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Abstract: In this work, copper oxides-based photocathodes for photoelectrochemical cells (PEC) were
produced for the first time by screen printing. A total 7 x 1072 g/m? glycerine trioleate was found as
optimum deflocculant amount to assure stable and homogeneous inks, based on CuO nano-powder.
The inks were formulated considering different binder amounts and deposited producing films
with homogenous thickness, microstructure, and roughness. The as-produced films were thermally
treated to obtain CuyO- and CuyO/CuO-based electrodes. The increased porosity obtained by adding
higher amounts of binder in the ink positively affected the electron transfer from the surface of the
electrode to the electrolyte, thus increasing the corresponding photocurrent values. Moreover, the
CupO/CuO system showed a higher charge carrier and photocurrent density than the Cup,O-based
one. The mixed CuyO/CuO films allowed the most significant hydrogen production, especially in
slightly acid reaction conditions.

Keywords: water splitting; hydrogen; screen-printing; CuO-based electrode

1. Introduction

The increasing global warming and the need to adopt alternative energy sources
push researchers to find clean and sustainable solutions for energy generation, conversion,
and storage. Hydrogen represents a clean energy vector that can be used to store the
excess energy coming from renewable sources, reducing their intrinsic intermittency. In
this context, photoelectrochemical cell (PEC) water splitting is one of the most promising
technologies for producing hydrogen with a low environmental impact [1-3]. Several
efforts have been recently focused on the production of high-performing and durable
electrodes [2,4,5]. Nevertheless, the major challenge in this area remains the development
of reliable, robust, cost-effective, efficient, and stable semiconducting electrodes. Copper
oxides are promising photocathode materials for this application, thanks to their high
optical absorption, suitable bandgap for water reduction, p-type properties, low cost, and
high abundance [2,6]. Cu,O in particular, due to its optical gap (2.62 eV) and direct bandgap
energy (1.9-2.17 eV) [2,7-9] is mostly considered for the water reduction under visible light.
CuO produced by thermal treatment on Cup,O moreover, can improve the photoelectrode
response and act as a protective layer against Cuy,O photocorrosion [10]. The activity
of copper-based materials used for PEC applications, however, strongly depends on the
deposition methods used for their fabrication [11]. Furthermore, the recent interest in
the development of PEC systems beyond laboratory scale have shifted the attention to
those shaping methods able to realize large-area electrodes. There are numerous methods
that have been proposed to produce lab-scale copper-based electrodes for water splitting:
sol-gel spin coating [8], electrodeposition [7,12], flame-spray pyrolysis [13], sputtering [14],
etc. Among the others, dip-coating, spin-coating, and electrodeposition techniques are
considered simple and cost-effective shaping methods. However, dip- and spin-coating
show some limitations linked to the film quality control and efficiency for large-scale
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production [15]. On the other hand, electrodeposition has been largely employed for
film production for PEC application as a versatile, low-cost, and easy-scalable technique.
The main drawbacks related to this method are linked to the impurities of the deposited
layer due to the presence of other ionic species [16] and to the large volume of electrolyte
consumed, in particular for large-scale processes. In this paper we consider, therefore,
screen printing for electrodes deposition, due to its numerous advantages in terms of
reproducibility, cost effectiveness, and potential for large-scale fabrication [4,17,18]. With
this method, an ink containing the photocatalyst is prepared and deposited through a screen
onto a suitable substrate. After drying and sintering, the resulting film is stable and well-
adherent to the chosen substrate. Other advantages of this technique are the homogeneity of
the resulting film, even for large areas; and the possibility of easily modulating the chemical
composition of the ink [19]. For the production of PEC electrodes, the ink is generally
deposited on transparent conducting substrates like fluorine-doped tin oxide glass (FTO),
which allows the optical radiation transmission needed to activate the photoelectrochemical
processes, and the electrical conductivity. One of the main issues in PEC is the instability of
many semiconducting materials in extremely acidic or alkaline electrolyte solutions [20].
For this and for safety reasons, many researchers start to study reactions in electrolytes with
near-neutral pH; enabling, in this way, also the use of seawater [20]. In this work, screen-
printing inks of CuO were formulated and prepared, with the composition optimized in
terms of its deflocculant nature and amount of binder. The influence of the inks’ chemical
compositions on the electrochemical/photoelectrochemical properties of screen-printed
Cu-based electrodes were studied and considered for water-splitting applications. Two inks
were then selected for the development of approximately 2-2.5 um thick electrodes. The as-
produced films were fully characterized from the optical and photoelectrochemical points
of view in order to correlate the ink compositions and film morphologies to their functional
properties. The hydrogen production of the obtained films was finally evaluated by a three-
electrode photoelectrochemical cell under illumination at slightly acid reaction conditions.
The development of a suitable ink is fundamental for the screen-printing process and
consequently for the upscaling of these devices. To the authors’ best knowledge, there are
no other works on screen-printed copper oxide-based electrodes for photoelectrochemical
cell (PEC) water-splitting applications.

2. Materials and Methods
2.1. Electrodes Development

Commercially available CuO (Sigma Aldrich, Milano, Italy) with specific surface
area (SSA) of 5.81 m?/g, was used as a starting material for inks production. Terpineol
(Sigma Aldrich) was considered as solvent, and ethyl cellulose (EC, Sigma Aldrich) as
binder. The powder content was fixed at 10 vol% in respect to the solvent volume, and
the most appropriate deflocculant was added directly to the powder suspension. The as-
prepared inks were milled in a three-roll mill (Exakt 80E, Norderstedt, Germany). Finally,
the prepared inks were deposited with a semi-automatic screen printer (AUR’EL 900,
AUREL Automation S.p.A., Modigliana, Italy) on the surface of conductive glass slides
(FTO, Sigma Aldrich 7 Q/sq). The final size of the electrodes was 13 x 18 mm?. The layers
were then dried in an IR furnace (Ero Electronic SrL, Novara, Italy) at 80 °C for 15 min
and thermally consolidated in air (Hobby 35, Nabertherm, Lilienthal, Germany) or in 4%
H,/Ar atmosphere (RHTH 120-600/16, Nabertherm, Lilienthal, Germany).

2.2. Inks and Electrodes Characterization

Glycerin trioleate (GTO, Sigma Aldrich), Span 80 (Fluka, Milano, Italy), Tween 20
(Sigma Aldrich), lauric acid (LA, Sigma Aldrich), and furoic acid (FA, Sigma Aldrich)
were considered as possible deflocculants. The best type of deflocculant was chosen
through viscosity measurements. The suspensions for these tests were prepared with
the powder content reported above, and ball-milled for 15 min after the deflocculant
addition. Viscosity measurements of the solvent-powder-deflocculant suspension and of
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the inks were performed using a controlled-stress rheometer (Bohlin CVOR 120, Malvern
Instruments, Rome, Italy, plates diameter = 25 mm), setting the gap between the plates
at 500 um. These measurements were done at the minimum and maximum values of
shear rates from 0.02 to 70 s~!, respectively. The thermogravimetric and differential
scanning calorimetry (TG-DSC) tests of the inks were carried out in a thermal analyzer
(STA 449, Netzsch, Selb/Bavaria, Verona, Italy) at 10 °C min~?! as heating rate. The
electrode microstructures were investigated by FE-SEM (field emission gun-scanning
electron microscopy SIGMA, Zeiss, Oberkochen, Germany). The average porosity of the
produced electrodes was digitally determined (Image J). The thickness and the average
surface roughness parameters (Ra) of the films were measured using an optical microscope
(Contour GT-K 3D, Bruker, Berlin, Germany) equipped with a 5x lens and applying the
ISO 4287 standard and a Gaussian filter. The bandgap energy (E;) was calculated from the
diffuse reflectance analysis using an integrating sphere and PVE300 system (BENTHAM
Instruments Ltd., Reading, UK) calibrated with BaSOj, as reference. All reflectance spectra
were converted following the Kubelka—Munk function (KM) [21] and the obtained values
were used in the Tauc equation:

ahv = A(hv — Eg)n 1)

where « is absorption coefficient (proportional to KM function), h is the Planck’s constant
(J-s), light frequency (s ') is v, the absorption constant is A, and E, is the bandgap energy.
n refers to the electronic transition, which can be an indirect allowed transition equal to
2, indirect forbidden transition equal to 3, 1/2 for the direct allowed ones, and 3/2 for
direct forbidden transitions [21]. In this work n was considered equal to 1/2 [22,23]. All
the electrochemical and photoelectrochemical measurements were carried out using an
electrochemical working station (Autolab-PGSTAT302N + FRA32M Metrohm, the Nether-
lands) in a three-electrode cell with a platinum wire as a counter electrode, Ag/AgCl (KClI
3.5 M) as a reference electrode, and FTO with a screen-printed copper layer as a working
electrode. The active area analyzed was set at 0.5 cm?, while as electrolyte a solution of
0.1 M NaySOy (Sigma Aldrich) in water MQ (pH 5.8) was considered. Before the measure-
ment, the solution was purged with argon for 15 min to remove oxygen. Mott-Schottky
(MS) analyses were done in the potential range between +0.8 V and —0.8 V vs. SCE (starting
from the anodic potential) and in a frequency range between 10 KHz to 0.5 Hz with 10 mV
amplitude of the AC signal. The Mott-Schottky plots were obtained at 1 KHz, and the
flat-band potential (Eg,) and the number of majority charges (N4) were identified using the

Mott-Schottky equation:
1 2 kgT
S  (E—Eqf — == 2

C?  eegpeNy ( o e > @

where C is the specific capacitance (F) extrapolated from the EIS analyses, ¢ is the dielectric
constant of the semiconductor (7.6 and 10.26 for CuyO and CuO respectively) [23], g is
the dielectric vacuum permittivity (8.85, 419 x 107!2 C2 J=! m™1!), e is the elementary
charge (1.602176 x 10~ C), E is the applied potential (V), k is the Boltzman constant
(1.38065 x 1023 JK~1), and T is the temperature (298 K). Finally, the photocurrents were
determined by linear scan voltammetry (LSV) under stirring and light/dark conditions.
The intensity of 1000 W m~2 was calibrated with a reference certified silicon cell (Lot-Oriel).
The potential was swept between 0 and —1.0 V vs. Ag/AgCl at a scan rate of 20 mV/s.

2.3. Hydrogen Production

All the deposited films were used as photoelectrodes for the hydrogen production
via water splitting. The three-electrode photoelectrochemical cell previously described
was used for this purpose and chronoamperometry were conducted at a constant potential
of —1.5V vs. Ag/AgCl for 2 h. The gas samples were analyzed every 10 min using a
990 micro-GC (Agient Technologies) equipped with a Molecular sieve 5A packed column
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for hydrogen detection and a thermal conductivity detector (TCD); argon was used as
carrier gas.

3. Results and Discussion

The SEM micrograph of the CuO starting powder used for the ink development
(Figure 1) shows the presence of micrometric spheric aggregates of nanometric particles.

Figure 1. SEM micrographs of the CuO powder considered in this study.

The ink compositions were studied starting from the amount and nature of defloccu-
lant needed to produce stable terpineol-based slurries. The ink stability is in fact, strongly
linked to the stability of the powder suspension. On the other hand, the stability of the sus-
pension depends on the effectiveness of the coordination sphere around the particles [24]
that can be improved using a deflocculant. The latter acts on the particles through one or
two mechanisms eventually combined: electrostatic repulsion or steric stabilization [25,26].
Among the dispersants chosen, glycerol trioleate (GTO) and Span 80 have a prevailing
steric effect; furoic acid (FA) shows mainly an electrostatic behavior; while lauric acid (LA)
and Tween 20 show a combination of electrostatic and steric activity. Rheological tests on
suspensions with the same powder concentration of the inks were selected in order to find
the most effective dispersant for the CuO system [25,26]. Different dispersant amounts (g
dispersant for m? of powder) were tested in the range between 3 x 107#to 9 x 1073 [27].
The values of the suspension viscosities were determined at a shear rate of 1 s~!, the value
of shear to which an ink is typically subjected at the beginning of the printing process. The
results, reported in Figure 2, show that the deflocculants that mainly or partially have an
electrostatic action (LA, FA, and Tween 20) were not effective in stabilizing the system. On
the other hand, the viscosity of the suspensions decreases when deflocculants with steric
behaviour (GTO and Span 80) were added. Among the different concentrations tested
for these two systems, 7 x 1073 g/m? GTO gave the best stabilization and was therefore
considered as deflocculant for the CuO inks.

The binder plays a fundamental role in determining the printability of a screen-
printing ink [28]. For this reason, different concentrations of binder were tested. CuO inks
were then produced considering 25, 35, 45, and 55 vol.% of binder in respect to the powder.
The compositions of the different inks are reported in Table 1.

Table 1. Compositions of the CuO inks (vol.%).

Material Ink_25 Ink_35 Ink_45 Ink_55
CuO 8.54 8.39 8.20 7.94

Terpineol 85.40 83.92 81.99 79.37
GTO 3.21 3.16 3.08 2.98

EC 2.85 4.53 6.72 9.71
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Figure 2. Viscosity of the CuO-terpineol suspensions produced using different types and concentra-
tions of deflocculants.

The flow curves of the four inks are presented in Figure 3. These data show a typical
pseudoplastic behaviour for all the formulations with viscosity suitable for the screen-
printing process [17]. Particularly, the polymeric network is more structured for higher
binder contents, as shown by the increase in inks viscosity passing from ink_25 to ink_55.
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Figure 3. Flow curves of the formulated CuO inks.

The TG-DSC analysis of one of the inks produced is reported, as example, in Figure 4.
This analysis shows two main weight losses at about 150 and 300 °C, due to the solvent
evaporation and organics removal, respectively. The analyses of inks with different compo-
sitions, differing just on the amount of employed organics and therefore on the weight loss
on the TG curve, are not here presented.

The layers produced after drying were treated at 450 °C for 10 min in reducing
atmosphere in order to eliminate all the organics and obtain a well-consolidated electrode
structure. The SEM images of the produced layers reported in Figure 5 shows homogeneous
and crack-free films.

The film roughness was investigated by non-contact profilometry (Table 2).

Table 2. Roughness data of the CuO-based films.

Parameter Ink_25 Ink_35 Ink_45 Ink_55
Ra (um) 0.515 + 0.063 0.412 4+ 0.059 0.415 + 0.085 0.372 + 0.076
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Figure 4. TG-DSC analysis of one of the inks produced.

Figure 5. SEM images of the surfaces of the electrodes produced using (a) ink_25, (b) ink_35, (c)
ink_45, and (d) ink_55.

The reported Ra values indicate that a higher binder amount leads to smoother
surfaces going from 0.515 £ 0.063 pm down to 0.372 £ 0.076 um for ink_25 and ink_55
respectively. The corresponding 3D projections (area 1 mm?) are reported in Figure 6.

Figure 6a, corresponding to ink_25, shows a surface densely covered by sharp par-
ticle agglomerates, while an increase in the binder amount (Figure 6b), generates a less
defective area. Since the performances can change significantly with the electrodes” mi-
crostructures [18,29], the samples produced with compositions containing the higher and
the lower amount of binder (ink_25 and ink_55), were selected for the functional analyses.
These electrodes showed the higher difference in porosity (48 & 3 vol.% for ink_25 and
56 £ 2 vol.% for ink_55) and surface roughness (Table 2). To compare the results obtained,
the layers were produced with similar final thicknesses: 2.10 £ 0.73 and 2.29 £ 0.66 um
for ink_25 and ink_55, respectively. After the thermal treatment in reducing atmosphere,
the XRD results of Figure 7 show the presence of Cu,O (JCPDS 05-0667) and Cu (JCPDS
3-065-9026) in the electrodic layer. In literature it is reported [30] that the reduction of Cu
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follows the path: CuO—CuyO—Cu. The presence of different species is therefore related
to strength of the reduction process. To increase the amount of Cu(l), one of the most
promising photocatalysts for the conversion with visible light [9], the layers produced
were oxidized using further thermal treatments in air (with dwelling time of 30 min). The
annealed electrodes showed changes in film composition, as reported in the XRD spectra
of Figure 7. The nature of the phases present changed with temperature, increasing the
percentage of the oxidized copper forms, following this oxidation path Cu—Cu,O—CuO.
CupO (JCPDS 05-0667) is present at 250 °C, at 350 °C CuO (JCPDS 48-1548) is the only
phase present, while the treatment at 300 °C (medium temperature) shows the coexistence
of Cup,O/CuO. The films treated at 250 (Cu,O) and 300 °C (Cup;O/CuO) were then selected
for the functional characterizations. It is worth remembering that a mixture of Cu,O and
CuO could assure good photocatalytic properties as well as sufficient stability against
photocorrosion.

b
Figure 6. Optical profilometer 3D images of the films obtained using (a) ink_25 and (b) ink_55.

*FTO
o ® Cu,0

o Cuo

Intensity a.u.
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* - -
250°C * o .
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- .
- .
h N\ ,\‘ *
-
* e
*
As-treated - N * ¢ . -
- .
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Figure 7. XRD patterns of the as-sintered electrode (as-treated) after oxidation treatment at 250 and
350 °C for 30 min.
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The bandgap energy (Eg) is one of the most important optical properties required
for a photoelectrode to drive a sunlight reaction. Figure 8a,b shows the UV-Vis diffuse
reflectance spectra of the films based on ink_25 and ink_55 treated at different temperatures
(250 and 300 °C). The samples treated at 250 °C (CuyO) show an adsorption edge at ca.
550 nm while the ones oxidized at 300 °C (Cup,O/CuO) extend their absorption edge at
ca. 900 nm due to the low bandgap value of CuO [22,23]. The E, values for each sample
were determined from reflectance spectra using the Kubelka—-Munk function and Equation

(1). The obtained Tauc plots and the extrapolated values are reported in Figure 8c, d and
Table 3.

91

a)
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Figure 8. UV-Vis diffuse reflectance spectra of films produced with CuyO-based ink (a) and
CuyO/CuO-based ink (b), and related Tauc plots for CuyO-based ink (c) and Cuy,O/CuO-based
ink (d).

Table 3. Bandgap values calculated from Figure 8, flat-band potential (Ep) and number of donors
(N,) for the prepared photoelectrodes.

Eﬂ, \%2) th 2% Na
Phase Inks Eg (eV) vs. Ag/AgCl vs. NHE (cm—3)
Ink_25 1.65 0.58 1.12 2.6 x 10%
CupO-based Ink_55 1.63 0.62 1.16 23 % 10%7
Cu,O/CuO- Ink_25 1.46 0.61 1.15 2.5 x 1028
based Ink_55 1.44 0.66 1.20 24 x 10%8

2 calculated using the equation E (V) vs. NHE = E (V) vs. Ag/AgCl (V) + 0.059pH + 0.197 V [31].

Table 3 shows comparable bandgap values for CuyO and CuyO/CuO-based films,
respectively. The obtained results are in good agreement with the ones reported in litera-
ture [23,32]. For the CuyO/CuO-based layers, the bandgap values decrease compared with
the layers of CuyO, due to the combination of the different copper phases produced by the
different thermal treatments that finally extends the light adsorption range. The ability of
Cup0/CuO to harvest photons with higher energy can improve the hydrogen production
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when this electrode is used as a photocathode in PEC, as reported by P. Diao et al. [23]. The
electronic properties of the screen-printed films were determined using equation 2. The
obtained Mott-Schottky plots are reported in Figure 9 and the flat-band potential (Eg) and
number of donors (N,) are reported in Table 3.

7x10°

10 |
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< —
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Figure 9. Mott-Schottky plots of Cup,O-based (a) and CuyO/CuO-based (b) films.

A negative slope was obtained for each Mott-Schottky plot indicating that these
materials are p-type semiconductors and thus suitable as cathodes for the water-splitting
reaction. This is due to their ability to use the photogenerated electrons to drive the
reduction of water to hydrogen. From the Mott-Schottky equation and considering the
slope of the linear part of the curves reported in Figure 9 and the intercept on the x axes
(at 1/C? equal to 0), the majority carrier density (N4) and flat-band potential (Ep) were
estimated. The corresponding values are reported in Table 3 where the flat-band potential
is also converted into reference potential scale NHE. The highest N4 was obtained for
the Cuy,O/CuO films, indicating a fast charge transfer from the photoelectrode surface
to the electrolyte, and slow charge recombination mechanisms [23,31]. Moreover, higher
flat-band potential values were obtained for the films based on Cu,O/CuO, indicating (for
a p-type semiconductor) a higher degree of band bending; this induces a large driving
force to separate the photoinduced charges in the space charge region [31,32]. Both higher
number of donors and flat-band potential contribute to enhance the photocurrent and PEC
performances. For p-type semiconductor, the Ey, values could be taken as a reasonable
approximation (<100 mV) to the valence band position (VB), while the conduction band
position (CB) can be evaluated adding to the VB the E value previously calculated (Table 3).
The obtained CB positions are equal to —0.53 V and —0.47 V vs. NHE for CuyO-based films
on ink_25 and ink_55 respectively, and —0.31 V and —0.24 V vs. NHE for Cu,O/CuO-
based films on ink_25 and ink_55 respectively. These CB edges are more negative than the
redox potential of the HyO/H, reaction at the same pH environment for all the films tested,
indicating that the photoinduced electrons in the conduction band can be efficiently injected
into the electrolyte for the reduction of water. Linear scan voltammetry (LSV) in light/dark
conditions was used to quantify the photocurrent produced by each film (Figure 10). High
electrical conductivity was observed for each electrode in the wide potential range tested up
to —1.0 Vvs. Ag/AgCl. Considering the photoelectrodes based on Cu,O, the photocurrents
acquired are 0.026 mA cm~2, 0.058 mA cm~? for ink_25 and ink_55 respectively. The
films based on a mixed Cu,O/CuO were able to produce 0.040 mA cm~2 and 0.089 mA
cm ™2 (ink_25 and ink_55, respectively). The highest photocurrent densities were obtained
(considering the same ink composition) for the films based on Cu,O/CuO, due to the
highest quantity of carriers available and the low amount of recombination phenomena
that occurs at the photoelectrode surface. However, the higher porosity of the ink_55 films
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(in respect to the Ink_25 ones) enhances the electron transfer from the electrode surface to
the electrolyte increasing the photocurrent values.
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Figure 10. (a) Linear sweep voltammetry in light/dark conditions in a wide potential range, (b) magnification in the low

potential range for films based on ink_25-Cu,0, (c) ink_55-Cu,0, (d) ink_25-Cup,O/CuO, and (e) ink_55-Cu,O/CuO.

The photoelectrodes thickness (2.10 & 0.73 for ink_25 and 2.29 £ 0.66 um for ink_55)
deeply influenced the photocurrent produced. Films with thicknesses close to 1 pm
reported in literature [23] achieved, at pH = 6 and 0 V vs. NHE, photocurrents of
0.25 mA cm ™2 (Cuy0) and 2.5 mA ecm 2 (CupO/CuO). On the other hand, Teng et al. [33]
reports for a 16-pm-thick CupO photoelectrode prepared by electrochemical deposition
0.024 mA cm~2 at —0.5 V vs. Ag/AgCl at pH = 6. The higher film thicknesses used in this
work induced a decrease of the photocurrent values, due to the highest diffusion length of
the photogenerated majority charges [34]. Moreover, in the absence of a protective layer, a
high degree of photocorrosion phenomena negatively influences the photocurrent values
achieved [35,36].
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The hydrogen production tests were done using Cu;O and Cup,O/CuO films as
photoelectrodes. The reaction time was set at 2 h with a constant applied potential of —1.5V
vs. Ag/AgCl; the amount of hydrogen produced is reported in Figure 11. When light
reaches the photoelectrode, copper oxide can absorb photons (due to its bandgap energy)
and charge separation takes place at the interface of the valence and conduction bands.
The photogenerated electrons are produced in the conduction band (CB) and the holes
in the valence band (VB). Due to its p-type conductivity, electrons travel to the electrode
surface/electrolyte interface where water reaction occurs by protons (H*) reduction. To
complete the redox cycle, photogenerated holes are transferred by the electrical connection
to the counter-electrode where water oxidation take place. The highest value of hydrogen
production was obtained for the Cu,O/CuO system due to the contribution of the highest
photocurrent previously observed, which increased the reaction rate. For both systems,
the highest porosity of the film produced by adding more binder (ink_55) increases the
amount of hydrogen produced, due to an augmented number of catalytic sites. However,
in the case of Cup,O/CuO-based electrodes, the hydrogen production is quite similar. This
indicates that the influence of the microstructures on the electrode properties is lower than
the nature of the present phase. These results are comparable with the one reported by H.
Teng et al. [33] where a thicker Cu,O film produced 4 pmol of hydrogen after 120 min in
0.5 M NaySO; electrolyte under irradiation.

Hydrogen evolution (umol cm'z)

—— Ink_25-Cu,0/Cu0
—O—Ink_55-Cu,0/Cu0

—{1—Ink_25-Cu,0
—O—Ink_55-Cu,0

Hydrogen evolution (umol cm'z)

T T

T

T T T T T T T T T
60 80 100 120 20 40 60 80 100 120

20 40
Irradiation Time (minutes) Irradiation Time (minutes)
(a) (b)

Figure 11. Hydrogen evolution by photoelectrochemical cells with a working electrode based on (a) CuyO- and (b)

Cu,O/CuO-based films.

Figure 11 shows that hydrogen production increased linearly with reaction time up
to 40 min for both the tested photoelectrodes. Different reaction rates were observed
for CuO and CuyO/CuO samples and this behavior could be linked to in situ catalyst
activation, due to the reduction to metal copper that finally enhances the electronic acceptor
capacity [37,38].

The moderate amount of hydrogen produced is linked to the slightly acid conditions
used (pH = 5.8). Atlow pH, the proton reduction to hydrogen dominates [37], therefore the
H; development reaction is positively affected. Salts addition to acidify pH and increase
ionic conductivity should, however, be avoided for a safe and sustainable large-scale
hydrogen production PEC technology [20].

The post-operation analyses of the samples annealed at the two different temperatures
(named CuyO and Cup;O/CuO) were carried out to understand the effect of testing on the
two-layer compositions. The XRD spectra of the post-operation electrodes are reported
in Figure 12 and reveal the presence of metallic copper in both the compositions. These
indicates the reduction of Cu-based species already reported by different authors for
pure copper-oxide electrodes [10,39] leading to a progressive degradation of the films.
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This can be also observed by the SEM micrographs of Figure 13 that show cracks on the
films surfaces after operation. Further activities are ongoing to improve the copper-based
electrode’s life span in operation.

* FTO
o Cu,0

Intensity a.u.

20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta (°)

Figure 12. XRD patterns of the Cu;O and Cu;O/CuO electrodes after PEC test.

Figure 13. SEM images of ink_250 (a) and ink_300 (c) before the PEC test; and ink 250 (b) and ink_300
(d) after PEC measurements.

4. Conclusions

In this work, CuO screen-printing inks were successfully formulated and deposited on
FTO glasses to produce photocathodes for the water-splitting process. Glycerine trioleate
was selected as the best deflocculant, in the amount of 7 x 1072 g/m?, to produce stable and
homogeneous inks. These were formulated using different binder amounts and deposited,
producing films with homogenous thickness and microstructure, and suitable values of
roughness. Inks containing 25 and 55 vol.% of binder (ink_25 and ink_55), in respect to the
powder, were deposited and thermally treated to obtain CuyO- and Cuy,O/CuO-based films
for further optical and photoelectrochemical characterizations and hydrogen production
studies. The increased film porosity obtained using Ink_55 positively affects the electron
transfer from the electrode surface to the electrolyte, thus increasing the photocurrent
values. The Cup;O/CuO system is able to extend the light adsorption close to 900 nm and
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shows a higher charge carrier density than the system based on Cu,O (N4 equal to 6.2
and 2.3 x 10 cm~3 for ink_55 CupyO/CuO and Cu,0 respectively). For these reasons, the
highest photocurrent densities are obtained for the mixed CuyO/CuO films. An amount
of hydrogen equal to 6 and 7 umol cm~2 (after 2 h of operation) was achieved, at slightly
acid pH, for ink_25 and ink_55 respectively. After testing, degradation of copper-based
layers was observed due to the absence of a protective coating on the electrode. This work
highlights the adequacy of the screen-printing technology to produce layers for a hydrogen
photoelectrochemical water-splitting reaction. This technique can be considered as a low-
cost, simple, and affordable candidate for the realization of water-splitting electrodes,
especially in view of the large-scale development of this hydrogen production technology.
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