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Abstract
In this work, the influence of the stoichiometry of LaxFeOy films on their activity for H2
production by photoelectrochemical (PEC) water splitting was investigated. Thin
LaxFeOy films were deposited on electrodes by magnetron co-sputtering and their
composition was controlled by adjusting the power applied on metallic iron and
lanthanum targets. The highest photoactivity was observed for La0.43FeOy films. The
crystallization of these films and their photocatalytic activity were further improved by
oxidation in an external furnace at 650°C for 2 h. Transmission electron microscopy
(TEM) analyses confirm the formation of LaFeO3 crystallites in the film and show a thin
continuous polycrystalline Fe2O3 layer at the surface. The presence of Fe2O3 at the
upper surface originates from an exsolution mechanism typically observed for nonstoichiometric perovskites. The improvement of the photocatalytic properties by
adjusting the stoichiometry, the oxidation temperature and the film thickness was
confirmed by H2 production measurements performed by mass spectrometry. We
observe a large increase in H2 production rate (103%) by comparison with a
1

stoichiometric LaFeO3 thin film. The improvement in catalytic performances for these
non-stoichiometric films composed of earth abundant, low-cost and non-toxic
elements, make them of high interest materials for photoelectrodes in PEC water
splitting systems.
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1. Introduction
As a respond to the global energy demand, hydrogen (H2) appears to be a promising
energy carrier to replace fossil fuels, if produced renewably [1,2]. Photoelectrochemical
(PEC) water splitting is one of the most promising process to generate H2 but the PEC
efficiency is limited by the semiconductor photocatalyst performances [3–7]. Recently,
perovskite materials with the general formula ABO3 (A and B being cations) have
attracted great attention as photocatalysts [8–11]. Due to the abundance of its
components, its low toxicity and its optical absorption in the visible light range,
lanthanum ferrite perovskite (LaFeO3) was demonstrated to be a high value candidate
for H2 photoproduction [10,12–15]. However, its performances are limited by a high
charge recombination rate due to the modest electron transport [10,16–20]. In recent
years, various methods have been developed to improve the light absorption and the
charge transport in LaFeO3 photocatalysts such as the creation of heterojunctions,
nanostructuration or doping [5,12,21–25].
Another option is the development of non-stoichiometric materials responding to the
general formula La1-xFeOy. Indeed, various studies have demonstrated the interest of
modifying the stoichiometry (La/Fe ratio) of LaFeO3 for the catalytic conversion of
gases such as NO or CO and of hydrocarbons [26–28]. The catalytic performances for
the oxidation of CO, propene and CH4 increase using La1-xFeOy having an overstoichiometry in Fe [26,29]. This increase is linked to the smaller particle size and thus
to the higher specific surface area, as particle growth is slowed down by the excess in
Fe. X-ray photoelectron spectroscopy (XPS) measurements of La1-xFeOy particles also
revealed the formation of a Fe2O3 phase on the surface of the particles [30]. Fe2O3 was
demonstrated to generate crystal defects that promote the adsorption of oxygen on the
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surface. The highest catalytic activity was observed for La0.9FeOy in the oxidation of
CH4 and for Cu-doped La0.67Fe0.83Cu0.17O3 in the oxidation of CO and propene.
However, a significant excess in Fe can no longer be accommodated on the surface
of La1-xFeOy and can generate surface defective layers containing stacking faults or
displacive Fe leading to a decrease of catalytic activity [28]. Therefore, a fine tuning of
the non-stoichiometric composition is of high importance to control the catalytic
properties.
Herein, thin La1-xFeOy films were engineered to demonstrate the increase in
photocatalytic activity compared to LaFeO3. The non-stoichiometric films were
produced via the magnetron co-sputtering process and the deviation from the ideal
ABO3 stoichiometry was finely tuned by adjusting the powers applied to the La and Fe
targets. First, the influence of the composition on the photocatalytic properties is
demonstrated. Next, the improvement of the photocatalytic properties by optimization
of the oxidation treatment and of the layer thickness is discussed. Finally, H2
photoproduction by PEC water splitting under simulated solar illumination is presented
to further support the enhanced photocatalytic activity of these La1-xFeOy nonstoichiometric layers.

2. Experimental Section
2.1. Elaboration of La1-xFeOy thin films
La1-xFe films were deposited on fluorine doped tin oxide coated glass (FTO, TEC 7
Ω.sq-1) and silicon substrates by direct current (DC) magnetron co-sputtering of two
metal targets: Fe target (diameter: 50 mm, thickness: 0.25 mm, purity: 99.5%) and La
target (diameter: 50 mm, thickness: 3 mm, purity: 99.9%). The targets were powered
by two Advanced Energy MDX 500 DC generators. A base pressure of 5 × 10-4 Pa in
the sputtering chamber was provided by a mechanical and a turbo-molecular pump.
The experimental device was equipped with two independent magnetrons focused on
the centre of the substrate-holder with an inclination of 30° with respect to the substrate
normal, and the target to substrate distance was set equal to 10 cm. Thin films were
synthesized at a working pressure of 0.58 Pa in a 10 vol.% H2 – 90 vol.% Ar mixture.
The substrate-holder rotated at 28 rpm to ensure film homogeneity. Thin films were
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deposited without external heating and the self-established deposition temperature
was below 50°C. At this temperature, films remained amorphous and a post-annealing
in a tubular furnace at 500°C for 2 h in air was conducted to obtain the perovskite
structure.
2.2. Characterization
The La/Fe atomic ratio was estimated by energy dispersive spectrometry (EDS)
coupled to a scanning electron microscope (SEM) FEI Quanta 650 FEG. Due to the
uncertainty on the oxygen chemical contents measured by EDS, the La and Fe atomic
concentrations were determined on metallic films, i.e. before annealing post-treatment.
Film thicknesses were measured by SEM cross-section observation. Transmission
electron microscopy (TEM) investigations were performed using a cold FEG JEOL
ARM200 microscope operating at 200 kV and equipped with spherical aberration (Cs)
probe and image correctors (point resolution 0.12 nm in TEM mode). High-angle
annular dark field image in scanning TEM (HAADF-STEM) and 2D elemental mapping
using energy dispersive X-ray spectroscopy (EDX) are combined to obtain information
about elemental distribution along film thickness. For these analyses, cross-section
TEM samples of films deposited on silicon substrates were prepared using a focus ion
beam (FIB) – SEM dual beam system FEI Helios NanoLab 600i. X-ray diffraction (XRD)
was performed at room temperature using Bragg-Brentano θ/2θ measurements on a
D8 Advance Bruker diffractometer (Cu Kα, λ = 1.54056 Å). The average crystallite size
can be estimated from the full-width at half-maximum of diffraction peaks using the
Scherrer’s formula after correction from the experimental broadening (Eq. 1):
𝑑

=

.

(1)

where dhkl is the average grain size along the hkl reticular distance, λ is the X-ray
wavelength, θ is the diffraction angle and βhkl is the full-width at half-maximum of the
diffraction peak. UV-visible absorption spectra were recorded on Cary 7000 UMS
Agilent UV-visible spectrophotometer. Photoelectrochemical measurements of asprepared samples were performed by a SP 150 BioLogic potentiostat connected to a
standard three electrode cell: Pt wire as the counter electrode, a saturated Ag/AgCl
electrode as reference electrode and FTO glass coated with La1-xFeOy (1 cm × 1 cm)
as the working electrode. A 0.1 M Na2SO4 (pH = 7) aqueous solution was used as
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electrolyte. All measurements were carried out under light illumination of 1 sun
(100 mW·cm-2) provided from a Xenon lamp (Newport Xe 300 W ozone free) fitted with
an air mass filter (AM 1.5G). Linear sweep voltammetry (LSV) measurements were
obtained by scanning the potential from -0.8 V to 0.1 V vs Ag/AgCl at a scan rate of 5
mV.s-1. The photocurrent density was evaluated from chronoamperometric
measurements recorded at a constant potential of -0.30 V vs the reference electrode
by cycling between dark and light illuminations of 30 s each for 10 min. Electrochemical
impedance spectra (EIS) measurements were performed in the same workstation by
applying a sinusoidal AC perturbation of 10 mV with a frequency range from 500 kHz
to 0.01 Hz.
2.3. Hydrogen photoproduction
The photocatalytic hydrogen production experiments were performed in a sealed
custom-made metallic PEC cell with an attached quartz viewport using the same
experimental conditions as described for PEC measurements. The system was purged
with Ar for 1 h before measurements. The amounts of produced H2 and O2 were
determined during the water splitting reaction using an online quadrupole mass
spectrometer (MS, Inficon Transpector MPS 100) operating with Ar as carrier gas.
Measurements were conducted at an interval of 1 h and averaged over 2 min.

3. Results
3.1. La1-xFeOy films synthesis and characterization
The La/Fe atomic ratio in the as-deposited films can be tuned by changing the
discharge power applied to the Fe and La targets. The experimental parameters and
the film compositions are summarized in Table 1. Seven samples with overstoichiometry in Fe were synthesized by progressively decreasing the power applied
to the La target, the power applied to Fe target being fixed at 80 W: La0.11FeOy,
La0.25FeOy, La0.33FeOy, La0.43FeOy, La0.54FeOy, La0.66FeOy and La0.82FeOy. Two
samples were also elaborated with La over-stoichiometry: La1.26FeOy and La4FeOy.
These samples will be compared to Fe2O3 and LaFeO3 films. The depositions durations
5

were adjusted according to the sputtering rate of each target to keep the thickness
constant after annealing, at about 500 nm.
Table 1: Deposition conditions, thickness and composition of La1-xFeOy thin films
synthesized by magnetron co-sputtering of La and Fe targets and annealed at 500°C
for 2 h in air.
Power Fe
(W)

Power La
(W)

Deposition time
(min)

Sample composition

80

0

19.5

Fe2O3

80

15

18

La0.11FeOy

80

30

16

La0.24FeOy

80

40

15

La0.33FeOy

80

45

14

La0.43FeOy

80

50

13

La0.54FeOy

80

55

12

La0.66FeOy

80

60

11

La0.82FeOy

80

65

10

LaFeO3

60

65

9

La1.26FeOy

20

65

5

La4FeOy

Fig. 1 shows the XRD patterns of the as-synthesized thin films with different
compositions. The dotted peaks correspond to the FTO-coated glass substrate.
Depending on the film stoichiometry, the XRD patterns exhibit different crystal phases.
Samples can be divided into 4 groups.
-

Group 1 corresponds to the films with a high Fe excess: Fe2O3 and La0.11FeOy.
Only peaks corresponding to Fe2O3 (rhombohedral hematite R-3c, PDF file 00033-0664) could be observed.

-

Group 2 corresponds to the films with an intermediate stoichiometry: La0.24FeOy,
La0.33FeOy, La0.43FeOy and La0.54FeOy. Despite the oxidation treatment at 500°C
for 2 h in air, the films were found to be amorphous as observed in the XRD
patterns with a broad peak between 20 and 40°.

-

Group 3 corresponds to films prepared with La/Fe atomic ratios close to 1:
La0.66FeOy and La1.26FeOy. The corresponding XRD patterns can be indexed to
the orthorhombic LaFeO3 perovskite phase (Pnma, PDF file 04-011-7994).
6

-

Group 4 corresponds to the deposit with a significant La over-stoichiometry:
La4FeOy. The XRD pattern can be assigned to the cubic structure of lanthanum
oxide La2O3 (la-3, PDF file 03-065-3185).
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Fe2O3
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La0.43FeOy
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(440)

(222)
(400)
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La4FeOy
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60
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La0.66FeOy
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La0.54FeOy

La1.26FeOy

10

Group 2

La0.33FeOy

(101)

Intensity (a.u.)

La0.24FeOy

80

Fig. 1. Evolution of XRD patterns as a function of the sample composition after
oxidation at 500°C for 2 h.
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Fig. 2 shows the UV-visible absorption of the reference films (LaFeO3 and Fe2O3), of
the films with intermediate compositions (La0.33FeOy and La0.43FeOy), of the film with
near stoichiometric composition (La0.82FeOy) and of the film mainly composed of
La4FeOy. The absorption of Fe2O3 shows a transition towards 550 nm. The optical
bandgap energy was determined using Tauc plot and a value of 2.18 eV was obtained
for an indirect allowed transition (Fig. S1b). A bandgap of ca. 2.28 eV was determined
for LaFeO3 thin films deposited in the same experimental conditions, from a direct
forbidden transition [13]. These values are in good agreement with those reported in
the literature [7,31]. The UV-visible absorption spectra of the three non-stoichiometric
films (groups 2 and 3) have an intermediate behaviour relative to Fe2O3 and LaFeO3
films. Furthermore, the nature of the transition does not seem to significantly influence
the bandgap values of these intermediate non-stoichiometric films. For instance, for
La0.43FeOy, an optical bandgap energy of 2.25 eV can be estimated from both indirect
allowed and direct forbidden transitions (Fig. S1a and S1b). The absorption of the
La4FeOy film markedly decreases at wavelengths above 350 nm, limiting its
photocatalytic activity mostly to UV irradiation. This result can be correlated with the
wide bandgap energy of La2O3 estimated to be 5.2 eV [32–36].

La4FeOy
LaFeO3

Absorption

La0.82FeOy
La0.43FeOy
La0.33FeOy
Fe2O3

300

400

500

600

Wavelength (nm)

700

Fig. 2. UV-visible absorption spectra of La4FeOy, LaFeO3, La0.82FeOy, La0.43FeOy,
La0.33FeOy and Fe2O3 films.
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Linear sweep voltammetry (J-V) curves of La1-xFeOy films were recorded under
simulated sunlight illumination and a chopped beam was used to acquire both dark
current and photocurrent in a single scan (Fig. 3a). The steady state photocurrent onset
potential was around 0.6 V vs reversible hydrogen electrode (RHE) and the dark
current remained stable until about 0.3 V vs RHE. All samples show an increase in
negative current under illumination for potentials close to 0 V vs RHE, which
corresponds to the behaviour of photocathodes. To determine the composition giving
the highest PEC performance, chronoamperometric measurements under chopped
illumination were conducted at a fixed potential of 0.3 V vs RHE (Fig. 3b). This potential
value was chosen to obtain a dark current close to 0 µA. Fig. 3c shows the photocurrent
density in absolute value as a function of the La stoichiometry of the films. These
values have been determined at t = 525 s, i.e. in the middle of a light exposure period,
when the spike corresponding to the formation of a double layer has passed, and after
around 9 min of measurement, confirming the high stability of non-stoichiometric films.
The photocurrent measured for group 1 films (high Fe excess) and for group 3 films
(compositions close to LaFeO3) is almost similar with values close to -1.8 µA∙cm-2. The
group 2 samples (intermediate compositions) exhibit much higher photocurrents, with
a maximum value of -6.40 µA∙cm-2 reached for the La0.43FeOy film. The photocurrent
density is ca. 3.5 higher for the non-stoichiometric La0.43FeOy film compared to the
stoichiometric LaFeO3 film synthesized under the same experimental conditions. As
the photogenerated current density shows a markedly enhanced value for the
La0.43FeOy film, a specific study will be focused on this film to further optimise its PEC
performances by adjusting thermal annealing step and film thickness (vide infra).
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Fig. 3. (a) Current-potential curves and (b) current-time curves at a constant potential
of 0.3 V vs RHE for the different La1-xFeOy thin films under chopped illumination. (c)
Photocurrent densities (absolute value) as a function of x' in Lax'FeOy films (0.1 M
Na2SO4, pH 7, 1 sun).
As previously indicated, XRD patterns showed that the group 2 samples (with a slight
excess in Fe) remain amorphous after an oxidative treatment under air at 500°C for 2
h (Fig. 1). The XRD pattern of a film with a 500 nm thickness oxidized at 650°C for 2 h
10

in air is shown in Fig. 4a. The presence of peaks corresponding to LaFeO3 can be
observed, indicating the improved crystallinity after the thermal treatment at 650°C.
The average grain size of the La0.43FeOy film was estimated by the Scherrer's formula
(Eq. 1). A representative length of coherence domains of LaFeO3 crystallites of ca. 26
± 2 nm was extracted using the peak corresponding to the (121) plane. A value of 39
± 2 nm was obtained for a stoichiometric LaFeO3 film after a 2 h oxidative treatment at
500°C [13]. Such a decrease was also observed for La1-xFeOy nanoparticles
synthesized via thermal decomposition of Fe and La nitrates and was attributed to the
organization of excess Fe into FeO6 octahedra at the surface which limit the grain
growth [28]. Measurements of the photocurrent density under constant applied
potential (0.3V vs RHE) shows a significant improvement for La0.43FeOy films oxidized
650°C show an increase of 60% from -6.4 µA∙cm-1 (500°C) to -10.2 µA∙cm-1 (650°C)
(Fig. 4b). This result can be attributed to a better electron transfer due to the improved
crystallinity of the film.

11

Fig. 4. (a) XRD pattern of the La0.43FeOy sample after the ex situ oxidative treatment
at 650°C for 2 h and (b) photocurrent density measurements of La0,43FeOy films
oxidized at 500 and 650°C (0.3 V vs RHE, 0,1M Na2SO4 pH 7, 1 sun).
To gain additional information on the phase distribution in these non-stoichiometric
films, cross-sectional TEM analyses were performed on a La0.43FeOy film (thickness of
ca. 550 nm) deposited on a silicon substrate and oxidized at 650°C for 2 h. The bright
field TEM image (Fig. 5a) and the corresponding EDS-STEM maps (Fig. S2) highlight
an evolution of the composition and of the structure depending on the depth. The
coating can be divided in 4 different zones (Fig. 5b). At the interface with the substrate,
a thin layer (35-40 nm) with an excess of Fe (25 at.%) is observed (Zone 1).
EDS analyses show that the main part of the film (ca. 450 nm) contains Fe and La but
with a higher concentration in La: 22 at.% Fe - 12 at.% La (Zone 2). However, an
12

evolution with the depth was noticed: close to the substrate, the composition is 13 at.%
in La and 22 at.% in Fe, while on the other side, the composition is 11 at.% in La and
22 at.% in Fe. This evolution may originate from a diffusion of Fe atoms towards the
interfaces during the oxidation treatment, which is consistent with the composition in
zone 1 and zone 4. Noteworthy is that metal films synthesized by magnetron sputtering
initially show a homogeneous composition in thickness (data not shown).
Close to the upper surface, a thin layer of about 60 nm containing a slightly higher
atomic fraction in La (13% La and 21% Fe) was detected (Zone 3). Finally, the EDSSTEM maps (Fig. SI2) show the presence of a dense layer at the extreme surface
(zone 4), composed only of Fe (30 at.%) and O (70 at.%).

Fig. 5. (a) TEM cross sectional micrograph of a La0.43FeOy film deposited on a Si
substrate, after oxidation at 650°C for 2 h and (b) HAADF-STEM image showing the
different zones and their composition.
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Fig. 6. High resolution TEM micrographs recorded in the 4 zones and their
corresponding FFT patterns: (a) and (b) = zone 1, (c) and (d) = zone 2, (e) and (f) =
zone 3, (g) and (h) = zone 4.

The high-resolution image and the corresponding Fast Fourier Transform (FFT) pattern
recorded in zone 1 are characteristic of an amorphous phase (Fig. 6a and 6b). The
bright field micrograph in zone 2 shows differences in contrast, the brighter areas likely
originate from less dense or even porous regions (Fig. 6c). The corresponding FFT
pattern shows a diffuse circle related to an amorphous phase as well as spots
14

characteristic of a polycrystalline material. The interplanar distances can be indexed to
LaFeO3 planes (orthorhombic Pnma) and to Fe2O3 planes (rhombohedral hematite R3c) (Fig. 6d). As observed for zone 2, the spots observed in the FFT pattern recorded
for zone 3 (red square) can also be indexed to LaFeO3 and Fe2O3. However, the
presence of a light diffuse circle suggests that an amorphous phase may also be
present (Fig. 6e and 6f). In zone 4, at the upper surface, the spots observed on the
FFT pattern correspond only to Fe2O3 (Fig. 6g and 6h). The organization in layers
according to the depth of this non-stoichiometric film, summarized in Table 2, gives an
average composition of 34 at.% La and 66 at.% Fe for the film, which is consistent with
the composition estimated from EDS-SEM measurements.
Table 2. Composition, thickness, and structure of the different layers present in the
La0.43FeOy film.
Zone

Composition (at.%)

Thickness

Structure

1

O 66%, Fe 25%, La 9%

35-40 nm

Amorphous

2

O 66%, Fe 22%, La 12%

450 nm

Polycrystalline (LaFeO3 and
Fe2O3) + amorphous phase

3

O 66%, Fe 21%, La 13%

60 nm

Polycrystalline (LaFeO3 and
Fe2O3) + amorphous phase

4

O 70%, Fe30%, La 0%

15 nm

Fe2O3

An increase of the Fe amount was also observed on the surface of non-stoichiometric
LaFeO3 particles synthesized with a Fe excess [26,27]. This phenomenon seems to
be similar to that described by Neagu et al. on non-stoichiometric perovskite particles
of ABO3 formula in which the deficiency in A leads to the formation of metallic or
oxidized nanoparticles of B on the surface [37]. The presence of A deficiencies in the
perovskite lattice decreases the stability of the crystal lattice and contributes to the
spontaneous exsolution of B atoms to restore the stoichiometry in the lattice. The B
atoms diffuse to the surface of the non-stoichiometric particles to form a shell [38]. This
surface segregation phenomenon was also observed for La0.6Sr0.4CoO3-δ films
prepared by pulsed laser deposition and in Ti-doped LaFeO3 particles [39–41]. This
complex process of segregation leads to the formation of Fe2O3 layer at the surface of
LaFeO3 and allows significant improvements in the catalytic properties, as
demonstrated for perovskite electrodes used in fuel cells [42,43]. An increase of the
15

temperature required to obtain the crystalline phase with modification of the perovskite
structure was also observed by Porta et al. when doping LaFeO3 with Mg [44].
3.2. Influence of La0.43FeOy film thickness on the photoelectronic properties
To further optimize the photocatalytic activity, the influence of the thickness of the
La0.43FeOy film was investigated. Indeed, the thickness of the photoelectrodes is a key
parameter in PEC measurements as it affects light absorption and thus the formation
of electron/hole pairs, but also the charge carrier recombination probability [45]. The
magnetron sputtering duration was adjusted to obtain film thicknesses of 50, 100, 250
and 500 nm after oxidation at 650°C for 2 h, all other experimental parameters being
kept constant. Photocurrent measurements were carried out on FTO electrodes coated
with La0.43FeOy films (Fig. 7a). The 50, 250 and 500 nm thick-films showed almost
similar results. The slight decrease in photocurrent generation for the 250 nm film may
originate from changes of the crystal size or from a modification of the composition
gradient, affecting photocatalytic properties. For a 100 nm thick La0.43FeOy film, the
photocurrent significantly increases by 57% compared to the 500 nm thick film
synthesized in the same experimental conditions (-16 µA∙cm-1 vs -10.2 µA∙cm-1). Thus,
a thickness of 100 nm appears to be optimal for this film composition for a further
increase of the photoelectronic properties. The corresponding EIS Nyquist plots show
a significant decrease in semi-circle diameter for the 100 nm thick layer compared to
the 500 nm one, which indicates a decrease of the charge transfer resistance at the
electrode/electrolyte interface (Fig. 7b).
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Fig. 7. (a) Current-time curves of La0.43FeOy coated photoelectrodes at 0.3 V vs RHE
under chopped illumination as a function of the film thickness and (b) EIS Nyquist plots
of 500 and 100 nm thick La0.43FeOy films (0.1M Na2SO4, pH 7, 1 sun).
3.3. Photoelectrocatalytic H2 production
To confirm the improvement of the photocatalytic properties, measurements of H2
production in a PEC cell were conducted. The production of H2 from the
photoelectrodes covered with a 100 nm thin layer of La0.43FeOy or LaFeO3 after
oxidation was measured in a Na2SO4 solution (0.1 M) under irradiation of 1 sun (Xe
lamp associated with an air mass filter AM 1.5G - 100 mW.cm-2) (Fig. 8a). LaFeO3
coated photoelectrodes showed an average H2 production rate of 5.5 µmol∙h-1∙cm-2
once the stationary state was reached, i.e. between 2 and 7 h. The average production
rate for La0.43FeOy, between 2 and 7 h, reached 11.2 µmol-cm-2, which corresponds to
an increase in H2 production rate of 103%. These results further confirm the enhanced
17

photo(electro)catalytic activity by simply tuning the stoichiometry of the photocatalytic
film. The performance of the La0.43FeOy film is significantly improved compared to other
photocathodes prepared with LaFeO3 films, including a photocell composed of a
LaFeO3 photocathode and a Fe2O3 photoanode where H2 production is close to 20
μmol·h−1 using a Xe lamp without AM 1.5G filter [45–47].
The simultaneous production of O2 at the counter-electrode was also measured (Fig.
8b). An O2 production rate of about 5.1 µmol∙h-1∙cm-2 was observed, corresponding to
ca. the half of H2 production as expected for the water splitting reaction. This quasistoichiometric production of H2 and O2 by PEC with a photocathode composed of a
La0.43FeOy film was confirmed by the pH stability of the electrolyte. Only a slight
decrease was observed during the 7 h of irradiation (from 7.45 to 6.80), indicating that
the concentration of H+ and OH- ions present in the solution remained almost constant.
The stability of La0.43FeOy film was also confirmed by chronoamperometric
measurements (at 0.3 V vs RHE) over 10 h under a continuous simulated sunlight
illumination and the photocurrent density was found to remain almost constant (Fig.
S3). The non-stoichiometric composition leading to exsolution and segregation
mechanisms observed during the thermal oxidation process has no influence on the
stability of photoelectrodes, which is a key parameter for their practical application.
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Fig. 8. (a) H2 production rates of 100 nm LaFeO3 and La0.43FeOy oxidized films coated
photoelectrodes, (b) H2 and O2 production rate evolutions of La0.43FeOy photoelectrode
(0.3 V vs RHE, 0.1 M Na2SO4, pH 7, 1 sun).
3.4. PEC mechanism
The Fe excess in La1-xFeOy films was shown to produce Fe2O3 crystallites within the
film by exsolution. Moreover, a Fe2O3 thin layer grows at the upper surface during
thermal oxidation as observed by TEM. Therefore, the formation of a heterojunction
between LaFeO3 and Fe2O3 can be assumed.
The edge potentials of the valence band (VB) and conduction band (CB) of Fe2O3 were
estimated using the semi-empirical calculation from Mulliken's electronegativity at the
19

point of zero-charge. Using the experimentally determined optical bandgap energy
(Fig. S1b), ECB and EVB values of 0.3 and 2.48 V vs RHE were determined,
respectively. The band edge potentials of LaFeO3 were experimentally determined by
EIS and from the bandgap estimated from UV-visible absorption measurements [13].
The positions of the VB edges of Fe2O3 and LaFeO3 were used to estimate the band
energy positions before contact (Fig. 9a). Within the film and at the upper surface, the
heterojunction formed between the two semiconductors will favour a shift of band
energies and at the junction, the Fermi levels of both semiconductors are equal and
constant under equilibrium conditions. As a consequence, an electric field can be
generated at the interface between Fe2O3 and LaFeO3 leading to a better separation
of the electron/hole pairs and thus to a reduction of their recombination probability.

Fig. 9. (a) Diagram of band energy positions of Fe2O3 and LaFeO3 before contact and
(b) schematic representation of the separation and transfer pathway of photogenerated
charge carriers for PEC H2 production using La0.43FeOy films under solar illumination.
The presence of a Fe2O3 surface layer could lead to the formation of type II
heterojunction with a transfer of photogenerated electrons from the CB of the LaFeO3
layer to the CB of Fe2O3 and simultaneously a transfer of holes from the VB of Fe2O3
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to the VB of LaFeO3 (Fig. 9b). The electrons photogenerated in Fe2O3 combined to
those transferred from the CB of LaFeO3 likely reach an excited level in the CB of
Fe2O3 with a potential sufficiently negative to allow the reduction of water into hydrogen
(Fig. 9a). Similar results were previously described for heterojunctions composed of
NiO or CuOx underneath a thin WO3 layer [48,49]. Furthermore, the presence of Fe2O3
crystals within the film, as demonstrated by TEM measurements, could also improve
the bulk charge transfer, reducing their recombination probability before reaching the
surface.

4. Conclusion
The influence of the stoichiometry in La1-xFeOy films on their photocatalytic activity for
H2 production was investigated. The modification of the power applied to the metallic
targets during magnetron co-sputtering process allows a fine control of the film
composition. The highest photoactivity was observed for a 100 nm-thick La0.43FeOy
film oxidized at 650°C for 2 h.
TEM analyses show the presence of LaFeO3 within the film, underneath a thin (15 nm)
and continuous polycrystalline Fe2O3 layer at the upper surface. The presence of
Fe2O3 originates from an exsolution mechanism typically observed for nonstoichiometric perovskites. The improvement of the photocatalytic properties by
optimizing the stoichiometry, the oxidation temperature and the film thickness was
confirmed by a large increase of H2 production rates by comparison with a
stoichiometric LaFeO3 film prepared under the same experimental conditions: from 5.5
to 11.2 µmol∙cm-2, i.e. 103%. This increase in catalytic performances associated to the
high stability, visible light photoactivation and facile, low cost and scalable synthesis
process make La0.43FeOy films of high interest as photocathode for PEC water splitting
systems.
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