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ARTICLE INFO ABSTRACT

Keywords: We propose a simple way to increase incident photon-to-current conversion efficiency (IPCE, Y) for electro-
Cux0 deposited p-type Cu,O films through addition of Eu(Ill) to the electrodeposition bath. This is the first reported
Europium enhancement of photocurrent for Cu,O modified with a rare-earth element. Our study is based on hypothesis

Cathodic electrodeposition
Photoelectrochemical properties
Charge-carrier recombination suppression

that a large ionic radius of Eu(III) promotes its precipitation in form of inclusions of another phase, which act as
getter centers leading to purification of host material from detrimental impurities and, correspondingly, to in-
crease in lifetime of non-equilibrium charge carriers. SEM, EDX and XRD analyses indicate that addition of Eu

(III) results in some increase of Cu,O crystallite size and growth of a secondary Eu containing phase without
changing the Cu,O lattice parameters. Electrochemical impedance spectroscopy indicates invariance of acceptor
concentration and flat band potential for Eu modified films. Remarkable increase of charge carriers’ lifetime,
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which manifests in the growth of Cu,0 exciton photoluminescence (PL) intensity and PL decay constant, leads to
increased IPCE for the Eu modified films. Optimization of Eu(III) concentration in the electrodeposition bath
allows attaining the cathodic photocurrent as high as 3.2 mA cm ™2 (35 mW cm ~ 2 Xe lamp illumination), which
is as =40% greater than that for the pure Cu,O film and corresponds to Y = 100% at wavelength A < 450 nm.

1. Introduction

Hydrogen evolution from renewable sources such as sunlight and
water will be extremely important when the fossil-fuel supplies become
depleted or when the environmental consequences of their burning are
no longer acceptable. Nowadays, cuprous oxide (Cu,0) is considered as
an attractive material for the photoelectrochemical hydrogen produc-
tion [1]. With a direct band gap of =2 eV, Cu,O absorbs a significant
part of the solar spectrum (maximal theoretical photocurrent density
equals to 14.7 mA cm ™2 under AM1.5 illumination). Availability, low
toxicity, as well as favorable energy band positions for solar water
splitting are obvious advantages of this semiconductor.

Since Cu,O usually possesses p-type conductivity, it is of interest for
solar energy primarily as a photocathode for water photoelectrolysis
(hydrogen production), photoreduction of carbon dioxide (hydro-
carbonate anions) [2,3], or in solid-state hetorojunction solar cells with
ZnO [4] or TiOy [5,6]. Currently, the electrochemical deposition of
CuyO films [1,4-41] dominates among other known chemical and
physical methods (thermal and radical oxidation of copper, sputtering,
SILAR, CVD, Cu(OH), reduction, spray pyrolysis). Electrodeposition is a
simple, technological, non-wasteful and inexpensive way to form thin
Cu,O films on different large-area conducting substrates (including
those with a complex geometric configuration).

The most common approach to electrosynthesis of Cu,O is based on
use of aqueous solutions containing copper salt (e.g., CuSOy,), ligand
(most often, lactate anion) and alkali (NaOH) as main components. The
copper is stabilized by complexing with lactate ion, and the pH can be
raised to alkaline values. Formation of Cu,O at a cathode occurs as a
result of consecutive electrochemical and chemical processes [39].
Faradaic reduction of Cu(II) complexes gives rise to formation of Cu(I)
in a cathodic space. Since Cu(I) does not form stable chelate complexes
with bidentate ligands, lactate complex is destroyed in an alkaline
medium with formation of a Cu,0 deposit.

It was demonstrated that cuprous oxides deposited at solution pH
below 7.5 are n-type semiconductors, while cuprous oxides deposited at
a solution pH above 9.0 possess p-type conductivity [31]. Use of solu-
tions without lactate anions enables one to form n-CuyO in a slightly
acidic medium (pH from 5.2 to 6.4) containing acetate buffer [32].
Variation of electrodeposition conditions (solution pH, deposition po-
tential and temperature, concentration of dopants) allows in turn for-
mation of p-CuyO/n-Cu,0 homojunction solar cells [32-34].

Polycrystalline deposits with a random orientation of grains are
formed on most conductive substrates. Cu,O crystallites have a char-
acteristic cubic shape and a typical size of several micrometers.
However, Cu,O epitaxial structures can be grown on single crystalline
substrates, in particular, Au [14], InP [15,16], Si [17]. Moreover, along
with electrosynthesis of polycrystalline and epitaxial films, the methods
for formation of Cu,O nanowires, nanotubes and nanorods [18-21], as
well as structures with a complex morphology [22-27] are developed.

Unfortunately, practical use of the Cu,O photoelectrodes is limited
by two essential drawbacks. The first one is photocorrosion instability
in aqueous solutions (CupO is thermodynamically unstable both to
oxidation and reduction processes [1,38]). One of the promising ways
to enhance photocorrosion hardness of the Cu,O photocathodes in
hydrogen evolution processes is protection of surface by thin ZnO and
TiO, films formed by the atomic layer deposition [1,20,29]. Ad-
ditionally, electrocatalytic properties of the surface can be improved by
deposition of Pt [1,29] or RuOy [20].

The second problem related to solar energy applications of
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electrodeposited Cu,O films is a rather small diffusion length of min-
ority charge carriers (typically, a few tens of nanometers for electrons),
which is much less than the depth of light penetration. As a con-
sequence, the reported values of quantum efficiency for the photo-
cathodes based on the electrodeposited Cu,O films are usually sig-
nificantly less than 100% (=1% [24], =26% [28], =70% [20])
making relevant a looking for methods of charge recombination sup-
pression. Our previous studies have demonstrated that properties of the
electrodeposited Cu,O films can be improved by variation of electrolyte
composition [35,36]. Nevertheless, origins of these effects are not
completely understood and require further research.

The goal of this study is to increase IPCE for electrodeposited Cu,O
films, whereas questions related to corrosion stability are outside of the
scope of this work. We propose to improve the quantum efficiency by
addition of europium (II) nitrate into electrodeposition solution con-
taining copper (II) sulfate and lactic acid. Choice of Eu as a modifying
additive is determined by the following reasons. Firstly, Eu®* has the
largest ionic radius among all lanthanides (0.109 nm), which exceeds
significantly radius of Cu™ (0.077 nm). This enables one to suppose that
europium will not incorporate into the CuyO crystal lattice forming
getter centers in the electrodeposited films and, hence, suppressing
charge recombination in them. Similar approaches are applied often to
improve parameters of different semiconductor materials and devices.
For example, creation of internal getters in silicon wafers is widely used
to increase lifetime and diffusion length of charge carriers due to bulk
purification from detrimental impurities, which act as recombination
centers [42,43]. Secondly, sufficiently negative standard electrode po-
tential (E‘EH%LO = -1.99 V) excludes the formation of metallic europium
under cathodic electrode polarization.

There are some works devoted to the effects of Eu modifications for
different semiconductors (Tables S1 and S2, Supplementary material).
It has been noticed that addition of Eu improves the emission spectra of
the host semiconductors, like TiO, [SR1-SR7], ZnO [SR8-SR11], ZnS
[SR12-SR14], CdS [SR14, SR15], SiO, [SR16], BaNb,V,0;,; [SR17] etc.
Among these, only some of them have reported change in photo-
catalytic activity of the semiconductors measured in terms of removal
of pollutants [SR3], degradation of phenol [SR4, SR6], chloroform
[SR7] and decoloration of dyes [SR17] and not describing the water
splitting behavior. There are a rather limited number of publications
dedicated to influence of rare-earths on the Cu,O film morphology, and
to the best of our knowledge, the idea to improve photoelectrochemical
properties of Cu,0 films by creation of getter centers using rare-earth
elements has not been suggested before.

It will be demonstrated below that an optimization of Eu(IIl) con-
centration in the electrodeposition bath enables to reach IPCE values
close to 100% for the Cu,O photocathodes.

2. Experimental section
2.1. Film preparation

2.1.1. Materials

Europium nitrate Eu(NO3)35H;0 (99.9%) was purchased from
Sigma-Aldrich. Copper sulfate CuSO45H,0, dipotassium hydrogen
phosphate K,HPO,, lactic acid CH3CHOHCOOH, potassium hydroxide
KOH, Triton X-100 surfactant TX-100, sodium sulfate Na,SO,4, sodium
acetate CH3COONa, acetic acid CH3COOHwere purchased from Merck
(AR grade). The FTO-coated conducting glass substrates (20 Q/sq,
Kintech Technologies, Shanghai) were cleaned by subsequent



S. Shyamal et al.

sonication in the soap solution, ethanol and deionized water.

2.1.2. Fabrication of photoelectrodes

Cu,0 thin films were electrodeposited from the mixture of copper
sulfate and europium nitrate in a basic solution. Concentration of Cu®*
ions in the solution was equal to 0.2 M. Europium nitrate (0, 0.5, 1.25,
2.5, 5, or 10% with respect to the Cu®>* concentration) was dissolved in
water with the subsequent addition of dipotassium hydrogen phosphate
followed by copper sulfate, lactic acid, potassium hydroxide and TX-
100 surfactant. The films were deposited at a constant current density
of —0.1 mA cm™?2 using a DC constant current source meter (Metravi,
India) in a two-electrode configuration (a Pt foil served as the counter
electrode) at 30 °C for 180 min.

2.2. Film characterization

The thickness of the Cu,O films prepared with different con-
centrations of Eu(IIl) in electrolyte was determined gravimetrically to
remain within 0.5 = 0.02 um; the density of Cu,O was taken in cal-
culations equal to 6.0 g/cc [44].

The surface morphology and elemental composition of the Cu,O
films were studied through scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) analysis using a LEO 1455 VP Scanning
Electron Microscope. Transmission spectra of the prepared thin films
were measured using a MC122 spectrophotometer (Proscan Special
Instruments, Belarus). The phase composition was identified by the X-
ray diffraction (XRD) analysis at a scan rate of 0.5°min "' using a
Rigaku ULTIMA IV diffractometer (Bragg-Brentano geometry, Cu Ko
emission). X-ray photoelectron spectra were obtained using a Thermo
Scientific K-alpha spectrometer (Al K, monochromatic X-ray source, Ar
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gun for surface etching).

Photoluminescence (PL) and Raman spectra were recorded at room
temperature using a Nanofinder HE (LOTIS TII, Belarus — Japan) con-
focal spectrometer. DPSS CW laser (473 nm) was used as an excitation
source. Optical power was attenuated down to 10 yW to minimize the
thermal impact on the samples. Incident beam was focused on the
sample surface with a 100X Olympus lens (NA = 0.95). Backscattered
light was dispersed on a 600 lines mm ™! diffraction grating with a
spectral resolution better than 3 cm ™! (0.1 nm in the wavelength scale)
and detected using a thermostated CCD matrix with a signal acquisition
time typically equal to 60s. Calibration was performed by means of a
built-in gas-discharge lamp to an accuracy better than 3 cm ™! (0.1 nm).
Lifetime of the photogenerated charge carriers was determined from PL
decay kinetics at an excitation wavelength of 505nm (Horiba,
Deltadiode) with 625 emission wavelength and the spectral FWHM in
continuous mode < 2nm with the help of multifunctional time corre-
lated single-photon counting (TCSPC) spectrophotometer (Model 1057,
Fluorolog, Horiba Scientific Tech. USA).

2.3. Electrochemical impedance measurements

The electrochemical impedance measurements were carried out in
pH 4.9 acetate buffer solution with 0.1 M Na,SO, as supporting elec-
trolyte with the help of Autolab-302, PG-Stat FRA-II (Metrohm,
Netherlands) using the similar cell setup as detailed below. Variation of
capacitance at the semiconductor-electrolyte interface (the Mott-
Schottky analysis) was determined in the potential range from 0.78 to
0.28V vs. RHE at a frequency of 1000 Hz and ac RMS amplitude of
10 mV.

Fig. 1. SEM images of the Cu,O films showing some pre-
cipitates (marked with black circles) along with cubic
Cu,O crystals. Images in the backscattering mode are
given in insets indicating the presence of another phase
(arrows). Eu(Ill) concentration in the electrolyte is 0% (a),
0.5% (b), 1.25% (c), 2.5% (d), 5% (e), and 10% (f).
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2.4. Photoelectrochemical measurements

The photoelectrochemical properties of the prepared Cu,O films
were studied in a borosilicate glass cell with a three-electrode config-
uration containing a Pt rod counter and a saturated Ag/AgCl as the
reference electrode. The potentials hereafter reported have been con-
verted to the reversible hydrogen electrode (RHE). The Cu,0O working
electrodes were exposed through an O-ring with a surface area of
0.27 cm?. Linear sweep voltammetry (LSV) was carried out using a CHI-
650E potentiostat within the potential range of 0.78-0.28 V vs. RHE
with a scan rate of 10 mV s~ '. The photoresponse was measured under
periodically chopped irradiation from Xe-arc lamp (Hammaan, India) as
a white-light source with an incident beam intensity of 35 mW cm ™2,
through an electrolyte containing 0.1 M Na,SO, in 0.2M sodium
acetate buffer (pH 4.9). Photocurrents were also measured under illu-
mination of 100 mW cm ™2 using similar experimental setup to verify
the effect of incident power on the PEC process.

Stability of the semiconductors undergoing photoelectrochemical
H, evolution reaction was determined through chronoamperometry at a
fixed applied potential of 0.4V vs. RHE under constant illumination of
35 mW cm 2, using similar cell configuration. The results were further
verified through repeated LSV scan under periodic chopped illumina-
tion with calculation of relative deterioration of photocurrent.

PEC action spectra were measured with a high-intensity grating
monochromator (spectral resolution 1 nm), a 250 W halogen lamp and
a light chopper. The spectral dependences of IPCE were determined
from the photocurrent and optical power of the incident monochro-
matic beam. The films were illuminated from the electrolyte side.

3. Results and discussion
3.1. SEM, EDX, XRD, XPS and optical characterization of Cu,0 films

SEM images demonstrate that the films are formed by cubic grains
of different dimensions (Fig. 1), similar to earlier observations for the
electrodeposited Cu,O films reported by many authors. The size of the
cubic grains increases to some extent with a gradual addition of Eu(III)
to the electrolyte. The films deposited in presence of Eu(III) indicate
some precipitates (marked with black circles) along with the main
phase. These precipitates are formed possibly due to the growth of
hydrated europium oxide or europium hydroxide [45] in the alkaline
electrodeposition bath (pH 12-13). The SEM images obtained in the
backscattering mode (insets in Fig. 1) indicate intense black spots
(marked with arrows) arising from the different chemical phases as
compared to the Cu,O matrix. The pure Cu,O films do not show such
black spots, and their amount increases with a gradual rise of Eu(III)
concentration in the electrodeposition bath.

EDX spectra taken under electron beam excitation of different spots
on the film surface show that the “cubic” shaped particles contain
primarily Cu and O without Eu (Fig. 2a) for all the films under in-
vestigation. However, for the films deposited in presence of Eu(IIl), EDX
spectra show a definite amount of Eu (along with Cu, O from the un-
derlaying Cu,O grains and Sn from the FTO substrate), when secondary
phase inclusions of irregular shape (marked as red circles in Fig. 1) are
excited by the electron beam.

XRD patterns demonstrate peaks corresponding to the cubic Cu,O
structure (standard JCPDS file No. 05-0667) without noticeable change
in their positions (Fig. 3). The absence of any peaks corresponding to Eu
containing phases and retaining of “pure” Cu,O crystallinity indicate
that Eu is present in the films in amorphous forms and not being in-
corporated into the Cu,O lattice. Additionally, a few peaks also ap-
peared from the FTO substrate (standard JCPDS file No. 46-1088). The
diffraction patterns demonstrate the strongest peak at 20 = 36.39°
corresponding to the (hkl) value of (1 1 1) along with the others, (11 0),
(200), (220), (311), and (222) for all the samples. The gradual in-
crease of Eu(III) concentration in the electrodeposition bath leads to a
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slight decrease in full width at half maxima (FWHM) for all peaks in-
dicating the rise in grain size, particularly, for initial addition of Eu(IIl),
as presented in Table 1. There is no significant modification of the film
texture due to Eu(IIl) addition to the electrodeposition bath. One can
suppose that the observed increase of grain size is related to decrease in
number of electrocrystallization centers due to aggregation of defects
by the europium containing inclusions.

In the Raman spectra, one can see the peaks at =216, =236, = 300,
~412, =498, =650, and ~796 cm~!(Fig. 4).The two most intense
peaksat =216 and =650 cm ' correspond to the two-phonon and one-
phonon scattering processes in Cu,0, respectively [46]. The latter band
can be deconvoluted into two peaks at 632 cm ™! and 650 cm ™!, which
is a consequence of TO-LO splitting for polar oscillations.

Peak fitting by Lorentz lines has demonstrated that a gradual rise of
Eu(Ill) concentration in the bath does not affect their position and
width, which is consistent with the XRD analysis and points to con-
servation of Cu,O intra-grain properties. At the same time, there is a
clear increasing trend in the intensity of the two-phonon band at
~216 cm ™! relative to that for the one-phonon band at ~650cm ™.
Such effect, as well as an overall increase of Raman signal intensity,
could be correlated to the strengthening of electron-phonon interaction
in the films electrodeposited from Eu(III) containing solutions pointing
to crystal quality improvement and being in a qualitative agreement
with XRD and PL results (as discussed in the subsequent sections).

Raman peaks at =236, =412, =498, and =796 cm ™! do not
correspond to symmetry-allowed one-phonon scattering processes in
Cu,0, CuO or Eu(OH); phases [46-48]. The position of the peak at
~300cm ™! allows interpreting it as arising from one-phonon scat-
tering in CuO [47], however, the absence of peak at =344 cm ™! in-
herent to CuO in the measured spectra testifies in favor of its other
nature. Tentatively, all these peaks could be explained by the presence

Cu )
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Eu H Ccl K Eugy Sn
L d L l
0 2 4 6 8 10

Energy, keV

Fig. 2. EDX spectra from (a) cubic grain and (b) inclusion of irregular type for the CuyO
film (Eu(IIl) concentration in the electrolyte of 2.5%). SEM images of corresponding
surface regions are given in (c) and (d).
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Fig. 3. XRD patterns of Cu,O films deposited from electrolytes with different Eu(III)
concentrations.

of some amorphous inclusions on the surface of the films. Meanwhile,
they were observed by some researchers for Cu,O films prepared using
different techniques [49-51]. All these peaks are symmetry-forbidden
in Cuy0, and their observation points to relaxation of the symmetry-
based selection rules. The most probable origin of symmetry breaking is
presence of point defects (copper split vacancies) in the lattice [51].
The intensity of symmetry forbidden peaks (Isp) relative to intensity of
symmetry-allowed peaks (Is5) inherent to Cu,O changes from point to
point for each sample, and no correlation between Eu(II) concentration
in the electrodeposition bath and Isp/Iss ratio has been established.

XPS data show that addition of Eu(IIl) gives rise to increased in-
tensity of the peaks corresponding to Cu(Il) (Fig. 5a-c) [52]. Growth of
Cu(Il) content in the films could be explained by the known effect of
coprecipitation of different hydroxides (Eu and Cu, in our case). How-
ever, in our experiments Cu(Ill) does not participate in photoelec-
trochemical processes because we used pH4.9 acetate buffer (acetic
acid - sodium acetate) solutions, where Cu(II) is known to be selectively
leached out [13]. As is seen from Fig. 5d, even after photoelec-
trochemical measurements, europium demonstrates peaks at =1135
and 1164 eV, which correspond to 3ds,, and 3ds,, electrons, respec-
tively, and point to +3 oxidation stage [53]. This means that photo-
current increase for the Eu modified films (see below) is not related to
reduction of Eu* cations.

The photoluminescence spectra of the films demonstrate two dis-
tinct bands (Fig. 6a). The high-energy band (=625nm) has a

Table 1
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Fig. 4. Raman spectra of Cu,O films deposited from electrolytes with different Eu(III)
concentrations.

complicated structure and corresponds to phonon-assisted exciton re-
combination, whereas low-energy one (=750nm) is known to be re-
lated to the oxygen vacancies [54]. The fundamental possibility to
observe the exciton PL at room temperature is related to extremely high
exciton Rydberg energy in Cu,O (about 0.1eV) [55]. However, it
should be noted that no exciton PL was registered in number of works
devoted to Cu,O indicating a high crystalline perfectness of our films.
Fitting of exciton band with three Gauss lines shows only slight (within
2.5nm) change of its position with Eu(Ill) concentration in the elec-
trodeposition bath, which correlates with invariance of band gap en-
ergy obtained from the Tauc analysis (see below). Fig. 6b demonstrates
that the introduction of Eu(Ill) into the electrolytic bath leads to sig-
nificant increase in intrinsic PL intensity for the Cu,O films by ap-
proximately one order of magnitude, which means suppression of non-
radiative recombination processes in the matrix. TCSPC measurements
(Fig. S1, Supporting material) reveal that the lifetime of the charge
carriers for pure Cu,O appears as 91 ps and increases more than two
fold (up to 206 ps) for the material deposited in presence of an opti-
mized amount (2.5%) of Eu(Ill) in the electrodeposition bath. The ob-
served increase in lifetime correlates qualitatively with the grain size
enlargement, as discussed in SEM analysis and is further confirmed
through variation of peak width in XRD patterns (Fig. 6b). At the same
time, the relative change of the grain size in the films is rather slight,
whereas the PL intensity increases dramatically, suggesting the con-
tribution of additional mechanisms to explain this effect. As it was
mentioned in Introduction, a large ionic radius of Eu®*reduces its

Results of XRD analysis for Cu,O films: FWHM of (1 1 1) peak, calculated lattice parameter and grain size values, as well as intensity ratios for different peaks with respect to that of the

strongest (11 1) peak depending on Eu(III) concentration in electrolyte.

Eu(IIl) concentration in (111) peak FWHM in  Lattice parameter, Grain size, I200/Ia11) (theor = 0.37) JCPDS file  I220)/I(111y (theor = 0.27) JCPDS file
electrolyte, % 20 scale, deg nm nm No. 05-0667 No. 050667

0 0.353 0.4268 39 0.186 0.238

0.5 0.300 50 0.181 0.283

1.25 0.315 46 0.284 0.315

2.5 0.308 48 0.227 0.295

5 0.299 50 0.192 0.259

10 0.311 47 0.165 0.268

680
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Fig. 5. XPS Cu 2p3,, high resolution spectra for the as-
grown Cu,O films deposited from electrolytes with Eu(III)
concentrationsof 0% (a), 2.5% (b), and 10% (c); Eu 3d high
resolution spectrum for the Cu,O film(Eu(Ill) concentra-
tion in the electrolyte of 2.5%) after photoelectrochemical
measurements.
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solubility in the host lattice (Cu,0) promoting precipitation in the form
of separate phase inclusions. These precipitates can act as gettering
centers for detrimental impurities giving rise to purification of Cu,0O
grains. Subsequently, this leads to a prominent suppression of charge
carrier recombination in the Cu,O films and thereby PL enhancement,
similar to our earlier observations for chalcogenide semiconductors
[56]. Formation of precipitates is well known to be favorable at grain
boundaries; therefore, their passivation can be tentatively considered as
an additional possible mechanism of recombination suppression.

3.2. Impedance analysis

Variation of space-charge capacitance with applied potential (Mott-
Schottky plot)at a typical frequency of 1000 Hz is presented in Fig. 7.
Negative slopes demonstrate p-type conductivity of all Cu,O films. The
acceptor concentration (N,) and the flat-band potential (Eg,) were es-
timated from the slope and intercept at potential axis, respectively,
using the Mott-Schottky equation [57] with the relative dielectric
permittivity of Cu,0 taken as 7.5 [58]. From the figure it is evident that
the  bulk  properties, i.e. the acceptor concentration
(N, = 8.6 x 10'® cm ™ 3), as well as the flat band potential (Eg, = 0.62V
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Fig. 7. Mott-Schottky plot at a typical ac frequency of 1000 Hz for Cu,O films deposited
from electrolytes with different Eu(III) concentrations.
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Fig. 6. (a) PL spectra of Cu,O films deposited from elec-
trolytes with different Eu(III) concentrations; (b) FWHM of
Cu,0 (111) reflex and wavelength integrated intensity of

Cu,0 exciton PL band vs. Eu(III) concentration in electro-
lyte.
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vs. RHE) remain almost constant for all the films in depending of Eu(III)
concentrations in the electrodeposition bath. Constancy of N, points to
absence of europium induced ion doping effect. The position of the
conduction band (-1.74 V vs. RHE) as estimated from the experimental
Na, Eg, data and Eg value for direct allowed optical transitions (see
below) is at more cathodic potential side compared to that required for
reduction of H,O indicating applicability of the present semiconductor
for cathodic hydrogen evolution. Note that the calculated N, value is
overestimated to some extent because the geometrical surface area used
in the Mott-Schottky equation is smaller as compared to the real surface
area of the “Cu,O-electrolyte” interface (Fig. 1).

3.3. Photoelectrochemical properties of Cu,0 films

The performances of the Cu,O films were measured in terms of
photocurrent through linear sweep voltammograms (Fig. 8) in 0.1 M
Na,S04-0.2 M acetate buffer solution (pH 4.9) under illumination with
intensity of 35 mWem ~ 2 The maximal output photocurrents for each of
the electrodes, as measured from the respective LSV plots, are presented
in Fig. 8inset. It is evident that the photocurrent increases with a
gradual addition of Eu(IIl) to the electrodeposition bath and reaches a
maximum of 3.2 mA cm ™~ 2 at 2.5% Eu(III) concentration, beyond which
it decreases again. The highest photocurrent observed for the Cu,O film
deposited from a solution containing 2.5% Eu(IIl) exceeds by 35-40%
the photocurrent for the film obtained without Eu(IIl). Electrochemical
behavior of the bare Eu-containing phases (i.e. film deposited from the
said electrochemical bath in absence of Cu?") was evaluated through
LSV under periodic illumination. Insignificant variation of current
throughout the working potential range (as demonstrated by a nearly
straight line plot in Fig. 8) indicates that the material reveals no PEC
activity. The enhancement of photocurrent due to Eu(III) addition is
observed also at higher intensity of incident light (100 mW cm ™2 illu-
mination, Fig. S2), although the photocurrent increases sublinearly
with the light intensity.

Since we have not taken any measure to improve stability of the Eu
modified CupO films under illumination, the photocurrent demon-
strated rather rapid decay (Fig. S3), which correlates with earlier ex-
periments reported by other authors [59]. Stability of the
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semiconductor was tested through periodic voltammetry under
chopped illumination (Fig. S3, inset), and it was found with the increase
in the number of LSV pattern that the rate of photocurrent decrease is
reduced after 2nd successive scans. Time instability of the photocurrent
is contributed by the reduction of Cu,0 to metallic Cu, which was even
visually observed through formation of black spots over the surface
when the electrode was immersed in electrolytic media under illumi-
nation. SEM analysis of the sample prepared with optimized Eu(III)
concentration after polarization studies indicates some specific changes
of the surface morphology, as presented in Fig. S4a. The XRD pattern
(Fig. S4b) shows reflexes at 43.7, 50.2 and 74.3° corresponding to
elemental Cu, which also supports the above observations. Similar re-
sults were also reported in literature [13].

Fig. 9 presents the variation of IPCE for the Cu,O films in 0.1 M
Na,SO, solution (pH 4.9 acetate buffer solution) when a fixed potential
of 0.4V vs. RHE was held. The maximal IPCE value of ~100% was
recorded for the Cu,0 film deposited from electrolyte with 2.5% Eu(III)
concentration, which can be considered as optimal, whereas the “pure”
Cu,0 exhibits only 40% IPCE.

Since the Cu,0 films reveal a pronounced light scattering effect (Fig.
S5a), we used IPCE instead transmittance spectra for determination of
band gap energy E, taking into account that IPCE is proportional to the
absorption coefficient near the absorption edge. Another advance of
using IPCE spectra is determined by minimization of impact of ab-
sorption mechanisms unrelated to PEC reactions [60,61]. As is seen
from Fig. S5b, where the Tauc plots are given for direct allowed optical
transitions, the variation of Eu(IIl) concentration in the electrodeposi-
tion bath has only slight impact on E,; indicating that the increase of
photocurrent in the Eu-modified films is not related to E, decrease, and
suppression of charge carriers recombination is the most plausible
reason of the observed effect.

One can see from Fig. 9 that the maximal enhancement of IPCE is
attained for long wavelength light, when majority of electron-hole pairs
are generated outside of the space charge region (SCR) and high life-
time values are required for participation of carriers in PEC reactions.
However, the similar enhancement of IPCE due to Eu(III) addition to
the electrodeposition bath is observed also for a short wavelength light,
which is absorbed mainly in the thin near-surface part of film. Fig. 10

Fig. 8. LSV plots measured in pH4.9 acetate buffer solu-
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FTO/Eu

0%
10%
0.5%
5%

1.25%\|Il——o

2.5% S

0.43 0.44 0.45

0.4 0.5

0.

6 0.7

Potential (V vs. RHE)

682



S. Shyamal et al.

Chemical Engineering Journal 335 (2018) 676-684

Fig. 9. (a) IPCE spectra for cathodic photocurrent for Cu,0

films deposited from electrolytes with different Eu(III)
concentrations; (b) IPCE values derived from spectra pre-
sented in (a) and normalized to the corresponding values
for the films grown without Eu(III) vs Eu(IIl) concentration
in electrodeposition bath.
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Fig. 10. Generation rate of electron-hole pairs depending on the depth for different
wavelengths.

demonstrates in-depth profiles for generation rate of electron-hole pairs
calculated using absorption coefficient values taken from [62]. The SCR
width at potential of 0.4 V vs. RHE was estimated as Wy, = 50 nm from
the Mott-Schottky plot (Fig. 7). In particular, for A = 400 nm, 85%
quanta are absorbed within the SCR. From this point of view, it seems
strange that increase in lifetime of charge carriers influences re-
markably on IPCE at this wavelength. To explain the afore-said con-
tradiction, one should take into account that a conventional assumption
about absence of recombination loss for the charge carriers generated
within SCR is valid only if the following condition is true:

Ly = UTE > > W, (@)

Here Lq, is the drift length of carriers, and p and t are their mobility
and lifetime, respectively. According to the Poisson equation, the
average electric field strength in SCR is

= Da Wk 5 7100 vm—-1.
gE 2 2)
Taking from [24] p = 5em®>V~'s™! and © = 90 ps from our TCSPC
experiments, we obtain Ly, = 120nm, which is comparable with

Wscr and points to possibility of recombination of charge carriers
generated within SCR.

Thus, the improved PEC performance of the Eu modified Cu,O films
over the pure material can be explained in the following way: (i) in-
crease in size of the Cu,O crystallites to some extent with a gradual
addition of Eu(IlI) to the electrolytic bath leading to better coverage of
the surface area and lowering of grain-boundary recombination; (ii)
formation of a distinct Eu-containing precipitates which can act as
gettering centers for detrimental impurities giving rise to purification of
Cu,0 grains; (iii) this process in turn suppresses charge carrier re-
combination in the semiconductor matrix with increasing lifetime of
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the carriers; (iv) the photogenerated electrons in the conduction band
therefore have more opportunity to participate in photoelectrochemical
reduction of H,O to generate H,.

4. Conclusions

We have reported for the first time the electrodeposition of rare
earth (Eu) modified p-type Cu,O thin films. Presence of an optimized Eu
(III) concentration in the electrodeposition bath (2.5% in respect to Cu
(II) concentration) provides the highest photocurrent of 3.2 mA cm ™2
(~100% quantum efficiency at A < 450nm) compared to
2.3mAcm ™2 for pure Cu,O, measured at 0.4V vs. RHE under
35mW cm ™2 illumination in the aqueous electrolyte (pH 4.9 buffer).
XRD studies indicate single-phase composition of the films, whereas
SEM-EDX analysis demonstrates the inclusions of Eu containing sec-
ondary phase on their surface. Electrochemical impedance Mott-
Schottky analysis also indicates no change in bulk properties of all the
Eu modified films, as their acceptor concentration and flat band po-
tential remain invariant. The presence of Eu(Ill) in the bath influences
the material in different ways such as an increased grain size with
passivation of non-radiative recombination centers, which significantly
enhance the photoluminescence emissions (by order of magnitude)
through suppression of non-radiative recombination of the photo-
generated charge carriers. Increase of carrier lifetime in the Eu modified
films provides their improved photoelectrochemical properties com-
pared to the pure Cu,0.
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