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ABSTRACT: Sb,Se; is considered a promising photocathode material for
hydrogen production via solar water splitting. Nevertheless, losses caused by
photocorrosion and slow charge transfer at the semiconductor/electrolyte
interface require the presence of a cocatalyst to improve the kinetic factors.
In this work, the activity of all-electrochemically grown Sb,Se;/amorphous-
MoS, photocathodes was studied in function of the number of cocatalyst
deposition cycles. MoS,, a noble-metal-free electrocatalyst, has shown high
activity toward the hydrogen evolution reaction. It promoted an ~70-time
higher improvement in the photocurrent of the Sb,Se;-absorber. An
antagonistic effect was observed as the number of cycles increased: thin
MoS, layers promoted the maximum enhancement in photocurrent and the
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decrease in surface recombination, but the photocorrosion inhibition was ¥ chotocorrosion M Sb;Se, a-MoS,
compromised. In the counterpart, thick MoS, layers allowed the material to

be less susceptible to photocorrosion, but the photocurrent was inhibited.

Therefore, the relationship between cocatalyst thickness and photocurrent enhancement/inhibition, variation in surface
recombination, and photocorrosion stability was evaluated.

Sb,Se,

KEYWORDS: antimony selenide, molybdenum sulfide, surface states, recombination, photocorrosion,
photoelectrochemical hydrogen production

Bl INTRODUCTION

Sb,Se; thin films have been a new alternative for photovoltaic
and photoelectrochemical devices based on low-cost absorber
materials. These elements are earth-abundant and have low
toxicity,' making their use as an absorber very attractive
concerning the economic and environmental issues. In this
scenario, Sb,Se; has been presented as a promising photo-
cathode for the hydrogen production via photoelectrochemical
water splitting due to its adequate optical band gap energy
(1.10-1.17 eV)>* and high absorption coefficient (a = >10°
em™)* in ultraviolet and visible light when compared with
other commonly employed absorbers.”~” Additionally, its
orthorhombic crystal structure formed by one-dimension
parallel ribbons contributes to high anisotropic mobility of
the carriers along them.”” This may lead to photocurrent
improvement if crystallographically textured toward an
appropriate directions."’

However, the losses caused by Sb,Se; photocorrosion,
photoelectrochemical instability, and the slow charge transfer
at the semiconductor/electrolyte interface have been limiting
factors in achieving satisfactory and long-term light conversion
efficiency.'’ The presence of a cocatalyst on its surface is
indispensable for improving kinetic factors, and it reduces the
effects that interfere with efficiency. The use of platinum and
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other platinum-group compounds as cocatalysts for hydrogen
evolution reactions (HERs) has been widely used in various
photoelectrochemical cell configurations for water splitting.”"*
Nevertheless, this approach is not feasible on a commercial
scale due to the rarity and high cost of these metals."” To
overcome this economic issue, MoS, (x = 2 and 3) is an
electrocatalyst consisting of low-cost, nontoxic, earth-abundant
elements."* Amorphous MoS, (a-MoS,) is reported as one of
the major compounds for HERs because it has a high
concentration of active sites at the edges layers, which favors its
electrocatalytic activity if compared with its crystalline
form.'>'® Thus, the effects of a-MoS, on Sb,Se; thin films
are of great importance for the evaluation of the photo-
electrocatalytic and interfacial properties of the system.

In 2016, Britto et al. deposited MoS, layers on GalnP, from
a Mo thin layer obtained using a sputter coater followed by
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Figure 1. XPS spectrum for Sb 3d of (a) bare Sb,Se; and (b) Sb,Se;/a-MoS, films. (c) Displacement of the binding energy between (a) and (b).

(d) XPS spectrum for Mo 3d and S 2s.

sulfurization in a tube furnace. The device showed that a very
thin coating of MoS, provides stability to the GalnP,
photocathode that is >90% of its initial value."” In an attempt
to suppress the effects of photocorrosion, Prabhakar et al
electrodeposited a-MoS, on sulfurized sputter-grown Sb,Se;
and achieved high catalytic performance and good stability
without protective layers.'"® The low sulfurization temperature
allowed for improvements in the potential onset and high
photocurrent density. Tan et al. focused on a systematic study
of the a-MoS, deposition mechanism by cyclic voltammetry.
They employed a protective layer of TiO, on Sb,Se; and also
achieved high photoelectrocatalytic performance.'” Feng et al.
expanded the use of MoS, and employed it instead of Pt for
the first time on Cu,ZnSnS, (CZTS) photocathodes. From the
configuration MoS,—CdS/CZTS, they obtained a half-cell
solar-to-hydrogen conversion efficiency of above 2.3% and
excellent stability in neutral aqueous solution.*’

In our work, Sb,Se;/a-MoS, photocathodes were entirely
grown by electrodeposition methods, and the effects related to
the number of deposition cycles of the cocatalyst were
evaluated. We have shown the importance of layer control in
the a-MoS, cocatalyst deposition on an Sb,Se; absorber. In
short, the cocatalyst provided a considerable reduction in
charge transfer resistance at the semiconductor/electrolyte
interface, while the thicker a-MoS, layers minimized the
photocorrosion effects of Sb,Se;. We also experimentally
demonstrated that the presence of an a-MoS, layer decreased
the recombination on Sb,Se; surface states and led to the

reduction of Sb,0; formed on its surface. An efficient charge
transfer through the surface states was observed, so the a-MoS,
layer promoted an outstanding improvement in the photo-
current of the films. The stability of the cocatalyst was also
evaluated in an acid medium, and the changes in the surface
after the photoelectrochemical experiments were verified.

B RESULTS AND DISCUSSION

MoS, electrodeposition on the Sb,Se; thin films was
performed by cyclic voltammetry in a potential range between
0.1 and —1.0 V versus Ag/AgCl/Cl™ (4 xcp. Figure S1
(available in the Supporting Information) shows the
voltammetric profile for 15 cycles of deposition, where the
processes involved in obtaining MoS, can be more easily
observed. The mechanism and the discussion about the
voltammetric profile are included in the Supporting
Information.

The surface micrographs of MoS -modified Sb,Se; films as a
function of the number of deposition cycles obtained using
SEM are shown in Figure S2a. For all of the films, it is possible
to observe agglomerated Sb,Se; globules over the entire length
of the samples. The surfaces of these globules are getting
rugged as the number of deposition cycles increases (Figure
S2a inset). This way, it is evident that MoS, grows
continuously and covers all the exposed Sb,Se; surfaces.
Moreover, there was no apparent degradation even after the
deposition of MoS,, as seen in Figure S3 (in the Supporting
Information). To confirm that MoS, is uniformly covering the
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Table 1. Binding Energy of Components Deconvolved from the XPS Spectrum for the Bare Sb,Se; and Sb,Se;/a-MoS,

sample (SbySes) Sb** 3ds, / eV (Sb,0;) Sb** 3ds;, / eV O 1s/ eV Mo* 3ds;, / eV  Mo® 3ds;, / eV S 2s/eV S 25/ €V
Sb,Se; 530.4 5312 5337
Sb,Se;/a-MosS, 529.1 529.7 532.3 229.6 232.5 226.6 2282
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Figure 2. (a) Linear sweep voltammetry at 5.0 mV s™' under solar illumination (100 mW cm™, AM 1.5G lens) with 1 s pulses in 1.0 mol L™!
H,SO, for Sb,Se; (0 cycle) and Sb,Se;/a-MoS, (3 cycles). (b) Average of photocurrent values at —0.2 Vyyy of all films modified with a-MoS,. (c)
Schematic representation for different MoS, deposition cycles on Sb,Se; in the HER.

surface of Sb,Se; films, EDS analyses were performed to verify
the elemental distribution and to quantify the presence of each
element (Figure S2b). It was observed that the potentiostatic
electrodeposition followed by thermal treatment in a selenium
atmosphere is a good method for obtaining stoichiometric
films and the stoichiometry is not lost with MoS, deposition. It
is worth mentioning that, even though EDS is a semi-
quantitative technique, several regions of the films were
analyzed. In all cases, the analytical error was below 7% for
Sb—Se elements (Figure S4 in the Supporting Information).
For the MoS, layer, this ratio has no significance to the desired
end since the films obtained are amorphous and non-
stoichiometric MoS, as also reported in the literature."
However, the (Mo + S)/(Se + Sb) ratio shows that the
amount of MoS, deposited grows continuously as the number
of deposition cycles increases.

Figure SS (in the Supporting Information) shows the
diffractogram of bare Sb,Se; and Sb,Se;/MoS, (15 cycles).
The peaks indexed with “*” correspond to the fluorine-doped
tin oxide (FTO) substrate pattern (cassiterite, JCPDS 41-
1445). From the orthorhombic pattern of Sb,Se; (JCPDS 89-

821), it is possible to observe that all peaks between 26 = 10°
and 60° were indexed in both films and no secondary phases
were observed even after the MoS, deposition. Thus, it is
possible to conclude that molybdenum sulfide is indeed
nanocrystalline or amorphous (a-MoS,).

For greater understanding about the chemical composition
of the Sb,Se; and a-MoS, layers, XPS analyses were performed
for bare Sb,Se; and Sb,Se;/a-MoS,. The XPS spectra can be
seen in Figure 1, and the peak positions of Sb, O, Mo, and S
are described in Table 1. Figure 1a,b corresponds to the Sb 3d
and O Is spectra with binding energies between 526 and 544
eV for bare Sb,Se; and Sb,Se;/a-MoS,, respectively. The
separation between the peaks of the Sb 3d doublet pairs was
maintained at 9.34 eV.”' The presence of surface Sb,0; is
noted by the additional doublet with peaks at 531.2 and 540.6
eV. Sb,0; is formed on the surface exposed to air as a result of
the high Gibbs free energy and standard molar reaction
enthalpy when compared with Sb,Se;.”” It is likely that the
oxide was not formed during the bulk electrodeposition, but
only on the Sb,Se; surface, since no Sb,O; peak was observed
in the XRD analyses. However, when the film is covered with
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Figure 3. PEIS spectra for bare Sb,Se; and Sb,Se;/a-MoS, films at (a) 0 Vg and (b) —0.2 Vyyyg, respectively. The inset highlights high-frequency
regions. (c) and (d) Bode plots corresponding to (a) and (b) spectra for bare Sb,Se; and Sb,Se;/a-MoS, films, respectively. (e) Equivalent circuit
used for fitting the PEIS spectra. (f) Schematic representation of the different charge transfer processes at the electrode/solution interface via

surface states (tg5) and conduction band minimum (tcp).

MoS,, a reduction in the area below the corresponding O 1s
peak is noted. This is a result of the decrease in surface Sb,0,
formation due to the a-MoS, coverage (more details will be
shown later). Other evidence to ensure this assumption can be
made by evaluating the areas of the Se spectra shown in Figure
S6. The signal obtained is composed of two doublets of Se
3ds;, and 3d;,, (each one separated by an energy of 0.86
ev), indicating the presence of Se*” and Se’. In addition, the
presence of Se’ is one piece of evidence that the surface of
Sb,Se; has been oxidized after being obtained. When
evaluating their respective areas below the curve (Table S1
in the Supporting Information), the ratio between Se*”/Se’
increases for the Sb,Se;/a-MoS, film, indicating that less Se’
was formed and therefore less Sb,0;.

Figure 1c also shows the displacement of the Sb 3d and O 1s
peaks toward a lower binding energy for the film covered with
a-MoS,. Therefore, the presence of MoS, changes the Fermi
level to less energetic regions, proving the formation of a more
favourable Sb,Se;/MoS, junction. The Mo 3d and S 2s spectra
are shown in Figure 1d with binding energies between 224 and
238 eV, and the separation between the Mo 3d doublet peaks
is at 3.13 eV.”' For sulfur, it was necessary to have two S 2s
singlets with chemical states of S*~ and S,> for an acceptable
adjustment of the data.”’ The molybdenum region can be
deconvoluted into two different doublets that are equivalent to
the Mo*" and Mo®" states, following the mechanisms provided
in reactions 1, 2, and 3. In addition, the calculated Mo*"

percentage on the film surface, from its respective area below
the curve, corresponds to 87.4% over 12.6% Mo®" (Table S1 in
the Supporting Information). This is a strong indication that
MoS, electrodeposition is favored during cathodic scanning
over MoS; formation in anodic scanning (seen previously in
the cyclic voltammogram), as reported by Tan et al.'”

Figure S7 (in the Supporting Information) shows the optical
band gap energies obtained from the Tauc plot in a range of
1.0 to 1.5 eV for bare Sb,Se; (0 cycles) films and those
modified with a-MoS,. The individual values for each film
obtained with a different number of deposition cycles can be
seen in the inset of Figure S7. Using techniques such as
temperature-dependent transmission spectroscopy and temper-
ature-dependent photoluminescence at 300 K,* Chen et al.
obtained Sb,Se; by thermal evaporation and reported its direct
and indirect band gap energies in a range of 1.17 + 0.02 and
1.03 + 0.01 eV, respectively. In our case, for electrodeposited
Sb,Se; films, the indirect band gap value was 1.18 + 0.01 eV
for all films. In other words, there were no significant
differences in the band gap energy between the bare Sb,Se;
(0 cycles) films and those modified with a-MoS,, proving that
the Sb,Se; films are not doped during the deposition of the
MoS, layer.

The Mott—Schottky (M—S) analyses were performed to
verify the band edge positions of Sb,Se; films and to confirm if
the material is suitable for the HER via photoelectrochemical
water splitting. The M—S plots at different frequencies can be
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Table 2. Resistance and Capacitance Values Based on Analog Equivalent Circuit Setting

sample RI/Qem™ C2/uFs* em™ R2/Qem™> CPE3/ uFs™ cm™ R3/kQcm™ C4/ pF s cm™ R4 /kQ cm™ Ry /kQ cm™

Sb,Se;

0 Viu 46 1.8 12 17.2 (n = 0.92) 14 448.0 0.5 19
0.2 Vigg 45 Ls 11 15.8 (n = 0.94) 14 217.0 0.5 17
Sb,Se;/a-MoS,

0 Veus 44 LS 11 312 (n = 0.87) 0.8 487 0.6 14
02 Vg 43 14 1.1 140 (n = 0.94) 0.4 345 0.1 0.5

seen in Figure S8a, and flatband potentials (Ey,) are inserted in
the graphs. For comparisons, theoretical bulk MoS,”* was
added to the scheme in Figure S8b. In the analyzed film, the
conduction band energy is more energetic than the
thermodynamic potential of hydrogen reduction at pH 0
(—4.0 eV + 0.05) and, together with MoS,, makes this system
a suitable photocathode for the H, gas evolution reaction.
The photoelectrochemical measurements were performed in
an electrolyte solution of 1.0 mol L™ H,SO,. The photo-
current density was obtained by light and dark linear sweep
voltammetry (LSV) with 1 s pulses in a potential range from
open circuit potential to 200 mV more negative than the
hydrogen thermodynamic potential (ie., from ~0.4 to —0.2
Viue)- The LSV of the bare Sb,Se; (0 cycles) and Sb,Se,/a-
MoS, (3 cycles) films can be seen in Figure 2a, while the LSV
for other films can be seen in Figure S9 (in the Supporting
Information). The average photocurrent density values
obtained at —0.2 Vyygp can be seen in Figure 2b. It can be
observed that all a-MoS,-modified films have higher photo-
currents than the Sb,Se; (0 cycle) film due to their better
electrocatalytic activity toward the HER.> It is well known
that the use of a cocatalyst, such as a-MoS,, reduces the
activation energy and facilitates the charge transfer at the
semiconductor/electrolyte interface, which led to increased
photocurrent densities.””>” However, since the a-MoS, layer
becomes thicker as the number of deposition cycles increases,
the photocurrent values decrease. This effect is in part due to
parasitic light absorption, the higher coverage of an absorbent
material (Sb,Se;) by a black nonphotoactive (a-MoS,) one. To
reinforce this assumption, an increase in the absorption
coeflicient is observed in Figure S7 in near-IR regions as the
number of deposition cycles increases. This indicates that a
greater amount of MoS, deposited allows a greater effect of
parasitic light absorption. Although for 3 to 9 cycles of
deposition it is a slight change, for 12 and 15 cycles, the
absorption is better observed. Thus, the higher average
photocurrent value was obtained for the Sb,Se;/a-MoS, (3
cycles) film, exhibiting a —1.4 mA cm™ photocurrent density
from the LSV at —0.2 Vyyyg. Subsequently, an Sb,Se;/a-MoS,
(1 cycle) film was made to verify the trend observed in Figure
2b. A significant increase in photocurrent density was observed
compared with Sb,Se;/a-MoS, (3 cycles) films, exhibiting an
initial value of —5.7 mA cm™>, that is, ~70 times higher than
bare films (Figure S10a in the Supporting Information). This
may indicate that thinner layers of a-MoS, allow more light to
reach Sb,Se; and generate more e /h* couple for water
splitting. However, the greater amount of exposed Sb,Se; made
the film be more susceptible to photocorrosion and the
photocurrent quickly decreased to values below those
presented by the Sb,Se;/a-MoS, (3 cycles) film, as seen in
Figure S10b (in the Supporting Information). A schematic
representation can be seen in Figure 2c¢ to demonstrate the

trend of the photocurrent observed in the films obtained from
1, 3, and 15 deposition cycles of the cocatalyst.

It is very interesting to note that the photocurrent density
values at 0 Vi for the Sb,Se; (0 cycles) and Sb,Se;/a-MoS,
(3 cycles) films do not differ significantly, requiring a higher
overpotential to activate the effect of the cocatalyst on the
charge transfer in the HER. To characterize the charge transfer
phenomena, photoelectrochemical impedance spectroscopy
(PEIS) was performed to check the charge transfer resistance
for each of the transfer mechanisms present in the system. The
experiments were done under simulated solar illumination in a
frequency range from 0.1 Hz to 100 kHz, polarized at 0 and
—0.2 Vyyg for both films. Figure 3a,b shows the Nyquist plots
for the Sb,Se; and Sb,Se;/a-MoS, films, respectively. From the
graphs, three semicircles could be adjusted in the spectra to
allow better fitting of the data in all films. In Figure 3c,d, the
Bode diagram shows two regions with different frequencies,
one of them at high frequencies (~50 kHz) and the other at
medium frequencies (~100 Hz). The dominium at the
medium frequencies is composed of two independent
processes with close time constants. Thus, as seen in Figure
3e, it was inferred that the equivalent circuit for the films is
composed of three connected series of resistor—capacitor
models: a resistor and capacitor for the first and third
semicircles, and a resistor and constant phase element (CPE)
for the second semicircle, in addition the presence of the
ohmic resistance of the solution (R1).

Bertoluzzi and Bisquert formulated an equivalent circuit
analytical model for semiconductors applied to water splitting
and related that interfacial kinetics could be described by three
arcs in the Nyquist plot.”® The same model can be adopted to
describe the interfacial kinetics behavior of the films in this
work. Although the first semicircle at high frequencies of the
Bertoluzzi and Bisquert model be assigned to the transfer via
trapping/detrapping of the charge carriers (t1,p), this was not
possible in the circuit obtained in this work. In this case, RC
circuits at high frequencies (R2 and C2) with low resistance
can be assigned to the bulk and the FTO/Sb,Se; interface, as
previously observed by Morante and co-workers.”” The second
semicircle at medium frequencies (R3 and CPE3) represents
the charge transfer through surface states (tgg).'””° Finally, the
last one at low frequencies (corresponding to R4 and C4) is
related to the direct charge transfer from the conduction band
minimum to the electrolyte (fcg). A summary of the previous
discussion can be seen in the schematic representation in
Figure 3f.

For the quantitative analysis of the model, the resistance and
capacitance values are summarized in Table 2. Also, the errors
attributed to each element are shown in Figure S11 (in the
Supporting Information). In all cases, both the resistance of
solution and that related to the FTO/Sb,Se; interface have low
values. Regarding fgs resistance, Sb,Se;/a-MoS, films show a
reduction in R3 when compared with those in the absence of

https://dx.doi.org/10.1021/acsaem.0c01413
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01413/suppl_file/ae0c01413_si_001.pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01413?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

a)

6 cycles C)
15 cycles

0 cycles
9 cycles

3 cycles
12 cycles

e) —— Sb,Se;/a-MoS, (3 cycles)
- - - -Sb,Se;/a-MoS, (15 cycles)

PH=0, £=-02 Vi

—— Sb,Se; (0 cycles)

04-0.2 mA cm™

=
<
-
5 —— Sb,Sey/a-MoS, (3 cycles) 24
g T o
g g 4l
= . o
2 Surface states recombination é
o, i 5
o Less recombination < ]
g By
= . 360 mV
g 84
S
S 270 mV
: } . } : A . -10 Catl
120 240 360 480 600 720 g 04 03 w02 01 0.0 0.1 02
tls o EvsRHE/V
) 200 d) 45 14 f) 240
0 cycles . pH=0, E=-02 Vg
175 407 20
B 12 3
1504 <_E, 3¢5 =
3 o3 200
o 3.0 [e}
P -1254 g Lo g >
15} ~ 2.5 a g 180
-100 = = ~
< B 20] wE R
=~ 75 3 ]
~ 5 15 >
~ 0.6 140
=304 & 1.0 g
254 A 05 04 ® 120 —— Sb,Sey/a-MoS, (3 cycles)
) - - - -Sb,Se,/a-MoS, (15 cycles)
0.0 100 z X
120 240 360 480 600 720 3 6 12 15 45 20 35 30 o5
t/s Number of cycles (a-MoS, on Sb,Se;)

logj, / (log mA cm?)

Figure 4. (a) Photocurrent transients of bare Sb,Se; and Sb,Se;/a-MoS, films with E = —0.2 Vg and 60 s pulses in light and dark; (b) readjusted
scale for bare Sb,Se; films. (c) Analyses of the photocurrent decay for bare Sb,Se; and Sb,Se;/a-MoS, and (d) dark and photocurrent values from
transient last pulse. (&) Polarization curves in dark and (f) Tafel plot for Sb,Se;/a-MoS, obtained from 3 and 15 cycles of deposition in 1.0 mol L™

H,SO, solution at 1.0 mV s™%.

the cocatalyst. Since surface states can temporarily accumulate
charges® in the bare Sb,Se; film, the minority carriers that
reach the surface states remain trapped and they can
recombine or return to their initial energy states. Indeed, this
recombination phenomenon is observed in the photocurrent
transient profile of Figure 4a (or Figure 4b on a smaller scale)
for the bare Sb,Se; film.

According to the reports by Peter, in his work on dynamic
aspects of the semiconductor/electrolyte interface in photo-
electrochemistry,” the exponential decay observed few
milliseconds after illumination is switched on due to surface
state recombination. Minority carriers trapped in these states
capture the majority carriers and recombine until they reach a
steady state. Therefore, for the bare Sb,Se; film, the decay
profile observed when the material is illuminated can be
associated with surface state recombination. For Sb,Se;/a-
MoS, films, as long as the surface states are positioned close to
the thermodynamic potential for HERs, the presence of the
cocatalyst may have led to a decrease in Sb,Se; surface state
recombination because it promoted a more efficient charge
transfer from these defects to the solution (decrease in the R3
value). Thus, recombination is minimized and the photo-
current transient profile loses decay when illuminated. The
pulse profile comparing the recombination of Sb,Se; and
Sb,Se;/a-MoS, films is shown in Figure 4c.

When evaluating the values of R4 (related to tcg), the
decrease in resistance is also related to the catalytic effect of
the MoS, layer. It is noted that at —0.2 Vi, the resistance is
dramatically decreased for the Sb,Se;/a-MoS, film. This
observed effect may be due to a-MoS, being in its more
activated state, that is, with the necessary overpotential to

effectively perform the HER, the charge transfer from the
valence band starting to be more effective. This effect can be
also associated with the deactivation of the surface states
recombination at this potential, which makes the photocurrent
abruptly increase.””** This behavior is in agreement with the
photocurrent observed in these films at —0.2 Vyyg, which is
the highest value. Although liquid photocurrent is related to all
charge transfer processes at the semiconductor/electrolyte
interface, the bending of the conduction band to more
energetic regions seems to be a crucial factor for photocurrent
densities in the presence of the cocatalyst. As also speculated
by Tan et al, a-MoS, needs an additional overpotential to
extract the photogenerated electrons at the interface to enable
an efficient charge transfer for hydrogen evolution."

In complement, Figure 4a shows the photocurrent transients
of the bare Sb,Se; and Sb,Se;/a-MoS, films for an overview of
how these films behave at the constant potential in a short
period of light and dark. A potential of —0.2 Viyg and 60 s
pulses were used, alternating in light and dark. Due to the
impossibility of viewing the chronoamperometric profile of the
bare Sb,Se; film, Figure 4b shows this film on a smaller scale.
Coating Sb,Se; with a-MoS, allowed a greater current, also in
the dark, as the number of deposition cycles increased due to
the electrocatalytic effect of MoS,. This phenomenon is due to
several factors involved in the kinetic behavior of the system.
Therefore, when the values of dark current of the last pulse
transient of the Sb,Se;/a-MoS, films are graphed (Figure 4d),
a linear increase can be noted as the number of a-MoS,
deposition cycles increases. In opposite, the photocurrent of
the films did not linearly decrease with the number of cycles;
an abrupt decrease happened between 9 and 12 cycles. This
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Figure 5. XPS spectra to Sb 3d of (a) bare Sb,Se; films and (b) Sb,Se;/a-MoS, films at pH 0 and 2 before and after electrolysis.

phenomenon makes us believe that the parasitic light
absorption effect is not the only cause of the photocurrent
reduction as the a-MoS, layer becomes thicker. A thick
cocatalyst film may introduce interface defects that contribute
to the decrease in photocurrent, negatively competing with the
catalytic benefits.

Polarization curves and Tafel plots were performed to justify
the increase in electrocatalytic activity in the dark between
Sb,Se;/a-MoS, films obtained from 3 and 15 cycles of
deposition, where a considerable increase in the current can
be seen between both films (ca. —0.2 and —2.5 mA cm™?,
respectively; Figure 4e,f). Coating with a-MoS, (15 cycles)
enabled the reaction to start at a potential ~50 mV more
positive than the a-MoS, film (3 cycles), implying a higher
electrocatalytic activity for HERs. The overpotential at —10
mA cm™* (without iR compensation) also revealed a reduction
of ~90 mV for the film with the greatest deposition cycles.
Tafel parameter b also reveals that the charge is transferred
faster at the a-MoS,, (15 cycles) film interface as it has a lower
b value."® This is probably due to the increase in active sites on
the a-MoS, surface associated with the greater number of
deposition cycles.

Another interesting behavior observed was that unlike bare
Sb,Se;, the presence of the cocatalyst also inhibited the
photocorrosion of the Sb,Se; film, a problem that we had faced
in our previous work.'”***® Unlike recombination processes
from decay in each pulse when illuminated, photocorrosion
can be observed in current instability for a certain period. The
photocurrent for Sb,Se;/a-MoS,, films remains more stable at
virtually all pulses during illumination (Figure 4a), while the
effect of photocorrosion on the Sb,Se; film in the absence of a-
MoS, is noticeable in Figure 4b. This implies that the presence

of a-MoS, was also essential for the inhibition of photo-
corrosion.

To investigate the phenomenon of photocorrosion that may
have harmed the photocurrent of this material, its surface was
characterized by XPS before and after electrolysis was
performed (Figure S). The electrolysis was performed at
—0.2 Viyyg for 30 min in both H,SO, at pH 0 and 0.5 mol L™
Na,SO,/H,SO, at pH 2 under illumination to compare the
influence of the pH. The main difference observed between the
spectra is in the area below the O 1s curve, which implies the
formation/dissolution of oxide as a determining factor.
Comparing the XPS spectrum of the bare Sb,Se; film before
and after electrolysis in pH 0 (Figure Sa), there is a decrease in
the peak area corresponding to O 1s. This is likely related to
the dissolution of Sb in the forms of Sb(OH),** ions and
Sb,0; during photoelectrochemical experiments. As the
interfacial pH of the electrode/solution system can increase
by a few units during the HER,” it has been proposed that
reactions 1 to 3 may occur during cathodic scanning in the
species formation.'" When the experiment is done at less acidic
pH, this same band increases again due to the precipitation of
Sb,0; on the film (only soluble in a strongly acidic or basic
medium®®). With Sb,Se;/a-MoS, (3 cycles) films before and
after electrolysis at pH 0 (Figure Sb), the a-MoS,, coating may
minimize Sb,0j; dissolution, but the increase of the O 1s band
can be now associated with the MoO, formation, which has
low acid solubility®® (details will be discussed later). For this
reason, more O 1s states are formed in the spectrum of Figure
Sb at pH 2. Therefore, it is likely that Sb,Se; photocorrosion
processes are related to the Sb dissolution of the films in an
acid medium and, consequently, decrease their photocatalytic
activity.
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To verify the stability of a-MoS,-coated films toward
photocorrosion under potential stress, 300 voltammetric cycles
between —0.2 and 0 Vyyg were performed under illumination
on the same electrolyte used in the photocurrent analysis
(Figure S12 in the Supporting Information). After this
accelerated stress, the films were again subjected to the
photocurrent transient analysis, as previously described, and
the transients can be seen in Figure 6a,b. For the Sb,Se;/a-
MoS, (3 cycles) film, there is a noticeable decrease of ~70% in
the photocurrent value. This can probably be attributed to the
photocorrosion of the exposed Sb,Se; regions. For Sb,Se;/a-
MoS, (15 cycles) films, the greater coverage with a-MoS,
attenuates photocorrosion under these conditions. It is also
interesting to note that, even though dark current for this film
has decreased ~34%, the photocurrent showed a slight
increase.

According to studies by Ting et al. based on turnover
frequency (TOF) and density functional theory (DFT),”
bridging S, present in a-MoS, provide more active sites for
HERs compared with other S atoms belonging to the
amorphous structure, such as unsaturated $>7, terminal S,>,
and apical $>”. However, the S—S bond bridging S,>~ breaks

more easily after hydrogen atom adsorption, which may lead to
the decreased electrocatalytic effect. In our work, this effect can
be confirmed by the decreasing doublet at 162.3 eV of Figure
6¢,d of the S 2p spectrum region before and after electrolysis.
The XPS spectrum data were processed in the same way as
previously reported. However, the S 2p doublets are separated
by 1.18 eV,”" and there is a broad peak corresponding to SO,’~
species.”” With a greater coverage of a-MoS, in the 15-cycle
deposited film, the effect is more present than that in the 3-
cycle deposited film. Furthermore, the slight increase in
Sb,Se;/a-MoS, (15 cycles) film photocurrent may also be
related to the oxidation of a-MoS, films during potential stress
because the Mo—S bond (S*~ unsaturated and S,> terminal)
has a low binding energy and therefore easily oxidized.”> As
already reported by other authors, molybdenum oxides have n-
type properties and facilitate the separation of the photo-
generated charges through a p-n junction, which may be also
associated with this sudden increase in photocurrent.*>*!
However, it is difficult to distinguish the XPS spectrum
between Mo—S and Mo—O bonds. The decrease in absorber
coverage is another factor that may be involved since MoO;
(and other oxidized species) is soluble in a strongly acidic
medium,* part of the cocatalyst layer may have been dissolved
during photoelectrolysis.

Lastly, the films were also subjected to stability testing for 1
h at —0.2 Vyyg under constant illumination (100 mW c¢cm™2)
and with 30 s pulses every 20 min (Figure S13 in the
Supporting Information). Note that over a prolonged period of
illumination, the Sb,Se;/a-MoS, (3 cycles) film is unstable and
the photocurrent drops 74.5% after 1 h of electrolysis.
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However, the same does not happen with the film obtained
with more deposition cycles although its photocurrent is
initially lower than that for the Sb,Se;/a-MoS, (3 cycles) film;
there is only a 23.7% drop from the initial value after 1 h of
measurement. In other words, there is a competition between
high photocurrent and stability due to the Sb,Se; exposed as
previously discussed. Although photocurrent values are a
comparative parameter when evaluating solar water-splitting
systems, stability is an important measure to show long-term
viability. In the two stability tests in which the Sb,Se;/a-MoS,
system was subjected (cyclic voltammetry and chronoamper-
ometry), it was possible to clearly observe the influence of the
a-MoS, deposition cycle number. Sb,Se;/a-MoS, (15 cycles)
proved to be a film with considerable photocurrent and good
stability, leading to believe that these all-electrochemically
grown films are a good choice for solar water splitting.

B CONCLUSIONS

In summary, an Sb,Se;/a-MoS, photocathode was obtained
entirely via electrochemical deposition. The effects of the
number of a-MoS, deposition cycles on Sb,Se; was verified in
terms of its photoresponse in the HER, charge transfer, and
stability in an acid medium. As the number of a-MoS,
deposition cycles increased, the photocurrent decreased due
to the nonphotoactive material covering the absorber film and
possible interface defects created by the cocatalyst layer.
Sb,Se;/a-MoS, films presented an outstanding photocurrent
density, ranging from —0.6 to —5.7 mA cm > in 1 mol L™
H,SO, at —0.2 Vyyg, which is between 8 and 70 times higher
than the bare Sb,Se;. The PEIS analysis and the transient pulse
decay showed that there is a reduction in carrier recombination
in the Sb,Se; surface states in the presence of a-MoS,, which
may have contributed to its high photocurrent values and
minimized the effects of photocorrosion. Furthermore, the
XPS analysis before and after electrolysis showed that the
presence of the cocatalyst minimizes the dissolution of Sb,O4
formed over the Sb,Se; surface. However, the electrolysis
favors the breakdown of the S—S bonds responsible for the
electrocatalytic effect of a-MoS, on hydrogen evolution.
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