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ABSTRACT: Various metal-doped p-type CaFe,O, photocathodes were
prepared in an attempt to improve the low quantum efliciency for
photoreaction. CuO and Au doping enhanced the photocurrent by expansion
of the absorption wavelength region and plasmon resonance, respectively. X-
ray diffraction (XRD) and X-ray absorption fine structure (XAFS) analysis
showed that doping with these metals further disturbed the originally
distorted crystal structure of CaFe,O,. In contrast, doping with Ag relaxed the
distorted crystal structure around the Fe center toward symmetry. Ag doping
resulted in improvement of the carrier mobility together with a red-shift of 1.0 i

photoabsorption with Ag-doped CaFe,O, having a 23-fold higher photo-

current than undoped CaFe,O,.
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hotocatalytic reactions are widely used for solar energy
conversion' and environmental purification,” and they
require semiconductors which show efficient photoresponses
owing to their narrow bandgaps, high carrier densities, and
mobility. To realize efficient photocatalytic systems, reports on
combinations of p-type and n-type semiconductors for
photoelectrochemical devices® ® and photocatalysts’® have
been increasing. Although there have been many reports on
highly efficient n-type semiconductors, there have been
comparatively few studies on p-type semiconductors, most of
which consist of rare metals. Hence development of eficient p-
type semiconductors is crucial. Calcium iron oxide (CaFe,0,)
is an attractive p-type semiconductor which consists of only
abundant elements. CaFe,O, exhibits visible-light response
(bandgap = 1.9 eV) and a suitable conduction band edge (—0.6
V vs RHE)" for application to water splitting,'"'* photo-
decomposition of harmful organics,"®> and superhydrophilic
reactions.'* However, the quantum efficiency of the CaFe,0,
electrode is relatively low, which is mainly due to its poor
mobility (ca. 107 V7' 57! cm?).'®
Metal doping into metal oxide has often been attempted to
induce a red-shift of the bandgap transition' and generate
acceptor levels in the bandgap due to enhanced p-type
character.'® Furthermore, if the atomic orbitals of the dopant
are hybridized with the narrow d band in the conduction band
(CB) or valence band (VB), bandgap modulation and an
enhancement of carrier mobility are expected.
Here, to explore a suitable dopant, we have prepared various
metal-doped CaFe,0, (M-CaFe,0,; M = Ag, Au, CuO, Pd, and
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Ir) electrodes by radio frequency (RF) magnetron cosputtering
followed by postannealing at a low temperature. It was
confirmed that some metals enhance the photoelectrochemical
properties of CaFe,0,. The enhancement effects of the cationic
dopants were investigated in detail by structural analyses.

CaFe,0, and a metal were codeposited by RF magnetron
sputtering onto glass substrates coated with antimony-doped
tin oxide (ATO), a transparent conductive oxide. The
compositions of the films were adjusted by changing the
input RF powers for the metal target in the range of 0—300 W,
while that for CaFe,O, was fixed at 500 W. The film thickness
was adjusted to ca. 180 nm according to the sputtering time.
The deposited electrodes were postannealed at an optimum
temperature of 923 K in an O, gas flow for 2 h. The surface of
the films was confirmed to be flat as shown by the scanning
electron microscopy (SEM) image (Figure S1, Supporting
Information). Representative scanning transmission electron
microscopy (STEM) images (Figure S2e, Supporting Informa-
tion) revealed that metals were aggregated in the films after
annealing, while there were no aggregates before annealing
(Figure S2d, Supporting Information). It indicates that an
excess amount of metals for doping in lattices of CaFe,O,
aggregated during the annealing process.

Current—potential curves of the sputter-deposited films were
measured in an electrochemical cell containing O,-saturated 0.2
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M K,SO, aqueous solution equipped with Pt wire and Ag/AgCl
electrodes. In all of M-CaFe,0,’s, only Ag-CaFe,O, showed
dark current, which is a redox wave of Ag/Ag" by the elution of
aggregated Ag. After oxidation by chronoamperometry at 0.6 V
vs Ag/AgCl, the current disappeared, as shown in Figure S3
(Supporting Information). After this treatment, the color of the
film changed from dark brown to yellow (Figure S3, Supporting
Information), and voids due to the elution of Ag were evident
by STEM analysis (Figure S2f, Supporting Information).
Energy-dispersive X-ray (EDX) spectroscopy measurements
indicated the residual amount of Ag was less than the detectable
limit (<0.5 atom %). After repeated washing of the electrodes
with distilled water, photocurrent—voltage curves were
measured with fresh electrolyte.

Figure 1 shows current—potential curves for the Ag, CuO,
Au, and undoped CaFe,0, electrodes under chopped light
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Figure 1. Current—potential curves measured in O,-saturated 0.2 M
K,SO, solution under chopped light irradiation (300—800 nm) for Ag
(35 W)-CaFe,0, (red line), CuO (300 W)-CaFe,0, (blue line), Au
(50 W)-CaFe,0, (green line), and CaFe,O, (black line) electrodes.
All electrodes were postannealed at 927 K, and the film thickness was
fixed at ca.180 nm.

irradiation. These films exhibit typical cathodic photocurrents
that correspond to O, reduction, which indicates that M-
CaFe,0,’s are also p-type semiconductors. Ag (35 W)-CaFe,0,
(red line) showed the highest photoactivity. The photocurrent
at 0.0 V vs Ag/AgCl was 23 times higher than that for CaFe,0,
(black line). Other Ag-CaFe,O,’s prepared by RF sputtering of
a silver target in the range of 20—60 W also showed a higher
photocurrent than CaFe,0, (Figure S4a, Supporting Informa-
tion). CuO-CaFe,0, deposited by cosputtering with a RF
power of 50—300 W for CuO also exhibited 1.3—2.9 times
higher photocurrent than that of CaFe,O, at 0 V (Figure S4b,
Supporting Information). The photocurrent for Au (S0 W)-
CaFe,0, was 1.7 times higher than that of CaFe,0,, although
those for the Au electrodes sputtered at 15—37 W were lower
(Figure S4c, Supporting Information). In contrast, doping with
Pd and Ir did not enhance the photocurrent of CaFe,O,
(Figures S4d, e, Supporting Information). Time courses for
the photocurrents with a bias of 0 V are shown in Figure S$
(Supporting Information). Although the photocurrents for
CuO-CaFe,0, and Au-CaFe,0, decreased, that of Ag-CaFe,0,
was stable.

Figure 2 shows UV—vis absorption and incident photon to
current efficiency (IPCE) spectra for CaFe,0, doped with Ag,
CuO, and Au and undoped CaFe,O, films. The absorption
edge of CaFe,0, (ca. 650 nm, black line) was shifted to the
longer-wavelength region by doping with Ag and CuO (red and
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Figure 2. IPCE spectra (data points; left axis) and UV—vis absorption
spectrum (lines; right axis) for Ag (35 W)-CaFe,0, (red), CuO (300
W)-CaFe,0, (blue), Au (50 W)-CaFe,O, (green), and CaFe,O,
(black) electrodes. IPCEs were measured at 0.0 V vs Ag/AgCl with
monochromatic light irradiation. The film thicknesses of all electrodes
were fixed at ca.180 nm.

blue lines, respectively). The Au-CaFe,O, film showed not only
a red-shift but also an absorption peak around 500—800 nm
(green line) which is attributed to the plasmonic absorption of
Au nanoparticles.

The IPCE spectra also shifted toward the longer-wavelength
region, which corresponds to the red-shift of the absorption
edge with doping. The photocurrent of CaFe,0, was obtained
at less than 600 nm, while that of Ag-, Au-, and CuO-CaFe,0,
was observed at 720 nm (Figure S6, Supporting Information).
Therefore, it is speculated that cationic Ag, Cu, and Au may be
introduced into the CaFe,O, lattice to create a new level
between the VB and/or CB in the bandgap. In the case of
CuO-CaFe,0,, enhanced photoresponse was observed at
longer wavelengths of 460—800 nm. The improvement of
photocurrent by full-arc irradiation in Figure 1 is considered to
be due to the improved photoresponse between 460 and 800
nm. However, the IPCE below 420 nm is lower than that for
CaFe,0,, which indicates that CuO doping has not only a
positive effect by the bathochromic shift but also a negative
effect in the generation of electron and hole trap sites." In the
case of Au-CaFe,0,, the IPCE was lower than that of CaFe,O,
below 600 nm. A decrease of photocurrent should also be
caused by the generation of trap sites with Au doping.
However, this is contradicted by the 70% increase in
photoresponse with full-arc irradiation (Figure 1). This result
indicates that the improved photocurrent for Au-CaFe,O,
requires multicolor irradiation, i.e., excitation to both bandgap
and Au plasmons. It is a possibility that the improved
photocurrent may be due to localized surface plasmon
resonance (LSPR) by Au plasmons.'” Photoexcitation of the
LSPR peak is known to form a locally enhanced electric field in
the proximity of metal nanoparticles, which can then enhance
the photoexcitation of chromophores near the metal nano-
particles. In the case of Au-CaFe,0,, the electric field induced
by photoexcitation of the LSPR peak for Au nanoparticles (4 >
500 nm) may enhance the photoexcitation of CaFe,0, (4 <
600 nm). Despite that Au acts as a trap site, the photocurrent
by full-arc irradiation may be increased. In contrast, the IPCE
for Ag-CaFe,0, was much higher than that for CaFe,O, over
the entire wavelength region. Therefore, doping with Ag is
effective not only for the absorption red-shift but also for an
improvement of the photoresponse in the range of 340—760
nm. As reasons for photocurrent enhancement, Ag doping may
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Figure 3. (a) Crystal structure of CaFe,0O, (Ca, blue; Fe, brown; O, red), (b) XRD patterns, and XANES and k*-weighted FT-EXAFS spectra for Fe
K-edge (c and d, respectively) and that for Ca K-edge (e and f, respectively) of Ag-CaFe,0, (red), CuO-CaFe,O, (blue), Au-CaFe,0, (green), and

CaFe,0, (black) electrodes.

promote reaction with O, at the surface or improve bulk
properties such as the carrier mobility.

To investigate the effect of Ag-doped sites and Ag particles
for the reaction, a CaFe,0, electrode loaded with Ag
nanoparticles [Ag particle/CaFe,0,/ATO] and a Ag-doped
CaFe,0, electrode layer [Ag-CaFe,0,/CaFe,0,/ATO] were
prepared. Photoinduced current—potential curves of these
electrodes are shown in Figure S7 (Supporting Information),
where the photocurrents of both electrodes were degraded.
These results indicate that Ag-doped sites and Ag particles do
not act as reduction sites to enhance the photocurrent in Ag-
CaFe,0,.

To examine the bulk properties of Ag-CaFe,O,, the
dependence of photocurrent on the film thickness was
investigated. Photocurrent—voltage curves of 100—500 nm
thick Ag-CaFe,0, and CaFe,0, films are shown in Figure S8
(Supporting Information). For CaFe,O,, the best photocurrent
obtained at —0.25 V vs Ag/AgCl was for the 100 nm film and
then decreased with increasing film thickness. The short carrier
diffusion length in CaFe,O, resulted in poor photoelectro-
chemical properties. This is disadvantageous for efficient light
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absorption because the majority of incident photons is
transmitted through the thin film. In contrast, the optimum
thickness of the Ag-CaFe,0, film was 230 nm, and an efficient
photocurrent was observed even at 500 nm. Therefore, more
photons were absorbed in the thicker Ag-CaFe,0, films, which
can be explained by more photogenerated holes reaching the
transparent electrode with improved carrier mobility. The
enhancement of carrier mobility by Ag doping was estimated to
be 4.6 times (Supporting Information). Consequently, the
enhancement of the photoresponse with Ag doping is
considered due to an improvement of the carrier mobility in
the bulk. A detailed crystallographic analysis was then
conducted to investigate the factors for improvement of the
bulk properties with doping.

Figure 3b shows XRD patterns for Ag-, CuO-, and Au-doped
CaFe,0, and undoped CaFe,0, electrodes. The undoped
CaFe,0, electrode has two intense peaks assignable to (200)
and the overlap of (040) and (320), in addition to several weak
peaks. Ag-CaFe,0, also had intense peaks similar to that for
CaFe,0,. The intensity of the (200) diffraction peak for Ag-
CaFe,0, was decreased slightly, while the other several peaks
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were increased and shifted to lower angle by A26 = 0.02—0.03°
(Figure S10, Supporting Information). This indicates that
doping with Ag induces a change of the crystal orientation in
the film structure and the lattice spacing. In contrast, all of the
peak intensities for the Au- and CuO-doped electrodes were
decreased, and other peaks assignable to Au (26 = 38.2°) and
CuO (26 = 38.9°) were observed. Films doped with Pd and Ir
also showed a significant decrease in the CaFe,O, peaks and
the appearance of metallic phase dopant peaks.

XAFS spectra for the K-edge of Ca and Fe were measured to
probe the short-range structure.'® However, we could not
obtain information on Ag because the dopant amounts were
below the detection limit (less than 0.5 atom %). Figure 3c
shows Fe K-edge X-ray absorption near edge structure
(XANES) spectra for metal-doped CaFe,0,. Pre-edge peaks
and absorption peaks were observed around 7109 and 7127 eV,
respectively. The absorption maxima of Ag-CaFe,O, were
shifted to lower energy than that of CaFe,O,, which indicates
that the electronic structure of Fe became reductive by Ag
doping. The pre-edge peak of Ag-CaFe,0, is lower than that of
CaFe, 0, and is attributed to forbidden transitions such as 1s —
3d, which is allowed by degradation of the ligand-field
symmetry around Fe due to p-character mixing with d orbitals.
Therefore, the difference in the pre-edge peak indicates that Ag
doping induces improvement of the symmetry around the Fe
atom in CaFe,O,. In contrast, Au and CuO doping caused
disturbance of the symmetry.

Figure 3d shows the Fourier transforms (FT's) of k*-weighted
extended X-ray absorption fine structure (EXAFS) spectra,
which were collected for specific nearest-neighbor interatomic
distances. The FT-EXAFS data showed three major peaks.
CaFe,0, has a distorted spinel structure (Figure 3a)," in which
each Fe atom is surrounded by six O atoms in octahedral
coordination. The first shell peak of the FT-EXAFS signal at ca.
1.6 A is assigned to families of O atoms. The second shell peak
at ca. 2.7 A is assigned to single scattering by Fe—Ca and Fe—
Fe atoms, while the third shell peak at ca. 3.2 A represents
contributions from both Ca, Fe, and O atoms. In the case of
Ag-CaFe,0, the FT magnitude of the first peak was higher
than that of CaFe,O,, which also indicates improvement of the
symmetry around Fe. The peak of the first shell was slightly
shifted to longer interatomic distance with Ag doping. In
contrast, the first shell shifted shorter, and the FT magnitude
was lowered with Au and CuO doping.

The Ca K-edge XANES and FT-EXAFS spectra for metal-
doped CaFe,O, are shown in Figures 3e and 3f, respectively.
These spectra contain much noise because the energy of the Ca
K-edge is weak. The difference in the pre-edge and the
absorption edge energy by doping could not be recognized.
The FT-EXAFS data showed three major peaks. The first shell
between 1.7 and 2.0 A is attributed to single scattering by the
surrounding eight O atoms. The other shells contain various
scattering by Ca, Fe, and O atoms. The peak intensity of the
first shell for Ag-CaFe,0, is higher than that for CaFe,O,,
which indicates the symmetry around Ca is also improved by
Ag doping. In contrast, the first shell peak was more split and
lowered by Au and CuO doping, which is considered to be
because the symmetry of the Ca—O bond is lowered.

Decreasing symmetry is closely related to carrier mobility
because mobility is highly dependent on the overlap of atomic
orbitals. The CB minimum of CaFe,O, consists of the Fe 3d,
while the VB is mainly composed of Fe 3d and O 2p.*%*'
Therefore, the orbital overlap of the 3d orbitals of Fe with the

2p orbital of O®” is important for the carrier mobility. The
overlap must be significantly reduced by decreasing symmetry
around Fe because of the narrow and anisotropic 3d orbital.
Therefore, the low mobility is closely related to the distorted
lattice structure. Doping with Ag induces an improvement in
the symmetry around the central Fe atom. The structural
improvement may also induce high mobility, which is
considered to be the main reason for the significantly high
photocurrent. These results introduce a new strategy for the
formation of highly efficient semiconductor materials. This
structural change by Ag doping may be applicable to other
distorted oxide semiconductors.

In conclusion, various metal-doped CaFe,O, semiconductors
with p-type conductivity were produced by RF magnetron
cosputtering. Doping of CuO, Au, and Ag resulted in an
enhancement of the photocurrent. Although CuO and Au
doping enhanced photocurrent by expansion of the absorption
wavelength and plasmon resonance, respectively, the doping
decreased the symmetry around the Fe center and the
crystallinity of CaFe,O,. In contrast, Ag doping relaxed the
distorted crystal structure of CaFe,0, together with a red-shift
in photoabsorption. As a result, Ag-doped CaFe,O, exhibited
23 times higher photocurrent than undoped CaFe,O,. Ag-
CaFe,0, would be economically desirable as photocatalysts for
environmental purification™ and suzperhydrophilic reactions'*
and solar energy conversion”'"'” by conjugating n-type
semiconductor since it is composed of naturally abundant
elements.
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