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A B S T R A C T

The role of CuO nanoparticles decorating TiO2 nanotubes (TNT) thin film photoanodes in the behavior of photo-
electrocatalytic (PEC) cells for water splitting reaction is investigated. CuO is present mainly as small nano-
particles of few nanometer decorating the internal walls of the TiO2 nanotubes. Their presence improves i) the
photocurrent behavior, ii) the H2 generation rate by water splitting in a full PEC device (without application of a
bias) and iii) the solar-to-hydrogen (STH) efficiency. The increase is about 20% with respect to parent TNT
photoanodes using open spectrum light from a solar simulator and about 50% increase using AM 1.5G filtered
light from a solar simulator. An STH efficiency over 2% in the full PEC cell is observed in the best conditions.
IPCE (incident photon to current conversion efficiency) measurements clearly evidence that the presence of CuO
nanoparticles induce an enhanced IPCE in the 300–340 nm region. The increase in the performances in water
splitting is mainly associated to the transient generation of a p–n junction between the CuxO nanoparticles and
TNT upon illumination, which enhances photocurrent density by promoting charge separation.

1. Introduction

Hydrogen production by water oxidation has received increasing
interest to move towards cleaner and sustainable energy sources [1].
Hydrogen can provide a clean and safe energy storage and can be ap-
plied as an effective energy carrier for transportation and portable ap-
plication. In addition, hydrogen is an important chemical for industrial
processes like ammonia production, refined fossil fuels by hydro-
cracking and to produce different chemicals [2].

While a large variety of systems are under investigation, photo-
electrocatalytic (PEC) technology for hydrogen generation is one of the
most attractive routes, especially when H2 is produced with simulta-
neous degradation of organic pollutants [3]. The function of a PEC
device is based on the oxidation of an organic or an inorganic sacrificial
agent (including water) and the reduction of water, protons or oxygen
[1]. The photo-generated electrons and protons can also be used to
reduce CO2 to higher value-added liquid fuels, gaining a double en-
vironmental benefit by energy/fuel production and greenhouse gas
emission reduction [4,5]. However, the development of photoanodes
for practical PEC devices imposes a series of constrains that greatly
limit the range of the possible materials and their characteristics. For
example, it is necessary to have thin films with a specific ordered

nanostructure to transport the photo-generated charges (H+/e−)
during water oxidation to the other side of the cell, where they may
combine to generate hydrogen or reduce CO2 to fuels and chemicals
[6,7]. For this reason, thin films based on an ordered array of vertically-
aligned TiO2 nanotubes still represent an important sector of develop-
ment of PEC devices, even though a further engineering [8] is needed to
optimize their performances. On the other hand, a great interest still
exists on titania-based photocatalysts for water splitting, particularly in
optimizing their behavior with visible light through different mechan-
isms [9–15].

Deposition of metal particles to improve the performances of titania
thin films by heterojunction, co-catalysis, co-alloying or plasmonic ef-
fects has been widely investigated [16–19], with recent studies re-
marking also the role of one-dimensional nanoarchitecture (e.g. nano-
tubes) [20–23]. The synergy between one-dimensional
nanoarchitecture and doping with metal nanoparticles, however, has
been less investigated [15,24]. In addition, often noble metal nano-
particles (Au, Pt, etc.) have been used [25–28], while for both cost and
sustainability motivations (use of non-critical raw materials) it would
be preferable to use earth-abundant elements for the development of
photoanodes. Among the interesting transition metals to improve
semiconductor photocatalytic properties, one is copper oxide. CuO and
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Cu2O are attractive due to their photoactive properties, good environ-
mental acceptability, low thermal emittance, non-toxicity, simple and
low-cost production process [29–32]. CuO is a p-type semiconductor
that absorbs light in the visible spectral region, evidencing a bandgap
energy between 1.2 and 1.7 eV [33]. Copper oxides are good materials
for junctions due to their ability to act simply as an electron trap.
Moreover, the electrons have to be consumed in some way, otherwise
there will be an accumulation of charge on the surface [34]. Recently,
some authors studied the modification of TiO2 nanotubes with copper
oxides (CuO and Cu2O) and metallic copper in order to improve the
photo-response of the system [35–37]. It should be commented, how-
ever, that while Cu2O is interesting for the possibility to promote by
semiconductor–semiconductor junction the visible-light response, the
stability of this reduced species under the strong oxidizing conditions of
the photoanode (nascent oxygen) is questionable. The role of CuO na-
noparticles is also unclear. Teng et al. [38], studying Pt@CuO/TiO2

photocatalysts, but testing in methanol/water solution under UV-light
irradiation, indicated that stable p–n heterojunctions form at the in-
terface between CuO and TiO2 nanosheets, owing to the strong inter-
action of CuO with the {001} facets of the TiO2 sheets. This effect de-
creases the recombination rate of electrons and holes. Hua et al. [39]
indicated that CuO reduces to Cu2O during the initial stage of photo-
catalytic reaction, and the latter is responsible for the improved pho-
tocatalytic activity. However, tests were made in a 10% aqueous solu-
tion of methanol, and thus the reduction of copper is likely induced by
the organic solvent oxidation. Xu et al. [40] observed a high activity of
TiO2 nanotubes decorated with CuO nanoparticles, but again testing
behavior was evaluated in a 10 vol% methanol-water mixture. No in-
dication has been given about the physico-chemical role of copper
oxide nanoparticles in promoting the behavior. Ho et al. [41] studied
ternary hybrid TiO2/CuO/Cu materials and indicated that the hetero-
junctions among the TiO2, CuO, and Cu interfaces enhance the space
separation and transfer of the photogenerated charge carriers. Even in
this case, tests were made in water-methanol solution. Yu et al. [42]
investigated CuO-deposited TiO2 rod composites again in water-me-
thanol mixtures. They interpreted the promotion effect of CuO in gen-
eral terms of synergistic effects of high surface area, specific energy
band structure, and enhanced light harvesting at the interface of CuO
and porous TiO2 rods. Kumar et al. [43] studied CuO–TiO2 nano-
composites in a water–glycerol mixture indicating that CuO nano-
particles facilitate the charge separation and electron transfer.

This short survey of recent results on CuO-TiO2 photocatalysts evi-
dences the lack in understanding the behavior of these materials
without the presence of sacrificial agents (organic molecules) and about
the specific role of CuO in promoting the behavior in water splitting of
titania thin film photoanodes based on TiO2 nanotube ordered arrays.
This study is thus focused at these aspects to develop advanced pho-
toanodes for solar photo-electrochemical reactors [44–46] for sustain-
able production of hydrogen by water splitting or CO2 reduction to
fuels/chemicals using light as power supply.

The water splitting reaction, in addition, was studied in a compact
PEC solar cell characterized by the photoanode and the cathode joint on
the two sides, respectively, of a Nafion® thin proton membrane. This
PEC solar cell design represents a state-of-the-art for practical devel-
opment of this type of cells, with production of H2 and O2 in separate
compartments, continuous operations, minimization of electrolyte vo-
lume, easy scale-up and sealing, possibility of operations either in water
splitting or CO2 reduction [45]. Many literature results in H2 photo-
production, besides to use sacrificial agents (as indicated above for
CuO-TiO2 photocatalysts), are made in slurry photoreactors without
separating H2/O2 production, or in PEC reactors with characteristics
very different from those required for practical implementation. The
results reported here, thus, refer to performances obtained under re-
levant experimental conditions (no extra bias, no sacrificial donors
used, easy separation of products) for utilization of nanostructured
TiO2-based photoanodes modified with non-noble metal/metal oxide

(such as CuO and Cu2O) in order to increase their photocatalytic effi-
ciency in PEC water splitting for a sustainable production of clean and
renewable hydrogen.

2. Experimental

2.1. Synthesis

TiO2 nanotube (TNT) array electrodes were prepared as earlier de-
scribed [8]. Briefly, titanium plate (Alfa Aesar, 0.025 mm of thickness,
3.5 cm of diameter) was cleaned by 30 min sonication with isopropanol
at 40 °C and then with ultrapure water. Electrochemical anodization
was performed in a two-electrode cell using platinum as counter-elec-
trode and a solution of ethylene glycol with 0.3% ammonium fluoride
and 2.3% water as supporting electrolyte. The applied potential was
initially ramped from 0 to 50 at 5 V min−1 and then kept constant at
50 V for 1 h. After the anodization, the electrode was cleaned by so-
nication with a 37% HCl solution (1 min) and annealed at 450 °C for
3 h. A thin Ti layer remained non-oxidized, thus acting as an electron-
collective layer in the PEC experimental apparatus.

The TNT thin films were decorated with CuO nanoparticles (CuO-
TNT) by dip coating using an adapted methodology [47]. The solution
used for dip coating was prepared with copper nitrate hydrate
(8.4 × 10−3 mol L−1 of metal) as copper oxide precursor, citric acid
and ethylene glycol in molar ratio of 1:4:16, respectively. The electrode,
after drying, was annealed at 450 °C for 3 h.

2.2. Characterization

Field emission scanning electron microscopy (FE-SEM) images were
recorded using a Zeiss model Supra 35 equipped with an energy dis-
persive X-ray (EDX) spectrometer. High resolution transmission elec-
tron microscopy (TEM) images were recorded using a CM200 trans-
mission electron microscope (TEM) (Philips/FEI, Netherlands) operated
at 200 kV.

The total copper concentration was evaluated by atomic absorption
spectroscopy (AAS) using an AAnalyst 200 spectrometer by
PerkinElmer. For the analysis, the CuO-TNT sample was sonicated in
concentrated HF aqueous solution (48 wt%) to dissolve Cu and the re-
sulting solution was analyzed after proper dilution. The calibration
curve was obtained by means of three standard solutions in the range
1–5 ppm by diluting Copper Standard for AAS (1000 mg L−1 in nitric
acid) supplied by Sigma Aldrich.

X-ray diffraction patterns were recorded on a Bruker Model D2
Phaser.

X-ray photoemission spectra were collected using PHI VersaProbe II
analyzer. Cu2p binding energies (BE) were recorded using AlKα
(1486.6 eV) as the excitation source and a pass energy of 23.5 eV. The
XPS spectra were recorded with setting of 100 μ100W20kv_HP. Position
of XPS peaks of the corresponding element is referred to the C1s peak of
carbonaceous contamination, whose energy is taken equal to
284.80 eV.

An UV/Vis spectrometer (Jasco V-570PerkinElmer Lambda 1050)
was used for diffuse reflectance measurements in order to obtain the
optical band gap.

The photocurrent response was evaluated by linear sweep voltam-
metry in 1.0 mol L−1 Na2SO3 using a scan rate of 100 mV s−1 obtained
by using a potentiostat/galvanostat (AMEL 2049).

2.3. H2 production by water splitting

The water splitting was carried out using a photo-electrochemical
reactor made of Plexiglas and equipped with a quartz window. It has a
two-electrode configuration with two compartments for separated
evolution of H2 and O2 [8,44,48]. The photoanode consisted of the TiO2

nanotubes with CuO nanoparticles supported over the Ti foil, while the
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cathode was a commercial carbon gas diffusion layer (GDL) loaded with
Pt (0.5 mgPt cm−2, GDE S10BC SIGRACET®, supplied by Ion Power).
The two electrodes were joint together by a Nafion® membrane.
1 mol L−1 NaOH and 0.5 mol L−1 H2SO4 were used as supporting
electrolytes in the anodic and cathodic compartments, respectively.
Each solution circulated continuously between the solar cell and an
outer reservoir. A potentiostat/galvanostat (AMEL 2049) was used to
measure the generated photocurrent. The solar illuminator used for the
experiments was a Xe arc lamp (ORIEL, 300 W) equipped with a set of
lenses for light collection and focusing, a water filter to eliminate the
infrared radiation and a set of filters to evaluate the photo-response in
different light-absorption regions (ultraviolet or visible regions). The
irradiated area was 5.7 cm2. H2, O2, CH4 and CO amounts in the gas
streams were determined by an on-line gas-chromatograph (GC) (Agi-
lent Technologies 7890A) using a column 5A Plot permanent gases
(Restek®). Helium was used as carrier gas at 1.0 mL min−1

flow rate.
The solar-to-hydrogen (STH) efficiency in the PEC cell was calcu-

lated by the formula:

=STH R G
Ptot A

*Δ
*

H2
0

(1)

where RH2 is the rate of hydrogen production (mol·s−1), ΔG0 is the
standard Gibbs energy at standard conditions (2.372 × 105 J mol−1),
Ptot is the light irradiance (W cm−2) and A is the irradiated area of the
photocatalyst (cm2).

The incident photon to current conversion efficiency (IPCE), i.e. a
measure of the effectiveness in converting incident photons on the cell
to photocurrent flowing between the working and counter electrodes,
was calculated by the following equation:

=IPCE
I

P
(%) 1240

(λ)
(λ)λ

*100p

inc (2)

where Ip(λ) is the photocurrent density (A m−2) and Pinc(λ) is the in-
cident power density of light (W m−2) at wavelength λ (nm). The
constant “1240” has the unit W nm A−1. An IPCE of 100% means that
all the photons generate electron–hole pairs, but in practical situations
IPCE values are less than 100% due to the losses corresponding to the
reflection of incident photons, their imperfect absorption by the semi-
conductor and recombination of charge carriers within the semi-
conductor. IPCE is usually calculated by measuring the current in the
cell, when a particular wavelength or a small group of wavelengths
with a known power density Pinc(λ) are incident on it. The IPCE was
calculated without the application of a potential between the two
electrodes (Vbias = 0) and the measured photocurrent density Ip(λ) was
the result of the solely absorbed photons by the semiconductor without
any external applied bias.

3. Results

3.1. Physico-chemical characteristics

Fig. 1 shows the FE-SEM images of TNT and CuO-TNT samples. The
top view (Fig. 1a) indicates the presence of well-ordered TiO2 nano-
tubes with wall thickness ranging from 20 to 27 nm and internal na-
notube size in the 40–55 nm range. The copper oxide was deposited
around the TiO2 nanotube wall, as it can be observed by the increment
in the wall thickness that ranges from 27 to 36 nm after CuO deposition
(Fig. 1b). CuO nanoparticles are present mainly within the titania na-
notubes, except a few CuO nanoparticles with size between 18–33 nm
present on top of the TiO2 nanotubes as evidenced by FE-SEM images
with higher magnification (Fig. 1c and d). The effective Cu loading in
CuO-TNT sample, analyzed by AAS, was about 9 wt.%.

Fig. 2 reports XRD and EDX results for CuO-TNT sample. Fig. 2a
shows the XRD pattern confirming the presence of crystalline anatase
TiO2 phase and CuO crystallites, in addition to the background signal of
Ti relative to the metallic titanium substrate of the electrode, which the

TNT thin film was grown on. With respect to relative intensities of re-
flections in TiO2 anatase (JCPDS 88–1175), the reflections corre-
sponding to (002) plane are slightly intensified with respect to the more
intense (101) reflection. This corresponds to TiO2 crystals slightly
elongated along this crystalline plane and exposing preferentially {001}
facets [49]. The XRD of CuO phase corresponds instead to that expected
for CuO nanoparticles with monoclinic structure [50]. Fig. 2b shows the
EDX analysis, confirming the presence of Ti, Cu and O.

Fig. 3 shows the XPS spectrum of CuO-TNT sample, evidencing the
Cu 2p3/2 and Cu 2p1/2 peaks at 933.5 eV and 952.4 eV, respectively,
which can be ascribed to the presence of CuO [51,52]. However, the
signals related to Cu2O are not visible, probably because only a few
Cu2O nanoparticles are present and they are mainly localized inside the
TNT nanotubes, due to the method of preparation.

Fig. 4a reports a high resolution TEM image of the CuO-TNT sample,
evidencing the presence of a TiO2 nanotube with small CuO nano-
particles of about 2 nm decorating the internal walls of the nanotube
(one of the particles is indicated with an arrow). It is also possible to
observe in Fig. 4b the presence of titania nanosheets with distance of
3.63 Å plane (101) as expected, as well as the presence of CuO from the
lattice spacing of plane (111) measured as 2.43 Å.

Fig. 5a reports the UV–vis region spectra of TNT and CuO-TNT
electrodes. The spectra are characterized by a strong adsorption below
400 nm, related to the typical band gap of TiO2, and a broad adsorption
between 500 and 1200 nm, with a maximum at about 700 nm for TNT
and shifted to about 800–900 for CuO-TNT. The latter adsorption,
however, is related to a physical light scattering effect (photonic be-
havior) and in part to interference patterns arising from wavelength-
dependent constructive and destructive interference of partially re-
flected light in the thin films [53]. The change in this part of the
spectrum is related to the increased wall thickness of TiO2 nanotubes
due to decoration with CuO, as commented above.

Fig. 5b presents the band gap energy for the materials obtained by
Tauc’s graphic [54] using Kubelka-Munk function, according to the Eq.
(3) below:

= −α R R(1 ) /2γ1/ (3)

where α is the material absorptivity and R being the reflectance. The γ
was assumed as two (indirect electronic transition allowed) once this is
the electronic transition more suitably indicated for both the TiO2 [55]
and CuO [56]. The band gap for TiO2 nanotubes (3.2 eV) corresponds to
that typically reported for anatase TiO2 [57]. A shift in the band gap
energy to around 2.8 eV was observed for CuO-TNT. However, the clear
tail in the absorption edge of band gap is an indication of the presence
of Cu2O nanoparticles, evidencing an additional band gap energy of
about 2.0 eV (see the dashed red line in Fig. 5b), in accordance with
what reported in literature for Cu2O [58].

Besides the band gap, the knowledge of the position of the band
edges is a crucial prerequisite for understanding the photo-activity of a
semiconductor. The position of the conduction band (CB) edge for pure
anatase TiO2 is at about −0.37 V (vs. NHE) [59]. The presence of Cu-
based nanoparticles on TiO2 influences the CB edge depending on Cu
loading. For 10 wt.% Cu on TiO2, the location of the CB edge diminishes
to about −0.22 V [60]. The standard redox potential for the couple
H+/H2 (pH = 0) is zero (vs. NHE), but it becomes −0.83 eV at
pH = 14, as in the PEC system the photo-electrode operates in an
aqueous solution of NaOH (1 M). In order to have water reduction to
H2, the CB of the composite material should be more negative than the
redox potential for the couple H+/H2, thus the testing conditions seem
to be unfavorable (−0.22 vs. −0.83 V). However, due to the design of
the PEC cell, water reduction does not occur at the photoanode, but
electrons are collected at the bottom metallic layer of the electrode (Ti
not oxidized during the anodic preparation) and transferred to the
cathode side (H2SO4 0.5 M, redox potential H+/H2 = ∼0 V) where
they combine with protons coming from the Nafion® membrane to form
hydrogen. Thus, in this configuration the position of the CB edge (about
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−0.22 V for 10 wt.% Cu nanoparticles on TiO2) with respect to the
redox potential H+/H2 half-reaction (E = 0 vs. NHE) is thermo-
dynamically favorable for water reduction, because the half-reaction
occurs in the other compartment (cathode). On the contrary, the posi-
tion of the valence band (VB) edge (it is of fundamental importance for
water oxidation) must be more positive than the redox potential of the
couple O2/H2O or O2/OH− (+1.23 eV at pH = 0, but the redox

potential diminishes to +0.40 eV at pH = 14). As the measured band
gap of CuO-TNT sample is 2.8 eV, the position of the VB edge can be
calculated by subtracting 0.22 from the band gap. The result is that the
VB edge is located at +2.58 V, which is more positive than the redox
potential of the couple O2/OH− at pH = 14 (+0.40 eV), making water
splitting process thermodynamically favorable in our PEC cell.

Fig. 1. FE-SEM image of TiO2 nanotubes without modification (a) and TiO2 nanotubes decorated with CuO nanoparticles at 50000 (b), 100000 (c) and 200000 times (d) of magnification.

Fig. 2. CuO-TNT: a) XRD pattern where A represents anatase phases of TiO2, T represents the metallic titanium used as substrate and C represents the CuO peaks and b) EDX spectrum.
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3.2. Photo-current performances

The photo-current performances were evaluated with chron-
oamperometric measurements using a three-electrode cell with

1.0 mol L−1 Na2SO3 as the supporting electrolyte and an open and close
light incidence system with and without filter AM 1.5 G (simulating
standard terrestrial solar irradiance distribution). The results are pre-
sented in Fig. 6a. Being the filtered light reducing the number of pho-
tons reaching the electrode, the results in Fig. 6a have been normalized
for 0.1 W cm−2 incident light irradiance. Fig. 6b shows an expansion of
one of the chronoamperometric cycles to evidence better the differences
between TNT and CuO-TNT samples. As reference, Fig. 6c reports the
irradiance for open spectrum and AM 1.5 G filtered light from solar
simulator.

Several indications derive from these studies. The first is the general
good photocurrent of these samples with stable and reproducibility
behavior in several consecutive chronoamperometric cycles. CuO-TNT
samples show about 27% increase in normalized current density with
respect to TNT with open spectrum and about 42% increase with AM
1.5G filtered light, even if the normalized current density in the latter
case is about 23% of that of open spectrum. Fig. 6c reports the irra-
diance of the incident light for open spectrum and AM 1.5G light. The
latter cut essentially the light component before 350 nm. Thus, about
75% of the photocurrent density derives from the light component
below about 350 nm. Nevertheless, above this threshold, roughly cor-
responding to the band gap in TiO2, still a quarter of the open spectrum
normalized photocurrent density is present. The decoration of TNT with
CuO leads to an enhancement of the normalized photocurrent density
both with open spectrum and AM 1.5G filtered light, more intense in
the latter case (42% increase with respect to 27% enhancement).

As better remarked in the expansion of one of the cycles in open
spectrum chronoamperometric tests (Fig. 6b), there is a further differ-
ence between TNT and CuO-TNT. In the former case, there is a fast
increase and decrease in the photocurrent density on switching on/off
the light. On the contrary, in CuO-TNT, the current density reaches
quickly about 85% of the maximum value, and then slowly further
increases in the next 30–40 s up to reaching a constant value. The effect
is well reproducible in consecutive cycles. When light is switch-off,
there is instead a tail in reaching the background value in the case of
CuO-TNT. The effect is not present in the case of AM 1.5G filtered light.
The effect can be interpreted as a trapping of part of the electrons with
sufficient energy in heterojunctions created at the CuO-TNT interface,
which leads to a partial delay in reaching steady current density. These
trapped electrons are then released during switching off the light and
are responsible for the tail.

3.3. H2 production by water splitting

The behavior of the TNT and CuO-TNT photoanodes in water
splitting reaction was studied in a compact PEC solar cell as indicated in
the introduction. The TNT or CuO-TNT photoanodes were used as
working electrodes and a commercial gas diffusion layer (GDL) loaded
with Pt was employed as counter electrode. In this type of cell, the
photoanode (upon illumination) generates electron and hole pairs,
which are transported in the thin film to the bottom of the TNT film
supported over a microholed Ti thin layer acting as electron collector.
The protons pass through the microholes and then reach the Nafion®

membrane located on the other side of the Ti thin layer. They pass
through the Nafion® membrane and reach the cathode (Pt nanoparticles
supported on GDL), where then react with electrons (transported
through an external wire) to generate H2. 1.0 mol L−1 NaOH is used as
supporting electrolyte in the anode compartment and
0.5 mol L−1 H2SO4 supporting electrolyte in the cathode compartment.
No external bias is applied. Stable current density is observed in these
tests (Fig. 7), with the current density higher for the case of CuO-TNT
with respect to TNT, in agreement with what observed in chron-
oamperometry studies (Fig. 6). The small spikes observed in the current
density are related to H2 or O2 bubbles formation. The initial change in
current density during about the first 10–15 min is related to the es-
tablishment of equilibrium in the PEC solar cell upon the start of the

Fig. 3. X-ray photoemission spectrum of CuO-TNT sample, showing Cu 2p3/2 and Cu 2p1/
2 peaks related to CuO.

Fig. 4. TEM images of CuO-TNT sample showing: a) a TiO2 nanotube decorated in the
internal walls with CuO nanoparticles (one evidenced by an arrow) and b) the lattice
planes of TiO2 and CuO.
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Fig. 5. a) Diffuse reflectance spectrum in the UV–vis region of TNT (black line) and CuO-TNT (red line) and b) band gap energy calculated by Kubelka-Munk for TNT (black line) and CuO-
TNT (red line). The dashed red line indicates an additional band gap edge related to Cu2O. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 6. a) Chronoamperometric measurements for TNT and CuO-TNT samples (0.1 V vs.
Ag/AgCl, 1 M Na2SO3) using open spectrum and AM 1.5G filtered light of a solar simu-
lator. The data were normalized for 0.1 W cm−2 incident light irradiance. b) Expansion of
one of chronoamperometric cycles. c) Irradiance for open spectrum and AM 1.5 G filtered
light from solar simulator.

Fig. 7. Current density generated applying open spectrum solar simulator light to TNT
and CuO-TNT photoanodes in the compact PEC solar cell.

Fig. 8. Cumulative hydrogen formation as a function of time from the cathode of the PEC
cell using TNT or CuO-TNT as photoanodes in tests with not-filtered light (open spectrum
from the lamp) of a solar simulator. The data were normalized for 0.1 W cm−2 incident
light irradiance.
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illumination.
Fig. 8 reports the cumulative H2 formation as a function of time in

the compact PEC solar cell using TNT or CuO-TNT as photoanodes in
tests with not-filtered light (open spectrum from the lamp) of a solar
simulator. As commented for chronoamperometry tests, the data were
normalized for 0.1 W cm−2 incident light irradiance. The initial ap-
parent induction time is related to the establishment of the equilibrium
in the PEC solar cell, as commented above. Note that H2 evolves at the
cathode (Pt/GDL electrode), but the change in the photoanode (TNT,
CuO-TNT) determines a different rate of photogeneration of H+/e−.

There is a stable continuous production of H2 for both TNT and
CuO-TNT photoanodes within the investigated time period (about 4 h),
indicating no deactivation. A parallel O2 evolution from the other cell
compartment, according to stoichiometry, was observed. Whereas an
apparent increase in the rate of H2 production from the first period
(30–90 min) to the period from 90 to 250 min was detected, but this is
related to establishment of equilibrium in the PEC cell. After about
90 min the rate of H2 production (normalized for 0.1 W cm−2 incident
light irradiance) is stable and equal to 11.32 and
13.64 μmolH2 cm−2 h−1 for TNT and CuO-TNT, respectively. The rate
is about 20% higher for CuO-TNT photoanode, which well corresponds
to the increase in photogenerated current density determined either in-
situ or in the separated chronoamperometry tests (Fig. 6).

A direct comparison of these results with literature is not possible,
because the data on comparable photoanodes were obtained using sa-
crificial agents or using not comparable cells. We earlier reported [61]
for comparable photoanodes and PEC cells the H2 production using
TiO2 nanotubes doped with metallic Cu and Au nanoparticles. The H2

formation observed were 0.87 μmol min−1 with metallic Cu and
0.98 μmol min−1 with metallic Au nanoparticles decorating the TNT
films. Comparing these rate of H2 photoproduction with the results
presented here (Fig. 8) it may be observed that the doping of TiO2

nanotubes with copper oxide improves of about 54% the H2 production,
being the reaction rate for CuO-TNT about 1.34 μmol min−1 for a si-
milar photoanode size.

The results in normalized H2 photogeneration in a PEC cell using
TNT and CuO-TNT photoanodes and AM 1.5G filtered solar simulator
light are reported in Fig. 9. Here the apparent induction time is slightly
longer, but this is related to the lower amount of H+/e− photo-
generated. The normalized rates of generation of H2 (after the initial
time of about 90 min) are 1.56 and 3.43 μmolH2 cm−2 h−1 for TNT and
CuO-TNT, respectively (normalized for 0.1 W cm−2 incident light ir-
radiance). In this case, CuO-TNT shows about 120% increase in the H2

production rate with respect to TNT. This is more than twice the

increment observed in current density (about 50%) observed during
these tests and in chronoamperometric experiments (Fig. 6). However,
the normalized H2 production rate for CuO-TNT using AM 1.5G filtered
light is about 25% of that measured for open spectrum, in well agree-
ment with the observed normalized decrease in photocurrent genera-
tion for open spectrum and AM 1.5G filtered solar simulator light
during chronoamperometric tests (Fig. 6).

3.4. Incident photon to current conversion efficiency

Further insights on the effect of CuO in modifying the properties of
TNT photoanodes in water splitting reaction in a PEC solar cell derive
from the analysis of the incident photon to current conversion effi-
ciency (IPCE). The results are shown in Fig. 10. IPCE is a measure of the
effectiveness in converting incident photons on the cell to photocurrent
flowing between the working and counter electrodes. IPCE is also called
the external quantum efficiency. The presence of CuO nanoparticles
decorating the TiO2 nanotubes slightly increases IPCE in the
350– 390 nm spectral region, while it has essentially zero effect at
higher wavelengths.

3.5. Solar-to-hydrogen efficiency

Solar-to-hydrogen (STH) efficiency, i.e. the ratio between the max-
imum energy output that can be obtained from the final products
(hydrogen) and the energy supplied (in the form of light energy), is
perhaps the most relevant result for practical uses, together with sta-
bility, cost-effectiveness in preparation and scale-up. For example, sub-
micrometer CoO octahedrons are reported to have between the highest
STH values (about 5%), but have problems of stability (photothermal-
induced CoO to Co3O4 transformation in the presence of oxygen and
water, even if the support over graphene can improve stability) and
were tested only in powder and not in the form of a thin film in a PEC
device [62]. Multijunction PV cells modified with hydrogen evolution
reaction (HER) catalysts have been reported to arrive to about 8% STH
[63], but without the separation of the produced H2 and O2, which in
turn creates problems of safety and costs of separation. In addition, a
very complex multilayer solar cells (a-Si:H/a-Si:H/μc-Si:H cell, de-
posited on TCO coated glass, with ZnO:Al/Ag as back contact/reflector;
in total 13 layers) is required with issues in costs, stability and scal-
ability. For PEC cells and materials closer in characteristics to those
reported here, it may be cited, for example, recent results obtained with
BiVO4 photoanodes reporting an STH efficiency of 0.57% (corre-
sponding photocurrent density of 0.46 mA cm−2) under AM 1.5G illu-
mination (100 mW cm−2) [64]. Co doped ZnO nanowires show an STH
of 0.06% for an applied potential of 0.8 V [65] using not-filtered light.

Fig. 9. Cumulative hydrogen formation as a function of time from the cathode of the PEC
cell using TNT or CuO-TNT as photoanodes in tests with AM 1.5G filtered light of a solar
simulator. The data were normalized for 0.1 W cm−2 incident light irradiance.

Fig. 10. Incident photon to current conversion efficiency (IPCE) spectra of TNT and CuO-
TNT photoanodes tested in the PEC cell. The solar simulating spectral irradiance vs.
wavelength is also reported. The slit width is 4 mm.
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A photoanode based on a thin hematite film exhibiting solely (110)
crystal orientation shows an STH of 0.04% at a potential applied of
about 1.15 V and using AM 1.5 G filtered light source of 100 mW cm−2

intensity [66]. These indications, although not exhaustive (further in-
dications are given in the review by Chen et al. [67]) evidence that
except for multijunction PV cells, for which remarks about costs, sta-
bility and practical scalability exist, the reported STH efficiencies are
often below 1% using not-filtered light and below 0.1% using AM 1.5G
filtered light.

These considerations are necessary to evaluate better the STH re-
sults of TNT and CuO-TNT photoanodes (Table 1), taking in con-
sideration also that these results are obtained in a full PEC device
without external applied bias, and not by evaluating the photoanode
under bias application as in various of the results cited above. The STH
efficiency of TNT is 1.68%, which increases to over 2% for CuO-TNT
sample (about 20% increase) using not-filtered light (open spectrum)
from the solar simulator. Using AM 1.5G filtered light the STH effi-
ciency is lower, and increases from 0.24% to 0.53% in passing from
TNT to CuO-TNT. These values of STH efficiency are high in comparison
with literature results on comparable systems and experimental con-
ditions, as commented above.

4. Discussion

The deposition of CuO nanoparticles in TNT thin films leads to
photoanodes with improved photocurrent behavior, improved behavior
in H2 generation by water splitting in a full PEC device (without ap-
plication of a bias) and improved STH efficiency. The increase is of
about 20% with respect to the parent TNT photoanode using open
spectrum light from a solar simulator and about 50% increase using AM
1.5G filtered light from the same solar simulator, although perfor-
mances are about a quarter of those using open spectrum light. The STH
performances of these samples reveal that these photoanodes are re-
levant in terms of water splitting behavior with respect to comparable
samples/devices, taking into account also that these STH values refer to
the behavior of thin film photoanodes in a full PEC device (without bias
application) with separate compartments for H2 and O2 evolution, and
not in hemicells or in power systems as often reported in literature.

The IPCE measurements (Fig. 10) clearly evidence that the presence
of CuO nanoparticles induces an enhanced incident photon to current
conversion efficiency in the 300–340 nm region. This result is well
consistent with the performances of the system using open spectrum or
AM 1.5G filtered light from the solar simulator. A quite consistent
agreement is observed between results obtained in photocurrent density
(both in chronoamperometric tests and measured in-situ during PEC
experiments) and the behavior in H2 photogeneration by water split-
ting. Moreover, a good stability in the behavior during the experiments
was observed.

Except for a few larger particles located on the top surface of the
TNT film, CuO is present as small nanoparticles of few nm inside the
TiO2 nanotubes, as shown by TEM (Fig. 4a) and SEM (Fig. 1) results.
The TiO2 nanotubes are well crystalline and present in the anatase
crystalline form, with preferential exposition of the {001} facets, as
shown by XRD results (Fig. 2). The presence of these CuO nanoparticles
is responsible for the shift of the TiO2 band gap from 3.2 to 2.8 eV

(Fig. 5). For crystallites of about 20 nm, the band gap was observed at
2.5 eV with respect to the band gap of bulk CuO (1.2–1.9 eV) [68]. For
the smaller CuO particles present in TNTs, the shift is expected at even
shorter wavelengths, and thus well consistent with what experimentally
observed (Fig. 5). Moreover, the clear tail in the absorption edge of
band gap may be attributed to the presence of Cu2O nanoparticles (see
the dashed red line in Fig. 5b), evidencing an additional band gap en-
ergy of about 2.0 eV, in accordance with what reported in literature for
Cu2O (2.0–2.2 eV) [58]. However, diffuse reflectance data show that
the enhanced absorption is mainly observed above about 400 nm, while
IPCE measurements (Fig. 10) evidence that there is no effect of CuO/
Cu2O above about 400 nm. Thus, the small change in the band gap
cannot be responsible of the enhanced performances, as often indicated
in literature (see introduction).

Chronoamperometric results (Fig. 6) evidence the presence of an
induction time upon illumination in reaching steady-state photocurrent
density, and on the contrary a slight delay in reaching background
value after switching off the light (Fig. 6b). The effect could be rea-
sonably interpreted as the trapping of some photogenerated electrons
during the initial stage of the photoinduced charge separation (e−/h+)
process. This effect could promote the charge separation and thus the
photocurrent density in the transition stage. Therefore, reasonably the
interpretation is slightly different. In fact, the addition of electrons to
CuO nanoparticles leads to the formation of p-type Cu2O species [69]
with the creation of p–n junctions between the CuxO nanoparticles and
TNT. This transient generation of a p–n junction between the CuxO
nanoparticles and TNT upon illumination is likely responsible for the
enhanced charge separation and for the promoted behavior in water
splitting.

The promotion effect due to the addition of transition metal nano-
particles to semiconductors is often interpreted as co-catalyst effect in
promoting O2 or H2 evolution [18,70], although in our case of PEC cells
only oxygen evolution is present in the photoanode. A co-catalysis role
implies an acceleration of CuO in the rate of O2 evolution by water
photo-oxidation, which does not seem likely, but cannot be proved from
our results. We could only remark that we observed a quite good cor-
relation between photocurrent generation and performances in H2

photogeneration. The interpretation of the formation of a p–n junction
between the CuxO nanoparticles and TNT upon illumination is more
consistent with our experimental results. The creation of a p–n junction
when combining Cu2O with an n-type semiconductor (such as TiO2) is
well reported in literature [71]. The superior photo-catalytic activity
obtained in presence of a p–n junction is due to the presence of elec-
trostatic field at the junction facilitating the charge separation between
electrons and holes. Another mechanism often indicated to explain this
promotion effect is the presence of a Schottky barrier, which requires
the creation of a metal-semiconductor junction. However, we did not
observe the formation of a Schottky barrier, neither it is reasonable to
have metallic Cu under the strong oxidizing conditions of the photo-
anode (nascent oxygen). In addition, this CuO-TNT sample shows about
a twice higher efficiency in H2 photogeneration than a Cu-TNT sample
earlier investigated [61].

In conclusion, CuO nanoparticles decorating TNT thin film photo-
anodes are effective in promoting water splitting reaction in a PEC cell
both using open spectrum and AM 1.5G filtered light from a solar si-
mulator, evidencing an increase in the performances of about 20 and
50%, respectively. Even if further work is needed to clarify these as-
pects, the improved performances of CuO-TNT electrode may be mainly
associated to the transient generation of a p–n junction between the
CuxO nanoparticles and TNT upon illumination, which enhances pho-
tocurrent density by promoting charge separation.
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