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Green hydrogen becomes one of the most important of all other forms due to ecological issues, described in
directives requiring the transformation to energy sources with the lowest possible carbon footprint. The appli-
cation of the PhotoElectrochemical Cell where hydrogen is produced with the direct use of solar energy is the
best solution. Bilayer and multilayered systems based on CuO, especially in combination with TiO, seem to be
the most frequently studied of all heterostructured nanomaterials when considering green hydrogen generation.
The interface created between rough surface of CuO and smooth TiO2 surface ensures the highest photocurrent
when the top layer is of about 150 nm. For CuO(top)/TiO2 heterojunction characterized by rough/rough

interface, photoeletrochemical performance also improves with increasing thickness of the top layer up to 100
nm. The cathodic character of the photocurrent is observed for both TiO5(top)/CuO and CuO(top)/TiO, bilayers.

1. Introduction

Intense efforts, concerning transformation of the power sector to-
wards emission-free, decarbonized and renewable ways of energy pro-
duction, storage, transfer and usage, focus, in the first place, on
hydrogen as a new, efficient energy carrier. Numerous, excellent pub-
lications devoted to this topic have appeared only recently [1-5].
Classification of the hydrogen sources based on the color scheme
extending from brown to green has been proposed [6]. It is well-known
that green color assigned symbolically to hydrogen means that this type
of power generation is the most ecologically friendly and pollutant-free
thus requires extensive scientific research. However, in practice, ma-
jority of hydrogen production methods are based on coal gasification or
steam methane reforming being referred to as brown and gray, respec-
tively. If the by-products such as CO5 are captured and stored, we deal
with blue hydrogen. Green hydrogen can be generated by water splitting
in the process of electro- or photolysis. Electrolysis of water supported
by solar cells or windmills as electricity supplies is considered to belong
to the same category of green hydrogen sources. Recently, one can

follow a profound discussion on the hydrogen colors and particularly on
the most suitable factors on which such classification should be based.
According to Kusoglu [7], traditional color coding employs mixed cat-
egories: pathways (processes), sources (electricity or fuels) level of CO,
emission, thus and seems to be insufficient. Emerging new methods of
hydrogen generation such as biomass pathways escape from this clas-
sification. Moreover, a new trend can be observed recently to incorpo-
rate life cycle analysis LCA, i.e., a comprehensive evaluation of the
environmental, social and economic aspects, from the production to
final use of green hydrogen [4]. Therefore, more work is needed to
encompass these new challenges especially in the field of nanomaterials
and thin films for green hydrogen generation by water photolysis.

It seems that, the application of the PhotoElectrochemical Cell (PEC)
where hydrogen is produced with the direct use of solar energy is the
best solution to the problem. In terms of efficiency of hydrogen gener-
ation, one of the most important challenges to be faced is the dynamics
of the processes taking place in the cell. The key issue is to match the
lifetime of photogenerated carriers to the time needed for the reaction of
water splitting to occur. Therefore, it is necessary to conduct research on
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Fig. 1. Graphical schemes of single and bilayer thin films deposited by rf magnetron sputtering. Different scenarios of interface formation depending on the smooth
and rough morphology of thin films: both smooth layers (a), rough top surface and smooth bottom layer (b) and both rough surfaces (c).

ensuring the most effective separation of photo-excited carriers. Multi-
component materials gain an increasing scientific interest in the pho-
toelectrochemistry as they open up new exciting possibilities due to the
synergetic effect [8]. System with a precisely planned architecture
performs more favourably in comparison to a simple composite in the
case of which a random distribution of individual components usually
takes place. Bilayer and multilayered systems based on CuO, especially
in combination with TiO seem to be the most promising of all hetero-
structured nanomaterials when considering green hydrogen generation.
Especially in the case of the above-mentioned process dynamics in the
PEC cell, a bilayer heterojunction is a system in which the existence of
the interface could contribute to formation of an internal electric field.
Similar process of creation of the electric field in diodes, capable of
efficient separation of photogenerated electron-hole pairs, results in a
significant reduction of recombination of charge carriers.

Focusing on the processes taking place at the interface, it will be
demonstrated in this paper that the architecture of the interface between
components of heterostructures has a key impact on the operation of the
complex system in green hydrogen generation. In order to examine such
a system, it is worth to choose completely different semiconductors as
far as band structure and morphology are concerned. Therefore, to fully
highlight the influence of the connection type, semiconductors of very
well-known photoelectrochemical properties [9,10] were selected for
testing interface — titanium dioxide and copper oxides in the form of thin
films. The main reason is that copper oxides arise as model materials to
study optical properties related to roughness of thin film manifested by
scattering phenomena. Differences in roughness between CuO and TiO,
could be a game changer in the case of interface formation in hetero-
structure materials and thus make it possible to trace the influence of
interface architecture on charge carriers transport in light induced
processes. In the literature, there are several examples of hetero-
structures based on copper oxides only and in connection with titanium
dioxide. Wang et al. proposed electrodeposited CupO which conductivity
type is adjusted from p-type to n-type through annealing process and
thus enables the creation of p-n junction [11]. This idea allows to obtain
PEC system composed of one chemical compound CuyO as a photo-
cathode and photoanode. Alotaibi et al. described CuO-Cuy0 hetero-
junction in which the separation of photogenerated charge carriers is
triggered by obtaining a greater specific surface area [12]. Authors
claimed that the enhancement in PEC performance is mainly related to
morphological aspect and surface defects. Zhang et al. investigated
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CuO/Cu0/Cu junction dedicated as a photocathode for water splitting
through optimization of CupO crystal orientation and CuO as a layer
protective against photocorrosion of CupO [13]. Similar junction was
proposed by Wang et al. [14]. CuO/TiO2/Cuz0/Cu, system enriched
with TiOy was characterized by suppressed electron transfer at the
semiconductor-electrolyte interface and promoted electron transfer be-
tween Cuz0 to CuO [14]. TiO2(top)/CuO system obtained by means of
magnetron sputtering for photocatalytic degradation of organic wastes
was described by Hao et al. [15]. The authors proved the influence of the
thickness of both layers on the functional properties. The improvement
in the photocatalytic performance was assigned to the optimized
porosity and enlarged specific surface area, which result in an increased
number of sites reactive during the chemical reactions. Moreover, suit-
able TiO, thickness has a positive effect on the efficiency of charge
carrier separation process. Interesting phenomenon of light-driven
photoelectrochemical switching was described by Long et al. [16]
based on the wavelength-controlled change in the photocurrent direc-
tion for a p-n hybrid junction. The authors concluded that switching
effect is observed when the valence band (VB) and conduction band (CB)
edges of an n-type constituent are more positive than for a p-type. Other
aspects which have an impact on the photoelectrochemical response are
the applied potential and presence of electron and hole scavengers.

In this work the problem of the effect of the architecture of the TiOy/
CuO based heterojunctions suitable for photoelectrochemical applica-
tions will be addressed also from the morphological point of view. Fig. 1
presents a scheme of TiO, and CuO thin films as well as TiOz(top)/CuO
and CuO(top)/TiOzbilayers. The physical features and surface
morphology of both components influence the nature of the interface of
the resulting heterostructures. Fig. la-c shows different scenarios of
interface formation based on surface properties of both components of
the formed junction. Fig. la presents the interface constructed by
covering a smooth bottom layer with the smooth top surface. As ob-
tained interface is perfectly flat and thus the layers adhere perfectly to
each other. Fig. 1b shows the interface between the smooth bottom layer
and the rough upper surface, which is discontinuous and consists of
single contact points between both layers. The last type of interface is
created by applying a rough layer to a rough substrate (Fig. 1c), the
interface has an irregular shape but connects both layers tightly. The
novelty of this work is that the discussion of functional properties of the
bilayer composed of TiO; and CuO includes both the configuration with
TiO4 on top i.e., TiOo(top)/CuO and the reverse CuO(top)/TiO,. In the
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Table 1
TiO, and CuO based single and bilayer thin films.

Configuration Sample Temperature during Thin film thickness
name deposition (°C) (nm) determined
from SEM
CuO  TiO, total
CuO C20 350 20 - 20
C96 96 - 96
C220 220 - 220
amorphous a-T160 RT - 160 160
TiO, a-T220 - 220 220
a-T314 - 314 314
crystallized c-T240 350 - 240 240
TiO2
TiO2(top)/CuO T33_.C208 RT 208 33 241
T54_C208 208 54 262
T73.C208 208 73 281
T87_C208 208 87 295
T151_C208 208 151 359
CuO(top)/TiO,  C20_T320 350 20 320 340
C100_T246 100 246 346

literature there are no works comparing the properties of both config-
urations in the form of thin films. The problem to be solved is to find the
parameters that allow for the preparation of interface with a structure
that favours the effective separation of charge carriers, which in turn
causes improvement in the efficiency of redox reactions taking place in
the PhotoElectrochemical Cell. The analysis of photoelectrochemical
characteristics of the heterostructural photoelectrode based on CuO
with TiO, in connection with band alignment diagrams of hetero-
junctions will be the basis for the choice of junction type and interface
architecture, which leads to improvement in photoelectrochemical
properties of electrodes and their stability. The mechanism of the pho-
toelectrode performance is proposed for the first time for both types of
heterostructure.
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2. Materials and methods
2.1. Materials preparation

Both single CuO, TiO5 and TiOx(top)/CuO, CuO(top)/TiO, bilayer
thin films were obtained by means of rf reactive magnetron sputtering
from Cu and Ti metallic targets in an Ar/Oy gas mixture. Ultra-high
vacuum UHV system (Prevac, Rogow Poland) described in previous pa-
pers of our group [17-19] was applied in the deposition processes.
Sequential deposition cycles performed without breaking a vacuum
were used to obtain bilayers with a well-defined interface. Single CuO
thin films, crystallized TiO; and CuO(top)/TiO; bilayers were deposited
on substrates heated up to 350 °C. Amorphous TiO; and TiOy(top)/CuO
bilayers were sputtered at room temperature (RT). The ratio of O3 in the
reactive gas mixture Os/Ar + Oy during CuO thin film deposition was
equal to 35% and for TiO2 deposition 20%. Sputtering was performed
with the use of two 2” diameter discs: titanium of purity 99.995% (Kurt
J. Lesker Co.) and copper of purity 99.999% (Kurt J. Lesker Co.) with the
use of radio frequency rf power supply equipped with an automatic
matching network keeping reflected power equal to zero. Deposition
rate of about 13 nm/min was maintained by applying fixed power
densities equal to 4.4 W/cm? and 9.9 W/cm? for copper and titanium,
respectively. Different substrates were used to perform all the necessary
characterization [19]. Samples, which were investigated in this work,
are summarized in Table 1.

2.2. Material characterization

X-ray diffraction (XRD) in Grazing Incidence configuration (GID) and
X-ray reflectivity (XRR) were performed by X’Pert PRO PANalytical
diffractometer equipped with a Cu lamp (A = 0.154 nm). Synchrotron
measurements were carried out in SOLARIS National Synchrotron Ra-
diation Centre (Krakow, Poland) [20] at PIRX beamline. X-ray absorp-
tion spectra were recorded in the Total Electron Yield (TEY) mode for
titanium Ti L3 and copper Cu L3 lines within the following energy
ranges: 440-520 eV and 910-1040 eV, respectively. Microscopic ob-
servations were conducted with the use of Scanning Electron
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Fig. 2. XRD patterns for CuO and TiO,(top)/CuO a), amorphous TiO, (a-T314) deposited at room temperature and crystallized TiO» (c-T240) in a form of anatase
and rutile mixture deposited at 350 °C b) and for CuO(top)/TiO- c) together with reflexes from both monoclinic CuO and TiO, in a form of anatase and rutile.
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Fig. 3. X-ray reflectivity results for CuO (C220) and TiO»(top)/CuO a), amorphous TiO, with different thicknesses (160 and 314 nm) deposited at room temperature
and crystallized TiO, (c-T240) deposited at 350 °C b) and CuO together with CuO(top)/TiO; c).

Microscopy SEM (Helios G4 PFIB CXe DualBeam) while the elemental
chemical analysis was performed with the use of EDS detector - Quanta
XFlash 630 EDS, Bruker. High Resolution Transmission Electron Mi-
croscope (HR-TEM) JEOL F2000 cFEG TEM 200 kV served for imaging
the surface and cross-sections of the lamellas prepared with the use of
Focused Ion Beam. Optical properties were analysed through measure-
ment of transmittance and reflectance spectra registered by a double
beam Lambda 19 UV-VIS spectrophotometer (PerkinElmer). Functional
properties were tested in the PhotoElectrochemical Cell (PEC) as
photocurrent kinetics in a three-electrode cell (CuO; TiO; CuO(top)/-
TiOg; TiO2(top)/CuO thin film as a working electrode, Pt covered with
platinum black as an auxiliary electrode and Ag/AgCl/3 M KCl as a
reference electrode). The measurement of photocurrent at 0 V was
performed upon white light generated by Xe lamp (on/off pulses) of 150
W.

3. Results and discussion

The analysis of the results is based on comparison of two types of
heterojunctions with each other and with single thin films of TiO2 and
CuO. Crystal structure of TiOz(top)/CuO and CuO(top)/TiO5 thin film
bilayers was analysed based on X-ray diffraction patterns presented in
Fig. 2. For the TiO(top)/CuO heterostructure composed of copper oxide
covered with titanium dioxide it is a clearly visible that only one crystal
phase could be identified, i.e., monoclinic CuO (ICDD 01-080-1268).
The result of measurement reflects the shape of the pattern corre-
sponding to a single CuO thin film. The reflexes from the second con-
stituent of the bilayer — TiO2 — could not be observed in the pattern,
because of the room temperature during deposition. In order to obtain
one of the crystalline forms of TiOs: anatase, rutile or brookite, it is
necessary to carry out synthesis at an elevated temperature above 350 °C
[21-24] while CuO crystallizes even at room temperature. Fig. 2b pre-
sents the results for TiO, sputtered by rf reactive magnetron sputtering
at room temperature - amorphous TiO5 (a-T314) and crystallized form of
TiO2 deposited at 350 °C (c-T240). The first pattern confirms the
amorphous nature of the thin film deposited without heating the sub-
strates. Sample obtained at 350 °C crystallizes in the form of mixture of
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anatase (ICDD 01-078-2486) and rutile (ICDD 01-086-0147). The result
of X-ray diffraction analysis for CuO(top)/TiO2 (Fig. 2¢) is the combi-
nation of pattern corresponding to monoclinic phase of CuO and TiO,
rutile/anatase.

X-ray reflectivity, XRR is another method dedicated to thin film bi-
layers analysis through determination of density, roughness and thick-
ness of the individual layers. Reflectivity is measured as a function of the
angle of incidence ® between the thin film surface and X-ray beam di-
rection. Roughness can be analysed based on how fast the curve drops
near the critical angle for a single layer. In the bilayer systems the
roughness of the interface between both components could be studied.
Drop of intensity at the critical angle gives the information about density
[25,26]. Fig. 3 presents the XRR curves for TiOy(top)/CuO bilayer
(T151_C208) and CuO thin film (C220), TiO; in crystallized (c-T240)
and amorphous forms of thin films with different thicknesses (a-T160
and a-T314) and CuO(top)/TiO, bilayer (C100_T246) and CuO thin film
(C220). Results presented in Fig. 3a for CuO thin film are characterized
by a single drop in the intensity at the critical angle, while for the
T151_C208 sample, two drops could be observed due to the advanta-
geous arrangement of thin films, when CuO is covered by TiOs. In be-
tween, there is an interference pattern of X-rays at the interface of TiO,
and CuO layer. The beneficial arrangement of the layers is that the
material with the higher density is below, thanks to which both critical
angles can be indicated on the reflectivity curve. Theoretical density of
CuO is equal to 6.51 g/cm?, 4.31 g/em® for TiO, rutile and is 3.89 g/cm®
for TiO, anatase. Reflectivity spectra corresponding to single TiO; thin
films in crystallized and amorphous forms is presented are Fig. 3b.
Crystallized form of TiOy (c-T240) is characterized by the highest
roughness which is manifested by the most pronounced decease in the
intensity. For the amorphous TiO, the drop of intensity changes a bit
slower, which confirms that these layers are characterized by smooth
surface. Kiessig fringes are clearly visible for a sample with smaller
thickness (a-T160) in contrast to thin film with thickness of 314 nm
(a-T314). For an inverse type of heterostructure, CuO(top)/TiOs
(Fig. 3c), only one drop of the intensity at the critical angle for CuO and
then interferences assigned to CuO could be observed. Therefore, the
drop of intensity corresponding to TiOy characterized with smaller
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Fig. 4. SEM images of top view and cross section of thin films obtained by rf reactive magnetron sputtering: amorphous TiO; a), TiOx(top)/CuO b), CuO(top)/TiO2 c)

and CuO d).

density could not be indicated. Moreover, the bilayer was obtained at
the temperature equal to 350 °C and thus the surface of the bilayer is
characterized by high roughness. This effect causes a sharp change in the
reflectivity, what finally disrupts the visibility of interference.
Morphology and mode of growth of thin films could be analysed
based on SEM images in the form of top views and cross sections pre-
sented in Fig. 4 for a single layer of amorphous TiO3, TiO2(top)/CuO,
CuO(top)/TiO, and CuO. Amorphous TiO, presented in Fig. 4a is
composed of uniformly distributed small elements without defined
shape. The single layer is compact, smooth and uniform in thickness.
The deposition performed at room temperature does not ensure the
conditions for crystallization, which agrees with the above mentioned
XRD and XRR results. The bilayer TiO»(top)/CuO (Fig. 4b) was created
as a result of covering copper oxide thin film of about 200 nm with the
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titanium oxide layer of about 150 nm. TiO, was deposited at room
temperature onto a copper oxide thin film leading to formation of a
spherically shaped grains with voids in between. Due to the amorphous
nature of the top layer, the interface between two constituents of the
heterostructure could be easily pointed out. The inverse of that bilayer
in the form of CuO(top)/TiOy (Fig. 4c) sputtered on the heated sub-
strates crystallized as mentioned above in the form of monoclinic CuO
on top of TiO, layer in anatase and rutile form. Top surface of the bilayer
is similar to that of a CuO single layer (Fig. 4d), however the copper
oxide grown on TiO5 bottom layer is characterized by more rounded
shape in comparison to pyramids of a single CuO. The interface between
both components of the heterostructure is less clear than in a case of that
shown in Fig. 4b. There are several works which demonstrate that
copper oxide morphology strongly depends on the synthesis conditions
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Fig. 5. HR-TEM images with analysis of interplanar distances for TiO,(top)/CuO (a—c) and CuO(top)/TiO, bilayers (d-f).

a) c)
d)

Fig. 6. Cross-section HR-TEM images of thin film bilayers along with EDS elemental mapping on the cross section of TiO(top)/CuO bilayer (a—c) and CuO(top)/
TiO, (d-f).

[27-29]. Moreover, functional properties of the material, depending on mixture [30-32].

the physical properties of thin films such as electronic structure, carrier Fig. 5 present HR-TEM images of TiO(top)/CuO and CuO(top)/TiOy
concentrations and mobilities, can also be tuned through changing of the together with thickness markers and interplanar distances for CuO
deposition conditions such as oxygen concentration in the reactive gas calculated from HRTEM images. TiOx(top)/CuO bilayer is composed of
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Fig. 7. X-ray absorption XAS spectra measured in Total Electron Yield (TEY) mode at Ti L3 edge for thin films (TiO»(top)/CuO, amorphous TiO, and crystallized
TiO,) and powders (rutile, anatase) a), at Cu Ly edge for thin films (CuO(top)/TiO,, CuO) and reference powder (CuO) b) and at O K edge for thin films (TiO,(top)/
CuO, amorphous TiO, and crystallized TiO2, CuO, CuO(top)/TiO,) and powders (rutile, anatase, CuO and Cu,0) c). Bands for TiO5 [40-44] and CuO [45] were

marked based on literature.

the bottom CuO of 216 nm thickness, and the top TiO with thickness of
about 140 nm. CuO(top)/TiOy with inverted configuration is composed
of 275 nm of TiOy and 66 nm of CuO at the top. Both SEM images
(Fig. 4c) and cross-section TEM image (Fig. 5d) clearly indicate that the
surface of the CuO(top)/TiO, consists of grains with visible empty
spaces between them. Surface morphology formed in that way in-
fluences the roughness and overall density of heterojunction which
could be calculated based on the fitting of a reflectivity curve. XRR
pattern for TiO2(top)/CuO thin film was fitted with the 5 layers and the
density of the last one was equal to 5.6 g/cm?, while for CuO(top)/TiOx
bilayer the fitting included three layers and the roughness of the top
layer was of about 6.3 nm. In both heterostructures interplanar distances
corresponding to CuO monoclinic phase (ICDD 01-080-1268) were
found, which is in agreement with XRD results (Fig. 2a—c).

Fig. 6 constitutes a comparison of HR-TEM cross section images of
TiO5(top)/CuO and CuO(top)/TiO, together with EDS elemental map-
ping for Cu and Ti. The elemental composition of thin films was pre-
sented in a form of colors for copper and titanium, thus, it was possible
to indicate areas of copper oxide and titanium oxide on the cross-
sections. The result allows us to conclude that both elements are
evenly distributed regardless of the bilayer configuration. For TiOa(-
top)/CuO (Fig. 6a—c) the most compact and dense part of CuO film is
located near the silicon substrate; above this layer, gaps of varying
lengths separating the long columns of copper oxide begin to be visible.
The top layer of the system consists of amorphous titanium dioxide, in
which the cracks are still present but are slightly less visible, suggesting
that the pores originating from the bottom layer are rather developed
near the interface. The second type of heterostructure CuO(top)/TiO2
(Fig. 6d-f) is composed of a thick layer of TiO, covered with a thin layer
of CuO with irregular shape and thickness. There are some voids in the
TiO, layer, whereas the upper layer, although relatively thin is well
developed. For this type of heterojunction, CuO(top)/TiO2, which was
obtained at 350 °C one can indicate some islands of copper located near
the silicon substrate, which may be due to copper diffusion at high
temperature. The phenomenon of copper diffusion in thin films under
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the elevated temperatures is widely described in literature [33-38]. For
both types of heterostructure the interface between constituents is
clearly visible (Fig. 6b-e).

Among different element specific techniques, X-ray absorption
spectroscopy, XAS may be used to study the local atomic structure, co-
ordination number, valence state, and hybridization of the atoms under
investigation. X-ray absorption spectra reflect the density of empty/
partially filled electronic states while following the excitation of an
inner shell electron to the states that are allowed by the dipole selection
rules. X-ray absorption spectroscopy XAS in TEY mode, similarly to X-
ray photoelectron spectroscopy, XPS, probes the upper layer of the
samples, up to several nanometers, only. Both techniques allow to study
the electronic structure of the film surface. However, in the case of
copper oxides, XAS when compared with XPS, decidedly gives un-
equivocal results as far as the valence state of Cu ions is concerned.
Therefore, XAS analysis instead of XPS was employed for the purposes of
this work. The XAS spectra of TiO»(top)/CuO and CuO(top)/TiO, bi-
layers are presented in Fig. 7 within the energy ranges corresponding to
Los lines of Ti (Fig. 7a), and those of Cu (Fig. 7b) as well as K edge of
oxygen (Fig. 7c). Titanium L edge, composed of two structures L3 and Ly
visible in Fig. 7a, results from 2p63d“—>2p53d"+1 transitions accompa-
nied by spin-orbit splitting of 2p state into 2ps,2 and 2p; 2. Similar
splitting is observed in the case of Cu L spectrum (Fig. 7b) but the sep-
aration between Ly and L peak positions is much bigger, i.e., 20-21 eV
for CuO and 5-6 eV for TiO,. Moreover, the crystal field splitting of Ti3d
orbitals into lower-energy (tzg) and higher-energy (eg) suborbitals is
responsible for further development of double-peak structures of both
Ls.and L3 lines, denoted as B, C for Ls and D, E for Ly in Fig. 7a. This
effect does not take place for CuO as seen in Fig. 7b. X-ray absorption
spectra of well-crystallized rutile and anatase TiOz powders display
additional splitting of C peak into C; and Cj the intensity ratio of which
is different for anatase and rutile. This effect has been previously
attributed to the differences in energy of d,» — dyz and d,. orbitals [39]
and serves as a fingerprint of polymorphic forms of TiO,. Therefore,
interpretation of the more complex XAS spectrum for TiOy(top)/CuO
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Fig. 8. Reflectance a—c) and transmittance d—f) spectra of CuO and TiO»(top)/CuO, amorphous TiO, deposited at room temperature and crystallized TiO, deposited
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Fig. 9. Photocurrent I, kinetics of thin film electrodes: TiO2(top)/CuO a), amorphous TiO (a-220) and crystallized TiO3 (c-T240) b) and CuO(top)/TiO c).

sample (Fig. 7a) can be done by comparing it with the spectra of TiO5
powders, c-TiO; crystalline and a-TiOy amorphous single layers. Ti Los
XAS spectrum of TiO5(top)/CuO bilayer resembles that of a-TiO2 espe-
cially within the range of energies where the splitting of C peak into C;
and C; is typically seen in the case of anatase, rutile and c-TiOz. The lack
of splitting remains in accordance with the XRD results presented in
Fig. 2a that indicates the amorphous character of TiO5 top layer grown
on crystalline CuO. Cu Ly edge of the CuO(top)/TiO; bilayer is less
complicated and contains two peaks, only (Fig. 7b). Comparison with
the CuO powder and single layer spectra confirms that Cu?* species are
present at the bilayer surface. Major features of the O K-edge X-ray
absorption spectra of various transition metal oxides including TiO, and
CuO can be accounted for by the molecular orbital theory. According to
this theory, the main peaks in Fig. 7c illustrate the transitions from O1s
to hybridized O2p levels. For crystalline TiO3, because of the crystal
field splitting into tzg and e, states two well-resolved peaks 1s — tag and
1s — e; can be seen. For amorphous TiO; and TiOx(top)/CuO sample
with amorphous TiO; top layer, the separation of these peaks becomes
less-pronounced. In the case of CuO samples or CuO(top)/TiO, bilayers,
the leading O K edge contains only one narrow peak at slightly lower
photon energy corresponding to 1s — 3eg transitions. This result con-
firms Cu ' presence at the film surface.

Optical properties of TiOz(top)/CuO and CuO(top)/TiO, bilayers as
well as those of single TiOy and CuO thin films have been determined
from the spectrophotometric measurements of reflectance and trans-
mittance coefficients over uv, visible and near-infrared ranges of photon
energies hv as shown in Fig. 8. Among many technological parameters
that influence the transmittance and reflectance spectra of thin films,
their thickness produces the most spectacular effect. The multiple
interference of light reflected from air-film and film-substrate interfaces
is responsible for the oscillating character of all the curves presented in
Fig. 8. For single layers of CuO and TiOs it is relatively easy to interpret
these spectra. The most important difference, clearly seen when
comparing the transmittance spectra (Fig. 8d and e), is the position of
the fundamental absorption edge that is shifted to longer wavelengths in
the case of CuO which is a narrow band semiconductor [46]. Therefore,
one can expect much more efficient absorption of light within the visible
range when combining TiO; — a wide band semiconductor with CuO in
the heterostructure that should affect the performance of photo-
electrodes in green hydrogen generation.

Surface roughness is yet another significant factor related to the film
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morphology the influence of which can be followed from the reflectance
spectra at photon energies higher than the band gap E,. Decreased
surface roughness when covering CuO with TiO; (Fig. 8a) results in less
pronounced light scattering and higher reflectance coefficient at hv>2
eV. Moreover, within the optical window between 2 eV and 4 eV
(E¢(CuO) < huv< Eg(TiO2)) the interference of light takes place for both
types of bilayers, i.e., TiO2(top)/CuO and CuO(top)/TiO2 which mani-
fests itself in oscillations in the reflectance (Fig. 8 a and c) as well as in
the transmittance coefficients (Fig. 8d and f). The conclusions con-
cerning the surface roughness drawn from optical spectra of amorphous
and crystalline TiO; single layers (Fig. 8 b and e) remain in accordance
with the XRR results presented in Fig. 3b.

Fig. 9 illustrates the time dependence of photocurrent intensity I,
when white light is abruptly switched on and off. The photocurrent ki-
netics presented in Fig. 9 have been recorded for photoelectrodes based
on titanium dioxide and copper oxide, as well as their bilayer systems.
The sudden change in photocurrent and subsequent steady-state value
can be attributed to the separation of the electron-hole pair generated by
the illumination. An increase in the anodic photocurrent (positive Ip,
values) is observed exclusively in the case of TiO, electrodes (Fig. 9b).
The use of titanium dioxide layers with a crystalline structure (c-T240)
has been observed to result in a more than twofold increase in the
photocurrent as compared to the amorphous material (a-220). Negative
photocurrent values, both in the dark and upon illumination, are
observed for copper oxide, indicating that the electrodes tested exhibit
cathodic behaviour. Photoelectrodes in the form of bilayers, regardless
of their configuration CuO/TiO5 or TiOy/CuO, also exhibit cathodic
behaviour, whereby the current takes on negative values.

The influence of the thicknesses of the TiO; and CuO layers, within
the range of 20-250 nm, on the photocurrent values is demonstrated in
Fig. 10a and b, respectively. In the range of electrode materials thick-
nesses that were studied, an increase in photocurrent values was
observed with the increasing thickness. The impact of layer thickness on
photoelectrochemical characteristics, including photocurrent values, is
well documented in the literature [47]. This influence is not limited to
the type of semiconductor but also extends to its structural and micro-
structural properties. Hao et al. explained the photocatalytic mechanism
for CuO covered with TiOz by finding the relationship between thickness
of both components, porosity and specific surface area [15]. Further-
more, regardless of the thickness of the oxides, the anodic character of
the TiO, and the cathodic character of the CuO electrodes was
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Fig. 10. Photocurrent densities calculated based on photocurrent kinetics versus CuO and TiO, thin films thicknesses for TiO, photoanodes a) and CuO photo-
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maintained. The photoelectrolysis of water is conducted in a Photo-
Electrochemical Cell (PEC), the key component of which is a semi-
conductor photoelectrode. Fig. 10c and d illustrate schematically the
processes that take place in the PEC. Upon illumination of a semi-
conductor with light of photon energy hv > Eg, electrons in the con-
duction band (CB) and electron holes in the valence band (VB) are
created (Fig. 10c d).
This process can be described with the following reaction:

hv=¢e +h €))
where hv is photon energy, e’ the electron and h' the electron hole. The
charge carriers can be used to drive a chemical reaction of photo-
electrolysis. Electrons (e’) participate in the reduction reaction:

2H" + 23,:H2(gas) 2
and holes (h") oxidize water:

1
2h +H20:>502 +2H*. 3

The reduction of hydrogen ions to hydrogen gas or oxidation of water
to oxygen gas are observed at the anode or cathode, respectively, with
the type of conductivity exhibited by the photoelectrode material being
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a determining factor.

In the case of n-type semiconductor (Fig. 10c), which acts as a
photoanode, the electrons are transported over an external circuit to the
cathode, where hydrogen is generated via the reduction of water.
Photoinduced holes take part in the anode reaction that occurs at the
semiconductor/electrolyte interface. In contrast (Fig. 10d), the appli-
cation of a p-type semiconductor results in the generation of hydrogen at
the surface of the photocathode and oxygen at the anode (counter
electrode).

Systems in the form of bilayers with different configurations, namely
CuO(top)/TiO, or TiOy(top)/CuO, were employed as photoelectrodes in
a PEC cell. The obtained results of photocurrent density values for PECs
without external polarisation are presented in Fig. 11. The photocurrent
values for TiO2/CuO double layers with 208 nm copper oxide and var-
iable TiO, top layer thickness are higher than those for the reverse
system CuO/TiO». In fact, the photocurrent for the bilayers where a 20
nm CuO top layer is used is the lowest of all. However, increasing the
CuO layer thickness to 100 nm for the CuO/TiO, system results in an
improvement.

In order to explain the photoelectrode performance the mechanism
was proposed for two types of bilayer system: TiOz(top)/CuO and CuO
(top)/TiO,. Fig. 12 shows the band energy structure of the CuO/TiO,
and TiO5/CuO bilayer under illumination. The edges of the conduction
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and valence bands of p-type CuO are at a higher level compared to the
corresponding bands of n-type TiO,. This is due to the different types of
conductivity and differences in forbidden energy values. In the TiOy/
CuO system, light-induced electrons in the conduction bands of both
oxides can be injected into water, causing its reduction. This differs from
the CuO/TiOg system, where only photoelectrons from CuO are involved
in this reaction. A similar phenomenon is observed for h™ photocarriers.
In this case, however, only the holes from the valence band of TiO; are

a)

CuO TiO,
fixed varied
thickness  thickness

rough smooth

rough rough

TiO,(top)/CuO

Fig. 12. Proposed mechanism for two types of bilayer system: TiO5(top)/CuO a) and CuO(top)/TiO, b) together with the architecture of the interface.

TiO,(top)/CuO

CuO(top)/TiO,
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directed towards the ITO substrate and then through the outer circuit to
the anode, where they participate in the oxidation reaction. The
enhanced photoactivity of the TiO,/CuO bilayer for PEC can be attrib-
uted to the following processes. First, the photocarriers formed in both
oxides are involved in oxidation-reduction reactions. In addition, the
growth of the CuO layer on the ITO substrate is characterised by an
optimal interface, which facilitates the transfer of photocarriers to the
substrate. The interface for TiO2(top)/CuO bilayer is created as a result
of covering rough bottom layer of CuO with smooth top surface of TiOx.
Inverse configuration, CuO(top)/TiO,, is a heterojunction originated
from rough bottom layer coated with rough top surface. The interface
between two semiconductors for TiOy(top)/CuO heterostructure also
allows for efficient electron flow from CuO to TiOs.

Recently published works related to heterojunctions based on tita-
nium dioxide and copper oxide with different architectures were
collected in Table 2. The materials presented in the literature review are
prepared mostly by multi-stage processes. Thin films heterostructures
presented in this work were obtained by sequential sputtering carried
out without breaking a vacuum which allows to grow bilayers with a
well-defined interface between both components.

4. Conclusions

In summary, two types of thin film bilayers with configuration
TiO2(top)/CuO and CuO(top)/TiO, were obtained by means of reactive
rf magnetron sputtering. The strategy that guarantees obtaining a
bilayer with well-defined interface was to apply sequential deposition
without breaking the vacuum. TiOy(top)/CuO bilayer was created as a
result of covering rough bottom layer of CuO with smooth top surface of
TiOg. Inverse configuration, CuO(top)/TiO,, was a heterojunction
originated as rough bottom layer coated with rough top surface. CuO in
both types of bilayers is monoclinic, while TiO, crystallizes in the form
of mixture of anatase and rutile at CuO(top)/TiO;, TiO5 remains amor-
phous after deposition at room temperature during inverse configura-
tion preparation. Finding the correlation between structural, optical
properties, surface morphology and photoelectrochemical performance
of bilayers with diverse configurations allowed to identify the conditions
which provide more efficient photoelectrochemical reactions in the case
of TiOy(top)/CuO over inverse configuration. Photocurrent kinetics
revealed that both types of bilayer photoelectrodes exhibited cathodic
character, and the current was a function of layer thickness. The

»
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©
[
=
©
o
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O
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Table 2
Heterojunctions based on titanium dioxide and copper oxide with different architectures for application in water splitting and photocatalysis.
System Architecture Form Method of preparation (sensitization) Application Ref.
Cuy,0/TiOy p-n heterojunction, = powder: composite ball milling photocatalytic hydrogen [49]
type I generation
CuO/TiO,/Ti p-n heterojunction thin film: TiO, nanotube Ti foil anodization, thermal decomposition Cu(NO3), photoelectrocatalytic hydrogen [50]
arrays covered with CuO evolution and pollutant removal
nanoparticles
Cuy0/TiOy/ S-scheme thin film: TiO, nanorods hydrothermal synthesis of TiO2, SILAR deposition of Cu,O solar water splitting and [51]
FTO heterojunction covered with CuO and Cu,0 (calcination leading to CuO); CuO covered with TiO, by photocatalytic CO, reduction
CuO/TiOy/ spin coating method
FTO
TiO,/Cu0O/
FTO
CuOy/TiOy/Ti heterojunction thin film: TiO, nanotubes, Ti foil anodization, Cu sputtered and thermally-treated photocatalytic CO, reduction [52]
modified with CuOx under hydrogen atmosphere or conventionally annealed reaction
in a tube furnace
front contact/ p-n heterojunction,  thin film numerical analysis photocatalytic hydrogen [53]
CuO/TiO2 type I generation
CuO/TiO, heterojunction powder: composite TiO, powder thermally treated with Cu, photocatalytic hydrogen [54]
Mechanically mixed and then calcined generation
CuO/TiOy/ heterojunction, thin film: TiO, nanorods two steps hydrothermal process and calcination photoelectrochemical hydrogen [55]
FTO type II covered with CuO generation
CuO,/TiO, heterojunction, powder impregnation and calcination, electrophoretic deposition ~ photocatalytic H, generation, [56]
type I on FTO and annealing photocatalytic CO, reduction
CuOx-TiO2-N- heterojunction powder N-doped carbon (NC) - chemical synthesis and oxygen reduction reaction [57]
doped calcination; TiO2-hydrothermal; CuO4-TiO5-wet
carbon impregnation; CuOx-TiO,-NC - grinding and calcination
CuO-TiOy heterojunction thin film CuO: chemical and electrochemical methods; photoelectrochemical hydrogen [58]

CuO-TiO,: Spin coating

production

mechanism of the photoelectrode performance was proposed for both
types of heterostructure: TiO(top)/CuO is a type II heterostructure,
while for inverse configuration charge transfer between semiconductors
does not occur, thus causes the limitation in the overall efficiency of
redox reactions.
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