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Molybdenum sulfides, molybdenum oxides, and S-containing molybdenum oxides have been shown to
be promising electrocatalysts for hydrogen evolution. In this context, amorphous Mo—O-S films on a
fluorine-doped tin oxide (FTO) substrate were prepared by cyclic voltammetry using two different
electrodeposition baths containing different Mo and S precursors. Although ammonium
tetrathiomolybdate (ATTM) was successfully used as a source for Mo and S, this precursor was
identified as having some limitations. Therefore, an alternative electrodeposition bath containing
thiourea and ammonium molybdate was presented in this work. Amorphous thiourea-molybdate-based
films were annealed under an inert atmosphere, and the thermal effect was subsequently evaluated by
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), UV-Vis, and Raman analysis. Finally,
harsh galvanostatic electrolysis conditions were applied to perform a preliminary evaluation of the
catalytic behaviour of the Mo—O-S films in a phosphate buffer solution (pH 7). The Mo-O-S films
prepared from the thiourea-molybdate bath showed promising stability and activity results, with a Tafel
slope of 85 mV-dec? in the range of overpotentials lower than 100 mV even after prolonged HER
operation. These findings open an alternative approach to the possible mechanism of Mo—O-S
formation.

Keywords: molybdenum oxide; molybdenum sulfide; thiourea; electrodeposition; hydrogen evolution
reaction

1. INTRODUCTION

Zero-carbon and hydrogen rich fuels have historically been considered an ideal advanced and
innovative type of energy [1]:
C (coal) — -CH2- (0il) — CHg (natural gas) — H> (hydrogen)
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However, the energy used today is still based on fossil fuels, which were stored naturally over
millions of years. Therefore, humans are accustomed to paying only the mining costs of fossil fuels. In
order to shift the world to a synthetic fuel like hydrogen, the economy must first be convinced to pay for
H> production. In this regard, water electrolysis would be one of the most economically and
environmentally friendly, renewable, and clean methods to produce hydrogen. Tremendous efforts have
been made to find alternative earth-abundant inorganic hydrogen evolution catalysts to replace Pt, which
IS scarce, expensive, and unattractive for large scale applications [2, 3].

Molybdenum sulfides prepared either as nanoparticles or as films are very attractive noble-metal-
free electrocatalysts for the hydrogen evolution reaction (HER) from water. Crystalline molybdenum
disulfide (c-MoS2), amorphous molybdenum sulfide (a-MoSx), and molybdenum sulfide molecular
clusters have gained attention for their scalable preparation methods, attractive catalytic activities, and
robustness, especially in harsh Hz-evolving conditions [4]. Various Mo-S film structures can be obtained,
as molybdenum has oxidation states ranging from —2 to +6 and coordination numbers from 0 to 8 [5].
Amorphous molybdenum sulfide is known to exhibit significantly higher HER activity compared to its
crystalline counterpart, likely due to a higher amount of unsaturated Mo and S sites. Although amorphous
molybdenum sulfides lack long-range order, they contain short-range atomic arrangements which are
electrocatalytically active [6].

Generally, the electrodeposition of Mo-S films involves the use of ammonium
tetrathiomolybdate (ATTM, (NH4)2M0S4). The electrolytic reduction of tetrathiomolybdate (M0S4%) to
give MoS; may proceed in a similar manner to the well-known reduction of molybdate (M0oO4%) to
MoO: [7]. A number of publications have reported the electrodeposition of Mo-S films from ATTM by
cyclic voltammetry and potentiostatic electrolysis techniques.

Cyclic voltammetry in an aqueous solution of ATTM has been successful for various conductive
substrates, such as fluorine-doped tin oxide (FTO), indium tin oxide (ITO), and glassy carbon (GC)
electrodes. A mixture of amorphous MoSs, MoSz, and other sulfur species were found to be deposited
[6, 8, 9]. Secondly, constant anodic and cathodic potential electrolysis were employed to deposit films
on an FTO substrate from agueous ammonium tetrathiomolybdate solutions. The two potentiostatic
methods yielded films with different proportions of amorphous MoSz and MoS; phases. The amorphous
MoSs film was not stable in 1 M KOH and quickly dissolved in the electrolyte, while the MoS2.x
composition was stable in alkaline solutions [9, 10].

To the best of our knowledge, reports of the electrodeposition of Mo-S without using ATTM are
limited. After a review of related studies, we noted that room temperature ionic liquids and high-
temperature molten salts, particularly, were employed for nonaqueous electrodeposition of Mo-S [11,
12], while MoO4?* was generally found to be employed in the majority of aqueous electrolytes.

The fact that the electrodeposition potential of Mo is more negative than the discharge potential
of hydrogen creates difficulties in the cathodic electrodeposition of Mo-S films from aqueous solutions.
Furthermore, molybdenum compounds are known to be easily oxidized, and oxides form inevitably on
their surface [5]. In terms of redox chemistry, MoO4? is believed to be the dominant Mo species in
aqueous solution. It should be noted that the redox behaviour, charge, coordination, and ionic radii of
MoO4? are similar to those of SO4% [13].
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In the context of the chalcogenide family, MoO4?> is typically used as a Mo source for the
preparation of films of molybdenum selenides [14, 15]. However, only a few successful attempts of the
electrodeposition of MoS: in a similar manner to that of MoSe, i.e., using MoO4?" as a simple, stable,
and widely available Mo precursor, have been reported. In these reports, an aqueous solution of
Na2MoO4 and NaxS with hydrochloric acid was used, which probably resulted in the formation of
tetrathiomolybdate via chemical reaction in the deposition bath. Potentiostatic deposition was
performed, and amorphous films containing Mo, S, and appreciable amounts of oxygen were obtained
as a result of the aqueous room temperature electrodeposition. Annealing of these films in an inert
atmosphere resulted in the formation of highly-textured films of MoS; with van der Waals planes parallel
to the substrate. As oxygen was an inevitable component of the deposits, the electrodeposited material
was later identified as molybdenum oxosulfides [7, 16].

Na>MoOs and Na>S were again used as the Mo and S precursors with sulfuric acid as the pH
regulator. Various substrates were found to be suitable for the deposition. The electrochemical reduction
of thiomolybdate, which was chemically derived from the precursors, was detected at a potential of about
—0.3 V vs. Ag/AgCl, and the deposited material was identified as MoSx [17].

A two-step electrochemical/chemical method was employed to synthesize molybdenum disulfide
nanostructures. First, amorphous MoOx was potentiostatically electrodeposited by an electrochemical
step-edge decoration technique from a basic aqueous solution of Na2MoOs. Subsequently, the MoOx
precursors were chemically converted to MoS; by heating in a tube furnace at 500-1000 °C under
flowing H.S [18].

Clearly, a great deal of further investigation into the use of alternative Mo and S precursors (i.e.
other than ATTM) in the electrochemical synthesis of amorphous molybdenum sulfides remains to be
done. Previous experimental work has revealed that ATTM has some limitations as a Mo and S
precursor. Before electrolysis, its stability is problematic due to the oxidation of Mo and S species in
aqueous solutions under an air atmosphere. Furthermore, we noticed that during electrolysis the surfaces
of electrochemical cell were covered with a thin layer of unidentified and very difficult to remove
residues. Thus, the development of alternative electrolysis bath is highly desired in order to make the
synthesis more economical and environmental friendly.

The aim of this work was to form S-containing molybdenum oxide films on FTO glass substrates
using the electrochemical deposition method, and to study the structure and electrocatalytic activity of
the resulting films in aqueous neutral phosphate solutions. In this work, we suggest for the first time an
alternative electrodeposition bath containing thiourea (TU) and ammonium molybdate as the S and Mo
sources, respectively. Based on the successful use of thiourea in the aqueous electrodeposition of cobalt—
sulfide films, TU was chosen as the sulfur donor for the molybdenum-containing bath. We predicted that
thiourea might be able to act as a S source for Mo-based films based on the report of Arvia et al. [19].
They proposed that the electro-oxidation/reduction and electro-adsorption/desorption of thiourea
molecules could lead to the extensive sulfidation of metal surfaces. Eventually, we adopted the
terminology “S-containing oxide films” and employed it to represent the samples prepared in this work.
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2. EXPERIMENTAL

2.1. Preparation of S-containing molybdenum oxide films

The electrodeposition of S-containing molybdenum oxide (denoted as Mo—O-S throughout the
paper) films was performed using two different Mo and S precursor baths: (A) ammonium
tetrathiomolybdate (ATTM; (NH4)2Mo0S4), and (B) a solution of thiourea (TU; SC(NH2).) and
ammonium molybdate ((NHz)sM07024).

Thiourea (SC(NH2)2, >99%, Sigma Aldrich), ammonium molybdate tetrahydrate
(NH4)sM07024-4H20, >99%, Reachem) and ammonium tetrathiomolybdate (ATTM; (NHs)2Mo0Ss,
99.94%, Sigma Aldrich) were used as supplied without further purification.

Cyclic voltammetry was employed for the electrodeposition of the films on the FTO substrate.
Prior to deposition, the fluorine-doped tin oxide (FTO) glass substrates (TEC15, 3.5 x 1 cm, 13 Q sq?)
were cleaned successively using a soap solution, deionized water, and acetone in an ultrasonic bath. The
thus-prepared FTO plates were used as working electrodes in a thermostated three electrode cell with
Ag, AgCll KClsay as a reference electrode and platinum wire (geometric area about 15 cm?) as a counter
electrode. The working and counter compartments of the cell were separated by the frit. All three
electrodes were placed in a 100-mL deposition bath filled with solutions of the Mo—O-S precursors. The
ATTM-derived films were deposited by 20 sweep-cycles at a scan rate of 50 mV/s from an electrolysis
bath containing 0.005 M ATTM and 0.1 M NaClO4. Three sweep-cycles were applied for the Mo—O-S
samples deposited from an electrolysis bath containing 0.5 M thiourea and 0.005 M ammonium
molybdate at a scan rate 5 mV/s. For both types of Mo-O-S films, the potential was cycled from —1.2
V to 0.2 V vs. Ag/AgCI. During all the experimental runs, intense brownish films were obtained as a
result of electrodeposition. The as-synthesized samples were thoroughly washed with distilled water and

dried at room temperature.

The thiourea-molybdate based Mo—O-S films were additionally annealed at 623 K for 3 h under
a flow of nitrogen. The freshly prepared and thermally treated samples were then analysed using
structural analysis techniques.

2.2 Analytical techniques

The electrochemical properties of the potentiodynamically deposited Mo—O-S samples were
evaluated using a computer—controlled VSP (BiolLogic Science Instruments, France)
potentiostat/galvanostat connected to a three-electrode cell. EC-Lab VV10.39 software was used for the
collection and treatment of experimental data. The FTO/Mo-O-S sample was used as the working
electrode, a platinum wire as the counter electrode, and Ag, AgCI| KClsay as the reference electrode. All
the electrochemical tests were performed in a 1 M potassium phosphate buffer solution (pH 7) under an
air atmosphere.

A polycrystalline platinum plate (geometrical surface area 2 cm?) was also polarized in the
phosphate buffer solution and used as a benchmark for comparison with the prepared Mo—O-S samples.
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X-ray diffraction (XRD) patterns were recorded on a D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany) with CuKa radiation. The Mo—O-S film specimens were scanned over the range
20 = 5-70° at a scanning speed of 6° min™* using a coupled two theta/theta scan type.

Fourier transform infrared (FT-IR) spectra of the samples were recorded on a Perkin Elmer FT—
IR Spectrum X System. KBr was used to pellet the samples, and the scans were conducted over a 400—
4000 cm scanning range.

Examination of the surface morphology and elemental composition of the FTO/Mo—O-S
samples was performed using a Quanta FEG 200 (FEI) high resolution scanning electron microscope
(SEM) equipped with a detector (Bruker AXS) for high resolution energy dispersive X-ray spectroscopy
(EDS).

Raman scattering measurements were performed using an inVia Raman microscope (Renishaw).
The excitation beam from a diode laser with a wavelength of 532 nm was focused on the sample using
a 50x objective (NA = 0.75, Leica). The laser power on the sample surface was varied from 0.35 mW to
3.5 mW. The integration time was 5-10 s, and the signal was accumulated 1-5 times and then averaged.
The Raman Stokes signal was dispersed using a diffraction grating (2400 grooves/mm), and data was
recorded using a Peltier-cooled charge-coupled device (CCD) detector (1024 x 256 pixels). This system
yields a spectral resolution of about 1 cm™. Silicon was used to calibrate both the wavenumber and
spectral intensity of the Raman setup.

UV-Vis diffuse reflectance (UV-Vis DR) spectra of the samples were recorded using a Lambda
35 UV-Vis spectrometer (Perkin EImer Instruments Co. Ltd., USA) equipped with a 50-mm machined
Spectralon® integrating sphere. A BaSO4 disc was employed as a reference. The scan ranged from 200

to 800 nm.
The thickness of the as-deposited films was measured using an Ambios XP-200 profilometer.

3. RESULTS AND DISCUSSION

3.1 Electrodeposition of Mo—O-S films

Optimized cyclic voltammetry (CV) was used to prepare thin Mo—O-S films on the FTO
substrates from the two different electrolysis baths, and the results are shown in Fig. 1. For the ATTM-
derived films (Fig. 1-a), the electrolysis bath and potential cycling window were adapted based on the
Mo-O-S deposition regime [9]. Therefore, the potential was cycled from 0.2 V to -1.2 V and one
reduction and one oxidation peak were observed at —0.8 and —0.2 V, respectively. A homogeneous
brownish film layer was deposited on the glass substrate after the 20 continuous sweep cycles. The
obtained experimental results were in good agreement with the proposed mechanism of film formation
(egs. (1)—(3)) [6, 8]. The anodic peak at 0.2 V can be assigned to the oxidation of aqueous MoS4*
followed by MoS3 deposition, as described in equation (1). When the potential was cycled in reverse
from 0.2 V in the negative direction, reductive corrosion was found to consume about 70% of the
previous deposits via the reaction in equation (2). Finally, the cathodic peak at —0.8 VV may indicate the
further reduction of MoSs* to form amorphous MoS,, SH™, and OH™ (eq. (3)). According to this
mechanism, potential cycling of a MoS4? solution would always produce a molybdenum sulfide film
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that is a mixture of amorphous MoSs, MoS», other sulfur species, and the inevitably formed oxo
compounds.
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Figure 1. Characteristic cyclic voltammograms of Mo—O-S deposition on FTO. (a) 20 sweep-cycles in
an electrolysis bath containing 0.005 M ATTM and 0.1 M NaClO4 and (b) 3 sweep-cycles in an
electrolysis bath containing 0.5 M thiourea and 0.005 M ammonium molybdate

For the thiourea and molybdate electrolysis bath, the FTO electrode was cycled continuously
from 0.2 V to —1.2 V until a thin layer of brownish film was observed to deposit on the working electrode
after three sweep cycles. Profilometry measurements revealed that the thickness of the as-deposited films
after three sweep cycles using the thiourea—molybdate bath was 245 nm; this value was more than 100
nm greater than that of the ATTM-derived films deposited after 20 cycles. It should also be noted that
the synthesis from an ATTM-based electrolysis bath was previously reported to have an upper film
thickness limit of less than 200 nm even after 35 scan cycles [8]. The cyclic voltammograms
corresponding to the thiourea—molybdate-based film are presented in Figure 1-b. The first of the three
CV deposition cycles exhibited two redox peaks (at —0.45 V and —0.5 V), which were very likely related
to the formation of a molybdenum oxide layer on the bare electrode surface [5]. This behaviour was not
observed during the later scans. Starting from the second sweep, the CVs do not exhibit the redox peaks
that are typically observed during Mo—-O-S film formation from an aqueous MoS4>~ solution (Fig. 1-a).
This can be considered the first indicator that this precursor mix (NH4)sMo07024 + SC(NH>)2 does not
complex to form aqueous MoS4>~ prior to electrodeposition and film formation, and probably proceeds
via different a mechanism than that described in equations (1)—(3). This result may also be consistent
with studies [20, 21] reporting the possibility of forming flower-like molybdenum sulfide nanostructures
from thiourea and ammonium molybdate via a hydrothermal synthesis procedure without thiomolybdate
ion intermediates. In particular, the group of Geng showed [20] that thiourea successfully supplied S to
MoO3 formed beforehand from (NH4)sM0702a.
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An alternative film formation mechanism can be suggested based on the obtained results. The
film formation likely occurs via the deposition of Mo-O species followed by electro-adsorption of the S
ligand on the Mo-O covered FTO surface. This mechanism can be justified by the following arguments.
Firstly, the possibility of the precursors chemically complexing to form aqueous MoSs* can be
preliminary rejected, as none of the characteristic visible solution features of MoS4? were observed after
mixing the thiourea and molybdate solutions. Secondly, we assume that the increase in the cathodic
current at potentials more negative than —0.6 V can be attributed to the deposition of molybdenum oxide
compounds. This step is predominantly associated with the electrodeposition of metals from aqueous
solution at negative potentials accompanied by the parallel electrolysis of water rather than the reduction
and deposition of aqueous S species (which were detected in this potential region when ATTM was
used). Taking into account the complex solution chemistry of Mo(V1), cathodic electrodeposition is
known to lead to nonstoichiometric and mixed valence molybdenum oxides, making the formulation of
precise deposition mechanism impossible [5]. However, the electroreduction of molybdates can be
expressed in a general way as follows [22]:

Mo00;2% + 2H,0 + 2e~ = MoO, + 40H~ (4)

We presume that this behaviour results in the FTO electrode being predominantly covered with Mo-
O species. This type of surface should be negatively charged, according to the zeta potential data for Mo-oxo
compounds [23]. It is well-established that thiourea can be electro-adsorbed on metals by S-head [19, 24,
25]. This process is electrochemically driven by the electrostatic forces between the electrolyte ions and the
charged interfaces. Thus, the anodic peak at —0.7 V can be attributed to the electro-adsorption of TU on the
negatively charged Mo—O surface. As aqueous thiourea is known to be positively charged (i.e. protonated) at
the S atom (eq. (5)) [26], its electro-adsorption could be the dominant process occurring on the negatively

charged Mo-O surface, producing a final layer of Mo—O-S structures on the FTO substrate.
S

SH
+ HE._CI+ -~ + H,0
()
HaN NHy HaM NH.

This thiourea behaviour slightly deviates from mechanism that would be expected based on the
electrodeposition of an amorphous cobalt sulfide film using thiourea and cobalt salt as the S and Co
precursors, respectively [27-30]; on the other hand, it corresponds well with the fundamentals of the
formation of self-assembled (SA) monolayers of alkanethiols and S-donation through the electro-
adsorption of the cleaved S-H thiol bond [19, 24, 31].

Finally, a homogeneous, brownish film that was visually identical to that produced from ATTM
was formed on the FTO substrate as a result of the three continuous sweep cycles. The presence of Mo,
O, and S was later confirmed by structural analysis, while the electrocatalytic properties of the film in
the HER were compared with two benchmarks: the ATTM-based film and a Pt electrode.

3.2. Structural analysis

While ATTM-derived films have already been reliably characterized as amorphous structures
containing the catalytically active species of MoS:z+x [6], the novel Mo—O-S films deposited from
thiourea and molybdate bath were thoroughly characterized in this work. Moreover, the films were
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annealed, and subsequently evaluated by structural analysis techniques. Thermal treatment can reduce
“defects” in film composition, and may affect their overall catalytic activity.

Fig. 2 illustrates X-ray diffraction patterns recorded for the as-prepared and annealed Mo—O-S
films that were electrodeposited on an FTO substrate from a thiourea and molybdate electrolyte using
three sweep cycles. The absence of characteristic diffraction peaks for crystalline molybdenum oxide or
sulfide suggested the existence of the amorphous phase or the lack of long-range crystalline order in the
as-deposited films. Due to the poor crystallinity, only clearly defined SnO, (PDF 46-1088) peaks
originating from the FTO substrate were detected. In contrast, additional peaks were observed in the
XRD pattern of the annealed films, indicating a higher crystallinity than the as-deposited Mo-O-S
samples. Analysis of the diffraction pattern led to the conclusion that the annealed film was composed
predominantly of the a-MoO3 phase (PDF 47-1320). In this regard, a variety of Mo oxide species are
known to be present in the molybdenum oxides films, exhibiting diverse molecular structures such as
MogO26, M07024, or M0O4 [32]. In addition to the peaks attributed to the Mo oxide species, diffraction
signals characteristic of the small amount of the molybdenum sulfide phase were also present in the
XRD pattern [20, 21].

The FT-IR spectra of the Mo-O-S samples are shown in Fig. 3. The absorption peaks at
wavenumbers ca. 3400 cm™ and 1630 cm™ correspond to O-H stretching and bending vibrations,
respectively. Electrodeposition using aqueous electrolytes usually leads to the formation of various oxo-
intermediates. In this case, a series of absorption peaks at 1400, 880, and 740 cm™ in the as-deposited
films were assigned to various Mo-O bond vibrations [33]. The intensity of the latter peaks was greatly
increased in the annealed sample. Although sulfur was barely observed in the crystallographic analysis,
the IR spectra confirmed the presence of S bonds in the samples. The vibrations of the S—O bond can be
seen at ca. 1000 cm™. Moreover, an absorption peak shoulder at around 480 cm™ could be related to
Mo-S stretching vibrations. The IR data suggested that the formation of the inorganic films was
successful, as the characteristic peaks of thiourea functional groups [34] were absent in all the prepared
samples.
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Figure 2. X-ray diffraction patterns of the as-deposited and annealed Mo—O-S films on FTO substrates
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Figure 3. Characteristic FT-IR spectra of the as-deposited and annealed samples

SEM micrographs revealed the surface morphology of the prepared Mo—O-S films (Fig. 4). The
as-deposited surface (Fig. 4 a, b) was relatively smooth, with small nodules and cracks. The presence of
the cracks can be attributed to the generation of high internal stress during the drying-induced shrinkage
[35]. Annealing at 623 K led to changes in film morphology and the formation of randomly oriented
blocks (Fig. 4-c). Energy dispersive X-ray spectroscopy (EDX) was further employed to confirm the
presence of Mo and S in the prepared films. The atomic ratio of Mo:S was determined to be
approximately 1 by averaging the results of multiple measurements at different points on the film
surface. However, it should be emphasized that the analysis also revealed variations in the Mo:S from
0.35-2 depending on the point under investigation. These results confirmed the high surface
heterogeneity of the obtained films. In addition, a high oxygen content was detected in all the prepared
samples. The oxygen was associated with the following sources: the presence of silica and tin oxides in
the FTO substrate; the electrodeposition of molybdenum oxide/hydroxide films according to the
electrochemical deposition mechanism described above; and the inevitable surface oxidation of Mo-O—
S films by oxygen from the air.

Figure 4. SEM images of the as-deposited (a, b) and annealed (c) Mo—O-S films
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The Raman spectra presented additional information concerning the structure of the annealed
Mo—O-S films (Fig. 5). The appearance of strong bands in the 800—1000 cm™ region reflected the
presence of the MoOs phase [36]. The Raman band at 994 cm™ was associated with the symmetric
stretching of the Mo=0 bond. The band at 820 cm™ was attributed to the asymmetric vibrations of the
bridging Mo—O—Mo bonds, and the associated Mo—O—Mo bending mode was observed at ca. 150 cm™
[36]. In most Raman spectroscopic studies of bulk MoS; samples, the active S—-Mo—S modes are usually
observed at 286, 383, and 408 cm™ [37]. In our case, the observed Raman bands in the 250-400 cm
region could be partially related to the presence of Mo-S bonds. However, the applied analytical
techniques did not unambiguously permit the identification of the exact structure and composition of the
prepared films, as the signals associated with the Mo—O and Mo-S bonds can overlap.
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Figure 5. Raman spectra of the Mo—O-S films on FTO substrates

The UV-Vis diffuse reflectance spectra confirmed that the optical behaviour of the Mo—O-S
films depended on the preparation conditions (Fig. 6). The as-deposited films exhibited a complex
spectral response as well as strong absorption over the entire UV-Vis region. After annealing, the film
became white in colour and exhibited increased light reflectance. A UV-Vis absorption edge energy of
3.88 eV was calculated from the rising part of spectrum.
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Figure 6. UV-Vis diffuse reflectance spectra of the Mo—O-S films on FTO substrates

3.3. Electrocatalytic activity in the HER

The catalytic performance of the Mo—O-S films in the HER reaction at pH 7 in a phosphate
buffer solution was studied using a combination of chronopotentiometry and linear sweep voltammetry
techniques. The galvanostatic method is known to be attractive for short-term electrochemical stability
measurements when electrodes are tested under harsh current conditions [38], and 10 mA/cm? is known
to be the current density required to produce industrial amounts of H» at low overpotentials. We tested
our catalysts at half of the industrial value of 10 mA/cm? in order to simulate constant and intense Hz
evolution conditions, which are difficult to achieve in pH neutral solutions in typical E-j or time-j
measurements. A current density of 5 mA/cm? has also been reported to be convenient to establish
activity in the form of the reaction overpotential at a constant current density [39].

As reported above, annealing improved the crystallinity of the as-deposited films. However, it
had a detrimental effect on their electrocatalytic activity in the HER. For this reason, only the
experimental data for the as-deposited Mo—O-S films is included in the following discussion.

Figure 7 shows characteristic chronopotentiograms of the as-deposited Mo—O-S films at a
constant applied cathodic current density of 5 mA/cm?. As expected, the Mo—O-S film prepared from
ATTM precursor was not immediately destabilized by the harsh electrolysis conditions with intense Hy
bubbling (Fig. 7-a). However, the overpotential required to produce a cathodic current density of 5
mA/cm? using this film was relatively high, and the reaction potential showed a tendency to increase due
to the gradual dissolution of the ATTM-derived Mo—O-S film. The film sourced from molybdate and
thiourea was also tested under the same HER conditions of 5 mA/cm? (Fig. 7-b). In contrast to the
ATTM-derived film, our ATTM-free catalyst reached similar catalytic activity without noticeable film
degradation. The potential did not change more than 20 mV during the whole electrolysis. These results
showed the possibility for the catalyst prepared using thiourea and molybdate as Mo and S precursors to
operate at the same rate as the reference ATTM-derived Mo-O-S film [8].
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Figure 7. Characteristic chronopotentiograms recorded in a pH 7 phosphate buffer solution at a constant
applied current density of 5 mA/cm? for the as-deposited Mo—O-S films prepared from (a)
ATTM in NaClO4 and (b) thiourea and ammonium molybdate solutions

Figure 8 represents the polarization curves of the ATTM-derived (Fig. 8-a) and thiourea-
molybdate-based (Fig. 8-b) catalysts in pH 7 phosphate buffer solution. These catalysts were polarized
from 0 V to —1 V before and after being used for electrolysis at 5 mA/cm? for 1600 s. This methodology
allowed the changes to the films caused by the HER to be detected and compared, and therefore, for
their stability in long-term operation under harsh HER conditions to be predicted. As can be seen, the
HER started to occur at —0.8 V on the ATTM-derived Mo-O-S film (Fig. 8-a), while our thiourea-
molybdate-based film demonstrated slow but constant current growth starting from less negative
potentials (Fig. 8-b).

A Tafel analysis of the polarization curves of the Mo—O-S films prepared from the thiourea-
molybdate precursors was carried out. The Tafel slopes in the range of 1 < 100 mV were found to be 91
mV-dec™ and 85 mV-dec™ for the films polarized before and after electrolysis at 5 mA/cm?, respectively.
These values corresponded well to those obtained for ATTM-based MoS3z samples, which exhibited a
Tafel slope of 86 mV-dec™ at pH 7 polarization conditions [40]. Moreover, we noticed that the Tafel
slope of the film was lower after intense HER operation. This result might not be a coincidence. Hu’s
group concluded that ATTM-based films undergo reductive activation during the HER, and all the
different amorphous phases of the prepared films are transformed to the active catalytic species, M0Sz+x
[9].

Both catalysts showed relatively low HER catalytic activity in pH 7 solution, as a current density
of 1 mA/cm? was reached at overpotentials > 300 mV. However, the results can be well compared for
the current densities obtained at n=200 mV. In this case, ATTM-derived Mo—O-S film has a current
density of 0.20 mA/cm? after being used for 5 mA/cm? electrolysis (Fig. 8-a). These results correlates
well with the data reported for MoSs catalyst [40] with a current density of 0.19 mA/cm? at pH 7. An
enhanced electrocatalytic behaviour can be seen for the Mo-O-S sample prepared from thiourea-
molybdate bath in this work as the current density (0.42 mA/cm?) (Fig. 8-b) is two times of that of ATTM
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derived films. However, both the Mo—O-S films prepared in this work had a tendency to lose activity
after electrolysis at 5 mA/cm?, indicating the need for further modification of the films.
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Figure 8. Polarization curves of the FTO/Mo—O-S electrodes in a 1.0 M phosphate buffer solution (pH
7) at a scan rate of 5 mV s before and after 5 mA/cm? cathodic electrolysis. The Mo—O-S films
were prepared from (a) ATTM in NaClO4 and (b) thiourea and ammonium molybdate solutions

4. CONCLUSIONS

In summary, amorphous S-containing molybdenum oxide films have been successfully
electrodeposited on an FTO substrate via cyclic voltammetry using thiourea and ammonium molybdate
as the S and Mo precursors for the first time. The FTO electrode was cycled continuously from 0.2 V to
-1.2 V until a thin layer of brownish film was deposited on the working electrode after three sweep
cycles.

After extensive discussions, an alternative film formation mechanism was proposed, related to
the Mo-O species deposition and subsequent electro-adsorption of the S ligand on the Mo-O covered
FTO surface. The as-deposited amorphous films contained an extensive amount of oxygen, a relatively
small amount of sulfur, had a thickness of 245 nm and a smooth and nodule-based surface. These samples
were annealed, and improved crystallinity was observed via structural analysis techniques. However,
thermal treatment had a detrimental effect on their electrocatalytic activity in the HER.

In contrast, the as-deposited amorphous Mo-O-S films showed enhanced electrocatalytic
behaviour for hydrogen evolution at pH 7. In this case, a constant applied cathodic current density of 5
mA/cm? was employed to simulate prolonged and intense H, bubbling conditions. The results
demonstrated that the thiourea-molybdate-based films operated at the same rate as the reference and the
well-defined ATTM-derived Mo-O-S films in a pH 7 phosphate buffer solution. We introduce our
catalyst as attractive material based on cheap and abundant alternative precursors for cost-effective pH
neutral HER systems.
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