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Abstract

Copper(1]) sulphide (CuS) exhibits suitable optical properties for photoelectrochemical (PEC) H, generation, a non-pollut-
ing energy carrier; however, the PEC performance of this material is still unsatisfactory. In this work, we aimed to improve
PEC H, generation via modifying the surface of CuS films with Pt/C materials deposited using a low-cost commercial
inkjet printer (a conventional desktop printer). The inkjet deposition approach enabled deposition of ultra-low Pt loadings
(range of 0.00036-0.0096 mg Pt cm 2), representing high Pt utilisation. The presence of Pt/C on CuS films delivered a
considerable cathodic photocurrent density of (—3.17+0.56) mA cm 2 at 0 V vs. RHE for the hydrogen evolution reaction
(HER), which is 7.93 times higher than that of the bare CuS film. Additionally, a positive onset potential under illumina-
tion for the HER was observed for the CuS-Pt/C films (up to approximately 0.025 V vs. RHE) compared to that of the
bare CusS film (ca. —0.013 V vs. RHE), indicating co-catalytic contribution of the Pt in the Pt/C materials for the improve-
ment of the HER. Electrochemical impedance measurements revealed a 2.1-fold reduction in charge transfer resistance of
CuS-Pt/C films compared to bare CuS films. This indicates that the enhanced PEC H, generation is associated with the
facilitation of photogenerated electrons transfer at the photocathode|electrolyte interface for the occurrence of the HER.
In terms of PEC stability, the cathodic photocurrent density of the CuS-Pt/C film at —0.04 V vs. RHE remained steady for
20 min during the PEC experiment; however, a considerable decrease was observed for longer times, which is attributed
to the photoelectrochemical decomposition of CuS. A similar stability trend was observed for the amount of H, generated
by the CuS-Pt/C film at —0.04 V vs. RHE under illumination.
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Introduction fuels, searching for clean and sustainable energy resources

has been in demand [4, 5]. Among the alternative energy

The ongoing increase in global warming, caused by the
uncompensated emissions of greenhouse gases in the
Earth’s atmosphere [1, 2], has been a growing concern. A
significant contributor to this effect is the anthropogenic
carbon dioxide emissions resulting from the combustion of
fossil fuels for human daily life activities [3]. Owing to this
environmental issue and the non-renewable nature of fossil
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sources, hydrogen gas (H,) stands out as a promising energy
carrier due to its high energy yield (ca. 122 kJ g!), which
is 2.75 times higher compared to that of hydrocarbon fuels,
and mainly its environmentally friendly combustion (i.e., it
only generates water vapour) [6]. Currently, the main indus-
trial method for H, production is via fossil fuels, namely,
steam reforming natural gas, which, besides being unsus-
tainable, produces H, contaminated with different hydro-
carbons [7, 8]. Another possible way to obtain H, is via
water electrolysis, which is potentially a more sustainable
approach, producing high-purity H, and having the advan-
tage of using water as a raw material [9].

From a thermodynamic point of view, the electrochemi-
cal cell voltage (AU) for the overall water splitting process is
—1.229 V, but due to energetic and kinetic aspects, this pro-
cess requires a high overvoltage to drive this reaction [10].
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This translates into high production costs, which, from an
economic perspective, limit electrolysis from becoming the
mainstream method for H, production [11]. Such a problem
can be circumvented by using semiconductor materials as
photoelectrodes in photoelectrochemical (PEC) cells, which
can benefit from their photoactivity of harvesting sunlight
to reduce the overpotential/overvoltage of water electroly-
sis [12—14]. The application of semiconductor materials to
perform water electrolysis at lower overpotential was first
demonstrated in 1972 by Fujishima and Honda [15], who
employed TiO, as a photoelectrode to drive water splitting
at 0.5 V vs. reversible hydrogen electrode (RHE) and under
illumination. Despite being an abundant, inexpensive, and
non-toxic material, TiO, has a wide bandgap energy (E,),
namely, 3.2 eV for the anatase phase [16], which favours
photon energy absorption only in the ultraviolet region
(it corresponds to less than 5% of the solar spectrum that
reaches the earth’s surface).

Since the discovery of the photoelectroactivity of TiO,, a
wide variety of semiconductor materials have been investi-
gated in the context of light-driven water splitting, in which
different materials have shown promising results, such as
oxide- [17, 18], selenide- [19], and sulphide-based [19,
20] semiconductor materials. Among the sulphide-based
materials, copper(Il) sulphide (CuS) has been considered
a promising candidate for light-driven water splitting due
to its suitable optoelectronic characteristics, such as a nar-
row E, of 1.6-2.2 eV [21], which enables the absorption of
light in the visible range of the solar spectrum. CuS can also
favour light absorption in the near-infrared region due to the
localised surface plasmon resonance effect of this semicon-
ductor [22, 23]. Still concerning the E, of CuS, the variation
of E, values for CuS arises due to the formation of different
morphologies (i.e., changes of shape and particle size) [22].
CusS can also be employed as a photocathode in PEC cells,
as this material is a p-type semiconductor and has a proper
conduction band edge potential (£) to drive the hydrogen
evolution reaction (HER), i.e., to reduce hydronium (H;0")
to H, molecules, under illumination [24]. CuS is also known
to be made up of earth-abundant elements and is a low-tox-
icity material [25].

Albeit CuS features desired optoelectronic properties for
H, production from solar-driven water splitting, the rapid
recombination of the photogenerated electron-hole pairs
in this material stands, however, as one of the drawbacks
to further advance towards a practical application [26].
This issue can be minimised via, e.g., combining CuS with
other semiconductor materials to form a heterojunction or
a heterostructure, such as CuS/NiO [27], ZnO/CuS [28],
and CuS/TiO,/CdS [29]. Deposition of noble metals on the
surface of CuS films is another way to suppress the elec-
tron-hole recombination process and consequently improve
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photoelectrocatalytic activity for the HER. Regarding this
strategy, Dubale et al. [30] synthesised Cu,O/CuO electrodes
by electrodeposition followed by an annealing treatment of
this heterostructure to superficially modify with CuS via
successive ion layer adsorption and reaction. Then the sur-
face of the Cu,0/CuO/CuS was decorated with Pt by using a
sputtering technique. The Cu,0/CuO/CuS/Pt films provided
a photocurrent density for the HER of —5.7 mA cm 2 at 0 V
vs. RHE, which was 2.6 and 1.1 times greater than that of
the Cu,O/CuO and Cu,O/CuO/CusS films, respectively. Fur-
thermore, the Cu,O/CuO/CuS/Pt films were able to retain
92% of their initial cathodic photocurrent density after 1 h
of the experiment, whereas the value obtained for Cu,O/
CuO the value was only 56%. The improvement of PEC
performance for the Cu,0/CuO/CuS/Pt films was assigned
to the better kinetics in the photogenerated electron transfer
process at the photoelectrode|electrolyte interface, as sug-
gested by electrochemical impedance spectroscopy (EIS)
measurements. This improvement in the charge transfer
process simultaneously decreased electron-hole recombina-
tion and photocorrosion of the Cu,0O/CuO/CusS films.

Despite these promising results, the deposition of Pt
via sputtering has the disadvantage of high cost, which is
a bottleneck in the scaling up of the deposition process.
Alternatively, Pt can be deposited via solution-processed
methodologies, for example, photoelectrodeposition [31],
drop casting [32], or using the inkjet printing method [33].
Among these different approaches, the inkjet printing
method is a simple, inexpensive, scalable and low-waste
technique that allows printing micron-scale patterning and
deposition of thin films with highly homogeneous composi-
tion [34]. Moreover, inkjet printing enables deposition of
low Pt loadings, which favours high Pt-utilisation (i.e., to
have high electrocatalytic activity with a minimum amount
of Pt) that enables decreasing the cost of Pt-modified elec-
trodes [35].

The inkjet printing method has often been applied for
deposition of low loadings of Pt/C on gas diffusion layer
(GDL), which has been used to construct membrane elec-
trode assembly (MEA) for polymer-electrolyte-membrane
fuel cells (PEMFC) application [36—39]. In this context,
Taylor et al. [38] used a commercial thermal inkjet printer
to deposit different loadings of Pt/C material on GDL and
Nafion® membranes for making MEA to be applied in
PEMFC. The authors have shown high Pt utilisation for
the MEA having inkjet-printed Pt/C with ultra-low catalyst
loading (0.021 mg Pt cm™2) compared to the MEA con-
taining the catalyst deposited by the conventional screen-
printing method. In another study, Bezerra et al. [36]
employed a low-cost commercially available inkjet printer
to deposit Pt/C with low Pt loading (0.1 mg Pt cm2) on
GDE and Nafion® membrane. It was found that the fuel cell
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performance was proportional to the number of catalyst lay-
ers deposited on the GDE and inversely proportional to the
number of layers deposited on the Nafion® membrane. This
behaviour was associated with the better dispersion of the
inkjet-printed Pt/C materials on the GDE, as the GDE has
a high surface area due to its porous structure, favouring a
larger three-dimensional surface area containing the cata-
lyst. Regarding the surface modification of CuS films with
inkjet-printed Pt/C materials for H, generation via photo-
electrochemical water splitting, as far as we are aware, this
approach has not been performed yet.

In this work, we demonstrated that a low-cost inkjet
printing method can be efficiently used to deposit Pt/C
materials with ultra-low Pt loading on CuS films. Further-
more, we investigated the influence of Pt loading on the
PEC performance of the CuS films superficially modified
with the inkjet-printed Pt/C materials (CuS-Pt/C). The phys-
ical characterisation of the Pt/C inks, and the optical, physi-
cal and chemical properties of the CuS-Pt/C films are also
discussed.

Experimental section
Chemical reagents

Chemical reagents were of analytical grade and were used
without additional purification. The main chemicals used in
this work were: ethylenediaminetetraacetic acid disodium
(Na,EDTA) salt dihydrate (C,,H;,N,Na,O¢-2H,0, Neon,
> 99.0%), copper(ll) sulphate (CuSO,, Sigma-Aldrich, >
99%), sodium thiosulphate pentahydrate (Na,S,0;5H,0,
Sigma-Aldrich, > 99.5%), elemental sulphur powder (S,
Sigma-Aldrich), 30 wt%, 50 wt%, or 80 wt% platinum on
Vulcan XC-72 (Pt/C, E-Tek), Nafion ionomer (Ion Power,
LQ-1105 1100 EW 5 wt%), propan-1-ol (C;HgO, J.T.
Baker, 99.9%), propane-1,2-diol (C;HgO,, Sigma-Aldrich,
> 99.5%), and sulphuric acid (H,SO,, Merck, 96%). The
aqueous solutions were prepared with ultra-purified water
(resistivity of 18.2 MQ cm) taken from a Milli-Q® system.

Synthesis of CusS films

CuS films were prepared by electrodeposition of Cu with
a subsequent sulphurisation process. The electrodeposi-
tion was performed in a conventional three-electrode cell,
and the working electrode (WE), where the films were
electrodeposited, was a glass substrate coated with a fluo-
rine-doped tin oxide (FTO) layer (Sigma-Aldrich, surface
resistivity of = approximately 7 €/sq), which had been pre-
viously cleaned and hydrophilized, as reported previously
[40]. The counter electrode (CE) was a graphite plate, and

the reference electrode (RE) was an Ag/AgCl/Cl (g k-
All the potential values in this study were given relative to
the Ag/AgCl/Cl 4 ey electrode (unless the RHE is indi-
cated). The distance between the WE and the CE was ca.
1.2 cm, and the geometric area of the WE and the CE were
0.52-0.92 and 1.65 cm?, respectively. The electrodeposition
bath was a freshly made solution comprised of 30 mmol L™
CuSO, and 90 mmol L ™! Na,S,0; dissolved in 0.1 mol L™!
Na,EDTA at pH 10 (pH adjusted with diluted NaOH), which
was the supporting electrolyte and complexing agent. Before
every experiment, the electrodeposition bath was deaerated
with N, for approximately 1 h to remove dissolved O,. The
films were electrodeposited potentiostatically at —0.95 V vs.
Ag/AgClCI (4 kcy) (corresponding approximately to the ¢,
peak potential of the cyclic voltammogram of the electro-
deposition bath, see Fig. S1), and the electrodeposition was
ceased once a charge density of —1.4 C cm 2 was reached.
All these electrochemical experiments were recorded using
a potentiostat/galvanostat (Autolab PGSTAT30) running
with Nova software (version 2.1.4).

Since the as-electrodeposited films were S-poor (atomic
S percentage was ca. 1.5%, as shown in Fig. S2), the as-
electrodeposited films were subjected to sulphurisation at
300 °C for 1 h under sublimated S atmosphere and argon
(Ar) flux. The heating rate was 10 °C min!, and the cool-
ing condition was carried out naturally to room temperature.
As depicted in Fig. 1, the sulphurisation system consisted
of a cylindrical glass partially covered by adjoining it with
another cylindrical glass. Inside this system, there were
electrodeposited Cu films and 0.1 g of elemental S powder,
which served as the sulphide source. This partially closed
cylindrical glass was placed in a furnace glass tube for the
sulphurisation process. Before the sulphurisation, the sys-
tem underwent three sequential vacuum pump cycles, i.e.,
each cycle consisting of vacuuming the system for 1 min
and then filling it with Ar for 1 min.

Formulation of Pt/C inks and printing on CusS films

The Pt/C inks containing different Pt loadings (i.e., 30, 50,
and 80 wt% Pt in Pt/C) were formulated according to the
procedure reported in previous work [37]. Briefly for each
Pt loading condition (i.e., 30, 50, and 80 wt% Pt in Pt/C),
0.0375 g of commercial Pt/C (corresponding to 0.01, 0.02
and 0.03 g of Pt, respectively) was dispersed in a solu-
tion comprised of 0.1875 g of Nafion ionomer (4.24 wt%
of total), 3.1897 g of propan-1-ol (72.1 wt% of total), and
1.0097 g of propane-1,2-diol (22.8 wt% of total). The prepa-
ration procedure consisted initially of mixing the propan-
1-ol and propane-1,2-diol under magnetic stirring for 15
min, then the Pt/C catalyst and the Nafion ionomer were
added sequentially. This dispersion was further mixed under
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Fig. 1 Sulphurisation set-up

an ultrasonic bath for 15 min, then in an ultrasonic proces-
sor for 15 min (Acil & Weber,750 W, 20% amplitude, 3 s
pulse on and 2 s pulse off). During sonication in the ultra-
sonic processor, the temperature of the dispersion was kept
relatively constant by immersing the ink container in an
ice bath. Finally, after sonication, the ink was magnetically
stirred for 12 h.

Regarding the printing process, the Pt/C inks featuring
different Pt loadings were printed on the CuS photoelec-
trodes using a commercial desktop inkjet printer (Epson
EcoTank L805) having micro piezo printheads for ejection
of the inks, as described previously [37]. Before printing,
the Pt/C inks were filtered with a 450 nm nylon membrane
syringe filter and then injected directly into an empty and
clean cartridge. The CuS photoelectrode was affixed onto
the compact disc (CD) printing tray, and then one layer of
Pt/C ink was printed on it. The as-printed Pt/C layer over the
CusS films was subsequently dried at 200 °C for 30 min with
a heating rate of 10 °C min~' and under Ar flux. The Ink-
scape software (version 1.0) was used to design the printed
pattern on the CuS films, namely, a rectangle with dimen-
sions of 2.35 cm X 1.55 c¢cm, and we chose these dimensions
for the printed pattern to guarantee that Pt/C ink was printed
on the whole area of the CuS film, whose maximum dimen-
sions were approximately 1 cm x 0.9 cm. The CusS films,
having a printed Pt/C layer on their surface with Pt load-
ings of 30, 50, and 80 wt%, were labelled as CuS-Pt/C(30),
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CuS-Pt/C(50), and CuS-Pt/C(80), respectively. Based on
previous work for a Pt/C(50) electrode prepared employ-
ing the same printer and procedure, the estimated Pt load
is 0.006 mg Pt cm 2 for one printed layer [37]. Herein, the
estimated Pt loads are 0.0036 and 0.0096 mg cm 2 for one
printed layer of Pt/C(30) and Pt/C(80), respectively.

Characterisation of CuS and CuS-Pt/C films, and Pt/C
inks

The characterisation of the crystal phase formation of the
films was carried out on an X-ray diffractometer (Bruker D8
Advance) equipped with a copper anode (Cu Ko, radiation
of 1.5418 A) for the generation of the X-ray beam, which
was operated at 40 kV and 40 mA. The diffractograms were
obtained at a scan speed of 3° min~! and a step of 0.02°. The
diffraction peaks indexing was handled with the Crystallo-
graphica Search-Match software (version 2, 1, 1, 1) [41].
Additional structural characterisations of the films were per-
formed on a Raman micro-spectrometer (Horiba LabRam
HR Evolution) having a laser with a wavelength of 473
nm. For morphology analyses of the films, a field emission
scanning electron microscope (FE-SEM, Jeol JSM-7200 F)
was employed, and the voltage employed was 15.0 kV. The
films’ chemical composition assessment was also performed
using FE-SEM, which contained an energy-dispersive
X-ray spectrometer (Bruker Xflash 6|60 detector). Further
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chemical analyses were performed with an X-ray photoelec-
tron spectrophotometer (Scienta Omicron), and the excita-
tion source was a monochromatic Al Ko radiation (1486.7
eV). All the high-resolution spectra were collected with an
energy step of 0.05 eV at a pass energy of 30 eV. Aiming
to correct/minimise the surface charging of the films, the
binding energy scale of all the spectra was calibrated rela-
tive to the C 1s peak at 284.8 eV. All data analyses of the
spectra were performed using the CasaXPS software (ver-
sion 2.3.24PR1.0) [42]. The optical characterisation of the
films was conducted on an ultraviolet-visible (UV-vis) spec-
trophotometer (Shimadzu UV-2600) containing an integrat-
ing sphere. The diffuse reflectance spectra and Eqgs. 1 and 2
were used to obtain the Tauc plots, employed to estimate the
optical E, of the films [43].

== U m
F (R k)" = Ahw - By), @

where f(R) is the Kubelka-Munk function, a is the absorp-
tion coefficient, s is the scattering coefficient, which was
assumed to be wavelength independent and that means f{R)
can be used instead of a [43], R is the absolute reflectance
at a given hv value, A is the Planck constant (6.626 x 10~ 3*
J's), v is the photon’s electromagnetic wave frequency, A4 is
a constant of proportionality, and n can have values of 2,
1/2, 2/3, or 1/3 corresponding to direct (allowed), indirect
(allowed), direct (forbidden), and indirect (forbidden) tran-
sitions, respectively.

Regarding the characterisation of the Pt/C inks, surface
tension (y) measurements of the inks were carried out on
a goniometer (KSV CAM 200) using the pendant drop
method. The y of the inks was estimated by utilising the
CAM2008 software, and for that, the density of the Pt/C
inks featuring different Pt loadings, which were approxi-
mately 0.83 g mL ™!, was provided to this software.

Photoelectrochemical characterisation of CuS and
CuS-Pt/C films

To assess the PEC performance of the films, linear sweep
voltammetry (LSV) curves were recorded in the dark and
under a solar simulator (Sciencetech LH-EF-300X with a
Xe arc lamp and irradiance of 100 mW c¢m 2 on the photo-
electrodes’ surface). The LSVs were scanned from —0.01 to
0.3 V vs. Ag/AgCVCI (o gy (from 0.24 to —0.06 V vs.
RHE) at a scan rate of 50 mV s . To further characterise the
films, Mott-Schottky plots were used to estimate the flat-
band potential (£y) and to determine the conductivity type
of the photoelectrodes. For this experiment, a frequency of

1 kHz (sine wave) having an amplitude of 10 mV,,, was
applied, and the applied potential was from 0.20 to —0.05
V vs. Ag/AgCl/CL g ey (from 0.44 to 0.19 V vs. RHE),
corresponding to 15 applied potential values. Before run-
ning the Mott-Schottky experiments, the films were cycled
uninterruptedly with 50 cyclic voltammetries (from 0.20 V
t0 —0.05 V vs. Ag/AgCl/Cl o k() and a scan rate of 50 mV
s 1) for the sake of removing any impurity that could have
been eventually adsorbed on the films’ surface. Additional
characterisation of the films was achieved via EIS, which
was conducted under a solar simulator (the irradiance at
the photoelectrodes was 100 mW cm2) and the films were
polarised at —0.24 V vs. Ag/AgCl/CI" 4 k) (0 V vs. RHE).
The applied frequency range was from 100 kHz to 100 mHz
(sine wave), and the amplitude was 10 mVyyg. The number
of frequencies was 10 frequencies per decade, and the fre-
quency step type was points per decade. It was employed 5
sine waves (i.e., 5 superimposed frequencies) in the low fre-
quency range (from 1 Hz to 100 mHz), and for the rest of the
frequency range (from 100 kHz to 1 Hz), 1 sine wave (i.e.,
one single frequency applied at a time) was used. Before the
impedance measurements, the photoelectrodes were polar-
ised at —0.24 V vs. Ag/AgCl/Cl (g ke (0 V vs. RHE) for
60 s under a solar simulator to reach a steady-state condi-
tion. The impedance spectra were fitted with an equivalent
electrical circuit by means of Zview software (version 3.1c¢).
The PEC H, generated by the films at —0.04 V vs. RHE and
under solar simulator (irradiance on the photoelectrode’s
surface corresponded to 3 suns) was measured using gas
chromatography. H, was collected from the headspace of
the sealed cell every 30 min over 3 h of the PEC experiment
and injected directly into the gas chromatograph.

All these experiments were conducted on a potentiostat/
galvanostat (Autolab PGSTAT30) controlled by Nova soft-
ware (version 2.1.4) and using a three-electrode cell with
a quartz window (cf. Figure S3). The WE were the CuS
and CuS-Pt/C films (geometric area of 0.52-0.92 cm?), and
the RE and CE were an Ag/AgCl/CI i, kcy) and a Pt plate,
respectively. It was employed as the electrolyte, a N,-satu-
rated solution comprising 1 mol L™ ! H,SO, at a pH of 0.72
(as measured). The potential values recorded against the RE
of Ag/AgCI/Cl (4 k1) Were converted to potential values
relative to the RHE via employing Eq. 3 [44].

E(vs.RHE) = E (vs. Ag/AgCl/CI,, KC])) + Evot. + pHO0.059, 3)

where E(vs. RHE) is the converted applied potential rela-
tive to the RHE, E(vs. Ag/AgCl/Cl 4, kcy) 18 the experi-
mentally measured applied potential relative to the Ag/
ACVCT (4 k1 Erer 18 the potential of the RE Ag/AgCl/
Cl (at. kcpy (0.1976 V vs. standard hydrogen electrode at
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Fig.2 Surface tension (y) values for the commercial ink (i.e., EcoTank
black ink) and the Pt/C inks with different Pt loadings

25 °C [45]), and pH is the hydrogenionic potential of the
employed electrolyte (0.72).

Results and discussion

To be printed properly using an inkjet printer, the ink must
have suitable physical properties, such as viscosity () and
surface tension (y), which are the two main parameters con-
trolling the ink ejection from the printhead nozzles [46].
Considering this and that we used a commercial Epson ink-
jet printer, we initially measured the # and y of the printer’s
commercial ink, then formulated Pt/C inks with similar
physical properties. For this study, we specifically charac-
terised the commercial Epson black ink, known as EcoTank

black ink, as we intended to use only the ink cartridge of
this colour. Regarding the physical characterisation of the
EcoTank black ink, this ink was nearly Newtonian, and the
5 and y were 3.6 cP at 637.5 s™! (cf. Figure S4) and (26.4 =
0.03) mN m! (see Fig. 2), respectively. For the Pt/C inks,
it was shown in a previous work [37] that the Pt/C(50) ink
exhibits nearly Newtonian behaviour and has a # of 3.2 cP
at 675 s ' and y of 29.2 mN m !, which are fairly similar to
the values for the reference ink, i.e., the EcoTank black ink,
thus indicating the suitability of the Pt/C(50) ink for inkjet
printing. Based on this initial work [37], we observed that
the y values for the Pt/C inks with different Pt loadings (i.e.,
30, 50, and 80 wt% Pt in Pt/C) are all very close to that of
the EcoTank black ink (cf. Figure 2), suggesting these inks
are appropriate for use in an inkjet printer.

One layer of each Pt/C ink was then printed over the CuS
films, and these superficially modified films were physi-
cally, chemically, and photoelectrochemically character-
ised. Before delving into the characterisation analyses, it is
important to note that the CuS films exhibited a black colour
(see Fig. 3a), which is consistent with other studies [47].
Printing Pt/C layer over the CuS film did not modify the
appearance of the films (cf. Figure 3a), and that is probably
due to the presence of only one layer. The crystalline phase
characterisation of the bare CuS film and the CuS-Pt/C
films was assessed via X-ray diffraction (XRD) patterns, as
shown in Fig. 3b. All the diffraction peaks not labelled with
hashes (#) in the diffractograms of both, bare CuS and CuS-
Pt/C films were attributed to the CuS phase, which has a
hexagonal crystalline structure of P63/mmc (no. 194) space
group, as indicated by comparison with the Powder Dif-
fraction File (PDF) no. 6464 [48]. Additionally, the XRD
patterns of metallic Pt were not identified in any of the CuS-
Pt/C films. This is likely due to the very low Pt loadings,

Fig. 3 a Photographs of bare CuS
and CuS-Pt/C films. b XRD pat-
terns of bare CuS and CuS-Pt/C
films with different Pt loadings.
Reference XRD patterns for CuS
(PDF no. 6464 [48]) and Pt
(PDF no. 4-802 [49]) are also
shown. The diffraction peaks

of the FTO coating on the glass
substrates are indicated by #
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Fig. 4 Raman spectra of bare CuS and CuS-Pt/C films with different
Pt loadings

as the estimated values were in the range of approximately
0.0036 to 0.0096 mg Pt cm 2, obtained for the Pt/C load of
30 and 80 wt% Pt, respectively.

Additional physical characterisation of the films was
performed via Raman spectroscopy, and the correspond-
ing spectra are displayed in Fig. 4. The Raman spectra of
both bare CuS and CuS-Pt/C films featured an intense band
centred at 471 cm™' corresponding to the A4, o longitudinal
optical (LO) mode, which might arise due to the stretching
vibration of S-S ions at the 4e sites [50, 51]. The spectra
also displayed bands of low intensity at 59 and 137 cm!
ascribed to the bending and lattice vibration modes of CuS
[52]. A low-intensity band at 261 cm ™! is associated with the
4, transverse optical mode, which is ascribed to the lattice
vibration [50], and the band centred at 926 cm ™! is most
likely to be linked with the 2LO mode of the second-order
Raman spectra of CuS [53]. The Raman spectra for all sam-
ples also displayed low-intensity bands at 1247 and 1442
cm!, which, to the best of our knowledge, have not been
assigned yet. Since such bands cannot be associated to sec-
ondary phases, namely, CuO (the most intense band at ca.
298 cm ™! [54]), Cu,O (the most intense band at ca. 220 cm ™!

35

[55]), elemental sulphur (the most intense band at 220 cm™!
for orthorhombic Sg [56]), and copper sulphate (main band
at ca. 970 cm™ ! [53]), we believe they are related to second-
order Raman scattering processes in CuS. The phenomenon
of second-order Raman scattering has been observed in
binary copper-based compounds (i.e., CuO [57] and Cul
[58]), which could imply, despite differences between these
materials and CuS, a possible trend of second-order Raman
scattering phenomenon in binary copper-based materials.
Additional studies would be needed to better assign these
bands. In addition to this observation, it is worth highlight-
ing that the presence of all the other bands in the Raman
spectra confirms the formation of the CuS phase, which is
in accordance with the findings of XRD results (cf. Figure
3b). Still regarding Fig. 4, the Raman spectra of CuS-Pt/C
films did not display the characteristic bands of carbon,
namely, the D and G bands centred at ca. 1320 and 1580
cm ! [59], respectively. The absence of these carbon-related
bands might be linked to the small amount of Pt/C materials
deposited as mentioned above.

The bare CuS and CuS-Pt/C films were also character-
ised in terms of their optical properties, and that entailed
estimating the films’ optical £, (for an allowed indirect elec-
tronic transition) by means of the Tauc plots (cf. Figure 5a).
The estimation of the optical £, was performed according
to the protocol reported by Chen et al. [43], which consisted
of drawing a line tangent to the baseline (dashed line) and
another one tangent to the slope in the linear region (solid
line) of the Tauc plot, and the E, value was obtained from
the intersection of these two lines (see Fig. 5a). The optical
E, value for the bare CuS film was ca. 1.59 eV (cf. Figure
5b), which is in accordance with other studies (1.44—1.55
eV) [60, 61]. For the CuS-Pt/C films with different Pt load-
ings, the optical £, value of these films does not show an
obvious change compared to that of the bare CuS film (cf.
Figure 5b), suggesting that the optical properties of the CuS
films are not significantly altered upon their superficial
modification with the Pt/C materials.

The morphology of the films was analysed by scanning
electron microscopy (SEM), as shown in Fig. 6. The SEM

Fig. 5 a Tauc plots and b allowed

e CusS
indirect Eg values of bare CuS a A Cus-PY/C(30)
and CuS-Pt/C films with different 301 4 gﬂg:ggggg;
Pt loadings

/ 1.2
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Fig.6 SEM micrographs with a
magnification of 25,000 times
for bare CuS and CuS-Pt/C films
with different Pt loadings
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micrograph of the bare CuS film shows only large structures
of irregular size and shape, which were greatly modified
superficially after printing the Pt/C materials. Small clus-
ters/particles were observed for the printed layer Pt/C(30),
whereas for the CuS-Pt/C(50) and CuS-Pt/C(80) films,
densely and highly dispersed packed particle aggregates of
Pt/C seem to be present on top of the CuS film. In summary,
based on these results, it can be inferred that the surface of
the CuS films was effectively modified by the inkjet-printed
Pt/C materials.

The chemical composition evaluation of the samples was
performed by means of energy-dispersive X-ray spectros-
copy (EDS). The EDS elemental mappings of all the CuS-
containing films (cf. Figure 7) evidence the presence of the
Cuand S elements. In the case of the bare CusS film, the Cu/S
atomic ratio obtained from the EDS spectrum (Fig. S5a) was
0.995 (Table S1), which is very close to the ideal stoichiom-
etry (i.e., Cu/S=1). For the CuS-Pt/C films (see Fig. 7), the
results show that the CuS-Pt/C(30) film displayed a uniform
distribution of the Pt and C elements over the CuS film,
whereas agglomerations of Pt and C are possibly present for
the CuS-Pt/C(50) and CuS-Pt/C(80) films. Concerning the
atomic percentage value of Pt, it was observed to be 6.0 at%
Pt for the CuS-Pt/C(80) film, and 0.05 and 0.10 at% Pt for
the CuS-Pt/C(30) and CuS-Pt/C(50) films, respectively (cf.
Figure S5b and Table S1).

Additionally, chemical characterisation of the CuS-Pt/C
films was carried out by X-ray photoelectron spectroscopy
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(XPS). We performed this analysis only for the CuS-
Pt/C(50) film, as it exhibited the highest PEC performance
for the HER (Fig. 9b). As shown in Fig. 8a, the high-reso-
lution XPS spectrum of the Cu 2p core level of the CuS-
Pt/C(50) film displays two doublets. The first doublet, with
photoemission peaks at 932.4 eV (Cu 2p;,,) and 952.1 eV
(Cu 2p, ), is ascribed to Cu” in the CuS [62], whereas the
second doublet, having photoemission peaks at 933.6 eV
(Cu 2p;),) and 953.3 eV (Cu 2p, ), is attributed to Cu®" in
CuS [62]. It is also noted a low-intensity and broad shake-
up satellite peak (Fig. 8a), which arises from the presence
of Cu®" species [62]. The high-resolution XPS spectrum of
the S 2p core level (cf. Figure 8b) of the CuS-Pt/C(50) film
shows a doublet with photoemission peaks at 167.5 eV (S
2p;5) and 168.7 eV (S 2p,,,) assigned to the SO, species,
which may have arisen due to the film’s surface oxidation
during air exposure [63]. Also, for the S 2p core level spec-
trum (Fig. 8b), the presence of another two doublets is seen,
the first one at 161.9 eV (S 2p;),) and 163.0 eV (S 2p,),),
attributed to the S*>~ in CuS [62], and the second one pre-
senting peaks at 163.6 eV (S 2ps,) and 164.8 eV (S 2p,»),
associated with Szz_ in CuS [62]. All these results indicate
that a fraction of Cu in the CuS can be with an oxidation
state of + 2 and another fraction as + 1 oxidation state, and
S is present as S?~ and S,?"; therefore, CuS can be better
formulated as Cu',Cu'(S,)S, as reported in previous studies
[62, 64].
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Fig. 7 EDS elemental mapping of Cu, S, Pt, and C of bare CuS and CuS-Pt/C films with different Pt loadings

In the case of the Pt 4f core level high-resolution XPS
spectrum, an initial remark is that there is a significant over-
lap of the Pt 4f and Cu 3p regions [65, 66], which makes
it difficult to distinguish between Pt and Cu elements.
Although the profile of the high-resolution spectrum of the
Pt 4f + Cu 3p core levels in Fig. 8c suggests, at first glance,
predominance of Cu 3p signal [65, 66] and very low photo-
emission signal from Pt 4f, deconvolution of the spectrum
is necessary to further verify this hypothesis. However, we
find it challenging to deconvolute the Pt 4f + Cu 3p spec-
tra of the CuS-Pt/C(50) film containing ultra-low Pt load-
ing. Therefore, to avoid misinterpreting the Pt 4f + Cu 3p
spectrum, a peak model was not constructed to fit the XPS
spectrum in Fig. 8c. Despite this, the presence of Pt in the
CuS-Pt/C films was confirmed by the EDS spectra (Fig.
S5a) and elemental mapping (Fig. 7), which show that Pt

presence is more noticeable in the sample with the highest
Pt loading, namely, CuS-Pt/C(80) film. Regarding the high-
resolution XPS spectrum of the C 1's core level (cf. Figure
8d), the spectrum displayed peaks at 284.7, 285.5 and 288.3
eV, which are associated with the presence of C-C, C-O,
and O-C=0 [67], respectively, in the carbon black (Vulcan
XC-72) used as a support for the Pt co-catalyst.

The PEC H, generation on the CuS and CuS-Pt/C films
was investigated by LSVs run in the dark and under illu-
mination from a solar simulator (irradiance of 100 mW
cm 2). It is worth mentioning that the photoelectrochemical
decomposition process of CuS did not occur significantly
during the PEC experiments, as the LSV measurements of
each sample took less than 1 min. As shown in Fig. 11b
(discussed later), the films remain satisfactorily stable for 20
min during the PEC experiment. Regarding the LSVs in Fig.
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Fig.8 High-resolution XPS

@l w..

spectra of a Cu2p, b S 2p, ¢ Pt
4f+Cu 3p,and d C 1 s core levels
of CuS-Pt/C (50) film. Residual

Residual STD = 2.611

Exp. spectrum

standard deviation plots are also Cu;ih Cus
displayed along with the cor- g;‘ckg‘r;‘ﬁ

— Fit
Residual

responding XPS spectra Cu2p
12

CPS

Satellite

Residual STD = 0.8646
Exp. spectrum
S*in CuS
——S,” in CuS
SO,
—— Background
— Fit
Residual

Cu2p,,

S 2p,,

CPS

975 970 965 960 955 950 945 940 935 930
Binding energy / eV

176 174 172 170 168 166 164 162 160 158
Binding energy / eV

Exp. spectrum

(€)

CPS

Pt 4f + Cu 3p

(d)

Residual STD =1.019

Exp. spectrum
c-C

——C-O
0O-C=0

—— Background

|—Fit

—— Residual

CPS

86

T T T T
84 82 80 78 76

Binding energy / eV

9a, it is noted that both CuS and CuS-Pt/C films displayed
cathodic photocurrent density, which is ascribed to the light-
driven HER. The occurrence of this process is thermodynam-
ically feasible owing to the £ of CuS having a value more
negative compared to that of the potential of the HER [24],
which permits the transfer of the photogenerated electrons
from the conduction band of CuS to reduce H;O" species
to generate H,. Moreover, the occurrence of a cathodic cur-
rent density signal under illumination suggests that the CuS
films are p-type semiconductor materials, which is in accor-
dance with the other studies [61]. Concerning the cathodic
photocurrent density values (obtained from the difference of
current density in the presence and absence of illumination)
for the HER, the bare CusS film delivered a value of (—0.40 £
0.09) mA cm 2 at 0 V vs. RHE (see Fig. 9b). The presence of
the inkjet-printed Pt/C materials enabled a notable improve-
ment of photoelectroactivity for the HER, as shown by the
cathodic photocurrent density for the CuS-Pt/C(30), CuS-
Pt/C(50) and CuS-Pt/C(80) films that featured values of
(—3.17 £ 0.56), (—2.97 £ 0.54) and (—1.66 £ 0.38) mA cm >
at 0 V vs. RHE, respectively. The increase of activity was
7.93- and 7.43-fold for the CuS-Pt/C(30) and CuS-Pt/C(50)
films, respectively, in comparison with the bare CuS film.
The improved photoelectroresponse of the CuS-Pt/C(30)
and CuS-Pt/C(50) films is surely linked to the increased
atomic percentage of Pt species in the inkjet-printed Pt/C
materials (Table S1). However, as shown in Fig. 9b, the CuS-
Pt/C(80) films featuring the highest nominal Pt loading (i.e.,
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80 wt% Pt in Pt/C) presented a decreased activity compared
to (30 wt% and 50 wt%), albeit the photoelectroresponse
of the CuS-Pt/C(80) film is still 4.15-fold higher than that
of the bare CuS film. Besides the increase of the cathodic
photocurrent density value, the onset potential (£,,) under
illumination, estimated via the tangent method [68] (see
Fig. S6), featured positive values for the CuS-Pt/C films (up
to approximately 0.025 V vs. RHE) relative to that of the
bare CuS film (£,, of ca. —0.013 V vs. RHE), as shown in
Fig. 9c. These E,, values for the HER, featuring positive
shifts under illumination, indicate a co-catalytic contribu-
tion of the Pt in the Pt/C materials present on the surface
of the CusS films. This co-catalytic attribution, based on the
positive shift of the £, aligns with studies in the literature
[69, 70]. The co-catalytic effect can occur because Pt has
active sites [71] that enhance H, generation kinetics; there-
fore, the improved PEC activity of the CuS-Pt/C films is due
to the presence of Pt, which catalyses the HER. Regarding
the contribution of the employed carbon black material (i.e.,
Vulcan XC-72) in the Pt/C system, although pristine carbon
black possesses negligible electrocatalytic activity for the
HER compared to metal catalysts [72], this material also
plays an important role in enhancing the PEC performance
of the CuS-Pt/C films. Carbon has a suitable work function
(¢) value (—4.94 eV vs. vacuum level [73]), which allows
this material to collect the photogenerated electrons from
the CuS and then transfer them to Pt so to promote the HER
(Fig. 10b). Furthermore, the good electrical conductivity of
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Fig. 9 a Linear sweep voltammograms at a scan rate of 50 mV s ! in
the dark and under solar simulator (irradiance of 100 mW cm™2), b
average cathodic photocurrent density (4j,;,) values at 0 V vs. RHE,
¢ estimated £, values under illumination, and d ABPE plots of bare

carbon black [74] may have also contributed to the trans-
port of the photogenerated electrons and thereby enhanced
the PEC performance of the photoelectrodes. Another key
role of carbon black is as a catalyst support due to its high-
surface area, which enables the fine dispersion of metal
catalyst particles over the porous carbon structure, resulting
in greater exposure of catalytically active atoms [72, 75].
Overall, carbon black contributed to the improvement of
the PEC performance of the CuS-Pt/C films via two factors:
(i) good electrical conductivity and (ii) a large surface area,
which can anchor a larger number of Pt nanoparticles.

The PEC performance of the CuS and the CuS-Pt/C films
for the HER was also assessed via the applied bias photon-
to-current efficiency (ABPE), which was calculated from
Eq. 4 [43] and employing the LSVs data (Fig. 9a). It should
be highlighted that the ABPE data was achieved for a three-
electrode cell set-up (i.e., bias was applied between the WE

' 0.66 ' 0.68 ' 0.I10 ' 0.I12 ' 0.I14
Evs. RHE / V

CuS and CuS-Pt/C films with different Pt loadings. The electrolyte
was a N,-saturated solution of 1.0 mol L™! H,SO, at a pH of 0.72 (as
measured)

and RE), meaning that this efficiency represents only the
PEC performance efficiency at the photocathode|electrolyte
interface and does not stand as the efficiency of an entire
PEC device. Nevertheless, ABPE can provide useful
insights to better comprehend the PEC performance of a
photoelectrode.

|4 jpn] (|E (vs. RHE)| = 0) 1 g

ABPE =
Ptotal

: “4)

where E(vs. RHE) is the applied potential relative to the
RHE, Aj,, is the cathodic photocurrent density at a given
E(vs. RHE) value, 7} is the Faradaic efficiency for the HER
(it was considered 100% efficiency), and P, is the solar
simulator irradiance on the photoelectrodes (100 mW cm ).

According to Fig. 9d, the maximum ABPE for the CusS,
CuS-Pt/C(30), CuS-Pt/C(50), and CuS-Pt/C(80) films was
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Fig. 10 a Mott-Schottky plots
of bare CuS and CuS-Pt/C films
with different Pt loadings. The
electrolyte was a N,-saturated
solution of 1.0 mol L™ ! H,SO,
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approximately 0.0058%, 0.050%, 0.064% and 0.018% at
0.059 V vs. RHE, respectively. These results evidence that,
compared to that of the bare CuS film, the highest incre-
ments were 8.62- and 11.0-fold for the CuS-Pt/C(30) and
the CuS-Pt/C(50) films, respectively. This suggests that the
presence of these Pt/C loadings provided a considerable
improvement in PEC efficiency at the CuS-Pt/Clelectrolyte
interface for the HER at positive potential values.

We also recorded Mott-Schottky curves for the bare CuS
film and the CuS-Pt/C films. As displayed in Fig. 10a, the
linear portion of the Mott-Schottky plots appearing at low
overpotentials featured a negative slope for all the sam-
ples, which is characteristic of semiconductor materials
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with p-type conductivity. The Mott-Schottky data were
also employed to estimate the Ey, (see Eq. 5) [43], which
is defined as the potential at which there is no excess of
charge at the semiconductor|electrolyte interface, namely,
the electric field is zero and there is no space charge region
at the semiconductor|electrolyte interface (the bands are not
bent) [45]. Ey, is an important parameter for the construction
of the band structure of a semiconductor, and knowing the
band structure is crucial to observing whether a semicon-
ductor material can promote water splitting under illumina-
tion [43].

kT li fficient
Eg, (vs. RHE) + — = x-intercept = _ _inear coelnciont 1.c1.en , (5)
e angular coeficiente
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where & is the Boltzmann constant (1.38x1072* J K1), T
is the temperature (298.15 K), e is the elementary charge
(1.60x 107" C), and the linear and angular coefficient val-
ues are those given by the linear equations of the lines in
Fig. 10a.

The estimated Ey, value of the bare CuS film is 0.26 V
vs. RHE, whereas for the CuS-Pt/C(30), CuS-Pt/C(50) and
CuS-Pt/C(80) films are 0.26, 0.28, and 0.28 V vs. RHE,
respectively. According to these results, the maximum shift
of the Ey relative to the CusS film is 20 mV vs. RHE towards
more positive potentials for the CuS-Pt/C(50 and 80) films.
Since the value of Ey, of a p-type semiconductor is expected
to be close to the valence band edge potential (£,,) [76], the
slight shift of the E (7.7% increase) towards more positive
values suggests that the £, of the CuS-Pt/C films is slightly
more positive, compared to the bare CuS film. Additionally,
the Mott-Schottky data (Fig. 10a) and E, values (Fig. 5b)
were employed to construct the band diagram of the CuS
film; calculation details are provided in the Supplementary
Information. As shown in Fig. 10b, the position of the con-
duction band (CB) edge of CuS, and the ¢ of the C and Pt
are suitably aligned for the transport of the photogenerated
electrons towards the surface of the photoelectrode to drive
the HER.

The PEC stability of the CuS-Pt/C films was evaluated
by the H, measurement, in which the gas was collected
from the headspace of the cell at different times over 3 h of
running the PEC experiment with the CuS-Pt/C film under
illumination and polarised at —0.04 V vs. RHE. This experi-
ment was performed only for the CuS-Pt/C(30) film, as it
provided the highest average cathodic photocurrent den-
sity response (see Fig. 9b). For the bare CuS film, similar
measurements were performed; however, the amount of H,
generated was below the quantification limit of the equip-
ment. As shown in Fig. 11a, the maximum PEC H, gen-
eration of CuS-Pt/C(30) film was 144.8 umol at —0.04 V
vs. RHE (corresponding to a Faradaic efficiency of 69.8%)
during 30 min of PEC experiment, and beyond this time, the
amount of generated H, considerably decreased, reaching a
condition of no H, production for times longer than 90 min.
A similar trend was observed for the cathodic photocurrent

density of CuS-Pt/C(30) film at —0.04 V vs. RHE that dis-
plays no significant decay up to 20 min of PEC experiment,
which is the stability time, and for times longer than this the
cathodic photocurrent density considerably diminishes until
a point where there is no photocurrent density (see Fig. 11b).
This decay of the amount of H, generated and the cathodic
photocurrent density, as well as the Faradaic efficiency for
the HER being lower than the expected 100%, indicate the
occurrence of photoelectrochemical decomposition of CuS
film. This process is thermodynamically favourable due to
the potential for cathodic decomposition by electrons of
CusS being less negative than its £ (see Fig. S7), meaning
that CuS can undergo self-photoreduction by its photogen-
erated electrons. Calculation of decomposition potential for
CuS was performed following the approach developed by
Gerischer [79, 80], and the calculation details are found in
the Supplementary Information.

Additional understanding of the photoelectrochemi-
cal decomposition of the CuS-Pt/C films was achieved via
physical and chemical characterisation after the PEC stabil-
ity experiments. The stability experiments consisted of pola-
rising the photoelectrode at —0.24 V vs. Ag/AgCl/Cl o ke
(0 V vs. RHE) for 1 h under a solar simulator (irradiance at
the photoelectrodes was 478 mW c¢cm 2). The CuS-Pt/C(80)
film was chosen for this PEC stability experiment, as it has
the highest Pt loading, which facilitates its identification by
the characterisation techniques (SEM and EDS). Accord-
ing to the SEM micrographs, the morphology of the CuS-
Pt/C film did not undergo obvious modifications after the
PEC stability experiments (Fig. S8). However, the chemical
composition of the CuS-Pt/C film was considerably affected
by the PEC stability experiment. The Cu/S atomic ratio of
the CuS-Pt/C film, obtained from the EDS spectrum (Fig.
S9), was 2.6 times higher after the PEC experiment (Table
S4), indicating that sulphur-based species are removed from
the photoelectrodes, which supports our hypothesis about
the photoelectrochemical decomposition of the CuS films
(Fig. S7). The CuS-Pt/C film also showed an increase in the
C/Pt atomic ratio (2.7 times higher) after the PEC stability
experiment (Table S4), indicating that Pt content is lower
due to its detachment from the CuS-Pt/C film during the

Fig. 11 a Plot of the amount ( ) ] [o} CuS-Pt/C(30 ( )0'
of H, generated and its corre- a)wo ~ ¢ b —CuS-PtiC(30)
sponding b chronoamperogram 5 1201 1
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stability test. The detachment process of Pt during PEC sta-
bility experiments has also been demonstrated in literature
studies for other photoelectrodes [81]. XPS measurements
were also performed on the CuS-Pt/C(30) film after the
PEC stability experiment (run for 1 h under solar simulator
irradiance of 478 mW c¢m™ 2 and the film polarised at 0 V
vs. RHE). As shown in Fig. S10a, the high-resolution XPS
spectrum of the Cu 2p core level displays obvious change
after PEC stability; for instance, one notices shoulder peaks
at 934.3 eV (Cu 2p;),) and 954.0 eV (Cu 2p,,) assigned to
Cu®" in Cu(OH), [82, 83], and the presence of noticeable
shake-up satellite peaks, which are indication of Cu(OH),
presence [82, 83]. Moreover, another doublet is observed
at 932.5 eV (Cu 2ps)) and 952.3 eV (Cu 2p,,,), which is
associated with the Cu™ and/or metallic Cu [82, 83]. Accord-
ing to these results, the photoelectrochemical decomposi-
tion of the CuS-Pt/C film may have led to the formation of
Cu(OH),, as well as Cu" species and/or metallic Cu during
the PEC stability experiment. Regarding the high-resolution
XPS spectra of the S 2p, Pt 4f + Cu 3p, and C 1s core levels
(Figs. S10b-d), no obvious change was noted in the profile
of these spectra after PEC stability.

Seeking to learn more about the role of Pt/C on the PEC
improvement of the CuS-Pt/C films, we recorded imped-
ance spectra of the bare CuS and CuS-Pt/C(80) films under
illumination (irradiance of 100 mW cm2) and polarised at
0 V vs. RHE. It is important to highlight that the photo-
electrochemical decomposition of CuS was not significant
during the impedance measurements, as this process is
more prominent at —0.04 V vs. RHE after 20 min of PEC
experiment (see discussion of Fig. 11), and the impedance
experiments were performed at 0 V vs. RHE. The complex-
impedance diagrams of all the films apparently display one
semicircle (Fig. 12a), and the Bode diagrams also evidence
only one phase angle (9) peak (plot of — 9 vs. £, Fig. 12b),
which, at first glance, suggest occurrence of only one charge
transfer process. Based on these observations and aiming to
better understand the charge transfer process(es), we fitted
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Table 1 Resistance and capacitance density values obtained from the
equivalent electric circuit model used to fit the EIS spectra

Sample R, (Qcm®) Q;(Sem?s%) o Cy(F cm™?)
CuS 1405 3.20x107* 0.80 2.62x107*
CuS-Pt/C(80) 676.7 4.83x107* 0.75 3.33x107*

the impedance spectra with an equivalent electric circuit
model comprised of a solution resistance (R,) connected in
series with a RQ component (R is the resistance and Q is the
constant phase element (CPE)), as shown in the inset of Fig.
12a. The R was assigned to the charge transfer resistance
(R, at the photocathodelelectrolyte interface, and the Q is
associated with the double-layer pseudocapacitance density
(Qy) of the photocathodes. The O was employed to better
model the double-layer capacitance density (C,) of the pho-
toelectrodes, and the actual value of the C; was obtained
from Eq. 6 [84].

(QuRet)™7

6
o (6)

Cq=

)

where (), is the pseudocapacitance density, also known as
CPE-T, and oy is the CPE exponent, also known as CPE-P.
The a, features value from O to 1, and o ¢ = 1 is for a Q that
acts as an ideal capacitor.

The fitting results and their corresponding error per-
centages for all the samples are listed in Tables 1 and S5,
respectively. According to Table 1, the R, value of the CuS-
Pt/C(80) film decreased by 2.1 times compared to that of
the bare CuS film, which indicates improved transfer of
the photogenerated charge carriers of the CuS-Pt/C film for
the occurrence of the HER. Moreover, the Bode plots (Fig.
12b) show at lower frequency a considerable decrease in
the impedance magnitude (|Z]) of about 2.4 times upon the
presence of Pt/C materials, whereas at higher frequencies
no obvious change of |Z] was observed for the CuS-Pt/C(80)
film compared to that of the CuS film. It is important to
note that the high- and low-frequency domains of the
Bode plots correspond to the charge transfer process in the
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semiconductor’s bulk and at the semiconductor|electrolyte
interface, respectively [85, 86]. This means that the dimin-
ished |Z| values at lower frequencies points out that the
presence of Pt/C on the surface of the CuS films facilitates
the transfer of the photogenerated electrons at the CuS-Pt/
Clelectrolyte interface for the occurrence of the HER, which
explain the enhanced cathodic photocurrent density values
(see Fig. 9b). The facilitation of the transfer of the photo-
generated electrons may have also hindered the electron-
hole recombination process, as evidenced in another study
[30].

Regarding the C, values displayed in Table 1, there was a
percentage increment of ca. 27% for the CuS-Pt/C(80) film
compared to that of the bare CuS film. This increase in the
C, is probably due to the enlargement of the electrochemi-
cally active surface area (ECSA) of the CuS-Pt/C films in
comparison to the bare CuS film. Furthermore, according to
the SEM micrographs (cf. Figure 6), the surface of the CuS-
Pt/C(80) film is apparently rougher than that of the bare
CusS film, which backs up our hypothesis about the increase
of ECSA. The probable increased surface area of the CuS-
Pt/C(80) film may have also contributed to the improvement
of PEC activity (see Fig. 9) as a larger surface area leads to
exposure of a higher number of active sites for taking place
the light-driven HER.

Conclusions

In summary, we successfully modified the surface of the
CuS films by inkjet printing Pt/C material with ultra-low
Pt loading for improving the HER under illumination. The
presence of the Pt/C material over the CuS films provided
a substantially high photocurrent density response for the
HER of —3.17 mA cm 2 at 0 V vs. RHE, corresponding
to a 7.93-fold increase compared to that of the bare CuS
film. This improved PEC performance for H, generation via
water splitting was ascribed to the facilitation of photogen-
erated electrons transfer at the CuS-Pt/Clelectrolyte inter-
face, as noted by the decrease of the R (2.1-fold) of the
impedance spectra. The improved PEC performance of the
CuS-Pt/C films may also be linked to their enlarged ECSA
relative to the bare CuS film, as evidenced by the higher
values of C; (ca. 27% higher) obtained from the impedance
spectra. The presence of the inkjet-printed Pt/C materials
over CusS film also resulted in positive E,, values under illu-
mination (up to approximately 0.025 V vs. RHE) compared
to that of the bare CuS film (ca. —0.013 V vs. RHE), which
implies that the HER was co-catalysed under illumination
by the Pt in the Pt/C materials, thereby enhancing the PEC
performance. Evaluation of the PEC stability of the CuS-
Pt/C film shows a stable cathodic photocurrent density at

—0.04 V vs. RHE during a 20 min PEC experiment. Longer
times result in considerable decay of the cathodic photocur-
rent density due to photoelectrochemical decomposition of
CusS. A similar behaviour of stability was observed for the
amount of H, generated by the CuS-Pt/C film at —0.04 V
vs. RHE under illumination. Overall, this work features, as
a new contribution, the employment of a commercial low-
cost inkjet printer to deposit Pt/C material with ultra-low Pt
loading over Cus films to improve PEC activity for H, gen-
eration via solar-driven water splitting. Lastly, improvement
of PEC performance in terms of stability under operational
conditions, which is still a limiting factor, will be possible
via additional surface modifications of CuS or CuS-Pt/C
films.
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