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ABSTRACT: An atomic gradient passivation layer, (Ta,-
Mo),(O,S),, is designed to improve the charge transportation and
photoelectrochemical activity of CulnS,-based photoelectrodes. We
found that Mo spontaneously diffused to the a-TaO, layer during e-
beam evaporation. This result indicates that the gradient profile of
MoO,/Ta0, is formed in the sublayer of (TaMo),(O,S), To
understand the atomic-gradation effects of the (Ta,Mo),(O,S),
passive layer, the composition and (photo)electrochemical proper-
ties have been characterized in detail. When this atomic gradient-
passive layer is applied to CulnS,-based photocathodes, promising
photocurrent and onset potential are seen without using Pt
cocatalysts. This is one of the highest activities among reported
CulnS, photocathodes, which are not combined with noble metal
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cocatalysts. Excellent photoelectrochemical activity of the photoelectrode can be mainly achieved by (1) the electron transient time
improved due to the conductive Mo-incorporated TaO, layer and (2) the boosted electrocatalytic activity by Mo,(O,S), formation.

KEYWORDS: tantalum oxide, passivation layer, photoelectrochemical cell, CulnS,, atomic gradation

1. INTRODUCTION

p-CulnS, is one of the promising materials as photoelectrodes
for solar energy harvesting and photoelectrochemical hydrogen
production. It has a ~1.5 eV band gap, which can absorb light
of a wide wavelength range from the solar spectrum, and has a
higher conduction band position than the redox potential of
hydrogen evolution in aqueous media."”” Moreover, the direct
band gap property of CulnS, allows for intensive light
absorption on the order of ~10° of the absorption
coefficient.”* For efficient photoelectrochemical hydrogen
evolution reaction (HER), investigating the interface between
p-type semiconductor photocathodes and electrolytes is
required. At photocathode/electrolyte interfaces, built-in
potential is generated at the space charge region due to
band-bending in the energy structure of semiconductors.
Especially, suppressing defect sites is one of the key strategies
in improving the photoelectrochemical reaction efficiency
because these are related to electron—hole recombination at
semiconductor electrodes.”™”

Generally, defect sites can be diminished by deposition of
passive layers. Passive layers on semiconductor electrodes were
originally used to reduce (photo)corrosion during a photo-
electrochemical reaction. Metal oxides are widely used for
protection and/or as a passive layer for CulnS, or even other
p-type photocathode materials.*”'® However, surface layers
can also be used to control the surface properties of
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semiconductors and band alignment, which affect electron—
hole recombination or charge transfer at the interface between
semiconductors and electrolytes."'™"* An ideal passivation
layer has to have less light absorption, a suitable band gap
position compared to semiconductor materials, high stability,
and high catalytic activity for the desired reaction. However, it
is hard to meet these requirements with only one single
material. Therefore, some researchers have designed multi-
layer-structured or multicomponent passive layers.'*~"*

Some researchers have suggested passivation layers that have
an atomically graded structure.'””” The Turner and Gu group
reported the MoS,/MoO,/TiO, graded layer for a GalnP,
photocathode.” In the study, catalytic MoS, was hybridized
with a passive TiO, layer, and then the hybridized layer
showed better catalytic activity and stability for the photo-
electrochemical reaction due to the formation of a chemically
protected and electronically conductive MoO, layer. The
Wang group reported a TiO, protective layer graded with
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Scheme 1. Schematic Diagram of the Preparation Process for CulnS,/CdS/(Ta,Mo),(0O,S), Photocathodes
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oxygen defects on Si-based photocathodes, where the gradient
oxygen defect improved charge transport.”” The graded atomic
profile of heteroatoms in the passivation layer improved
catalytic activity, carrier transportation efficiency, and photo-
stability during the photoelectrochemical reaction.

Our group also reported a novel TaO, multifunctional
passive layer for a CulnS, photocathode.”’ Tantalum oxide has
good passivation ability with suppression of electron—hole pair
recombination but has insufficient catalytic activity for
hydrogen evolution. However, amorphous tantalum oxide
was converted to the tantalum hydroxide/oxide hybrid
structure by an in situ photoelectrochemical reaction. Hybrid-
ization of hydroxide/oxide shows multifunctional effects,
which are passivation, protection, and catalytic activity.
Therefore, passivation layer hybridization with catalysts can
be an advantageous strategy to improve the activity of various
semiconductor materials.

In this work, we have designed a gradient layer with a
(Ta,Mo),(0,S), alloy for CulnS, photocathodes based on our
previous study on TaO, passivation layers. The (Ta,-
Mo)x(O,S)y alloy has an atomic gradient profile with a Mo-/
S-rich surface. MoS, is a well-known efficient catalyst for
HER,”*** and TaO, is an effective protection and passivation
layer for suppressing electron—hole recombination.”’ There-
fore, we prepared a TaO, layer first and then deposited Mo
with 2—30 nm thickness on the TaO, layer by e-beam
evaporation. As a result of e-beam evaporation, Mo-
incorporated TaO, layers (Mo—Ta—O) are obtained. Then,
a gradient-(Ta,Mo),(O,S), layer was obtained by annealing the
Mo—Ta—O layer under a H,S atmosphere (Scheme 1).

We found that Mo atoms were transformed into a
molybdenum oxysulfide form with a 1-2 nm thickness at
the surface, which has high electrochemical HER activity. Also,
a significantly reduced electron transient time is observed from
the TaO, layer incorporated with Mo atoms. With the
synergetic effects of the gradient (Ta,Mo),(O,S), layer, the
Culn$,/CdS/(Ta,Mo),(O,S), photocathode shows promlslng
photoelectrochemical activity with an ~11 mA-cm™ photo-

current density at 0 Vyyp and onset potential of 0.55 Vpyg.
This activity is comparable to that of a typical Pt-decorated
CulnS, photocathode, and this result is the highest photo-
electrochemical activity among reported CulnS, photocath-
odes without noble Pt cocatalysts. This suggested that
heteroatom incorporation into a passive layer is a promising
strategy for boosting the charge transport in semiconductor
electrodes.

2. EXPERIMENTAL SECTION

2.1. Preparation of CulnS, and CdS Layers. CulnS, films were
deposited by electrodeposition using asulfurization method. Cu and
In layers were subsequently deposited by electrodeposition on a 500
nm Mo-coated soda-lime glass substrate. For Cu deposition, a
potential of —0.5 Vjg/a,ci Was applied to the Mo/soda-lime glass
substrate for 1650 s in an electrolytic bath of 0.01 M CuSO,-5SH,0
(Sigma-Aldrich, 99.95%) and 0.01 M citric acid (Sigma-Aldrich,
99.5%). For In deposition, a potential of —0.78 V,/,ci Was applied to
the Cu-deposited substrate for 1780 s in an electrolytic bath of 0.03 M
InCl; (Sigma-Aldrich, 99.999%), 0.036 M sodium citrate (Sigma-
Aldrich, 99.5%), and 0.01 M citric acid (Sigma-Aldrich, 99.9%). Then,
the Cu/In-deposited substrate was subsequently annealed in a N,
atmosphere at 110 °C for 1 h and in a 1% H,S (N, balance)
atmosphere at 520 °C for 1 h. The annealed CulnS, film was etched
in 0.1 M KCN (Sigma-Aldrich, 98%) for 30 s. A CdS film was
deposited on the CulnS, layer by chemical bath deposition. The
substrate deposited with CulnS, was dipped in a chemical bath (a
mixture of 20 mL of 0.015 M CdSO, (Sigma-Aldrich, 99%) and 26
mL of NH,OH (Junsei, 28%) aqueous solution). The bath was heated
up to 70 °C, and then 10 mL of 0.1 M thiourea (Sigma-Aldrich, 99%)
aqueous solution was added to the chemical bath solution. The
substrate was removed from the chemical bath after 7 min, then
washed with distilled water, and dried by a N, stream.

2.2. Preparation of Passivation Layers. A gradient (Ta,Mo)O,
layer was prepared by the sequential deposition of Ta,O5 and Mo on
a CulnS,/CdS film using an e-beam evaporator (KVE-E2006, Korea
Vacuum Tech). First, a 20 nm TaO,, layer was deposited with Ta,O;
pellets (LTS Research Laboratories, Inc., 99.995%). Mo films of 2—30
nm thickness were deposited on the TaO,, layer with Mo metal pellets
(Taewon Scientific CO., Ltd, 99.95%) as an e-beam source. For
transformation to (Ta,Mo) (0,9),, the CulnS,/CdS film deposited
with (Ta,Mo)O, was annealed at 200 °C in a 1% H,S (N, balance)
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atmosphere. For a reference photocathode (CulnS,/CdS/TaO,/Pt),
only TaO, was deposited on a CulnS,/CdS film using an e-beam
evaporator under the same condition. Then, CulnS,/CdS/TaO, was
decorated with Pt nanoparticles by electrodeposition with an applied
potential condition of —0.1 V,,x,c; for 45 s in an electrolytic bath of
0.001 M H,PtCls-6H,0 (Sigma-Aldrich, >37.5% Pt basis) aqueous
solution.

2.3. Photoelectrochemical Characterization. All of the
(photo)electrochemical characterizations were carried out using a
potentiostat (Iviumstat, Ivium Technology) with a conventional
three-electrode configuration with CulnS,-based photocathodes as
the working electrode, a platinum counter electrode, and a Ag/AgCl
reference electrode. A 0.1 M HCIO, aqueous solution (pH 1.07—
1.08) was used as the electrolyte for all of the photoelectrochemical
characterizations. The applied potential vs the Ag/AgCl reference
electrode (EAg/AgCI) was converted to the Egygp, potential vs a
reversible hydrogen electrode (RHE), by eq 1, where Eyy/a,c is the
applied potential vs the Ag/AgCl reference electrode for the working
electrode, pH is the pH value of the electrolyte, and EXg /agel is the

standard redox potential of the AgCl + e~ < Ag + CI reaction in the
reference electrode (0.209 V)

Eag/aga(V) + (00591 X pH) + E3 )/ p.c1 = Eppre(V) (1)

Linear sweep voltammetry was used for investigating I—V curves
under light-chopping conditions with a 10 mV s scan rate. The light
source was a solar simulator equipped with a 300 W Xe lamp and an
air mass 1.5 filter. Light intensity was calibrated using a reference solar
cell as 1 sun (100 mW cm™?). The stability test of CulnS,/CdS/
TaO,/Pt or CulnS,/CdS/(Ta,Mo),(O,S), photocathodes was carried
out using chronoamperometry with a three-electrode system similar
to that used for LSV measurements under the 1 sun illumination
condition at 0 Vyyg applied potential. The half-cell applied bias
photon to current conversion efficiency (HC-ABPE) was calculated
by eq 2, where |]l is the photocurrent density, V,jeq is the applied
potential (V vs RHE), and P is the light intensity, 100 mW-cm™>

JI X Vi

TX Veppled o 009 = HC-ABPE (%) @

Electrochemical impedance spectroscopy (EIS) was carried out to
investigate charge transfer properties and reveal the capacitance
behavior of surface states. EIS was performed in the frequency range
from 1 to 20 000 Hz at each applied potential (0.1 to —0.35 VAg/AgCl)
with 1 sun (100 mW cm™>) light intensity. Intensity-modulated
photocurrent spectroscopy (IMPS) was conducted to investigate the
electron transient time (zy) of several photocathodes using a
potentiostat and a LED driver set (Autolab PGSTATI28N,
Metrohm). IMPS was performed under the applied potential of 0
Vyup light illumination of a LED blue light (470 nm) with 10, 30, or
100 mW cm™ intensity, and the frequency range from 1 to 20 000
Hz. The photon flux (®) of each LED light intensity was calculated to
plot the log 7,—log @ *° graph, as eq 3, where Py is the light
intensity (mW cm™), A is the wavelength of light (470 nm), h is
Plank constant (4.135 X 107'° eV s), ¢ is the speed of light
(299792 458 m s7'), and q is the conversion factor of an electronvolt
to joule (1.602 X 107")

plight X 4 _ P]ight X 4

= = ®(cm™*s™)
he q X 1239.8 (eVnm) (3)

2.4. Other Characterizations. The morphology and elemental
composition analyses for photocathodes were carried out using
transmission electron microscopy (TEM, Tecnai F20 G2, FE),
scanning electron microscopy (SEM, JSM-7900F, JEOL), and energy-
dispersive X-ray spectroscopy (EDS). The chemical state of passive
layers with depth profiling was characterized using X-ray photo-
electron spectroscopy (XPS, PHI S000 VersaProbe, ULVAC PHI).
The sputtering rate with Ar* ions with 2 kV energy was calibrated
using a SiO, reference sample (0.5 nm-s™'). The transmittance of
passive layers was measured using a UV—vis—NIR spectrometer

(Agilent, Cary-5000), which was equipped with an integrated sphere.
H, and O, gas amounts photoelectrochemically generated by
photocathodes and a counter anode were measured using a gas
chromatograph (YL6500 GC, Youngin Chromass) with a molecular
sieve SA column and a plasma discharge ionization detector (PDD)
during chronoamperometry measurement under the 1 sun illumina-
tion condition. The faradic efficiency (i) of evolved H, and O, was
calculated using eqs 4 and S, where ¢ is the volumetric concentration
of the produced gas (H, or O,), Q is the flow rate of the He carrier
gas that is injected into the gas chromatograph (100 mL min™"), # is
the equivalent electron number (2 or 4 for H, or O,), F is the Faraday
constant (96485.3329 C mol™"), p is the pressure of a photo-
electrochemical cell reactor (1 atm), R is the ideal gas constant
(0.082057 L atm K™! mol™), T is the reactor temperature (298 K) of
the photoelectrochemical cell, I, is the current that is calculated from
the evolved gas amount, and I, is the chronoamperometrical steady-
state photocurrent during the photoelectrochemical reaction

nFp
[ T @

L
% 100% = 1,
Lt (%)

3. RESULTS AND DISCUSSION

3.1. Characterization of (Ta,M0),(O,S), Passive Layers
on a CulnS,/CdS Film. The morphology, crystallography,
and chemical structure of a CulnS,-based thin-film photo-
cathode, CulnS,/CdS/(Ta,Mo),(O,S),, which was prepared in
several steps, were characterized using SEM-EDS, GIXRD, and
XPS. The schematic diagram of the preparation process for the
photocathode is shown in Scheme 1. The thickness of the
tantalum oxide layer was controlled to 20 nm, and the
thickness after deposition of molybdenum was changed to 2, 6,
12, and 30 nm. As a result, a passive layer, (Ta,Mo),(O,S),,
was uniformly deposited on the surface of a CulnS,/CdS film,
as shown in the SEM images of the photocathode (Figures 1
and S1). Each atom of the photocathode film (Cu, In, S, Cd,
Ta, Mo, and O) was confirmed by EDS spectra. The atomic
percent of molybdenum in the EDS spectra is proportionally
increased by the molybdenum thickness deposited by e-beam
evaporation, except for the 2 nm Mo thickness (Figure S1 and
Table S1), which is due to the amount of the molybdenum
atom, which is below the detection limit of EDS.

The crystallinity of photocathode films was investigated
using GIXRD spectra (Figure S2). Regardless of the deposition
thickness of molybdenum, the crystal structure of CulnS, and
CdS was confirmed to be a chalcopyrite and zinc blend. Mo- or
Ta-related phases are not detected, which is due to the
formation of amorphous phases for TaO, or Mo by e-beam
evaporation. Only an unassigned broad peak at ~40.6° might
be related to molybdenum or tantalum oxide, but it does not
agree well with the XRD database because of the alloying of
Mo and TaO,. The cross-sectional TEM image clearly shows
the amorphous (Ta,Mo)x(O,S)y film, and the line profile
shows that Mo is diffused into the TaO, layer.

To characterize a depth-specific element profile in detail,
XPS analysis was carried out with Ar* bombardment. Figure 2
shows the binding energy of four atoms (Ta, Mo, O, S) vs a
sputtering depth of 0—28 nm. Interestingly, the diffusion of
Mo atoms into a tantalum oxide layer was found regardless of
the Mo thickness deposited. However, tantalum atoms hardly
diffused toward the surface. Oxygen atoms are continuously
found on increasing the sputtering depth. Therefore, this
indicates that molybdenum is present in a MoO,, form near the
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Figure 1. (a) SEM image of CulnS,/CdS/(Ta,Mo),(0O,S), films with
6 nm molybdenum. The cross-sectional HR-TEM images of the same
photoelectrode with low and high magnification for (b—d). EDS line
profile results are shown in (e).

surface and a (Ta,Mo)O, form at deep layers of the film. Most
of the sulfur atoms are found at the very surface of the film;
this is due to the low sulfurization rate by H,S gas under a mild
annealing condition (200 °C). On the other hand, only oxygen
atoms from native molybdenum oxides are observed, and there
is no observation of S atoms in the Mo film deposited without
a H,S annealing process (Figure S3).

In the result of the atomic ratio by the sputtering depth, the
atomic ratio of metals (Ta and Mo) and chalcogen atoms (O
and S) indicates that near-surface (<~S nm depth) is less
metallic than a deeper layer for all of the photocathodes. This
is due to Mo incorporation into the TaO, layer and surface
sulfurization by annealing under the H,S atmosphere. The
metal ratio (Ta/Mo) indicates that Mo atoms are present only
at the surface, and Ta concentration is gradually increased with
the sputtering depth. Therefore, it is concluded that the
gradient alloy of Mo and TaO,, which is Mo-rich at the surface,
is formed after e-beam evaporation. Diffusion of Mo is not
driven by the annealing process under the H,S atmosphere.
The same gradient pattern of the atomic ratio for Ta and Mo is
obtained from the film before/after annealing (Figure S3). It is
considered that Mo vapor during the e-beam evaporation has
energy high enough to react with TaO, layers. The atomic
ratio of S and O indicates that S atoms are present in high
concentrations at the surface. The increase of the atomic ratio
for S atoms in deep layers is due to the CdS sublayer under the
TaO, layer and not the diffusion of S atoms into the metal

oxide matrix. Based on these depth profiles, it can be
concluded that the layer of (Ta,Mo),(O,S), on CulnS,/CdS
has two distinguished structures: the Mo-gradient TaO,
alloying layer, (Ta,Mo)O,, and the molybdenum oxysulfide
layer, Mo(O,S),.

3.2, Photoelectrochemical Activity of the CulnS,
Photocathode with a (Ta,Mo),(O,S), Passive Layer. The
activity of each CulnS, photocathode with a (Ta,Mo),.(O,S),
passive layer for photoelectrochemical hydrogen evolution was
investigated under light illumination conditions (Figure 3).
The activity of the photocathode is also compared to that of a
controlled photocathode, CulnS,/CdS/Ta0,/Pt, which is
decorated with Pt and without Mo deposition. The photo-
current is strongly affected by the deposition thickness of
molybdenum. In the cases of 2 and 30 nm Mo, only
photocurrent of less than —2 mA cm™ is obtained even with
cathodically increased applied potential. However, in the cases
of 6 and 12 nm Mo, the photocurrent of more than —10 mA
cm™? is obtained at 0 Vyyy applied potential. The 6 nm Mo
film shows the best photoelectrochemical activity; the
photocurrent at 0 Vyyp is —11 mA cm™, and the onset
potential is 0.55 Vyyg. This photocurrent is about ~80% of
that of the CulnS,/CdS/Ta0,/Pt photocathode (Figure 3b).
Further, 0.67% of HC-ABPE for the CulnS,/CdS/(Ta,-
Mo)x(O,S)y photocathode (6 nm Mo) was also obtained
from LSV results (Figure S4). Lower IPCE values were found
from the CulnS,/CdS/(Ta,Mo),(O,S), (6 nm Mo) photo-
cathode in the visible-light region when compared to CulnS,/
CdS/TaO,/Pt; this might be due to the low transmittance
property of (Mo,Ta),(O,S), (Figure S5). This activity is one of
the best photoelectrochemical performances among reported
CulnS,-based photocathodes for HER without a Pt cocatalyst
or even with a Pt cocatalyst (refer to Table S2 and references
in the Supporting Information).

3.2.1. Charge Transfer Properties and Electrochemical
Activity of the Passivation Layer. Therefore, the detailed role
of (Ta,Mo),(0,S), for photoelectrochemical activity was
investigated using (photo)electrochemical analysis. EIS anal-
ysis was conducted in a different potential range under the
light illumination condition (Figure S6). The equivalent
circuit, which is shown in Figure 4, is suggested to interpret
the obtained EIS spectra. A series of two R-CPE circuits are
used for the photocathodes, except for the 30 nm Mo
deposited film, for which three R-CPE circuits are used. This is
because an additional Mo-dominant oxide interlayer is
generated at the Mo-gradient TaO, alloy layer with 30 nm
Mo thickness (refer to Figure 2).

Ry, is the solution resistance, R, and CPE,,,; are the
charge transfer resistance and the constant phase element at
the internal semiconductor material, respectively, R e and
CPE,ersuce are the charge transfer resistance and the constant
phase element at the electrode/electrolyte interface, respec-
tively, and Rijerayer and CPE; epiaye, are the charge transfer
resistance and the constant phase element at the MoO,
interlayer in the (Ta,Mo)x(O,S)y passive layer, respectively.
As shown in Figure 4b,c, Rijierface 18 larger than Ry, for all of
the photocathodes, so the R .. rather than R, is the
bottleneck for the internal charge transfer at the semiconductor
in the photoelectrochemical reaction. It is worth mentioning
that the R, increases with increasing Mo thickness when the
CulnS,/CdS layer has an identical composition. This might be
the light-shielding effect from the low transmittance of the
(Ta,Mo),(0O,S), passive layer (Figure S5); the semiconductor

https://doi.org/10.1021/acsami.1c09560
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09560?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09560?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09560?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09560?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Intensity

C)

Sputtering depth (nm)

32

(b)

24

\

Intensity

28x10°
25x10°
21x10°
17x10°
13x10°
24x10°

58x10°

Sputtering depth (nm)

18x10°

24 Intensity

N
=1

Sputtering depth (nm)

24

Intensity

2810°

25x10°

N
=]

21x10°

17x10°

13x10°

=)

34x10°

58x10°

Sputtering depth (nm)

32 28 24
Binding Energy (eV)

Intensity

x10°

20

1x10

x10°

228 224 Intensity

10

10"

236 232 228 224 \ntensity

10

10

232 228 224 |ntensity

8.8a0°

0

240 236 232 228 224

Binding Energy (eV)

Intensity

4710

42010

3710’

32010

2810

23010

18x10°

14x10°

544 540 536 532 528 intensity
4400
4.0x10°
3.5x10°
3.1x10°
2.7x10"
2.3x10"
-

1.5x10°

544 540 536 532 528 |ntensity

1.7x0

1.400°

544 540 536 532 528 ntensity
a7
a2a0
3710
320
2800°
23a0°
1510

14010
0
544

540 536 532 528
Binding Energy (eV)

Intensity

20

10"
10"
exio®

x10°

410"

172 168 164 160 Intensity

10x10°

172 168 164 160 Intensity

172 168 164 160 Intensity

x10°

172 168 164
Binding Energy (eV)

20 5 2.0 5 1.0 —
—~ —e—2nm —a—2nm Iy
9 181 (e) —6—-6nm 181 (f) o—6nm b (g) —e—2nm Taox/CdS 4 "O
D 16 & 12nm S 1.6 o 12nm ~ 08 —o—6nm interface /¢
= => [e) \
T 144 oo o 30 nm < 144 o 30 nm L o 12nm
@ \ G oo & © =Nt (2] \
'I 124 /| %% e oC = 1.2 ,o*&e&o o g o0 5 06- 30 nm
S { G o 2 Sood =
5 1.0 “;“o “’ﬁ,o_,,,e—e -0 B “E 1.0 "o/o 0o o—oeﬂﬂ—e_e.,oere‘ ©
g 084//e4 G,eyﬁjewef‘&%e—/Ux.& 4‘: o 0.8+ /c{ & 060007688« Cé 0.4
© 06/ " g 064 o oooO S
2 04/ Zoa| f 0 o° < o2
$ 02| 0248 o  _o°
0.0 T T T T T 0.0 peaBonB o conanpaaoo00C | 0+
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Sputtering Depth (nm) Sputtering Depth (nm) Sputtering Depth (nm)

Figure 2. XPS spectra with the depth profiles of Ta 4f, Mo 3d, O 1s, and S 2p for the deposited Mo thicknesses of (a) 2 nm, (b) 6 nm, (c) 12 nm,
and (d) 30 nm. The atomic ratio by XPS analysis depending on the sputtering depth and deposited Mo thickness (e—g).

has high conductivity due to the higher concentration of

excited carriers at large photon flux.

25,26

The trend of Ry, values agrees with that of LSV results in
Figure 3. The photocathode deposited with 6 nm Mo shows
the lowest R s While the photocathode with 2 nm Mo
shows the highest R pc. The charge transfer at the

electrode/electrolyte interface is

related to several factors:

the surface kinetics of a (photo)electrochemical reaction, the
surface state of the electrode, and the conductivity of passive

- 1.21,27,28
layer materials.

These factors can be strongly related to

the chemical composition of the surface layer of (Ta,-
Mo),(O,S),. According to the atomic ratio from XPS analysis,
the surface atomic composition of (Ta,Mo)x(O,S)y is
(Mo00.91T2009)1(01S0.5)208 M0(O1S069) 1.5 M0o1(O1S0s6)1.600
and Mo, (0;Sy1)303 for 2, 6, 12, and 30 nm Mo thicknesses,
respectively. Substitution of O atoms with S atoms induces the
catalytic activity for HER on the (Ta,Mo),(O,S), layer because
an unannealed Mo-deposited CulnS,/CdS/(Ta,Mo)O, photo-

cathode shows an inferior photocurrent density (Figure S7).
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Figure 3. (a) LSV measurement for photocathodes under a light-chopping condition. (b) Photoelectrochemical activity of CulnS,/CdS/
(Ta,Mo),‘(O,S)y (6 nm) and CulnS,/CdS/Ta0,/Pt photocathodes. (c) IPCE result with integrated current for CulnS,/CdS/ (Ta,Mo)x(O,S)Y (6
nm) and CulnS,/CdS/Ta0,/Pt photocathodes. (d)Performance plot with reported CulnS,-based photocathodes.
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Figure 4. (a) Equivalent circuits and schematic diagrams for photocathodes (left panel, Mo deposition of 2—12 nm thickness; right panel, 30 nm
thickness). (b) Charge transfer resistance at the internal semiconductor. The charge transfer resistance at the MoO, interlayer for a 30 nm Mo-
deposited photocathode is also included. (c) Resistance at the electrode/electrolyte interface.

MoS,_, has been well known as the electrocatalytic material activity for HER only on the (Ta,Mo),(O,S), layer (Figure
for HER.>**7*! Therefore, MoS, in the (Ta,Mo),(0,$), S8). The best photoelectrochemical activity of the (Ta,-

matrix might contribute to the high electrocatalytic activity Mo),(O,S), photocathode is found at the 6 nm Mo film, and
for HER. LSV measurement was carried out on an FTO/ the best electrocatalytlc activity (overpotential = 415 mV at S mA-
(Ta,Mo0),(0,S), electrode to investigate the electrocatalytic = for HER) is observed at the 6 nm Mo-deposited
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Figure S. Capacitance—potential plot of a CulnS,/CdS/ (Ta,Mo)x(O,S)y photocathode with deposited Mo thicknesses of (a) 2 nm, (b) 6 nm, (c)
12 nm, and (d) 30 nm. The dashed lines indicate the potential related to Ci
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Figure 6. (a) Complex plots of IMPS results for CulnS,/CdS/Ta0,/Pt and CulnS,/CdS/ (Ta,Mo),{(O,S)y photocathodes. (b) Plot of transient
time (z4) vs deposited Mo thickness for CulnS,/CdS/ (Ta,Mo)x(O,S)y photocathodes. 0 nm indicates pure TaO,, which is for a CulnS,/CdS/
TaO,/Pt photocathode. (c) Complex plot of IMPS for CulnS,/CdS/ (Ta,Mo)x(O,S)y (6 nm) photocathodes with different light intensities. (d) log
74 vs log @7 plot for a CulnS,/CdS/ (Ta,Mo)x(O,S)y (6 nm) photocathode. ® is the photon flux of incident light during the IMPS measurement.

electrode of (Ta,Mo),(O,S),. The difference in electro-
chemical activity among the electrodes originates from the
different chemical compositions; the HER activity of MoS, or
MoS, can be significantly affected by S vacancies or oxygen

doping levels in MoS,.”*>* In this stage, it is hard to conclude
the relationship between the HER activity and the composition
of (TaMo),(O,S),, but at least the composition of Mo-
(0,S0.69)1.52 shows the highest activity for both electrocatalytic
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Figure 7. (a) Chronoamperometry result of CulnS,/CdS/Ta0O,/Pt and CulnS,/CdS/ (Ta,Mo)x(O,S)}, photocathodes at 0 Vi under the 1 sun
illumination condition. XPS spectra of the (b) as prepared and (c) after chronoamperometry CulnS,/CdS/Ta0,/Pt photocathode surface. XPS
spectra of the CulnS,/CdS/(Ta,Mo),(O,S), photocathode surface: (d) as prepared and (e) after chronoamperometry.

and photoelectrocatalytic reactions. Therefore, this unique
composition, Mo(O;Sy )1 52 might be one of the reasons that
the 6 nm Mo-deposited photocathode shows the best activity.

3.2.2. Kinetics and Mechanism of Electron Transportation
in Passivation Layers. However, even though the activity is
inferior to the 6 nm Mo film, the other FTO/(Ta,Mo),(O,S),
electrodes (2, 12, and 30 nm cases) still show comparable
electrocatalytic activity, unlike the photoelectrochemical
activity. This means that other factors affect the photo-
electrochemical activity of the (Ta,Mo)x(O,S)y photocathodes
with different compositions. Therefore, a capacitance—
potential plot is obtained from the Mott—Schottky results
with different frequencies (Figure 5). Ideally, the capacitance
in the space charge region shows a Mott—Schottky relationship
with the applied potential.” However, the presence of the
surface state in the semiconductor leads to an unsatisfied
Mott—Schottky relationship because the surface state induces
extra frequency-dependent capacitance.*®

Therefore, the energy level of surface states can be estimated
from the capacitance—potential plot with different frequen-
cies.>®” In the capacitance—potential plot, a frequency-
dependent peak can be found at a specific potential. For the
2 nm Mo-deposited photocathode, the peak is found at ~0.2
Viue- This implies the energy level of surface states. For the 2
and 6 nm Mo-deposited photocathodes, only one energy level
for surface states can be found at ~0.2 Vg, but the number of
energy levels for surface states (capacitance peaks) is increased
as two (at 0.2 and 0.35 Vyyg) and three (at 0.07, 0.32, and 0.42
Vpup) for the 12 and 30 nm Mo-deposited films. This
additional generation of surface-state energy levels may allow
for a higher chance of Shockley—Read—Hall recombination
due to the additional level of surface states. Of course, the

higher number of energy levels for surface states does not
directly imply a higher density of the surface state. Besides,
every surface state does not spur charge carrier recombination;
the shallow trap state can improve electron transportation
while the deep trap state does not.”*”*° However, the
capacitance of the 6, 12, or 30 nm Mo-deposited photo-
cathodes shows a higher value (~2 X 107 F) than that of the 2
nm Mo-deposited film (~9 X 107° F) at the same frequency,
for example, at 528.9 Hz. A higher capacitance generally
implies a higher density of states. At least it can be said that the
higher Mo concentration in (Ta,Mo)x(O,S)y has a higher
density of surface states; then, it influences the charge transfer
resistance at the electrolyte interface (Riyerce) due to higher
charge recombination during the photoelectrochemical reac-
tion.

For the detailed investigation of electron transport kinetics
with surface-state energy levels, IMPS was carried out for the
CulnS,/CdS/Ta0,/Pt or CuInSZ/CdS/(Ta,Mo)x(O,S)y pho-
tocathode (Figure 6). From the IMPS results, the transient
time (z4), which is the time for electron transport, can be
calculated for p-type photoelectrodes using eq 6, where 74 is
transient time, g, is the angular frequency when the
magnitude of the imaginary photocurrent is maximum, and
fmax is the frequency when the magnitude of the imaginary
photocurrent is maximum

11

y=—=
Brnax 2ﬂ:fmax (6)

When compared to pure TaO,, 74 is significantly decreased
in the gradient (Ta,Mo)O, films deposited with 2 and 6 nm
Mo. This can be due to the incorporated Mo atoms improving
the conductivity of TaO,. However, 74 is again increased by
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Mo deposition thickness (12 and 30 nm). The best 74 of 2 6
nm Mo film might be related to the best conductivity
stemming from the optimum atomic ratio of Mo—Ta—O in the
6 nm (Ta,Mo),(O,S), passive layer because the conductivity of
MoO, is strongly affected by its stoichiometry.**** Tt is noted
that the Pt cocatalyst and Mo(O,S), at the very surface of each
photocathode do not affect 7y much because they mainly
contribute to electron extraction at the electrolyte interface as
cocatalysts and not to electron transportation in the bulk
material.

Also, 74 is related to the energy level for surface states, which
is obtained from the capacitance—potential plot (Figure $), if
the charge transport mechanism in the (Ta,Mo),(O,S), passive
layer is trap-mediated diffusion. The energy level for surface
states at ~0.2 Vyyg, which is found at the 2 and 6 nm Mo
photocathodes, might serve as a shallow trap and contribute to
increase charge transportation in TaO,. The increased density
of states for the shallow trap (i.e, the increased capacitance)
contributes to increased charge transportation at the 6 nm Mo
film. However, the surface state with energy levels at 0.32—0.42
Viue at the 12 and 30 nm Mo films may be a deep trap and a
recombination center because 74 is significantly increased by
more than 10—1000 times when compared to 74 at the 6 nm
Mo film.

Therefore, the IMPS measurement under different light
intensities was carried out to reveal the mechanism of charge
transportation for the photocathode (Figure 6¢,d). The linear
dependency of log(zy) and log(inverse square root of photon
flux (®7°%)) is predicted from the electron diffusion
mechanism with trapping/detrapping of electrons at the
localized state (surface state, defect, dopant, etc.).** The
log(74) value obtained from CulnS,/CdS/(Ta,Mo),(O,S), has
a linear dependency with log(®7°%), so the electron
transportation in the (Ta,Mo),(O,S), passive layer follows
the trap-mediated diffusion mechanism.**~*® According to the
IMPS and capacitance—potential plot results, it is concluded
that incorporation (2—6 nm) of a specific amount of Mo into
TaO, increases the surface state, which becomes a shallow trap,
and then electron transportation is improved. However,
incorporation of Mo greater than 6 nm seems to have
detrimental effects on electron transportation due to additional
deep trap sites.

3.3. Photoelectrochemical Water Splitting and the
Stability of CuInSZ/CdS/(Ta,Mo)X(O,S)y Photocathodes.
A photoelectrochemical stability test was carried out for the
Culn$,/CdS/(Ta,Mo),(O,S), photocathode (Figure 7a). The
photocurrent of CulnS,/CdS/(Ta,Mo),(O,S), is observed to
be 62% of the initial current density, while the photocurrent of
a reference CulnS,/CdS/TaO,/Pt photocathode rapidly
decreases after ~0.5 h. The peaks of deconvoluted XPS
spectra, which are obtained from the photoelectrode before/
after the stability test, are assigned to TaO,, adsorbed H,O, Pt,
and PtO, for a CulnS,/CdS/Ta0,/Pt photocathode and then
are assigned to MoO, MoO; MoS, or Mo(O,S),, and
adsorbed H,0 for a CulnS,/CdS/(Ta,Mo),(O,S), photo-
cathode (Figures 7b—e and S9).

For the CulnS,/CdS/Ta0,/Pt photocathode, the main
reason for deactivation is the delamination of Pt cocatalysts
due to disintegration of Pt/TaO, interfaces or TaO, surfaces.
The increased binding energy of Ta 4f and O 1s indicates the
stoichiometry change of TaO, by a photoelectrochemically
partial oxidation reaction. The increased hydroxyl and
adsorbed water (O 1s, M—OH, and H,O) also imply that

the chemical bonding of TaO, varied during the photo-
electrochemical reaction.”’ Notably, the Pt 4f spectrum is
diminished after the stability test. SEM results show the
delamination/disintegration of the Pt/TaO, or TaO, layer
(Figure S10). This means that the platinum metal and its oxide
forms fell off from the TaO, surface.”'*

In the case of CuInSZ/CdS/(Ta,Mo)x(O,S)y, the passivation
layer still has cocatalytic activity until 2.5 h, which coincides
with the reported result of the chemical resistance of MoO,,
even during the photoelectrochemical reaction. The noticeable
change of binding energy is found in the Mo 3d spectra from
MoO,_, to MoO;_,. The suppression of MoO,_, after the
reductive photoelectrochemical reaction is also observed from
another study.'” However, this increased oxidation state of
molybdenum is unexpected under reductive reaction con-
ditions and might rather be the result of a stoichiometry
change from Mo(O,S), to MoO,. This chemical-state change
of Mo atoms might be related to the morphology, which is
increased roughness after the stability test (Figure S10).
Sometimes, redeposition of the Pt metal dissolved from a Pt
anode on the photocathode must be considered for examining
activity and stability tests. However, no redeposition of Pt was
confirmed by XPS data for the CuInSZ/CdS/(Ta,Mo)x(O,S)y
photocathode under our experimental conditions (Figure S11).
Moreover, even though the surface of our photocathodes
seems rough, we confirmed that a uniform and fully covered
passive layer was deposited on CulnS,/CdS films by e-beam
evaporation (refer to Figure S12, the cross-sectional TEM
image of photocathodes with low magnification). Therefore,
photocorrosion of CulnS,/CdS due to contact with electro-
lytes through pinhole sites is less likely the reason for
deactivation for both photoelectrodes (TaO,/Pt and (Ta,-
Mo)x(O,S)y) at least in this elapsed-time level.

Lastly, the faradic efficiency (175) of a photoelectrochemical
cell was measured (Figure S13). The average 7 is ~93.6% for
H, evolution on the CulnS,/CdS/(Ta,Mo),(O,S), photo-
cathode and ~97.4% for O, evolution on a counter electrode.
The main reason for 7y being below 100% might be some side
reactions (photodegradation). The reaction is light-dependent
because H, and O, gases are not produced anymore since the
illuminated light is turned off.

4. CONCLUSIONS

In summary, the novel material (Ta,Mo)x(O,S)y was prepared
and applied to a CulnS, photocathode as a cocatalytic
passivation layer for photoelectrochemical H, production.
The e-beam evaporation of Mo on amorphous TaO, leads to
spontaneous alloying of Mo and TaO, and the atomic gradient
of Ta/Mo. The Mo atoms generate the additional surface state
of shallow traps and enhance electron transportation. The
formation of the thin layer of Mo(O,S), at the (Ta,Mo)O,
surface by H,S annealing shows the cocatalytic activity as an
electrocatalyst for the HER. Moreover, the Mo atom
incorporation into the TaO, layer also increases the photo-
electrochemical stability compared to a TaO, layer. As a result,
(Ta,Mo),(0,S), effectively enhances electron transportation
and extraction at the CulnS,/CdS layer. CulnS,/CdS/
(Ta,Mo),(0O,S), shows one of the best photoelectrochemical
activities among reported CulnS,-based photocathodes with-
out Pt cocatalysts. We hope that the strategy of Mo
incorporation into TaO, or even other metal oxide passive
layers will be applied to various photoelectrodes or photo-

https://doi.org/10.1021/acsami.1c09560
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09560/suppl_file/am1c09560_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

devices for improving carrier transportation and electro-
catalytic reaction without precious metals.
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