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This study demonstrates that p-type copper-doped lanthanum manganite (LaMnO3) film on aluminum
plate substrate is a stable and efficient photo-absorber for hydrogen collection from water. Compared
to using photocatalyst powder, thin-film reactor is a convenient method for industrial applications as
no further filtration process is required. The copper-doped LaMnO3 semiconductor films were readily
deposited on aluminum plate substrates via sol-gel approach as well as spin-coating technology using
photoelectrochemical cathodic current under AM 1.5 G illumination (100 mW/cm2). The influences of
copper loading on LaMnO3 films in terms of surface and internal pore structure, morphology, optical
and photoelectrochemical properties were comprehensively investigated. The bandgap energy and car-
rier density of the copper-doped LaMnO3 films were found to range between 2.670–2.677 eV and
4.80 � 1015–6.18 � 1015 cm�3, respectively. The flat band potentials of these films lied in the range of
�0.424 to +0.067 V vs. Ag/AgCl electrode (or �0.217 to +0.232 V vs. NHE) based on the Mott-Schottky
measurements. When the molar ratio of copper in the reaction solution was higher than 0.6, the
copper-doped LaMnO3 film possessed the characteristics of a p-type semiconductor and yielded the best
photo-performance when compared to n-type semiconductor films.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

In the past decade, doping of transition metal ions on semicon-
ductors has been found to be an effective approach for improving
the water splitting efficiency under visible-light irradiation [1–9].
However, a main issue in transition metal ions doping is the forma-
tion of metal oxide clusters, the major factor of which limits its
application in water-splitting [10]. Perovskite semiconductors
(ABO3) have been demonstrated to be one of the effective photo-
voltaic materials for hydrogen production through water-
splitting reaction due to its wide band gap of 1.5–3.0 eV [11,12].
In most previous literatures, ABO3s are usually n-type semiconduc-
tors. Pan et al. [11] synthesized several n-type perovskite oxides
(lanthanum manganite, LaMnO3, lanthanum ferrate(III), LaFeO3,
lanthanum chromite, LaCrO3, and lanthanum(III) nitrate, LaNO3)
using sol-gel method and achieved a photocurrent density of
0.54 mA/cm2 in 0.1 M potassium hydroxide (KOH) solution with
external bias kept at 0.5 V under illumination intensity of
100 mW/cm2. Lervolino et al. [13] also investigated n-type LaFeO3

in powder form using the solution combustion synthesis method
for producing hydrogen from a PEC water-splitting reaction under
UV-LED radiation. Iwashina et al. [14] prepared rhodium (Rh)-
doped p-type strontium titanate photocatalyst by a solid state
reaction. In recent years, novel p-type perovskite semiconductors
are considered as potential material for various applications such
as photoelectrochemical (PEC) water splitting, solar cells and so
on [14]. Maeda et al. [15] demonstrated that Rh-doped barium tita-
nate (BaTiO3:Rh) perovskite was a stable p-type semiconductor
photocatalyst for producing hydrogen from water splitting. They
found that a mixture of platinum and BaTiO3:Rh offered a promis-
ing performance with the amount of hydrogen evolution up to
�25 lmole for 15 h under visible light (k > 420 nm) in an aqueous
sodium iodide solution. In addition, a number of studies have
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proven the limitations of photocatalytic powders on the recycle fil-
tration for reuse [10,11,16]. Therefore, the development of a novel
photocatalytic thin film that can produce hydrogen from photocat-
alytic water-splitting reaction and possess the characteristics of a
p-type semiconductor properties is desirable for convenient hydro-
gen collection with no extra separation treatment required. Due to
scarce information on p-type semiconductors, this study focuses
on the synthesis and characterizations of p-type perovskite thin-
film semiconductors for potential application in hydrogen
production.
Results and discussion

Crystal structure analysis

Fig. 1 displays the X-ray diffraction (XRD) patterns of the copper
(Cu)-doped LaMnO3 (LaMn1�xCuxO3) films. As seen, the diffraction
peaks of sample (a) are strong, and occur at 22.97, 32.77, 40.35,
46.91, 52.73, 58.29, 68.8, and 77.84�, indicating that sample (a) is
a rhombohedral LaMnO3 according to the standard cards of LaMO3

(JCPDS NO. 01-075-0440). There are no other impurity diffraction
peaks (Cu atoms or ternary compounds) in the XRD patterns. The
diffraction peaks of the rhombohedral LaMnO3 phase reduced with
an increase in the molar ratio of Cu in the reaction solution, while
main peak position slightly shifted to higher angle. According to
Scherrer equation, the crystallite sizes of the samples are 45.44,
40.58, 37.09, 32.77, and 31.56 nm, respectively for samples (a) to
(e), as listed in Table 1. The XRD results illustrated that with an
increase in Cu doping, the intrinsic defects formed in LaMnO3 crys-
tal structures reduce the intensity of the LaMnO3 diffraction peaks
of the films and also shifted 2h to higher angle, probably due to the
induced transport and magnetic behaviors when the Mn site was
occupied by Cu atoms [17].
Morphology and composition study

Fig. 2(a) displays agglomerated spherical structure on the sur-
face of sample (a). On the other hand, Fig. 2(b) shows that in the
presence of Cu, the LaMn1�xCuxO3 films demonstrate diamond-
like microstructures with a highly compact surface. It was found
that the morphological structure of the surface changes between
samples (a) and (e), following the molar ratio of Cu in the reaction
solution. Similar result was reported by Pan et al. [18], in which the
Fig. 1. XRD patterns of LaMn1�xCuxO3 films on aluminum substrates under various
deposition parameters.
micro-structure changed with the concentration of gallium (Ga) in
copper indium sulfide (CuInS2) film due to the replacement of In3+

by Ga3+ ions in the crystal structure. The thickness of the films esti-
mated by FESEM was around 7.6 lm.

The surface elemental analysis results analyzed by of an energy
dispersive analysis of X-ray (EDAX) for the LaMn1�xCuxO3 films are
listed in Table 2. The atomic ratios of La:Mn:Cu:O for LaMn1�xCuxO3

film surfaces are in the range of 1:0.77–0.89:0.00–0.89:2.78–2.92.
In accordance with the XRD results, the molar ratio of Mn in
LaMn1�xCuxO3 films reduces with an increase in the molar ratio
of Cu, due to Cu occupying the Mn sites in the crystal lattice. This
phenomena is similar to Cheng et al. [16], who showed that sulphur
(S) site was occupied by antimony (Sb) atoms in silver indium
sulfide (AgIn5S8) film, leading to the change in atomic ratios and
electrical structures in the samples.

Porosity and surface area characterization

Fig. 3 shows the N2-adsorption-desorption isotherms of the
LaMn1�xCuxO3 films. All samples showed type IV isotherms with
H3-hysteresis loop, indicating mesoporous structures with uniform
pores. It was found that the hysteresis loop of these samples
increases slowly in N2-adsorption up to 0.9 of the relative pressure
P/P0, followed by capillary condensation with a steep increase. Hao
et al. [19] reported similar hydrogen-type hysteresis loop in trian-
gular shape and a steep desorption branch of isotherms, indicating
that the narrow top pores were highly interconnected with the
wider bottom pores. Fig. 4 shows the pore size distribution for
all samples, with pore diameters in the range of 5–136 nm, illus-
trating the hierarchical porous structures. With increased Cu load-
ing, the pore size distribution become wider along with different
sizes of pore widths, with majority at around 20 nm, and 50–
80 nm. It is possible that by doping Cu into the mesoporous films
has changed the framework strucure of LaMnO3 and increased
the surface area of the materials [20]. The specific surface areas
and pore structures of the samples calculated with Brunauer-
Emmett-Teller (BET) theory are listed in Table 1. With an increase
in the molar ratio of Cu, specific surface area, pore volume, and
average pore diameter values increases in the order of: sample
(e) (14.0 m2/g, 0.089 cm3/g, 57.0 nm) > sample (d) (12.0 m2/g,
0.074 cm3/g, 56.0 nm) > sample (c) (12.0 m2/g, 0.065 cm3/g,
52 nm) > sample (b) (11.0 m2/g, 0.064 cm3/g, 52.0 nm) > sample
(a) (6.9 m2/g, 0.061 cm3/g, 50.7 nm), corresponding to the FESEM
results shown in Fig. 2. These hierarchical porous structures have
been proven to play an important role in enhancing the photo-
chemical properties due to improved transport of electrons and
ions [11]. Highly porous structures are able to provide plenty of
space for the transport of electrolyte into the electrode material,
thus effectively utilizing the electro-active materials and achieving
excellent electrochemical performance [21].

PL spectra

The band gap recombinations of photoelectrons and holes of the
samples are exhibited in the photoluminescence (PL) spectra in
Fig. 5. The normalized PL intensities of the samples are in order
of sample (e) > sample (d) > sample (c) > sample (b) > sample (a).
This trend is correlated to the crystal structures, morphologies,
and textural properties of the LaMn1�xCuxO3 films. As listed in
Table 3, the as-prepared film samples have almost the same band
gap energies (�2.670 to 2.678 eV), which agree well with some
previous studies [11,22]. Bensouici et al. [23] reported that the
absorption edges of the titanium dioxide (TiO2) samples shifted
towards the side with shorter wavelength when the Cu content
was increased due to the incorporation of Cu2+ ions within the
TiO2 crystal lattice forming single TiO2:Cu phase.



Table 1
Physical properties of LaMn1�xCuxO3 films.

Film sample Grain size (nm) Specific surface area (m2/g) Pore volume (cm3/g) Mean pore diameter (nm)

(a) 45.44 6.9 0.064 50.7
(b) 40.58 11 0.061 52.0
(c) 37.09 12 0.065 52.0
(d) 32.77 12 0.074 56.0
(e) 31.56 14 0.089 57.0

Fig. 2. FESEM images showing the surface morphologies of (a) sample (a), and (b) sample (e) at 20 k(�).

Table 2
Surface elemental analysis for the LaMn1-xCuxO3 films.

Film sample Atomic percentage from EDAX

La Mn Cu O

(a) 1.00 0.89 0.00 2.92
(b) 1.00 0.84 0.16 2.86
(c) 1.00 0.80 0.21 2.85
(d) 1.00 0.79 0.25 2.78
(e) 1.00 0.77 0.29 2.82

Fig. 3. N2-adsorption-desorption isotherms of all samples.

Fig. 4. Pore size distributions of all samples.
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Analysis of electrical properties

The Mott-Schottky equation was used to estimate the correla-
tion between the semiconductor and the electrolyte in the applica-
tion of solar energy and rectification [18,24,25]:
1
C2 ¼ B

2

ee0eNDA
2 E� EFB � kT

e

� �
ð1Þ

where C is the space charge of layer capacitance, e0 is the vacuum
permittivity, e is the static dielectric constant of LaMn1�xCuxO3

semiconductor, ND is the carrier density of the LaMn1�xCuxO3 semi-
conductor in the space charge region, A is the exposed surface area
of the semiconductor/electrolyte barrier in the electrolyte, E is the
applied potential with respect to reference electrode, e is the elec-
tric charge, EFB is the flat-band potential of the LaMn1�xCuxO3 sam-
ple, which is close to the potential of Fermi level of the
semiconductor, and B is equal to 1 and �1 for n- and p-type semi-
conductors respectively.

Using the relationship:



Fig. 5. PL spectra of all samples.

Fig. 6. Mott–Schottky plots for all samples in aqueous 0.1 M KOH solution.
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E0 ¼ EFB þ kT
e
; ð2Þ

and by plotting C�2 on the E-axis versus applied potential (E), EFB

can be determined from E0 and the result is shown in Fig. 6. These
data signal the positions of the conduction and valance bands of the
LaMn1�xCuxO3 semiconductors. The dielectric constant of LaMnO3

was 3.5 [26] and the area of interface was kept at 1 cm2 in this
study. The flat band potentials of these samples were found to lie
in the range of �0.424 V to 0.067 V vs. Ag/AgCl electrode (or
�0.217 to +0.232 V vs. NHE), as illustrated in Table 3. As can be
seen, the flat band potentials (EFB) of these films become more pos-
itive when the molar ratio of Cu increases. The carrier densities of
samples (a)–(e) were respectively 4.80 � 1015, 5.04 � 1015,
5.22 � 1015, 5.67 � 1015, and 6.18 � 1015 cm�3. The difference in
the positions of the conduction and valence bands could be due to
the flat band potentials and some physical properties, for instance,
the carrier effective mass, the acceptor/donor, and the impurity
concentration of the semiconductor [10].

Photocurrent density measurement

Fig. 7 shows the photo-performances of all samples with
applied potential vs. Pt electrode in 0.1 M KOH aqueous solution
under AM 1.5 G illumination (100 mW/cm2). The photocurrent
density of sample (a) was increased from 0.27 to 0.33 mA/cm2

(sample (c)) at the external potential +0.5 V vs. Pt electrode. Simi-
larly, the photocurrent of sample (d) was increased from �0.36 to
�0.41 mA/cm2 (sample (f)) at the external potential �0.5 V vs. Pt
electrode due to the reduction of the barrier height of the Schottky
layer when Cu atoms occupied the Mn site in the LaMnO3 crystal
lattice. Similar results were also reported by Pan et al. [25] in
which better photo-performances were achieved by the cadmium
sulfide (CdS) films with higher tellurium (Te) molar ratio in the
Table 3
The electrical properties of all samples.

Sample Carrier density (cm�3) Eg (eV) ENHE
FB (V) ENHE

CB (V)

(a) 4.80 � 1015 2.670 �0.217 �0.386
(b) 5.04 � 1015 2.670 �0.184 �0.351
(c) 5.22 � 1015 2.675 �0.176 �0.343
(d) 5.67 � 1015 2.677 �0.059 �2.572
(e) 6.18 � 1015 2.677 +0.232 �2.283
reaction solution, due to the reduction of the contact resistance
resulted. The better photoelectrode efficiency of sample (e) was
due to the higher carrier density which enhances the photochem-
ical reaction when the number of free electrons increase.
Materials and methods

Materials

Lanthanum nitrate hexahydrate (La(NO3)3 ��6 H2O, 99%), citric
acid (C6H8O7, 99%), manganese(II) nitrate tetrahydrate (Mn(NO3)2
� 4 H2O, 99%), and cupric nitrate (Cu(NO3)2, 99%) were respectively
used as the sources of La3+, Mn2+, and Cu2+ ions. All chemicals were
obtained from Merck without further purification. The aluminum
plate substrates were cleaned with acetone, deionized water, and
ethanol in an ultrasonic bath for 90 min.

The preparation method

The Cu-doped LaMnO3 (LaMn1�xCuxO3) thin films were pre-
pared via a sol-gel method developed from a reported procedure
[11]. The detailed preparation parameters used in this study are
shown in Table 4. The LaMn1�xCuxO3 thin films were prepared by
adding 5 M La(NO3)3, various amounts of 5 M Mn(NO3)2 and Cu
(NO3)2 in 1 M C6H8O7, followed by 24-h stirring. The obtained gel
suspensions were spin-coated on commercial aluminum (Al) at
3000 rpm. The thin films were dried overnight in oven at 70 �C.
After drying, the samples were heated in a furnace under argon
gas at 650 �C for 4 h with a ramping rate of 5 �C/min and cooled
down to room-temperature gradually.

Physical characterizations

Various characterization tests were carried out to investigate
the physical properties of the LaMn1-xCuxO3 thin films. The crys-
ENHE
VB (V) EVacuumFB (V) EVacuumCB (V) EVacuumVB (V) Type

2.284 �4.283 �4.114 �6.784 n
2.319 �4.316 �4.149 �6.819 n
2.333 �4.324 �4.158 �6.833 n
0.105 �4.441 �1.928 �4.605 p
0.394 �4.732 �2.217 �4.894 p



Fig. 7. The plots of photocurrent densities versus applied voltage at 0.1 M KOH electrolytes. (a) n-type LaMn1�xCuxO3 films, (b) p-type LaMn1�xCuxO3 films.

Table 4
The parameters of the sol-gel method and the molar ratios of all elements for LaMn1�xCuxO3 coated on Al plates.

Film sample/Reagent 5 M La(NO3)3/mL 5 M Mn(NO3)2/mL 5 M Cu(NO3)2/mL 1 M C6H8O7/mL Molar ratios of La:Mn:Cu in the films

(a) 5 5 – 10 1.0:1.0:0.0
(b) 5 4 1 10 1.0:0.8:0.2
(c) 5 3 2 10 1.0:0.6:0.4
(d) 5 2 3 10 1.0:0.4:0.6
(e) 5 1 4 10 1.0:0.2:0.8
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tallinity of these films were determined by PANalytical X’Pert PRO
XRD, using CuKa source radiation (k = 1.5405 Å), with accelerating
voltage 40 kV, current of 30 mA, and scan range at 2h from 20 to
80�. The microstructures of the samples were carried out by JEOL,
JSAM 6700F FESEM, and analysis of film chemical compositions
was investigated with EDAX. The accelerating voltage of FESEM
and Magnification of EDAX were set at 15 kV and 200(�), respec-
tively. The band gap energy and the recombination of photoelec-
trons and holes were obtained using Dongwoo Optron PL spectra,
with an excitation light of 325 nm. The specific surface area, pore
volume, and size were measured using Micromertics ASAP 2020
BET by Barrett-Joyner-Halenda (BJH) method.
Measurement of photo-response properties

The flat-band potential test was carried out in a 250 mL Pyrex
electrolytic cell containing 0.1 M KOH electrolyte using a
computer-controlled potentiostat (Autolab Model PGSTAT 30)
equipped with frequency-response analyzer (Autolab FRA2 mod-
ules). Before every experiment, the KOH electrolyte was degassed
by purging with high-purity nitrogen gas for 60 min and ultra-
sonicated treatment for 30 min. The LaMn1�xCuxO3 films, the plat-
inum plate electrode (both with an average area of 1 cm2), and the
Ag/AgCl electrode were respectively the working, counter, and ref-
erence electrodes. A silver wire was attached to the conducting
layer of LaMn1�xCuxO3 films with silver paste, and the
contacts and edges of the films were sealed with epoxy resin.
The LaMn1�xCuxO3 films were then dried overnight at room-
temperature. The Mott-Schottky plots were obtained using the
impendence frequency analysis with frequency of 10 kHz. With
regard to photo-response properties measurement, the solar light
used was 300W Xenon short arc lamp (Perkin Elmer Model
PE300UV), fixed at 100 mW/cm2. The photochemical properties
were studied with the computer-controlled potentiostat operated
in the range of the applied potentials of �0.5 to +0.5 V vs. the Pt
plate electrode at a scanned rate of 5 mV/s.
Conclusions

In conclusion, a readily-handled approach was successfully
developed to synthesize p-type Cu-doped LaMnO3 films on alu-
minium plate substrates with varying Cu content. The amount of
Cu was found to significantly affect the crystal structure, electrical,
and optical properties of the films. XRD patterns indicate that pure
rhombohedral LaMnO3 crystal structure is the major phase of the
films with no other impurity diffraction peaks found. The diffrac-
tion peak intensity of the rhombohedral LaMnO3 phase reduces
with the rising Cu concentration in these films. The band gap ener-
gies, carrier densities and flat band potentials of these samples
were respectively 2.670–2.677 eV, 4.80 � 1015–6.18 � 1015 cm�3,
and �0.217 – +0.232 V vs. NHE. The maximum photocurrent den-
sity was found to be �0.41 mA/cm2 (with an external potential set
at �0.5 V vs. Pt electrode) under 100 mW/cm2 AM 1.5 irradiation.
These results show that p-type Cu-doped LaMnO3 film on alu-
minium plate substrates is a promising potential photo-absorber
for solar hydrogen production applications.
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