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ABSTRACT: A sol—gel method for the synthesis of semiconducting FeCrAl oxide
photocathodes for solar-driven hydrogen production was developed and applied for
the production of meso- and macroporous layers with the overall stoichiometry
Fe(g4Cry Ay 1605. Using transmission electron microscopy and energy-dispersive X-
ray spectroscopy, phase separation into Fe- and Cr-rich phases was observed for both
morphologies. Compared to prior work and to the mesoporous layer, the
macroporous FeCrAl oxide photocathode had a significantly enhanced photo-
electrolysis performance, even at a very early onset potential of 1.1 V vs RHE. By
optimizing the macroporous electrodes, the device reached current densities of up to
0.68 mA cm ™2 at 0.5 V vs RHE under AM 1.5 with an incident photon-to-current
efficiency (IPCE) of 28% at 400 nm without the use of catalysts. Based on transient
measurements, this performance increase could be attributed to an improved
collection efficiency. At a potential of 0.75 V vs RHE, an electron transfer efliciency
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of 48.5% was determined.

B INTRODUCTION

Solar energy is becoming increasingly important as an abundant
and renewable energy source, and the photoelectrolysis of
water using illuminated semiconductor electrodes is considered
an important technology for the generation of hydrogen in a
sustainable and efficient way.' The most critical issue for the
development of photoelectrolysis cells is the development of
suitable photoabsorber materials that combine stability and
efficient solar light harvestlng with fast kinetics of the interfacial
water splitting reactions.” To date, numerous material systems
have been investigated. Among those more mtenswely studled
as photoanode materials are BiVO,,’ a—Fe203, WO, and
TiO,° and, as photocathode materials, p-Si, Cu,O,° or
CuFeO,.” However, in spite of significant efforts, the progress
toward efficient solar water splitting systems has been slow. The
efficiency of all known photoabsorbers is limited by factors such
as poor light harvesting, losses caused by inefficient electron—
hole pair separation, bulk and interfacial recombination or high
overpotentials for the overall water splitting reaction, and
instability of the photoelectrodes. Consequently, discovering
and optimizing novel photoabsorber materials is important for
the development of competitive photoelectrochemical cells.
This is a very demanding task due to the practically unlimited
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number of potential material classes and combinations of
elements. An extremely powerful approach is offered by high-
throughput theoretical'™"' and experimental>™"® screening
methods. However, the identification of promising materials
with specific stochiometrics is only the first step and, aided by
characterization and increasing understanding of material
properties, synthesis strategies have to be refined to obtain
electrodes with optimized compositions and morphologies.
Recently, the Solar Hydrogen Activity research Kit (SHArK)
project, a distributed science research project,” identified a p-
type ternary oxide semiconductor containing the earth-
abundant and inexpensive elements Fe, Cr, and Al
Combinatorial optimization identified the highest photo-
electrolysis activity for the hydrogen evolution reaction at a
stoichiometry near Fe(g,Cr, yAl;50;. The discovered material
features a band gap of 1.8 eV. While the incident photon-to-
current efficiency (IPCE) of around 1 X 10™* % at 500 nm is
very low, a promising photovoltage of around 0.95 V was
reached. Sliozberg et al.*’ obtained higher photocurrents of 10
uA cm™ at 0.5 V vs RHE under AM 1.5 with an IPCE of 0.3%

Received: July 31, 2015
Published: January 8, 2016

DOI: 10.1021/jacs.5b08040
J. Am. Chem. Soc. 2016, 138, 1860—1867


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b08040

Journal of the American Chemical Society

at 350 nm by depositing thicker films using reactive magnetron
co-sputtering, demonstrating that the performance of this
material can be improved by employing different fabrication
routes.

Inspired by the potential of this recently discovered material,
we focused on the development of large-scale photocathode
morphologies based on ternary FeCrAl oxides. We report a
sol—gel synthesis method that yielded mesoporous thin films
with photocurrents of 0.25 mA cm™ at 1.23 V vs RHE and an
early photocurrent onset at 1.1 V vs RHE. The performance
can be improved further by introducing a template and
synthesizing a periodic, porous inverse-opal structure. After
optimization, a photocurrent of 0.68 mA cm™> under AM 1.5
illumination with an IPCE of 28% at 400 nm was reached while
retaining the early onset potential. We further describe
extensive structural and electrochemical studies aimed at
understanding the correlation between synthesis conditions,
structure, and photoelectrochemical behavior of the novel
material.

B EXPERIMENTAL SECTION

Mesoporous FeCrAl oxide layers were prepared by dissolving the
precursor salts Fe(NO;);-9H,0, Cr(NO,;);-9H,0, and Al(NO,)y
9H,0 in ethanol, resulting in 0.5 M solutions. The precursor solutions
were mixed in a ratio of 0.42:0.5:0.08, respectively, to achieve the
targeted composition. This solution was spin coated (800 rpm for 30
s) onto fluorine-doped tin oxide glass, FTO (TEC 1S Glass, Dyesol),
resulting in films that were calcined at 525 °C for 1.5 h (2 °C/min heat
ramp).

Macroporous films were synthesized by predepositing poly(methyl
methacrylate) (PMMA) spheres as a template. PMMA spheres with a
diameter of 300 nm were prepared according to a procedure
previously described by us.*"** In brief, the particles were synthesized
by adding methyl methacrylate (MMA) (35.6 g, 0.35 mol) and sodium
dodecyl sulfate (SDS) (S mg, 0.02 mmol) to deoxygenated water (98
mL) under nitrogen purging at 40 °C. The resulting emulsion was
heated to 70 °C for 1 h under reflux and vigorous stirring. The
polymerization was initiated by adding potassium peroxydisulfate (56
mg, 0.2 mmol) dissolved in water (2 mL) and stopped after 2.5 h by
cooling the suspension to room temperature under atmospheric
conditions. The resulting PMMA spheres were washed with water by
centrifugation (19 000 rpm, 20 min) and redispersed in water.

The FTO substrates were placed vertically in an aqueous PMMA
solution (11 wt %), and the solution was dried overnight at 70 °C.
These templated films were infiltrated with the FeCrAl precursor
solution via spin coating and calcined at 525 °C for 1.5 h (2 °C/min
heat ramp).

X-ray diffraction (XRD) analysis was carried out on a STOE powder
diffractometer (Cu Kay, 4 = 1.5406 A) equipped with a position-
sensitive Mythen-1K detector in transmission geometry. X-ray
photoelectron spectroscopy (XPS) measurements of the particles on
an FTO substrate were performed using a VSW TA 10 X-ray source,
providing Mg Ka radiation, and a VSW HA 100 hemispherical
analyzer. The samples were cleaned by Ar* sputtering (VSW AS10 ion
source) for 8 min at 1 keV. Scanning electron microscopy (SEM)
measurements were performed on a JEOL JSM-6500F with a field
emission gun run at 5 kV and equipped with an Oxford energy-
dispersive X-ray (EDX) detector. A probe-corrected FEI Titan Themis
with an X-FEG source operated at 300 kV was used for transmission
electron microscopy (TEM). Bright field (BF) and high-resolution
TEM (HRTEM) images as well as diffraction patterns were acquired
with a Ceta 16 M camera, scanning, TEM (STEM) images with an
annular dark field (ADF) detector, and energy-dispersive X-ray (EDX)
spectra and maps with four Super-X Bruker SDD detectors. Samples
were prepared either by scraping material off the substrate with a razor
blade and depositing it on a holey carbon grid or in a cross-sectional
geometry as described by Strecker et al.>

Film homogeneity and thickness were measured using a Veeco
(Dektak 156) profilometer with a 640 X 489 pixel camera and a
diamond tip (radius 12.5 ym).

UV—vis measurements were performed on a PerkinElmer Lambda
1050 UV/visible/NIR spectrophotometer with an integrating sphere.
The absorbance of each sample was calculated from experimental
reflectance and transmittance measurements and fully corrected for
reflectance and absorbance of the FTO substrate using eq 1 as derived
by Klahr et al.**
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In eq 1, Ts/Ts,r and Rg/Rg,r correspond to the wavelength-
dependent transmissions and reflections of the plain (T and Rg) and
the coated substrate (T, and Rg,y), respectively.

Photoelectrochemical measurements were carried out using a p-
Autolab IIT potentiostat equipped with a FRA2 impedance analyzer.
The samples were masked with a Teflon-coated glass fiber adhesive
tape, leaving an exposed area of 0.2 cm® The sample was placed in a
quartz cell filled with an aqueous 0.1 M HCIO, electrolyte and
connected in a three-electrode mode to the potentiostat with a Ag/
AgCl reference electrode and a Pt mesh counter electrode. The films
were illuminated through the substrate side using an AM 1.5 solar
simulator (Solar Light Model 16S) at 100 mW cm™ Current density-
voltage (J—V) curves were obtained by scanning from positive to
negative potentials in the dark or under illumination at a 20 mV/s
sweep rate.

Incident photon-to-current efficiency (IPCE) measurements were
performed under low-frequency chopped monochromatic light (1 Hz).
A 150 W xenon lamp equipped with a monochromator and order-
sorting filters was used as a light source. The sample bias was set to
0.75 V vs RHE under simulated solar irradiation. The light intensity
reaching the electrode was measured using a certified Fraunhofer ISE
silicon reference cell equipped with a KGS filter.

To estimate the electron transfer efficiency, transient current
measurements were performed by illuminating the electrode with a
4SS nm light emitting diode. The light was switched on and off every
500 ms, and the current was measured at potentials ranging from 1.0
to 0.5 V vs RHE.
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B RESULTS AND DISCUSSION

FeCrAl oxide photocathodes were synthesized via a sol—gel
route (Figure 1). Precursor solutions were prepared by
dissolving the nitrate salts of Fe**, Cr’**, and AP* in ethanol
at a ratio of 0.43:0.5:0.08. This stoichiometry has been
discovered via a combinatorial optimization approach and
reported to yield the highest IPCE values.'” The electrodes
obtained by spin-coating a freshly prepared precursor solution
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Figure 1. Scheme by which mesoporous and macroporous films were
synthesized.

DOI: 10.1021/jacs.5b08040
J. Am. Chem. Soc. 2016, 138, 1860—1867


http://dx.doi.org/10.1021/jacs.5b08040

Journal of the American Chemical Society

a)

Figure 2. TEM images of the mesoporous FeCrAl oxide film. (a) A cross section overview image; (b) an image of the nanoparticles in the Fe-rich
region. (c and d) An HRTEM image and the corresponding FFT of the Cr-rich phase. The image shows the (001) plane.
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Figure 3. X-ray photoelectron spectra of the Fe 2p;/,, Cr 2p;,, and Al 2p edges of the Fe-rich phase in the mesoporous FeCrAl oxide film.

onto FTO and calcining in air at 525 °C are mesoporous and
crack-free.

X-ray diffraction patterns of the mesoporous films can be
indexed with a single phase having the corundum structure and
the space group R3c. Secondary phases with other crystal
structures were not found. The lattice parameters were
obtained by a Le Bail*® refinement (SI Figure 6) as a
49832(1) A and ¢ = 13.6143(3) A. This is in excellent
agreement (deviation <1%) with the lattice parameters
obtained by Rowley et al."’

Although XRD analysis of the powder material points to the
formation of a single phase, cross section TEM analysis of the
films surprisingly reveals a phase separation (Figure 2). The
different phases found in TEM could not be resolved by XRD,
indicating that both phases form in the corundum structure and
have very similar lattice parameters. This was also confirmed by
HRTEM measurements and FFT analysis. Near the FTO
substrate, a Cr-rich phase with an average Fe:Cr:Al ratio of (20
+4:75 + 5: 5+ 1) atom % forms columnar grains with a size
of up to 250 nm in the corundum structure. Above this region,
a mesoporous network of Fe-rich nanoparticles with an average
composition of Fe:Cr:Al = (59 + 7: 18 & 4: 23 + 6) atom % is
formed. These can be further separated into large ellipsoid
nanoparticles with a diameter of (5.6 + 0.8) nm decorated with
small spherical nanoparticles with a diameter of (1.5 + 0.2) nm
(SI Figure 8). The chemical composition of these particles is
slightly different, as the small particles are Al-enriched
(Fe:Cr:Al ratio of (71 + 4: 9 + 4: 20 + 6) atom % whereas
the large particles have an Fe:Cr:Al ratio of (76 + 6: 11 +2: 13
+ 4) atom %).
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X-ray photoelectron spectroscopy was used to detect signals
of iron, chromium, and aluminum of the upper, Fe-rich layer of
a 500 nm thick, mesoporous FeCrAl oxide film (Figure 3). Peak
positions and shapes indicate an oxidation state of +3 for all
metal jons. Assignment of the chemical species was done
according to Molder et al.”® Quantification yielded an Fe:Cr:Al
ratio of 55:17:28, which is in good agreement with the EDX
results. The valence state of Fe was estimated as +3 by
comparing the energy positions of the 2p;,, peaks to those of
the pure oxides”” (Figure 3). In a similar fashion, the energy
position of the Cr 2p;/, peak is characteristic for the oxidation
state +3.”7*° The broadening of the peak can be explained
either by a shakeup peak or by traces of Cr in a higher oxidation
state.”” As Cr** and Cr** compounds are unstable,”” Cr®* would
be most likely, even though the energy shift is not as big as with
reference Cr6+-containing compounds. Further, no distinct
Cr*-containing compounds were found by XRD or TEM,
making a shakeup peak and therefore Cr in the oxidation state
+3 most likely. Despite the poor energy resolution and the
small signal-to-noise ratio, the position of the Al 2p peak
supports an Al**-containing oxide.”” The valence state +3 can
therefore be verified for Fe, Cr, and Al in the upper region of
the film.

The separation into different phases, all in the corundum
structure, is in contrast to previous experimental work, as
Steinwehr et al. showed that FeCrAl oxides form solid solutions
with a miscibility gap only at high Al-contents.”” The formation
of large, compact Cr-rich nanoparticles at the FTO indicates
that a heterogeneous nucleation takes place before other phases
form. In accordance, the precursor Cr(NO;);-9H,O is less
stable than the other two and dissociates at 100 °C,>* whereas
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Figure 4. (a) Linear sweep voltammograms for mesoporous FeCrAl oxide electrodes in dependence of the film thickness. The samples were
illuminated through the substrate with AM 1.S. (b) IPCE spectrum determined for a S00 nm thick mesoporous film on FTO. The drop in
photocurrent at 350 nm is attributed to light absorption by the FTO substrate.

Figure S. (a) Cross-sectional SEM image of a macroporous film. (b) Cross-sectional TEM image of a macroporous film showing the Cr-rich phase
near the substrate. (c) BF TEM image of a single pore. (d) HRTEM image of a part of the network.

Fe(NO,);-9H,0 and Al(NO,);-9H,0" are stable up to 250
°C. While these temperatures refer to material without solvent,
the trend should stay the same, explaining the phase separation.
As an alternative synthesis approach, we attempted aging the
precursor solution, which led to the spontaneous formation of
small nanoparticles with a homogeneous elemental distribution.
Experimental details and SEM (SI Figure 3), TEM (SI Figure
1), and elemental composition information (SI Table 1) are
provided in the Supporting Information. Films synthesized by
depositing these nanoparticles onto FTO, however, led to very
low photocurrents (SI Figure 2).

The photoelectrochemical characteristics of mesoporous
FeCrAl oxide films of different thicknesses were determined
in 0.1 M perchloric acid under AM 1.5 substrate illumination.
As expected, the optical absorbance increases linearly with the
film thickness (SI Figure 4). The photocurrent densities follow
a similar trend, increasing linearly with the thickness up to 0.25
mA cm~* under AM 1.5 (Figure 4a) and an IPCE of 4.9% at
350 nm (Figure 4b) for a 500 nm thick film (SI Figure 10).
FeCrAl oxide shows a very early onset potential of 1.1 V vs
RHE for a 100 nm thin film. A shift to more negative onset
potentials is observed for samples with increasing thickness
reaching values of 1.05 V vs RHE for a 500 nm sample. Further,
increasing the film thickness leads to a saturation of the
photocurrent. This limiting behavior is not observed for thin
films of around 40 nm, where the current density remains
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constant independent of the illumination direction (SI Figure
7). The generated charge carriers can be collected equally well
regardless of the sample being illuminated through the
substrate or the electrolyte side since most of the light is
transmitted, resulting in only a small gradient of carrier
concentration across the film and a short path to be collected at
the electrode/electrolyte interface. Thicker films have carriers
created deeper in the structure and rely on charge carrier
transport over long distances across the loosely connected,
individual particles.

To enhance the performance, we optimized the electrode
morphology by nanostructuring the material. Nanostructuring
is a proven strategy for increasing the photogenerated carrier
collection efficiency by decoupling the light absorption depth
from the charge collection depth.”>~ Periodic, macroporous
morphologies are particularly attractive as they provide both a
continuous scaffold for the transport of photogenerated charges
to the current collector and a large surface for the
heterogeneous charge transfer. Furthermore, the large pore
size is beneficial for the infiltration of electrolyte throughout the
whole film thickness, for the diffusion of products away from
the semiconductor—electrolyte interface, and for lowering the
current density and thereby the overpotentials for electrode
reactions, respectively. A so-called colloidal crystal templating
approach was used to obtain macroporous FeCrAl oxide
electrodes using periodic arrays of PMMA beads as a

DOI: 10.1021/jacs.5b08040
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Figure 6. (a) Linear sweep voltammograms of the macroporous and mesoporous FeCrAl oxide films with AM 1.5 illumination through the substrate.
Dashed curves are dark current sweeps. For comparison, the voltammogram of a 500 nm thick, mesoporous film is also shown. (b) IPCE spectrum

determined for the same inverse opal FeCrAl oxide film on FTO.
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Figure 7. (a) Photocurrent transients of a mesoporous and a macroporous FeCrAl oxide film. (b) Transfer efficiency #,,, determined for
mesoporous and inverse opal macroporous FeCrAl oxide films by transient photocurrent response measurements. The samples were illuminated

with a 455 nm diode through the substrate side.

template.”® The PMMA layers were assembled on FTO
substrates (SI Figure S5) and impregnated with a freshly
prepared sol—gel precursor solution via spin-coating. Calcina-
tion leads to decomposition of the precursors and to the
combustion of the PMMA template, resulting in crystalline
FeCrAl oxide films with a porous, periodic inverse opal
structure (Figure S) with the FeCrAl oxide forming a
continuous semiconductor scaffold. The electrodes obtained
in this way have a homogeneous thickness ranging from 1 to 6
um, good coverage, and a good adhesion to the substrate
(Figure Sa). The electrodes used for photoelectrochemical
measurements were defined by a film thickness of approx-
imately 3 ym, having the same light harvesting efficiency as the
best performing mesoporous layers of 500 nm and thus
allowing a meaningful comparison of films with different
morphologies (SI Figure 9).

The average pore diameter of (277 + 10) nm (Figure Sc)
corresponds to a shrinkage by ca. 9% during the calcination
process to which we attribute the few defects shown in Figure
Sa. As in the case of the mesoporous film, a phase segregation
into a Crrich phase near the interface with an average
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composition of Fe:Cr:Al = (9 +3: 90 & 3: 1 + 1) atom % and
a macroporous, Fe-rich phase with an average composition of
Fe:Cr:Al = (64 + 1: 25 + 4: 11 + 5) atom % is observed. The
Crrich phase forms spherical nanoparticles with diameters
between 60 and 340 nm. The average composition of the Fe-
rich phase was the same over the thickness of the film, and no
compositional gradients through the film thickness were
detected. HRTEM images show the scaffold to be polycrystal-
line with small grains on the order of 2 to 4 nm. This leads to
improved charge transport properties compared to the
mesostructured films, where the individual nanoparticles are
only partly connected and charge transport is more difficult.
The photoelectrochemical performance of the macroporous
FeCrAl oxide films is shown in Figure 6 and reveals a dramatic
photocurrent increase over the mesoporous films. Compared to
a 500 nm thick, mesoporous film, the current density is
increased by over 60 % reaching a value of 0.68 mA cm™ at 0.5
V vs RHE. Once again of note is the early onset potential of 1.1
V vs RHE. The IPCE of the macroporous film is also increased
significantly throughout the whole wavelength range of 300 to
600 nm, reaching a maximum of 28% at 400 nm (Figure 6b).

DOI: 10.1021/jacs.5b08040
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The IPCE maximum for macroporous films is red-shifted to
400 nm, compared to the mesoporous film, which has a
maximum at 350 nm. This shift is attributed to the inverse opal
structure acting as a photonic crystal,"”*" with transmission
measurements (SI Figure 9) confirming a stop band centered at
380 nm. An additional shoulder at 350 nm is at the same
position as the maximum measured for mesoporous films and
can be attributed to the material itself. The drop at 350 nm is
attributed to absorption of light by the FTO substrate.

The transfer efficiency of charges to the electrolyte 7,.,,, can
be assessed from transient current measurements. By
illuminating the electrode with chopped light at different
chopping frequencies and potentials, photocurrent transients
can be measured. From the latter, the instantaneous current
density Ji and the steady-state current density J, can be
determined. For a system where kinetics at the surface are
slower than electron generation, Ji, is dominated by perfect
electron transfer whereas ], shows an equilibrium of
recombination and transfer. The ratio of ] and Jy, is therefore
a measure of the electron transfer efficiency fyans =+
calculated according to eq 2.

Js

k

trans

]inst ktrans + krec

;/Itr ans -

)

As shown in Figure 7a, the shape of the transients is
characteristic for the individual morphologies. The mesoporous
sample is characterized by a spiky instantaneous current that
decays to a constant steady-state current (Figure 7a). The
transient current of the macroporous sample, on the other
hand, shows an instantaneous current closer to the steady-state
current, indicating a photocurrent response closer to the ideal
square shape that is not limited by recombination. This
observation is confirmed by determining the transfer
efficiencies of both morphologies at different potentials. A
500 nm thick, mesoporous film shows a transfer efficiency of
12.5% at 0.756 V vs RHE. At this potential, at which the current
density is 0.13 mA cm™? the transfer efficiency reaches a
maximum. Under these conditions, the macroporous film has a
transfer efficiency of 48.5%, almost three times as high,
indicating superior charge transport properties across the film
and explaining the increased transfer efficiency in the
macroporous films. The improved electron transfer efficiency
has a major contribution to the increased photocurrent shown
in Figure 6. The increased transfer efficiency indicates that
recombination reactions in either the bulk and/or on the
surface are decreased. As the macroporous film has a higher
surface area, the surface recombination rate should be higher
and the increased transfer efficiency can be attributed to
decreased bulk recombination due to the short carrier diffusion
length. The short carrier diffusion length requires most
photogenerated carriers to be produced in a region where
there is a space charge field to separate them. In a more two-
dimensional geometry, with the rather low absorption
coeflicients especially in the red region of the spectrum, most
carriers are generated in the bulk of the grains and recombine
before they can diffuse to a space charge region. In the
macroporous films, the carriers are very likely to be created in
or near a region with a space charge field formed by the
electrolyte/semiconductor interface. Therefore, there is a
higher probability that they will be collected as photocurrent
especially in the spectral regions with low absorption
coeflicients.
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The presence of metal oxide phases with different
composition raises the question about the photoelectrochem-
ical activity of each individual phase. Theoretical work by
Praveen et al.*® has shown that the band gap can be tuned
between 2.5 and 3.1 eV by varying the Fe:Cr:Al ratio. Phase
separation can therefore lead to the efficient absorption of large
parts of the solar spectrum. In addition, both Cr- and Al-doping
of hematite improve charge transport properties.”’~*’ Even the
formation of the Cr-rich phase can enhance the properties, as
Cr,0; has been shown to act both as a catalyst and as an
oxygen barrier, preventir}% the direct formation of water from
hydrogen and oxygen.’”’

Photoelectrochemical characterization of the electrodes
revealed that the macroporous structure was beneficial not
only for the device architecture, regarding the solid to
electrolyte junction, but also for the charge transport across
the metal oxide film. Macroporous structures show a nearly 3-
fold increase of current density compared to the mesoporous
FeCrAl oxide film, reaching values of up to 0.68 mA cm™” at 0.5
V vs RHE under AM 1.5 without any additional catalysts.
Compared to devices reported so far in the literature, we
demonstrate a 68-fold current density increase” as a result of
introducing macropores. The main contribution to this
electrochemical performance was achieved by the increased
electron transfer efficiency to the electrolyte and therefore
reduced recombination.

The macroporous FeCrAl oxide photoabsorber shows the
highest currents not only for this particular system but, to our
knowledge, also among the published metal oxide photo-
cathodes. The best known example for a metal oxide
photocathode, CuZO,8 reaches current densities of about 0.8
mA cm™> at 0 V vs RHE under uncatalyzed conditions with a
photocurrent onset at 0.4 V vs RHE. CuFeO,’ on the other
hand shows a current density of about 20 yA cm™' at 0 V vs
RHE in a non-oxygen-saturated electrolyte with a photocurrent
onset at about the same potential. In contrast, the macroporous
FeCrAl oxide electrodes have a very early onset potential of 1.1
V vs RHE. At potentials at which we observe 0.68 mA cm™
(0.5 V vs RHE), very little photocurrent is observed for Cu,O
and CuFeO,. This study therefore exemplifies the importance
of finding and developing new promising metal oxides as
photoelectrodes for water splitting.

B CONCLUSION

We presented the synthesis and characterization of semi-
conducting FeCrAl oxide photocathodes with different porous
morphologies and investigated them for solar-driven hydrogen
evolution. Mesoporous FeCrAl oxide films with a photocurrent
onset at 1.1 V vs RHE were synthesized using a novel sol—gel
synthesis to generate large area crack-free films that were
characterized and had their thickness optimized to reach a
current density of 0.25 mA cm ™ under AM 1.5 at 0.5 V vs RHE
with an IPCE of 4.9%. EDX measurements performed with
TEM showed that a phase separation occurs, with a Cr oxide
rich phase adjacent to the substrate and a Fe rich oxide phase
on the top. Template synthesis of an inverse opal macroporous
Fe(g4Cri0Aly 1605 electrode drastically increased the photo-
current to 0.68 mA cm > under AM 1.5 at 0.5 V vs RHE and an
IPCE of 28% at 400 nm without the use of hydrogen evolution
catalysts. The collection of minority carriers at the semi-
conductor/electrolyte interface increased nearly 4 times
compared to the optimized mesoporous electrode, the highest
reported so far for this novel material, showing that it is a
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promising candidate for photoelectrochemical water splitting.
Further studies on different morphologies and architectures
could additionally improve the device performance. This work
shows the potential of nanostructured multinary mixed metal
oxides as electrode materials for photoelectrochemical water
splitting.
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