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The development of semiconductor materials as photocathodes that have excellent
performance is significant for the photoelectrochemical reaction of hydrogen
evolution. The thin film of sulfur-doped Copper (II) oxide (S-CuO) was successfully
synthesized wusing the cyclic voltammetry method. Investigation of
photoelectrochemical properties of S-CuO photocathodes, including current density,
onset potential, applied photon to current efficiency (ABPE), and bandgap had been
carried out. It was reported that the Cu ohmic contact affected the
photoelectrochemical properties and the stability of the thin film. The presence of Cu
ohmic contact can improve the performance of S-CuO thin film photocathodes. The S-
CuO TU 20 mM thin film has the best response with a current density of -0.923
mA/cm?, an onset potential of 0.59 V, and ABPE of 0.21%. Stability occurred at pH 7 in

0.2M NaH-PO,. The optical analysis showed S-CuO TU 20 mM bandgap of 1.7 eV.

1. Introduction

Research on efficient water splitting into hydrogen
and oxygen has become a promising topic for solar energy
conversion. Photoelectrochemical (PEC) as a method for
the conversion and storage of large-scale solar energy in
the form of hydrogen fuel becomes one of the promising
technologies to provide clean, cost-effective, and
domestically produces energy carriers by utilizing solar
radiation[1]. To reduce the cost of converting solar energy
into hydrogen, abundance light-absorbing
semiconductor materials can be made at low cost and
have good photoelectrochemical and stability properties.

Semiconductors used for the water-splitting process
must-have criteria including a bandgap of 1.6-2.2 eV,
good stability, the bandgap can utilize the solar spectrum
(a> 460 nm) efficiently, potential band edge on the
surface must exceed the reduction potential of H, and
0,[2]. Some semiconductors such as CulnSe, (copper
indium selenide/CIS), CuInGaSe.(copper indium gallium
selenide/CIS), Cu2ZnSnS, (copper zinc tin
sulphide/CZTS), and CdTe are well established for use in
PEC water splitting applications [3, 4, 5]. Cost
considerations and material toxicity cause limitations in
the use of the above materials. Copper (II) oxide is

considered as a promising candidate because of its
abundance in the earth's crust, non-toxic, simple growth
process, and high absorption in visible areas[6]. Also, CuO
has a bandgap of around 1.2-2.5 eV so that it can absorb
significant solar energy([6].

The efficiency of response to light is often a concern
of advanced semiconductors. The use of the ohmic
contact layer was chosen as one step to increase the
efficiency of light absorption. An ohmic contact is defined
as contact where there is an uninterrupted transfer from
the majority carrier from one material to another and
does not limit current. Ohmic contact acts as a reflector,
which plays an essential role in increasing cell
efficiency[7]. Metals used as ohmic contacts must have
low resistance and be thermally stable. Metal with a high
work function such as Au, Pd, Se, Ag, Mo, Pt, Cu, can
produce ohmic contact for holes and electrostatic barriers
for electrons in the hole transporting material (HTM)[8].
However, Mo, Au, Pt, and Pd metals are costly, while Se
has a very high work function and at the same time, has
very high resistance, and Ag is unstable. Cu is reported to
be the optimal ohmic contact in the semiconductor
photoresponse [5, 9, 10].
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Another step in increasing the semiconductor's
response to light absorption and conversion efficiency
can be done through doping anions or cations in the
semiconductor. Doping anions such as N and S are used to
replace oxygen in the oxide lattice, which can shift the
valence band upward so that the bandgap is
narrowed[11].The development of CuO semiconductors by
doping anions and cations has been reported byChiang et
al. [12] and Ooi et al. [13]. The current density at N-CuO is
reported at 9.98 x 105 mA[13], while the current density
of Zn-CuO, Co-Cu0O, Mg-CuO, Ag-CuO, and Fe-CuO are
0.417; 0.77; 0.417; 0.63; and 0.192 mA/cm?,
respectively[12]. Therefore, semiconductor materials
with better current density need to be developed. This
research developed the S-CuO semiconductor material as
a photocathode in water splitting photoelectrochemical
cells. In which, the photoelectrochemical properties and
their stability at acidic, neutral, and basic pH were
studied. The results can be used as a consideration in
developing better photocathodes for hydrogen
production and its applications on a full scale.

2. Methods
2.1. S-CuO Thin Film Synthesis

Synthesis of S-CuO thin film was carried out in 3
steps, including Cu deposition, S doping, and oxide
growth. Cu metal deposition was carried out by
electrodeposition method on 2x1 cm? glass substrate of
fluorine-doped tin oxide/FTO (Sigma Aldrich). The FTO
was ultrasonically cleaned in isopropyl alcohol/IPA
(Merck, 99.8%) before used. After drying with nitrogen
gas, the glass substrate was attached as a working
electrode in the electrochemical cell. The electrolyte
solution for Cu deposition consisted of 50 mM
CuS0,.5H.0 (Merck, 2,284 g/cm3), 150 mM
CeHsNa;07.2H.0  (Merck, 720 g/L), and 242 mM
CsHe07.H,0 (Merck, 1.54g/cm3). The solution was adjusted
to pH 2.5 using 1M H.SO, (Merck, 98%). The constant
current of -3 mA/cm2was used for Cu deposition for 3600
seconds. Electrodeposition was carried out in three
electrodes with FTO as a working electrode, Pt electrode
as a counter electrode, and Ag/AgCl as a reference
electrode wusing a Potentiostat (Electrochemical
Workstation CorrTest CS Studio 150) instrument in
galvanostatic mode.

Sulfur doping was carried out in a cyclic voltammetry
(CV) mode using the Potentiostat (Electrochemical
Workstation CorrTest CS Studio 150) instrument for 20
cycles. Cu metal deposited on the FTO was used as a
working electrode. The CV was carried out at a potential of
0.3V to -0.6 V(vs Ag/AgCl) containing 0.1 M KCI (Merck,
1.98 g/cm3) as a supporting electrolyte and 10, 20, and 40
mM CS(NH.). (Merck, 1.405 g/cm3) as a sulfur precursor.
After the cycle was completed, the sulfur-doped Cu
deposit was calcined at 600 °C for 3 hours to burn sulfur
and grow oxides, so that S-CuO in the FTO substrate was
formed.

2.2. Characterization of S-CuO Thin Film

Several characterizations of S-CuO thin film were
conducted using XRD, SEM-EDX, DRS UV-Vis and

electrochemical measurement. XRD (PANalytical X Pert3
Powder) was used to determine crystallinity and crystal
size. The SEM-EDX (Phenom Pro-X desktop SEM with
EDX) used to determine atomic composition. The DRS
UV-Vis (Shimadzu UV-2450) was used to determine
bandgap, and electrochemistry (linear sweep
voltammetry and potentiostatic) to study the
photoelectrochemical properties as a photocathode PEC
water splitting.

The size of crystals is calculated using the Debye-
Scherrer equation (equation 1), where magnitude D is the
size of a crystal grain, k is a constant (0.94), x is the
wavelength of X-ray radiation (0.154060 nm), ¢ is the
FWHM (Full-Width Half Maximum) value in radians, 6 is
the Bragg diffraction angle and derived from graph data
26 on diffractogram.

kA
D=
B cos@

®
(ahv)" = A(hv-Ey) (2)

Bandgap values were determined by applying the
Tauc Plot equation (equation 2) to the transmission
spectrum, where o is the absorption coefficient (o = (2,303
x Abs)/d), hv is energy, A is the proportionality constant,
d is the thickness of the thin film, and n varies from 0.5 to
2.0 depending on the nature of the optical transition. For
S-CuO thin film, a straight line for (chv)?vs. hv in the plot
(with, n = 2) is used to determine the band direct
character of the thin film.

2.3. Measurement of Photoelectrochemical Properties

Measurement of photoelectrochemical properties of
photocathodes was evaluated using a potentiostat
(Electrochemical Workstation CorrTest CS Studio 150) in
linear sweep voltammetry mode with three electrode
configurations. The measurement was done by cutting
the irradiation of the LED light which was calibrated with
a silicon solar cell (measured Isc and Voc under sun light
irradiation) with an intensity corresponding to Air
Mass/AM 1.5 (100 mW/cm?) every 10 seconds to the
electrode that works below the potential sweep (0.7 to -
1.0 Vvs Ag/AgCl) with a scanning rate of 10 mV/s in Na,SO,,
0.1 M at pH 9. Investigation of photoelectrochemical
properties included current density, onset potential, and
applied bias photon to current efficiency (ABPE).

Measurement of current density was plotted as J-V
curve (potential vs. current density) resulting from a
linear sweep voltammetry scan. Whereas, the onset
potential in each PEC measurement on the photoelectrode
for photocathodes, which refers to the Ag/AgCl (Eag/agc1)
electrode converted to Erse is calculated using equation

(3).
Erue = Eag/aga + (0,059 X pH) + 0,199 3

Applied bias photon to current efficiency (ABPE) is
determined from the potential current density (J - V) of
the photocathode using equation (4). J (mA/cm?) is the
measured current density, V (Vvs. RHE) is the bias voltage
measured by the RHE scale, V-Vu+/u. is the hydrogen
equilibrium redox potential (0 V vs. RHE), and P is the
photon flux of AM 1.5 sunlight that is 100 mW/cm?2.
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ABPE [%)] =] X (V-Vis/u2) X 100%//P 4

Semiconductor stability measurements are carried
out to determine the resistance of the semiconductor
when used in photoelectrochemical water splitting. The
stability decrease was determined by equation (5), where
the % stability degradation is the magnitude of the
decrease in stability expressed in percent, Jo as initial
current density, and J:as final current density.

% Stability Degradation =%x 100% 5)

3. Results and Discussion
3.1. Synthesis of S-CuO Thin Film

Cu metal deposition in the FTO was carried out from
CuS0,.5H,0 precursors, citric acid, and sodium citrate
according to the procedure used by Gunawan et al. [14].
Citric acid and sodium citrate in the solution act as a
complexing agent that reduces Cu2* ions[15] and
decreases the Cu deposition potential. The electrolyte
solution was adjusted to a pH of 2.5 (with the addition of
1M H.SO, solution) according to the Pourbaix diagram.
Redox reactions occur in the electrochemical deposition
of Cu as in equations (6) to (8).

Cut(g) + 2e> Culg) (6)
H200)> %029 + 2H+ + 2e- 7
Cu2t 4+ H20 2 Cu® + 2H+ + % 0: (8)

Cu, which had been deposited on the FTO, was doped
with sulfur using the Cyclic Voltammetry (CV) method.
The potential given was 0.3 V to -0.6 V vs. Ag/AgCl
(according to the Cu redox potential window) for 20 cycles
with a scanning rate of 10 mV/s. The doping process was
carried out from a solution containing thiourea (TU) as a
precursor of sulfur and KCl salt as an electrolyte that was
adopted from the Navaee procedure[16]. The CV process
is shown in Figure 1. The CV curve of Figure 1 produces two
peaks consisting of a cathodic peak (Ejc) and anodic peak
(Epa) with varying peak heights. E,c shows the potential
for the reduction of Cu2* to Cu, and Epa shows the potential
for the oxidation process of Cu to Cu2*. At CV of 10 mM TU
(Figure 1.a) Epa (15t cycle) occurs at a potential of -0.21V
vs. Ag/AgCl with a high peak while very small Epa; (almost
does not appear) occurs at a potential of -0.17 V (vs.
Ag/AgCl). Small anodic peaks (hardly appear) indicate
that the oxidation process almost did not occur at 10 mM
TU. As the CV cycle increases, the Epc: peak shifts towards
a more negative potential until the 20th cycle of -0.41V
(vs. Ag/AgCl), and the Epa peak shifts to a more positive
potential of -0.1V (vs. Ag/AgCl).
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Figure 1. Cyclic Voltammograms obtained through the
CV Processes of (a) 10 mM TU, (b) 20 mM TU, and (c) 40
mM TU for Sulphur Doping.

At CVof 20 mM TU (see Figure 1b), the Eyc. peak starts
at a potential of -0.32 V (vs. Ag/AgCl) while the Epa, peak
starts at a potential of -0.15 V (vs. Ag/AgCl). The increase
in high peaks indicates stronger interactions with
increasing TU concentrations[17]. This confirms the
formation of the TU complex with Cu2* ions and the
complex is adsorbed on the surface of Cu. The pa and pc
peaks increase with the increase of scan number and scan
rate that shows the Cu-TU complex[18] and allows other
products to form. Increasing the number of cycles in the
CV processes, at a more positive potential, Cu corrodes,
and Cu ions are released on the surface of the Cu metal of
the working electrode, which is assisted by KCl electrolyte
ions. Then, Cu ions are surrounded by TU molecules on
the surface of the Cu metal electrode. At a more negative
potential occurs the substitution of Cu-TU ions and
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adsorbed on the surface of the Cu metal[16]. The CV of 40
mM TU (see Figure 1c) Epc; peak occurs at a potential of -
0.16 V (vs. Ag/AgCl) while the Ep; peak occurs at a
potential of -0.12 V (vs. Ag/AgCl) with a low peak.
Increasing the concentration of TU can also increase
corrosion[19] so that the thickness of the thin film gets
thinner. The reaction procedure that occurs during the CV
process is proposed in equations (9) to (11).

Cu=> Cug | Cutag) + 2€° 9)

2Cucs | Cuz* + 4SC(NH2)2 (ay>2Cu | CuSNH2(=NH) )
+H,N(HN=)CSSC(=NH)NH,, + 2H* (10)

Cu | CuSNH2(=NH) ¢+ H:2N(HN=)CSSC(=NH)NHz¢=>Cu | CuO-
Syt Other Products (11)

Initially, there is a portion of the Cu metal electrode,
which is oxidized to Cu2* ions on the surface of the Cu. The
Cu2* jon is released and surrounded by TU molecules to
form the Cu-TU complex and formamidine disulfide
(FDS)[20] and other products absorbed on the surface of
Cu metal electrodes. Other products that may be formed,
such as Cu»0gs), CuzS(s), CuxS(s), NHs(g), and other possible
products, are formed. After the CV cycle ends, the
electrodes were calcined at 600 °C to form oxides. In the
calcination process, the component Cu(I) is more
dominantly formed from Cu(Il) in thin films at low
temperatures. However, when the temperature is 500°C,
the component of Cu(II) is more dominantly formed than
Cu(D)[21], thus allowing oxides from Cu(II) have been
formed.

3.2. Characterization of S-CuO Thin Film

XRD analysis (Figure 2) of the S-CuO thin film was
carried out in the diffraction angle range (26) of 25°-65°
with CuKo1 radiation (» = 1.54060 AR). The peaks that
appear on the diffractogram are compared with the
standard peaks of the RRUFF (integrated database of
Raman spectra, X-ray diffraction, and chemistry data for
minerals). The CuO standard, as a comparison, uses
RRUFF R120076 data. RRUFF R040017 data is used as a
comparison of the peak of the FTO. The RRUFF R050384
data is used as a comparison of Cu.O peak and RRUFF
R061078 as a comparison of Cu peak, respectively.
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Figure 2. Diffractogram of S-CuO Thin Film, Cu.0, and
Cu.

Figure 2 shows the diffraction pattern of S-CuO thin
film prepared by 10 mM TU, the CuO peaks appear at a
value of 26 at 35.53; 38.71; 48.80 and 61.54°. The SnO.
peaks (FTO) appear at 26.53; 37.76; and 51.50°. Besides,
the peaks of Cu,0 are at 26 of 29.69; 42.48° and the peaks
of Cu,S are at 26 of 33.31; 34.95° based on RRUFF 120090,
and the CuxS peakis at 28.43° [16]. On the thin film S-CuO
TU 20 mM, the peaks of CuO are at 26 of 35.57; 38.67;
48.74 and 61.53°. The SnO; peaks (FTO) appear at 26.54;
33.70; 37.78; and 51.53°. Whereas the CuO peaks from the
40 mM S-CuO TU thin film appear at 35.57; 38.75; 48.79
and 61.57°. The SnO; peaks (FTO) appear at 26.50; 33.67;
37.80; and 51.50°. The S peaks do not appear separately
because S has been doped in CuO. S doping on CuO affects
the shift of the CuO peak from the CuO standard. In
addition, Cu peaks emerge from S-CuO thin films of 20
mM and 40 mM, respectively, at 26 of 32.19 and 32.21°.
This shows that there is a metal layer of Cu under the S-
CuO layer, which acts as an ohmic contact. The crystallite
size of the thin films S-CuO TU 10 mM, TU 20 mM, and TU
40 mM measured based on the Scherrer equation
(equation 1) are 32.08; 38.44; and 40 nm, respectively.
Crystallinity influences the charge separation and charge
transfer. As the crystalline property of solid increases, the
charge separation and charge transfer will be easier (less
resistance) so that the resulting dense current will be even
greater. The small crystal size can expand the surface of
the catalysis so that its performance becomes more
effective[22].

The composition of each element contained in the S-
CuO thin film semiconductor is known through EDX
analysis. EDX analysis results show that sulfur doping on
CuO has been successfully carried out. The quantitative
composition of the elements S, Cu, and O is presented in
Table 1.

UV-Vis DRS characterization was used to determine
the band gap energy value of the synthesized thin-film S-
CuO semiconductor. Measurements were made at
wavelengths of 200-800 nm. Determination of bandgap
value (Eg) using the Tauc Plot equation applied to the
transmission spectrum obtained from UV-Vis DRS
analysis. Measurements were made at S-CuO TU 20 mM,
which has better photoelectrochemical properties than
other variations. Figure 3 shows the relationship curve
(ohv)? vs. hu of the Tauc Plot equation to determine the
bandgap value (Eg).

Table 1. Percentage of S-CuO Thin Film Elements
Composition Results of EDX Spectrum Analysis.

Composition (%)

Thin Film
S Cu (0]
S-CuO TU 10 mM 8.0 52.8 39.2
S-Cu0 TU 20 mM 0.5 72.1 27.4
S-CuO TU 40 mM 0.3 69.4 30.3
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Figure 3. Curve (ahv)2vs. hv Tauc Plot Equation of the
Absorbance Value for Determining the S-CuO TU 20 mM
Bandgap (Eg).

The bandgap of S-CuO thin films is 1.70 eV, which is
smaller than CuO thin films of 1.9 eV[23]. This shows the
narrowing of the bandgap due to the influence of doping
S. The approach to increasing light response by doping
anion can shift the edge of the valence band (vb) upward
so that the bandgap energy is reduced[11,24]. From the
results of the XRD, EDX, and DRS UV-Vis
characterization, the S-CuO thin film and band alignment
are illustrated in Figure 4.

E (V) vs NHE

000 | =
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£ ‘3 I 3  EE ¢
v
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Figure 4. llustration of S-CuO Thin Film, prepared using
(a) TU 10 mM, (b) TU 20 mM, and (c) TU 40 mM from
XRD and EDX Characterization, and (d) Band Alignment.

3.3. Effect Cu Ohmic Contact on Photoelectrochemical
Properties

Measurement of photoelectrochemical properties
was done by cutting irradiation of AM 1.5 (100 mW/cm?)
every 10 seconds to the working electrode operating
under a sweep potential with a scanning rate of 10 mV/s in
0.1IM Na.SO,. Measurement of photoelectrochemical
properties includes current density, onset potential, and
ABPE. Figure 6 shows the results of the measurement of
current density and ABPE. From the measurement of
current density, it can be determined the onset potential
of the photocathode.
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Figure 6. Measurement of S-CuO Thin Film against (a)
Current Density, and (b) ABPE measured in 0.1 M Na,SO,,
by cutting AM 1.5 irradiated light every 10 seconds.

The maximum current density produced by the
synthesized S-CuO thin film has a value that varies
according to the variation of TU used. The value of the
photoelectrochemical property measurement results of
S-CuO thin-film semiconductors is further presented in
Table 2.

Table 2. Photoelectrochemical Properties of S-CuO Thin
Film as measured in 0.1 M Na,SO;,.

Thin Film Photocurrent Onset ABPE
(mA/cm?2) Potential (V) (%)
S-CuO TU
10 MM -0.123 0.19 0.058
$-Cu0 TU -0.92 0 0.212
20 mM 923 59 ’
$-Cu0 TU -0.471 0.18 0.1
40 MM 47 . 193

Table 2 shows the influence of Cu ohmic contact on
the photoelectrochemical properties of the thin films.
Like Figure 3, the presence of Cu ohmic contact at S-
CuOTU 20 mM causes current and potential to increase.
While the photoelectrochemical property of S-CuOTU 40
mM decreases again (better than S-CuO TU 10 mM)
because the S-CuO film is thinner. The existence of ohmic
contact serves to rectify the electric current that flows or
passes the electric current. Cu Ohmic contact has small
activation energy [9] so that it does not obstruct the
transfer of electrons but it can direct and pass an electric
current. The electric current at S-CuOTU 10 mM is smaller
due to the presence of a layer of impurities CuxS and other
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products (at top layer) which may be formed during the
CV process (see Figure 1a) on the S-CuO TU 10 mM surface
thus blocking the absorption of photon energy.
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Figure 7. Stability of S-CuO TU 20 mM Thin Film at pH 5,
7,9, and 11 in 0.2 M NaH»PO, for 3600 seconds.

The current density that appears is observed before
the dark current appears at 0 V RHE where the current
deflection appears. This shows corrosion in CuO thin film,
as expected from the Pourbaix diagram. When a fixed bias
of 0 VRHE is applied to the CuO thin film under constant
illumination, the current density decreases rapidly to
zero in less than 3 minutes, because CuO is converted to
Cumetal[25]. Figure 7 shows the stability profile of an S-
CuO TU 20 mM photocathode under these measurement
conditions. The current density is initially measured at
the same potential (0 V vs. Ag/AgCl), then the
photocathode measured at pH 9 shows a relatively stable
current over time. While in acidic and more alkaline
conditions, current density continues to decrease, and the
property of photoabsorber tends to disappear. The
percentage of degraded thin films of S-CuO TU 10, 20, and
40 mM are 62.23; 60; 33.33; and 77.37%, respectively.

4. Conclusions

Photoelectrochemical properties produced by S-CuO
thin film photocathodes with a variation of 20 mM TU had
the best photoelectrochemical properties than other
variations. A PEC study of water splitting from S-CuO TU
20 mM photocathode revealed that current density, onset
potential, and ABPE were affected by Cu ohmic contact.
ABPE and maximum onset potential in 0.1M Na.SO, at pH
9 were 0.21% and 0.59 V (RHE), respectively. The stability
test showed that the photocathode was stable at pH 9.
While under acidic and too alkaline conditions, the

photocathode had a rapid current degradation with
increasing time (at oV vs. Ag/AgCl).
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