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Abstract: Photoelectrochemical water splitting is a promising technique for obtaining hydrogen
trough solar energy. In this work we have synthesized Cu,O photocathodes through electrodeposi-
tion and passivated them with heat treatment and a thin electrodeposited ZnO layer. Chronoamper-
ometries and linear sweep voltammetries have been performed to analyze their photoelectrochemical
performance. The photocathodes have also been characterized by Scanning Electron Microscopy,

Raman and UV-vis spectroscopy.

I. INTRODUCTION

With the increase of CO, emissions there has been a
rising need to find alternative solutions to society’s en-
ergy demands. The link between CO, emissions and hy-
drogen is the following: in order to reduce CO, emissions
we need renewable energy sources but we also need new
alternatives to store that energy, H, is one of those al-
ternatives [I].

Photoelectrochemical (PEC) water splitting consists of
obtaining hydrogen through the separation of water with
solar energy. PEC cells are composed of two electrodes
(a cathode and an anode, at least one of which is a semi-
conductor) submerged in a water-based electrolyte. If we
are working with a p-type semiconductor, we will have a
photocathode that absorbs light and generates electron
and hole pairs. The electrons will then reduce the H,O
releasing H,.

Some challenges that photoelectrochemical water split-
ting faces are the high cost of the materials used and their
low efficiency, which complicates its scalability.

Thanks to its low cost and band gap, Cu,O is a promis-
ing option for a water splitting photocathode. It is a
p-type semiconductor with a band gap of 2-2.6 eV [2],
allowing the material to have a broad absorption band of
the solar spectrum. The redox potential of H,O, as seen
in Figure (1} is within the Cu,O’s bandgap. This means
that the electrons accumulated at the semiconductor-
electrolyte interface due to Cuy,O’s p-type nature can be
used in the redox reactions, which makes Cu,O photo-
cathodes a great option for water splitting [I]. Unfortu-
nately it suffers from two main drawbacks:

1. Cuy,O photocathodes experience photocorrosion
because the redox potentials of Cu and CuO are
within the Cu,O’s bandgap. This means that the
Cu,O oxidizes and turns to CuO or reduces and
turns to metallic copper because it is more stable
in that form.

2. Cuy0 has a fast hole and electron recombination
rate, meaning that not all the charge carriers are
extracted therefore the photocurrent decreases.

To mitigate these drawbacks, two strategies can be fol-
lowed: adding a minority carrier transport layer and/or
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Figure 1: Positions of water’s redox potentials (blue) and
Cu,O’s corrosion potentials (orange) with respect to the
conduction and valence band of Cu,O [IJ.

adding a protective layer [3]. Since Cu,O is a p-type
semiconductor, its minority carriers are electrons there-
fore the minority carrier transport layer should consist of
an n-type material. The protective layer must be chem-
icaly and electrochemically stable in the working elec-
trolyte. Some materials can act as these two layers at
the same time, such as ZnO, which is an n-type mate-
rial stable in electrolytes with moderate pH. The energy
bands of the CuyO/ZnO can be seen in Figure [2] we can
also appreciate how the ZnO acts as an electron transport
layer: when the two layers are in contact the electrons
will move towards the electrolyte and the holes towards
the FTO.
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Figure 2: Energy band diagram for the Cu,O/ZnO
photocathode.
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II. EXPERIMENTAL SECTION
A. DMaterials
1. Electrodeposition of CusO

The electrodeposition was performed using a multi-
chanel Biologic SP-150 potentiostat with a two-electrode
configuration. The FTO glass substrate was used as the
working electrode and a mesh of platinum was used as the
counter electrode. The plating solution consisted of 0.2M
CuSO, -5H,0, 3M C3H4O4, and 0.5M K,HPO, -3H,0
and its pH was adjusted to 12 with 3M KOH. The elec-
trodeposition was performed at a constant current of —1
mA /em? at 60°C. The sample’s thickness was controlled
with the electrodeposition time (15, 30, 45, 60, and 75
min).

2. Anmnealing of the CuyO photocathodes

After Cu,O electrodeposition, some photocathodes
were annealed for 1 hour at 350 °C in N, athmosphere,
at a rate of 10 °C/min.

8. Electrodeposition of ZnO on Cuy,O photocathodes

The electrodeposition was performed on top of the
Cu,O photocathodes using a multichanel Biologic SP-
150 potentiostat with a two-electrode configuration. The
counter electrode was a platinum mesh. For the plat-
ing solution 50mM Zn(NOj),-6H,0 and 100mM of p-
benzoquinone were dissolved in 20 mL of dimethyl sulfox-
ide. The electrodeposition was performed at a constant
current of —~0.11 mA /em? during 7 min 34 s.

B. Material characterization

Optical characterization was performed with a UV-
Vis-IR Perkin Elmer Lambda 950 spectrophotometer
with a 150 mm integrating sphere. The surface morphol-
ogy and the cross section of the samples were observed
using a field emission scanning electron microscope (FE-
SEM, JEOL J-7100). Raman spectroscopy were recorded
using a Jobin-Yvon LabRaman HR 800 dispersive spec-
trometer with a green laser and an ultraviolet laser. Both
FESEM and Raman measurements were carried out in
the CCTiUB facilities.

C. Photoelectrochemical characterization

Photoelectrochemical (PEC) measurements were con-
ducted in a three-electrode system using a Biologig VSP-
300 potentiostat. An optical glass cell with a platinum
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mesh as the counter electrode and Ag/AgCl (3.5M) (E°
= 0.205 V vs RHE) as the reference electrode was used
for this purpose. Part of the samples were covered in
nail polish so there was no contact between the elec-
trolyte and the FTO substrate. The electrolyte consisted
of 0.6M Na,SO, and for some measurements H,O, was
used as an electron scavenger.

Chronoamperometric measurements were performed
at a constant potential of -0.3 V vs Ag/AgCl and light
pulses of 20 s supplied by a Newspot LED solar simula-
tor LSH-7320 with a 400-1100 nm range coupled with
a SHBIT Thorlabs diaphragm shutter. Linear sweep
voltammetries from 0.3 V to 0.6 V vs Ag/AgCl were
recorded under light pulses of 1 s at a scan rate of 20
mV/s.

ITII. RESULTS AND DISCUSSION
A. Structural characterization

SEM images were taken in order to study the struc-
ture of the samples. Figure [Bp-c shows the morphology
of the different films obtained through the electrodepo-
sition methods. We can observe that all the samples are
homogeneous and the layer of bare Cu,O (Figure[3|a) has
a cubic morphology. After exposing the bare Cu,0O sam-
ples to heat treatment (Figure [3| b) they become more
granular while maintaining the cubic morphology. Fig-
ure [3| ¢ shows a sample that has been electrodeposited
with ZnO after annealing the bare Cu,O photocathode,

Figure 3: FESEM images of (a) electrodeposited Cu, O on
top of FTO, (b) electrodeposited Cu,O on top of FTO after
annealing, (c) electrodeposited ZnO on top of annealed
Cuy0 and (d) cross section of the bare CuyO photocathode.
Scale bar represents 1pm.
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we can appreciate the presence of ZnO with the thin veil
that forms on top of the annealed Cu,O.

Before passivating and adding the ZnO layer we cre-
ated a series of samples with different electrodeposition
times, ranging from 15 min to 75 min. With cross section
images we concluded that the thickness of the samples
increased with the electrodeposition time in a non linear
way. We chose to work with the 45 min samples because
they had a higher photocurrent than the rest. Figure[3]d
shows the cross section of a bare Cu,O sample electrode-
posited during 45 min, the white section at the top is the
FTO substrate and the bottom section is the Cu,O. The
thickness of the Cu,0 is about 3.35 pm.

B. Chemical characterization

Figure[d]shows the Raman spectra of the different sam-
ples, which we used to determine their structure. Figure
(top) displays the spectra of Cu,O with and without
annealing with the Raman shift peaks identified. We
concluded that the peaks corresponding to Cu,O are at
218, 412, 516 and 628 cm ™!, all of them present in the
bare Cu,O photocathode [4]. As for the annealed sam-
ples, even though they were annealed in N, atmosphere,
we can see an extra peak at 297 em ™! corresponding to
CuO, which means that some oxidation occured. This
might have happened due to some residual oxygen being
present during the heat treatment.

In order to see the presence of ZnO, we obtained ad-
ditional Raman spectra with an ultraviolet laser instead
of the green laser that was used in Figure top). The
results are displayed in Figure bottom). The peaks at
575 and 1146 em ™! correspond to ZnO and can be both
seen in the ZnO electrodeposited samples [5]. Further-
more, this spectra confirmed that annealing oxidates the
samples thus a peak appears at 298 cm~! only in the
samples subjected to heat treatment.

C. Optical characterization

In order to estimate the energy gap of the Cu,O pho-
tocathodes we measured the total transmittance and re-
flectance obtained with the UV-vis measurements. We
followed two methods to determine the Fy,,: obtaining
the value directly from the transmittance spectra and
using the Kubelka-Munk approximation of the Tauc plot
for the reflectance and the absorbance spectra.

For the first method we made a linear regression with
the values where the transmittance decreased substan-
tialy, which is where the material’s gap lies. The Fy,, is
the x-intercept.

For the second method we used the reflectance spectra
and also the absorbance spectra, since A =1— R —T.
The Kubelka-Munk approximation of the Tauc plot can
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Figure 4: Raman spectra of (top) CuyO photocathode
(black plot) and the annealed CuyO photocathode (red plot)
and (bottom) Cu,O photocathode (black plot), the annealed

Cu,0 photocathode (red plot), the Cu,O/ZnO
photocathode (blue plot) and the Cu,O(annealed)/ZnO
photocathode (green plot). The top spectra was measured
with a green laser (A = 532 nm) and the bottom spectra was
measured with an ultraviolet laser.

be expressed as [6]:

(1-R)

(F(R)hw)Y" = B(hv — Eyqp) where F(R) = %

v is 0.5 for a direct bandgap and 2 for an indirect
band gap. This approximation assumes that the sample
is infinitely thick, therefore the transmittance is zero.

Figure [5| shows the values of Egy,, obtained with the
different techniques. From the literature we know that
the Cu,O energy gap ranges between 2 eV and 2.6 eV, al-
though there are some discrepancies. The transmittance
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Figure 5: Values of the energy gap of the bare Cu, O
samples versus the electrodeposition time. The Eyq, values
were obtained through different approaches: through the
transmittance spectra (orange plot), through the
Kubelka-Munk approximation of the Tauc plot with the
reflectance spectra (dark green assuming a direct band gap
and light green assuming an indirect band gap) and through
the Kubelka-Munk approximation of the Tauc plot with the
absorbance spectra (light purple assuming a direct band gap
and dark purple assuming an indirect band gap).

Egqp tends to 2.4 eV and the Egq,, using the Kubelka-
Munk approximation of the Tauc plot ranges between 1.6
eV and 1.9 eV. The undersestimation of the gap value us-
ing the Tauc plot is probably due to our samples not be-
ing infinetely thick, therefore not being a very appropiate
fit for the Kubelka-Munk approximation. On the other
hand, the values obtained with the transmittance spec-
tra, fall within the expected range.

D. Photoelectrochemical measurements

We studied the photoelectrochemical activity of the
samples with chronoamperometry and linear sweep
voltammetry techniques.

We conducted a chronoamperometry at —0.3 V vs
Ag/AgCl with light pulses of 20 s. Figure |§| shows the
results of the four different samples without and with
H,0,, which works as an electron scavenger. We have
subtracted the dark current of each sample for a better
comparison but it is worth mentioning that the Cu,O
and Cu,O/Zn0O samples had the highest dark current.

The form of the pulses in Figure @(top) give us an idea
of the charge accumulation [7]. The bare Cu,O pho-
tocathode and the Cu,O/ZnO photocathode have very
long and defined peaks at the start and end of the pulse,
meaning that the charge accumulates at the surface and
is not able to be collected by the electrolyte. In con-
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Figure 6: Chronoamperometries of the four different
photocathodes performed in (top) 0.5M Na,SO, and
(bottom) 0.5M Na,SO, and HyO,. The first pulse of light
has been removed and the dark current of each sample has
been substracted.

trast, both of the annealed samples have a lower peak
indicating that the accumulated charge is lower.

Figure @(bottom) shows the results of the chronoam-
perometry when it is performed in a medium with HyO,.
Since the peroxide is an electron scavenger this measure-
ments allow us to see how the samples would perform
with a good catalyst. We can see that the pulses are
more stable than in Figure [6ftop) and have a higher cur-
rent. The Cu,0/Zn0O photocathode has the highest pho-
tocurrent followed by the bare Cu,O sample, yet their
stability is not as good as the annealed samples. On the
other hand, the annealed Cu,O and the annealed Cu,O
with ZnO have a lower photocurrent but a better sta-
bility. The difference between the annealed samples and
the not-annealed ones might be due to the oxidation that
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occurs with annealing. It is possible that the layer that
appears of CuO acts as a blocking layer impeding charge
transfer, therefore having a lower yet more stable pho-
tocurrent.
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Figure 7: Linear sweep voltammetries obtained with the
four photocathodes in 0.5M Na,SO, with HyO, as an
electron scavenger.

We performed a linear sweep voltammetry from 0.3V
to —0.6 V vs Ag/AgCl with the exception of the bare
Cu,O photocathode whose voltammetry we performed
from 0.3 V to -0.5 V vs Ag/AgCl in order to avoid
damaging the sample with corrosion. The results are
shown in Figure [7] and they are coherent with the ob-
servations of the chronoamperometry: the bare Cu,O
and the Cu,0/Zn0O photocathodes have the highest pho-
tocurrent but also the highest dark current and lowest
stability, meanwhile the annealed photocathodes show a
lower photocurrent as well as a lower dark current and
higher stability.

IV. CONCLUSIONS

We successfully obtained four different samples by elec-
trodepositing Cu, O on FTO, annealing some of the Cu,O
photocathodes and electrodepositing ZnO on the an-
nealed and not annealed Cu,O photocathodes. We were
able to control the thickness of the samples with the elec-
trodeposition time and we ended up using the 45 min
samples, which correspond to a thickness of 3.353 pm.

With the material characterization we found that the
samples have a cubic structure and are homogeneous, we
confirmed that we had Cu,O and ZnO after electrodepo-
sition and that annealing oxidated our samples so a thin
layer of CuO appeared on top of the Cu,O layer. Finally,
using UV-vis spectroscopy, we estimated that the energy
gap of Cuy,O photocathodes was 2.4 eV, approximately.

We also performed photoelectrochemical measure-
ments and found that the Cu,O/ZnO photocathode has
the highest photocurrent but quite a high dark current
and low stability. We can conclude that ZnO works as an
electron transport layer and a protective layer but more
research has to be done to lower the dark current and
gain more stability in order to obtain an efficient photo-
cathode for water splitting.
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