Fig. 5c is that the current density in the dark increased over plasma
treatment time. This is an indication that the electron transfer for HER in
the absence of illumination is also improved after plasma treatment of
the films, nevertheless, the PEC performance of the films remained su-
perior since all the plasma treatment conditions, as well as non-plasma
conditions, delivered considerably higher current density values under
illumination compared to those in the absence of illumination.
Regarding the PEC performance of the films treated under plasma of
ambient air (Fig. 5b and 5d), the maximum jp;, value for HER was ach-
ieved for the plasma treatment times of 10 and 20 s, which delivered a
value of approximately -3 mA cm 2 at —0.2 Vggg. This value repre-
sented a 2.3-fold increase of the j,;, compared to that of the untreated
film, and this enhanced photoresponse is due to the improvement of
water adhesion to the surface of the plasma-treated films, which favor
the subsequent steps of HER, as discussed previously for the films treated
Ny plasma. Behaving in the same fashion as the films treated under Ny
plasma, the SbySes films treated under plasma of ambient air for 30 s, i.
e., the longest plasma treatment time, displayed a decrease in the j,p
value compared to the other plasma treatment times (cf. Fig. 5d). This
decline of jipy, is probably linked to the removal of SboSes material by the
plasma of ambient air (i.e., etching effect), as discussed previously for
the films treated with Ny plasma. Furthermore, similar to the films
treated under N, plasma, the current density in the dark of the films
treated under ambient air plasma increased over the plasma treatment
time.

Besides the assessment of the jj, signal for HER, we have investigated
the Vpn values of the untreated and plasma-treated films via the V.
measurements under light off/light on conditions (cf. Fig. S9a). The
investigation of Vp, was only performed for the films treated at the
optimized exposure plasma time (i.e., 20 s for N, plasma and 10 s for
ambient air plasma). For this analysis, it is important to bear in mind
that the Vpp, value reflects the magnitude of the quasi-Fermi level split-
ting of the electrons and holes of a semiconductor electrode under
illumination [91]. Generally, semiconductors with higher V,, values
have larger E; and, therefore, provide greater driving force for the
reduction or oxidation of species in solution [92]. Concerning the ob-
tained Vp, values, the plasma treatment has not resulted in a significant
difference in the Vp, value of the plasma-treated films compared to that
of the untreated film (cf. Fig. S9a), and this result is probably due to the
Eg of the films that did not significantly change after plasma treatment
(see Fig. S6a-b). In addition to the PEC activity evaluation (i.e., j,n and
Vpn for HER), we have also investigated the stability of the untreated and
plasma-treated SbySes films via chronoamperometries measurements at
-0.2 Vgygg during 720 s and under chopped illumination, as shown in
Fig. SOb. The stability experiments were carried out for the films treated
at the optimized exposure plasma time (i.e., 20 s for N, plasma and 10 s
for ambient air plasma), and both untreated and plasma-treated films
contained Pt nanoparticles deposited on their surface. According to
Fig. S9b, for the analyzed range of time, the results show that the
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untreated and plasma-treated SbySes films remained stable under po-
larization and chopped illumination, which can be observed by the
plateau region of the current density under illumination that kept
practically constant over time. The observed stability for the untreated
and plasma-treated films is linked to the presence of the Pt nanoparticles
deposited on the films that acted as an electrocatalyst and kept the j,p,
stable during the analyzed range of time, as reported in our previous
work [23].

Aiming to have a better understanding of the PEC performance of the
SbsSejs films treated under different plasma types and at different plasma
treatment times, we have evaluated the ECSA from the double-layer
capacitance density (Cqp) of the films, since the Cq; is directly propor-
tional to the ECSA [93]. The Cq value was calculated from the slope of
the linear relationship of the (j, —j.)/2 vs v (see Fig. 5e—f), where (j, —j.)/
2 is half of the differences between anodic current density (j;) and
cathodic current density (jo). The j, and j. values were obtained from
cyclic voltammetry performed in the capacitive region (from -0.15 to
~0.05 V) and at different v (i.e., 100, 200, 300, and 400 mV s 1), as
shown in Fig. S10. According to Fig. Se-f, the SbySe3(N2-P) films showed
changes in the Cy values (ranging from 12.1 to 15.8 nF cm™2) under
different plasma exposure times, whereas the Sb,Ses(air-P) films did not
show substantial changes in the Cq; values (the average was 14.9 nF
em™2). These results suggest that the increase of Ny plasma exposure
time leads to the increase of the Cq; or ECSA of the plasma-treated films,
and the different exposure times of ambient air plasma do not affect
significantly the Cq or ECSA of the plasma-treated films. Another
important aspect to mention is that despite the SbaSe3(30 Ny-P) film
presented the highest ECSA value, the loss of semiconductor material
during the Ny plasma treatment (i.e., the etching effect) was a disad-
vantage to this film to achieve a better PEC performance. Regarding the
effect of the plasma type, the films treated under plasma of Ny and
ambient air featured an increase of the Cg values up to 4.6-fold
compared to that of the untreated film (3.4 nF cm’z), indicating that
the treatment under both plasma types results in the increase of the
ECSA. The increase of Cq or ECSA of the plasma-treated films compared
to that of the untreated film is probably due to the etching capability of
the plasma that leads to an apparent rougher surface, as shown by the
SEM micrographs (cf. Fig. 1a-g). Since is generally found that the in-
crease of the roughness is directly proportional to the ECSA [94], the
apparent rougher surface of the plasma-treated films may have led to a
better PEC performance due to the larger surface area that enables a
greater number of available active sites for the occurrence of the light-
driven HER.

To verify that there has been an increase in the roughness of the
plasma-treated films, it was employed AFM to obtain two-dimensional
(2D) and three-dimensional (3D) images with a size of 5.0 ym x 5.0
pm of SbySes(non-P), SbaSe3(20 Ny-P), and SbySe3(10 air-P) films, as
shown in Fig. S11. Based on the AFM data, the SbySes(non-P), SboSe3(20
No-P), and SbySe3(10 air-P) films presented arithmetic averages rough-
ness (Ry) of 0.92 + 0.32, 2.53 + 0.48, and 2.75 + 0.95 nm, respectively,
meaning that the surface of the untreated film was smoother compared
to those of the plasma-treated films. The increased values of R, confirm
our hypothesis about the increase of ECSA for the plasma-treated films
compared to that of the untreated films (cf. Fig. 5e-f) and that can be
associated with the improved jp, values (see Fig. 5c-d) for the HER.
Another interesting feature of the R, values obtained from Fig. S11 is
that the error associated with the R, value of the SbySe3(10 air-P) film
was greater than the SbySe3(20 N,-P) film (a similar trend was noticed
from the error associated with the Cq values, see Figures e-f). This result
indicates a lower roughness possibility and hence a slight minor jp}, for
the SbySe3(10 air-P) compared to that of the SboSe3(20 Ny-P) film.

As a final remark, on the strength of the experimental evidence
presented, the improvement of surface wettability and the increase of
the ECSA of the plasma-treated films may have jointly contributed to the
improvement of the jp, signal for HER.
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4. Conclusions

To summarize, the employment of plasma treatment to semi-
conductor films of SbySes has proved to be an effective alternative
approach to substantially improve the PEC performance of the films to
produce Hj via water splitting. The enhancement of PEC performance of
the plasma-treated SbySes films has been associated with the improve-
ment of surface wettability (i.e., hydrophilic characteristic) compared to
the untreated film, whose surface was extremely hydrophobic. The hy-
drophilic surface of the plasma-treated films might be linked to the
chemical modification of the films’ surface, i.e., the presence of Sb-N
bonds on the SbySes films surface that could have arisen during the
plasma treatment of either Ny or ambient air, as confirmed by the XPS
analyses. The Sb-N bonds on the SbySes films surface may have
contributed to the enhancement of wettability because the N in the Sb-N
bond has the propensity to form hydrogen bonds with water molecules.
The presence of N was also observed by the EDS elemental mapping,
which showed N distributed evenly over the plasma-treated film surface.
Additionally, N species may have been incorporated in the crystal lattice
of SbySes, nevertheless, this was a minority effect since only slight
modifications were noticed from XRD and Raman data of the plasma-
treated films compared to the untreated film. This means that the
improvement of wettability of the plasma-treated films is mainly due to
the superficial modification of the SbaySes films. Besides enabling a hy-
drophilic surface, the plasma treatment of N3 and ambient air have also
resulted in the increase of roughness and ECSA of the SbySes films.
Therefore, the enhancement of PEC response towards HER is assigned to
the combined contribution of improved wettability and enlarged ECSA
of the plasma-treated SboSes films. At last, the new contribution of this
work is the surface modification strategy via plasma treatment to
improve the wettability of semiconductor films, which is fundamentally
crucial to enable PEC water splitting, as well as to enhance PEC activity
towards Hy generation.
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