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ABSTRACT: Perovskite-type lanthanum iron oxide, LaFeOs, is a p- e e ] iz
type semiconductor that can achieve overall water splitting using visible A T \ polaron o WW
light while maintaining photostability. These features make LaFeO; a Fe ( & -

promising photocathode candidate for various photoelectrochemical §.0,2

cells. Currently, the photoelectrochemical performance of a LaFeO; E

photocathode is mainly limited by considerable bulk electron—hole ~-03

recombination. This study reports a combined theoretical and Pristine
experimental investigation on the atomic doping of LaFeO; in 0~ ) 04 Kedoped

particular, substitutional doping of La** with K', to increase its
charge-transport properties and decrease electron—hole recombination.
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The computational results show that K-doping enhances not only the

charge-transport properties but also photon absorption below the bandgap energy of the pristine LaFeOj;. The effect of K-
doping was systematically investigated by comparing the electronic and atomic structures, majority carrier density, hole-polaron
formation, and optical properties of pristine and K-doped LaFeO;. The computational results were then verified by
experimentally characterizing the crystal structures, compositions, optical properties, and photoelectrochemical properties of
LaFeO; and K-doped LaFeOj electrodes. For this purpose, pristine LaFeO; and K-doped LaFeO; were prepared as high-
surface-area, high-purity photoelectrodes having the same morphology to accurately and unambiguously evaluate the effect of K-
doping. The combined computational and experimental investigations presented in this study provide useful insights into the
effect of composition tuning of LaFeO; and other p-type oxides with a perovskite structure.

B INTRODUCTION

Perovskite-type lanthanum iron oxide, LaFeQO;, is a p-type
semiconductor that can achieve overall water splitting using
visible light; its bandgap energy is 2.1-2.2 eV, and its
conduction band minimum (CBM) and valence band
maximum (VBM) straddle the water reduction and oxidation
potentials.'~* Furthermore, LaFeQ; is reported to be stable
against photocorrosion," which is a significant advantage over
Cu-containing oxide photocathodes that are typically unstable
during photocurrent generation.’”® These features make
LaFeO; a very promising photocathode candidate for a
photoelectrochemical cell (PEC) used for water splitting or
other solar fuel production (e.g, CO, reduction and N,
reduction). However, studies on LaFeO; for use as a
photocathode have been very limited to date.">”'" The
major limitation of a LaFeO; photocathode appears to be
considerable bulk electron—hole recombination, judging from
the fact that the highest photocurrent generated by LaFeOj; to
date even for O, reduction," which has much faster reduction

. . LILI2
kinetics than water reduction on the LaFeO; surface,” is
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still significantly lower than the theoretically expected
photocurrent based on its bandgap energy.'”"*

One straightforward strategy that has been effective to
improve charge-transport properties and bulk electron—hole
separation in oxide-based photoelectrodes is to increase the
majority carrier density through atomic doping.”"*"'>'° In this
study, we conducted computational and experimental studies
to investigate K-doping at the La site of LaFeO; which
resulted in an increase not only in carrier density but also in
photon absorption. Although there have been a few studies on
the doping of LaFeOj at the La site, the focus of these studies
was not to investigate LaFeO; as a semiconductor photo-
cathode but to investigate it as an ion conductor or
catalyst.'’ = Therefore, the effect of doping at the La site
relevant to the photoelectrochemical properties of LaFeO,
such as photon absorption and carrier transport has not been
elucidated prior to this study.
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In this study, we first report the computational results that
systematically determined the effect of K-doping on the
electronic and atomic structures, majority carrier density, hole-
polaron formation, and optical properties of LaFeO;. Then, we
report experimental results and compare them with the
computational results. For our experimental studies, LaFeO,
and K-doped LaFeOj; were prepared as high-surface-area, high-
purity photoelectrodes having the same morphology to
accurately and unambiguously evaluate the effect of K-doping.
The combined computational and experimental investigations
presented in this study will provide useful insights into the
effect of composition tuning of LaFeO; that may be applied to
the composition tuning of other p-type oxides with a
perovskite structure to enhance their photoelectrochemical
properties.

B EXPERIMENTAL SECTION

Computational Methods. Electronic Structure. Density func-
tional theory calculations were performed using the Quantum
ESPRESSO package® with PBE + U exchange and correlation
functional, with a Hubbard U parameter on O 2p of 2 eV and Fe 3d of
3 eV and norm-conserving pseudopotential®® with a plane wave
energy cutoff of 80 Ry. A total energy convergence of at least 1077 Ry
was used for all self-consistent calculations, whereas atomic forces
were relaxed until a threshold of 1073 Ry/au was met. Final
calculations implemented a 2 X 2 X 2 supercell consisting of 160
atoms with a k-point grid of 2 X 2 X 1 with the cell parameters
attained via a variable cell relaxation. To investigate the effect of K-
doping, 1 out of 32 La atoms was replaced with a K atom, which is
equivalent to 3 atom % K-doping at the La site. This level of doping
was chosen for computational studies because experimental studies
showed that 3 atom % K-doping at the La site is optimal for
enhancing the photoelectrochemical properties of LaFeO;.

Optical Absorption Spectrum. To study the optical absorption of
pristine and doped LaFeO;, we computed the imaginary part of the
dielectric function in the random phase approximation with local field
effects, as implemented in the YAMBO code.”® The input of this
calculation came directly from our single-particle eigenvalues and
wavefunctions from DFT + U computed in Quantum ESPRESSO.>!
To directly compare with experimental results, we computed the
absorption spectra (@) directly from the real and imaginary parts of
dielectgc function (e, and €, respectively) using the equation
below.

€,(w)
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Experimental Methods. Materials. Lanthanum(III) nitrate
(La(NO3)5-6H,0, 99.99%) was purchased from Chem-Impex Intll
Inc. Iron(II) chloride (FeCl,-4H,0, 98%) and propylene carbonate
(CH4C,H;0,CO, 99%) were purchased from Alfa-Aesar. Potassium
nitrate (KNO3, 99%) and potassium hydroxide (KOH, >85%) were
purchased from Sigma-Aldrich. Fluorine-doped tin oxide (FTO) on
glass was used as the substrate for electrodeposition and was
purchased from Hartford Glass Co. All aqueous solutions were
prepared using deionized (DI) water with a resistivity of 18.2 MQ cm.
Substrates were cleaned by sonication in methanol, isopropyl alcohol,
and DI water (10 min each) to ensure a clean deposition surface. All
chemicals were used as purchased without further purification.

Synthesis of Pristine and K-Doped LaFeO; Electrodes. Co-
electrodeposition of La(OH); and Fe(OH), was carried out in an
undivided cell using a VMP2 multichannel potentiostat (Princeton
Applied Research). A typical three-electrode system composed of an
FTO working electrode (WE), a Ag/AgCl (4 M KCl) reference
electrode, and a Pt counter electrode was used. The Pt counter
electrode was prepared by sputter coating 20 nm of titanium followed
by 100 nm of platinum onto a clean glass slide. The FTO working
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electrode was masked with an insulating tape (3 M, electroplating
tape 470) to expose a circular geometric area of 0.5 cm® This
elimizt}ated any edge effects and ensured uniformity of the deposited
film.”

To prepare a pristine LaFeOj film, a precursor film composed of a
1:1 ratio of La(OH); and Fe(OH), was deposited using an aqueous
solution containing 21 mM La(NO;);-6H,0, 18 mM FeCl,-4H,0,
and 400 mM KNO; as the plating solution.! The La/Fe ratio in the
as-deposited films was confirmed to be 1:1 using energy dispersive X-
ray spectroscopy (EDS). For K-doped LaFeO; films, the amount of
La(NO;); precursor was systematically decreased to obtain a desired
1 — «:1 ratio of La(OH); and Fe(OH),. The deposition procedure
consisted of applying a constant current (galvanostatic) pulse with a
current density of —3.8 mA/cm? passing 0.1 C/cm? followed by a 30 s
rest. Three pulses were applied so that a total charge of 0.3 C/cm? was
passed. The potential applied to the WE at the end of each
galvanostatic pulse was between 1.12 and 1.15 V vs Ag/AgCl. During
the galvanostatic pulse, nitrate reduction occurred at the WE to cause
an increase in local pH,*® which resulted in the co-precipitation of
La(OH); and Fe(OH), onto the FTO working electrode. During the
resting time between pulses, the nitrate, La®*, and Fe?* ions were
replenished at the WE/electrolyte interface. We found that the pulsed
deposition sequence with sufficient resting time increased the
uniformity of the resulting films. Because Fe(OH), is spontaneously
oxidized by ambient oxygen to FeOOH, the as-deposited films
composed of La(OH); and FeOOH were light orange in color.

Pristine LaFeO; films were obtained by annealing the precursor
films at 600 °C for 6 h in the air (ramp rate = 1.66 °C/min). To
obtain K-doped LaFeOQj films, the precursor films were annealed with
a drop-casted K-containing solution covering the film surface (150
uL/cm?). The K-containing solutions were prepared by adding S0,
100, or 150 uL of an aqueous 50 mM KNO; stock solution to S mL of
propylene carbonate containing 2 vol % H,O to make 0.5, 1.0, or 1.5
mM drop-cast solutions, respectively. The K concentrations of the
drop-cast solutions and corresponding K content in the K-doped
LaFeO; films as determined by EDS are summarized in Table 1.

Table 1. KNO; Drop-Cast Solution Concentrations and
Percentages of Potassium in the Annealed LaFeO; Films

concentration of K in drop-cast

solution atomic % of K in La site of LaFeO;
0.5 mM 1.5%

1.0 mM 3%

1.5 mM 7%

Characterization. The purity and crystallinity of the resulting
LaFeO; electrodes were confirmed by powder X-ray diffraction (XRD,
D8 Discover, Bruker, Ni-filtered Cu Ko radiation, A = 1.5418 A). The
surface morphology and elemental composition were characterized
with scanning electron microscopy (SEM; LEO SupraSS VP, an
accelerating voltage of 2 kV) and energy dispersive X-ray spectroscopy
(EDS; Noran System Seven, Thermo-Fisher, ultra-dry silicon drift
detector, an accelerating voltage of 15 kV). Bandgaps were
determined from UV—visible—near infrared (UV—vis—NIR) absorp-
tion spectra obtained using an integration sphere to collect all
reflected and transmitted light from the electrode, allowing for more
accurate determination of absorbance (Cary 5000 UV—vis—NIR
spectrophotometer, Agilent). X-ray photoelectron spectroscopy
(XPS) spectra were measured using a K-Alpha X-ray photoelectron
spectrometer (Thermo Scientific) equipped with Al Ka excitation.
The binding energies were calibrated with respect to the carbon 1s
peak at 284.8 eV.

Photoelectrochemical and Electrochemical Characterization. All
photoelectrochemical and electrochemical measurements were carried
out using an SP-200 potentiostat/EIS (Bio—Logic Science Instru-
ment). Solar illumination was simulated by filtering light from a 300
W Xe arc lamp through a water IR filter, neutral density filters, and an
AM 1.5G filter. The light was then directed to the sample using an
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Figure 1. (a) Total (black) and projected (red for O 2p and blue for Fe 3d) density of states of pristine LaFeO5. The reference zero is chosen to be
at the valence band maximum. (b) Band structure of pristine (black) and K-doped LaFeO; (red = spin up and orange = spin down). (c) Total
(black) and projected (red for O 2p and blue for Fe 3d) density of states of K-doped LaFeOs. The inset image shows magnified hole-polaron states.
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Figure 2. (a) Cube composed of eight Fe atoms at the corners numbered from 1 through 8 with a K atom at the center (K = purple, Fe = brown, O
= red). (b, ¢) Hole-polaron wavefunction modulus with an isosurface at 10% of the maximum value for the spin up (yellow) and spin down
(turquoise); (b) hole-polarons formed at the (1, 2) Fe pair, which are symmetrically identical to those formed at the (S, 6) Fe pair; (c) hole-
polarons formed at the (3, 4) Fe pair, which are symmetrically identical to those formed at the (7, 8) Fe pair.

optical fiber. The light source was calibrated to 100 mW/cm? (1 sun)
using an NREL-certified Si reference cell (Photo Emission Tech.
Inc.). The working electrode was masked with resin to make the
exposed geometrical area (ca. 0.02—0.03 cm’) smaller than the
illuminated area (0.06 cm?). Illumination of the working electrode
was through the FTO contact (back-side illumination). An undivided
three-electrode cell composed of a working electrode (LaFeOs;), a Pt
counter electrode, and a Ag/AgCl (4 M KClI) reference electrode was
used.

J—V plots were obtained under chopped illumination by sweeping
the potential to the negative direction with a scan rate of 10 mV/s
(for O, reduction) or S mV/s (for water reduction). A slower scan
rate was chosen for water reduction to allow transient photocurrent to
further stabilize within the “light-on” duration of chopped
illumination. J—t plots were obtained by applying a constant potential.
All measurements were performed in a 0.1 M KOH solution (pH 13)
while continuously bubbling N, (for water reduction) or O, (for O,
reduction) and stirring rapidly. For testing water reduction, a custom-
built, airtight three-electrode cell using a thinner Ag/AgCl (3 M
NaCl) reference was employed. The cell and the solution were
thoroughly purged with N, before photocurrent measurements.
During photocurrent measurement, N, was constantly purged in the
solution through a gas inlet and an outlet of the cell, preventing the
presence of O, in the cell. Although a Ag/AgCl reference electrode
was used to monitor the system, all results in this work are presented
against the reversible hydrogen electrode (RHE) for easy comparison
with other reports that used electrolytes with different pH conditions.
The conversion between potentials vs Ag/AgCl and vs RHE is
performed using the equation below.

E(vs RHE) = E(vs Ag/AgCl) + Eyg)poci(reference) + 0.0591V X pH

(EAg/AgCI(reference, 4MKCI) = 0.1976 V vs NHE at 25°C)

(Epg agci(reference, 3M NaCl) = 0.209 Vvs NHE at 25°C)

Incident photon-to-current efficiency (IPCE) at each wavelength
was measured using AM 1.5G illumination from a 150 W Xe arc lamp.
Monochromatic light was generated by using an Oriel Cornerstone
130 monochromator with a 10 nm bandpass, and the output was
measured with a photodiode detector. IPCE was measured at 0.65 V
vs RHE in 0.1 M KOH (pH 13) with continuous O, bubbling. The
same three-electrode setup was used for the oxygen reduction
photocurrent measurement as for the water reduction measurement.
Absorbed photon-to-current efficiency (APCE) was obtained by
dividing the IPCE by the light harvesting efficiency (LHE) at each
wavelength using the equations below.

APCE (%) = IPCE (%)/LHE

LHE = 1 — 104" (4(4): absorbance at wavelength 1)

Capacitance measurements for Mott—Schottky plots were obtained
using a typical three-electrode system composed of a masked LaFeO;
working electrode with an exposed surface area of ~0.08 cm? a Pt
counter electrode, and a Ag/AgCl (4 M KCl) reference electrode. A
0.1 M KOH solution (pH 13) was used. A sinusoidal modulation of
10 mV was applied at frequencies of 0.5 and 1 kHz. Further details of
the photoelectrochemical and electrochemical characterizations can
be found elsewhere.”®

B RESULTS AND DISCUSSION

Computational Studies. Effect of K-Doping on Elec-
tronic Structure and Optical Absorption. LaFeOj is a charge-
transfer insulator with valence states mainly composed of O 2p
and conduction states mainly composed of Fe 3d orbitals
(Figure 1a). The electronic band structure of pristine LaFeO,
shows a direct I'=I" bandgap of 2.13 eV. We used Hubbard U
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parameters of 2 eV for O 2p and 3 eV for Fe 3d, which enables
the formation of both electron- and hole-polarons and results
in a bandgap value of pristine LaFeOj; close to the reported
experimental value." We confirmed that the major effects of K-
doping on the band structure of LaFeOj; discussed here are not
affected by the choice of U parameters as long as they are
chosen to allow for the formation of both electron- and hole-
polarons.'>*’~*’ For example, the major results obtained with
Hubbard U parameters of 4 eV for O 2p and S eV for Fe 3d
(Figure S1) are the same as those shown in Figure 1, although
the exact energy levels of the band structures may vary.

After doping the system with K, we observed the formation
of an isolated hole-polaron state, which is a hybridized state
consisting of O 2p and Fe 3d,>_ > located at 0.3 eV above the
VBM (Figure 1b,c). This suggests that the two holes generated
by the replacement of La®>" with K* are localized on Fe atoms
and their neighboring O atoms,”” forming Fe*. This result
agrees well with experimental observations that the electrical
conduction and dipolar relaxation in LaFeOj; are dominated by
polaronic hole hopping between Fe*" and Fe*.”"*” Figure 2a
shows a structural unit of LaFeO; where eight Fe atoms
numbered 1 through 8 are located at the corners of a cube with
a K atom at the center. The most energetically preferred
configurations of the two hole-polarons formed by K-doping
are those with the holes occupying Fe at the off-diagonal
corners. Due to crystal symmetry, only two unique Fe—Fe
diagonal positions are present, as shown in Figure 2b,c (Table
S1). Between these two configurations, the one shown in
Figure 2b is more stable by 113 meV. Considering that our
calculations were performed at 0 K and only included
electronic energy without an entropy contribution, it is
possible that a non-negligible concentration of hole-polarons
formed in the sample at room temperature may exist in the
configuration shown in Figure 2c.

Our calculations also showed that K-doping decreases the
bandgap by lowering the conduction band minimum (CBM)
from 2.13 to 2.06 eV and additionally forms multiple highly
localized states below the CBM (Figure 1b,c). We note that
these states are formed not due to the presence of K but due to
the free holes from K-doping that form small polarons, which
perturbed the system. (Even when free holes are introduced
without K, the same states form.)

To understand how these changes in the electronic structure
affect the optical properties of the system, we calculated the
absorption spectra of pristine and K-doped LaFeO, (Figure 3).
Because of the presence of optical anisotropy in the system, we
averaged optical responses from light that was polarized along
the a, b, ¢ crystal axes. The results showed that K-doping

Absorption a (105 cm™)
N

0 1 2 3
Energy (eV)

Figure 3. Calculated absorption spectra for pristine (black) and K-
doped (red) LaFeO;.
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causes a negligible change in the high-energy range (>2.4 eV)
in terms of the position and intensity of the absorption peaks.
However, K-doping clearly enhances absorption in the low-
energy range (<2.4 eV) due to the lowering of the CBM and
the introduction of perturbed states below the CBM. Since the
solar spectrum contains a considerable number of photons
near 2 eV,'* even a small increase in absorbance in this region
may significantly increase the number of photons that can be
utilized by LaFeOj; for photocurrent generation. We note that
we did not include excitonic effects in this calculation because
in most transition-metal oxides, the exciton binding energy is
small (~0.1 €V), and its change by doping is negligible.”” >
K as a Shallow Acceptor in LaFeQj;. Although K-doping
introduces two holes into the system, the experimental carrier
concentration will only increase when the dopant site does not
trap the holes within the system. A dopant is generally
considered to be a trap if the defect ionization energy or the
energy that is required to free a defect-bound polaron is much
higher than kT. We computed the defect ionization energies
from first principles. First, we obtained the formation energy of
the defect at a charge state q (Eg) using the following equation:

f
Elles] = B, — E, + ) AN, + g + A,

where E, is the total energy of the system with the charged
defect, E, is the total energy of the pristine system, AN; is the
change in the number of atoms of element i between pristine
and defective systems, and y; is the atomic chemical potential
of element i in its stable form. A, is the charged defect
correction that removes the spurious interactions between
charges in periodic images and is computed by the method
described in a previous study.’® Finally, ; is the electron
chemical potential or Fermi level, which varies from VBM to
CBM of the pristine system.

Next, we calculated the charge transition level (CTL),
denoted as 77, which is the value of the Fermi level when the
system undergoes a transition from one stable charge state g to
another q'. This can be computed by defect formation energies
at different charge states using the equation shown below,
where E; [er = 0] is the formation energy of the defect in the
charge state g when the Fermi level is at the VBM (&5 = 0).

fro o1 mfr. _
il _ Eq [e = 0] Eq,[sF =0]

9 —q

The difference between this CTL and the appropriate band
edge corresponds to the defect ionization energies.

In K-doped LaFeOj;, the g = —1 system (where one of the
two holes from K substitution of La has been removed) is
unstable leading to a direct ¢ = 0 to g = —2 transition.
Furthermore, the value of this charge transition level (¢"72) is
only 30 meV above the VBM. Since the energy required for
this transition is comparable to kT at room temperature (25
meV), K can serve as a shallow acceptor. We also note that the
ionization energy obtained from defect formation energies is
not significantly different from the energy difference between
the VBM and the position of the hole state in the PDOS
(Figure 1c). This result indicates that the DFT + U level has
largely corrected the delocalization errors that are known to
occur at the semilocal DFT level. Additionally, it implies that
the geometry relaxation at different charge states has a minimal
contribution.’”*® From these results, we concluded that K-
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doping can effectively increase the hole concentration in
LaFeO;.

Effects of K-Doping on Atomic Structure. LaFeO; has a
perovskite structure in which the La atoms are located at the
center of a cube composed of eight Fe atoms at the corners
that are octahedrally coordinated with O. However, the atoms
in LaFeOyj are slightly displaced from those of an ideal cubic
perovskite structure, and LaFeO; has an orthorhombic Pnma
structure with a G-type antiferromagnetic ordering on the Fe
atoms.”” Theoretically predicted cell parameters for pristine
and K-doped LaFeOj; are shown in Table 2. For K-doped
LaFeO;, the results for two configurations of hole-polaron
formation shown in Figure 2b,c are shown as Configuration 1
and Configuration 2, respectively.

Table 2. Theoretically Predicted Cell Parameters and
Bandgap Values for Pristine LaFeO; and K-Doped LaFeO,

system a (A) b (A) ¢ (A)  volume (A%)
pristine 5.652 7.903 5.568 248.69
K-doped (configuration 1) 5.644  7.887  5.569 247.91
K-doped (configuration 2) 5.649 7.886 5.566 247.95

Despite the fact that K* (164 pm) has a larger ionic radius
than La** (136 pm),"” the result shows that K-doping (one K
atom in the 160 atom cell) shrinks the unit cell volume by
~0.3% for both configurations. This is because a fraction of
Fe®* (64.5 pm) is substituted by Fe*" (58.5 pm) owing to the
hole-polaron formation. To confirm this, we considered four
different systems: (1) a pristine sample with a neutral charge;
(2) a pristine sample plus two holes without K-doping, giving a
+2 charge; (3) K-doped minus two holes, giving a —2 charge;
and (4) a K-doped sample with corresponding Fe*" formation
with a neutral charge (Table S2). System 2 has the same
number of Fe* ions as System 4, but La is not replaced with K.
System 3 has no Fe*' formation even though La is replaced
with K. We found that System 2 (the pristine sample plus two
holes, +2 charge) showed a decreased cell volume due to Fe*"
formation, whereas System 3 (the K-doped sample minus two
holes, —2 charge) showed an increased cell volume, because K*
has a larger radius than La**. System 4 (the K-doped sample
with corresponding Fe** formation) showed consistency with
the average cell volume of Systems 2 and 3, as expected.
However, because the magnitude of cell shrinkage caused by
the formation of Fe*" is greater than that of expansion caused
by the replacement of La by K, the cell volume of System 4 is
smaller than that of the pristine sample (System 1).

Experimental Studies. The LaFeO; electrodes used in
this study were prepared using a method reported in our
previous study.’ This method is composed of two steps. The
first step is electrodeposition of a precursor film composed of
La(OH); and Fe(OH), with a La/Fe ratio of 1:1, which was
confirmed by EDS. The second step is thermal annealing of the
precursor film at 600 °C in the air, which converts the
precursor film to a crystalline LaFeO; film.

To produce K-doped LaFeOj; films in which K substitu-
tionally replaces La (La,_,K,FeO,), the precursor film was
deposited with a La/Fe ratio of 1 — «:1. Then, the precursor
film was covered with a drop-casted solution containing K* and
annealed at 600 °C in the air to form La,;_ K FeO; films. The
drop-cast solution consisted of KNOj; dissolved in propylene
carbonate containing 2 vol % H,O. The porous precursor film
contained air in the void space and could not be easily wetted
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with an aqueous KNOj; solution, resulting in nonuniform K
incorporation into the film (Figure S2). The use of propylene
carbonate allowed for uniform wetting of the precursor film
(Figure S2) and, thus, uniform K incorporation into the
precursor film during annealing. Elemental mapping EDS of a
representative film that shows the even distribution of K
throughout the film is shown in Figure S3.

Among the K-doped LaFeOj; films prepared with 1.5, 3, and
7 atom % K at the La site, the 3 atom % K-doped LaFeO; was
identified to contain an optimal amount of K dopant in terms
of enhancing photocurrent generation (Figure S4), which was
our intention for K-doping. Thus, the remainder of this study
is devoted to comparatively investigating pristine and 3% K-
doped LaFeOj electrodes. Hereafter, K-doped LaFeOj refers
to 3% K-doped LaFeO;, unless noted otherwise.

X-ray diffraction (XRD) patterns of the pristine and K-
doped LaFeOj; electrodes are shown in Figure 4a. Both
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Figure 4. (a) XRD patterns of undoped (black) and 3% K-doped
(blue) LaFeO; films (PDF No: 37-1493). We note that the (hkl)
indices in PDF 37-1493 are based on the space group Pnma (a =
5.5669(4) A, b = 7.847(7) A, and ¢ = 5.5530(8) A). The peaks from
the FTO substrate are indicated by an asterisk. (b) Magnification of a
few selected (hkl) peaks to demonstrate the slight shifts of peaks in
two theta values caused by K-doping.

patterns show only the peaks for orthorhombic LaFeO, (PDF
No: 37-1493) except for the peaks from the FTO substrate,
confirming the high purity of the pristine and K-doped LaFeO,
samples used in this study. However, the K-doped LaFeO,
electrode shows shifts of all peaks to higher two theta values, as
shown by the examples of (101), (121), and (202) peaks
(Figure 4b), indicating a decrease in the lattice constants upon
K-doping. These results agree well with the computational
prediction that the contraction of the unit cell caused by the
conversion of Fe** to Fe*' due to hole-polaron formation
outweighs the expansion of the unit cell caused by the
replacement of La** with K*.

The SEM images of high-surface-area, nanocrystalline
pristine and K-doped LaFeOj; electrodes are shown in Figure
S, confirming that these two films have comparable
morphologies and surface areas. Thus, any differences in
photoelectrochemical properties observed between these two
electrodes can be unambiguously attributed to K-doping.

The UV—vis—NIR absorption spectra of pristine and K-
doped LaFeQyj; are shown in Figure 6a and reveal the difference
in photon absorption caused by K-doping. The K-doped
sample shows higher absorption below the bandgap transition,
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Figure 5. SEM images of (a) pristine and (b) 3% K-doped LaFeO,
films.
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Figure 6. (a) UV—vis—NIR absorption spectra of pristine (black) and
3% K-doped (blue) LaFeOj electrodes. The inset shows correspond-
ing Tauc plots; (b) Mott—Schottky plots at 0.5 (O) and 1 (@) kHz
for pristine (black) and 3% K-doped (blue) LaFeO; measured in 0.1
M KOH (pH 13).

which was predicted by the computational study, as shown in
Figure 3. A more meaningful change in absorbance caused by
K-doping, which can contribute to the enhancement of
photocurrent, is the decrease in the bandgap energy that
allows the bandgap transition to occur at a lower energy. Based
on the absorption spectra shown in Figure 6a along with Tauc
plots shown in the inset, the bandgap energies of the pristine
and K-doped LaFeO; samples were estimated to be ~2.2 and

~2.0 eV, respectively. The decrease in the bandgap energy
caused by K-doping agrees well with the computational results.

The computational study also predicted that K-doping
creates shallow acceptor levels and, therefore, can effectively
increase the majority carrier concentration. To experimentally
confirm this, Mott—Schottky plots of LaFeO; and K-doped
LaFeO, were obtained in a 0.1 M KOH solution (pH 13) at
two different frequencies (Figure 6b). The Mott—Schottky
plots we obtained for both samples showed some frequency
dependence in their slopes. Also, the exact surface areas of
these electrodes are unknown. Therefore, accurate quantitative
values for a majority carrier density of these electrodes could
not be determined using the Mott—Schottky plots. However,
because the pristine and K-doped electrodes have comparable
morphologies and consequently comparable surface areas
(Figure 2), a qualitative comparison can still be made by
comparing their slopes. Figure 6b shows that the slopes of the
K-doped sample are considerably smaller than those of the
pristine sample at the corresponding frequency. Therefore, an
increase in the majority carrier density caused by K-doping
could be clearly confirmed.

Since the computational study predicted that K-doping
results in the formation of Fe*' due to the localization of extra
holes on Fe®, we used X-ray photoelectron spectroscopy
(XPS) to detect and compare the amount of Fe*" ions present
in the pristine and K-doped LaFeO; samples. The Fe 2p
spectra for pristine and K-doped LaFeQOj; are shown in Figure
7a, where Fe 2p;,, peak at ~710 eV and its corresponding
satellite peak at ~718 eV, as well as the Fe 2p,/, peak at ~724
eV and its corresponding satellite peak at ~732 eV, are well-
resolved. These peak positions match well with those expected
for a compound containing Fe predominantly in the form of
Fe*' To examine the amount of Fe*" present in these
samples, we performed a peak fitting of the main Fe 2p;,, peak
(Figure 7b,c) to deconvolute it to three components: Fe*,
Fe®*, and Fe** (Table $3).'">***** The content of Fe** in the
pristine sample was determined to be 7.7% of the total Fe
concentration, which increased to 15.9% Fe*" in the 3% K-
doped LaFeOj, film. We note that the presence of Fe*" in the
pristine sample is expected, as the pristine sample possesses
intrinsic defects such as lanthanum vacancies that can lead to
the formation of Fe*', which is also the reason why pristine
LaFeOj is p-type. The sizeable increase in Fe** concentration
in the K-doped sample over the pristine sample additionally
confirms the increase in the majority carrier density by K-
doping and the localization of extra holes on Fe ions.

(a) Fe 2p,, (b)
Fe 2p,,

Fe 2p,

Intensity (a.u.)

(c) Fe 2p,,

T T T T T
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Binding Energy (eV)

Binding Energy (eV)
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Binding Energy (eV)

Figure 7. (a) XPS spectra of Fe 2p species at the surface of pristine (black) and 3% K-doped (blue) LaFeO;. Peak fitting of the experimental Fe
2ps/, peak (black) with a simulated (red) peak composed of Fe** (green), Fe** (blue), and Fe** (pink) for (b) undoped and (c) 3% K-doped

LaFeO;.
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The photoelectrochemical properties of pristine and K-
doped LaFeOj; were compared for photoreduction of O, in O,-
saturated 0.1 M KOH (pH 13) under chopped AM 1.5G 100
mW/cm? illumination. LaFeOs is known to be a good catalyst
for the oxygen reduction reaction.”'"'* Therefore, photo-
reduction of O, can allow us to directly observe the effect of K-
doping on the photoelectrochemical properties without being
limited by interfacial charge-transfer kinetics as in the case of
photoreduction of water. Figure 8a shows that K-doped
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Figure 8. (a) -V plots (scan rate: 10 mV/s) and (b) IPCE at 0.65 V
vs RHE for pristine (black) and 3% K-doped (blue) LaFeOj for
oxygen reduction under AM 1.5G, 100 mW/ cm? illumination in 0.1
M KOH (pH 13) saturated with O,.

LaFeO; significantly increases the photocurrent density over
the entire potential range. For example, K-doped LaFeO;
generated a photocurrent density of —268 yA/cm* at 0.6 V
vs RHE, which was more than double the photocurrent density
generated by the pristine LaFeO; (—124 yA/cm?) at the same
potential. Both samples show nonzero dark current below 1.0
V vs RHE because LaFeOj; is a good electrocatalyst for O,
reduction and can electrochemically reduce O, below 1.0 V vs
RHE without light."""

Our earlier discussion stated that the favorable effect of K-
doping is not only an increase in the carrier density but also an
increase in the photon absorption owing to the bandgap
reduction. To examine whether the enhanced photon
absorption caused by K-doping indeed can contribute to
photocurrent generation, we obtained incident photon-to-
current efficiency (IPCE) of pristine and K-doped samples for
O, reduction so that their wavelength-dependent photocurrent
generation could be compared. Figure 8b shows that in
addition to the general increase in IPCE over all wavelengths,
which is a result of the enhanced electron—hole separation
caused by an increased carrier density, the photocurrent onset
for the K-doped sample is clearly shifted from 580 to 640 nm.
This shift agrees well with the decrease in the bandgap energy
caused by K-doping and confirms that the enhanced photon
absorption from the bandgap change directly contributes to the
photocurrent enhancement in the K-doped LaFeO;.
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In our previous study, a distinct advantage of LaFeO; as a
photocathode was reported to be its photostability; it was
stable during photocurrent generation without the need for a
protection layer or a catalyst." To confirm that the K-doped
samples remained photostable, J—t plots of pristine and K-
doped LaFeO; were measured for O, reduction at 0.8 V vs
RHE (Figure 9). The results show stable photocurrent
generation by both K-doped LaFeO; and pristine LaFeO,
over 15 h, confirming that K-doping did not alter the
photostability of LaFeOs.

0

Current Density (mA/cm?)

T T T 1
0 4 8 12
Time (h)

Figure 9. J—t plots at 0.8 V vs RHE for pristine (black) and 3% K-
doped (blue) LaFeO; for oxygen reduction under AM 1.5G, 100
mW/cm? illumination in 0.1 M KOH (pH 13) saturated with O,.

Our previous study showed that the surface of LaFeOj is not
catalytic for water reduction and, therefore, photocurrent that
can be generated by LaFeO; without the addition of a
hydrogen evolution catalyst is considerably lower than the
photocurrent that LaFeOj; can generate for O, reduction due
to considerable surface recombination.’ This means that the
effect of K-doping in increasing the number of surface-reaching
electrons cannot be fully demonstrated by photocurrent
measurements for water reduction. However, we obtained
and compared J—V plots of the pristine and K-doped LaFeOj;
for water reduction as they can still provide useful information.
For this measurement, we used a closed cell containing N,-
purged 0.1 M KOH (pH 13) with a small gas inlet and outlet,
which provides a constant flow of N, to purge the solution for
the duration of the experiment. Because LaFeQj is catalytic for
O, reduction, this nearly closed system was required to avoid
the introduction of atmospheric O, to the electrolyte during
photocurrent measurement, which can enhance photocurrent
generation. We found that without the use of such a nearly
closed system, even if N,-purged electrolyte is used with
constant N, purging during the photocurrent measurement, O,
reduction could not be completely prohibited, resulting in an
overestimation of the photocurrent generated for water
reduction.

The J—V plots for water reduction shown in Figure 10 show
that photocurrent generated by the pristine sample is
negligible, as reported in the previous study. The K-doped
sample showed only a marginal increase in the steady-state
photocurrent because the K-doped LaFeO; surface is also not
catalytic for water reduction. However, the K-doped sample
showed a significant increase in transient photocurrent because
although the surface-reaching electrons could not be rapidly
utilized for water reduction, K-doping increases the number of
surface-reaching holes owing to the enhanced photon
absorption and bulk electron—hole separation.

Through the combined computational and experimental
studies, we showed that K-doping increased the photon
absorption and majority carrier density of LaFeO,, which can
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Figure 10. J—V plots for pristine (black) and 3% K-doped (blue)
LaFeO, for water reduction under chopped AM 1.5G, 100 mW/cm?
illumination in 0.1 M KOH (pH 13) with constant N, bubbling (scan
rate: S mV/s).

effectively increase the number of photoexcited electrons
reaching the surface of LaFeO; under standard solar
illumination for use in photoreduction reactions. Our future
studies will focus on further improving the photoelectrochem-
ical properties of LaFeOj; by further composition tuning as well
as combining LaFeO; with various H, evolution, CO,
reduction, and N, reduction catalysts.

B CONCLUSIONS

In summary, we performed a combined theoretical and
experimental investigation to examine the effect of substitu-
tional K-doping at the La site (3 atom %) of LaFeO;. The
theoretical study showed that K-doping creates shallow
acceptor levels above the VBM of LaFeO; and can effectively
increase the majority carrier density. Furthermore, K-doping
decreased the bandgap by lowering the CBM and additionally
generated multiple highly localized defect states below the
CBM. The theoretical study also showed that the two holes
generated by the replacement of La** with K* are localized on
Fe atoms and their neighboring O atoms, forming Fe*'. The
most stable hole-polaron configurations around K were
examined. In terms of structure, our theoretical study predicted
that K-doping results in a shrinkage of the unit cell owing to
the conversion of Fe** to smaller Fe*" even though K' has a
larger ionic radius than La**.

The results obtained from the theoretical studies were
verified by experimentally preparing LaFeO; and K-doped (3
atom %) LaFeOj; as high-quality, high-surface-area electrodes
having the same morphology. The XRD patterns indeed
showed a decrease in all cell parameters, which confirms the
substitution of La** by K and the resulting Fe*" formation.
The increase in Fe*" concentration in K-doped LaFeO; was
also supported by XPS. The UV—vis—NIR absorption spectra
showed that K-doping decreased the bandgap by ~0.2 eV and
enhanced the absorption below the bandgap as predicted by
the electronic band structure and simulated optical response of
K-doped LaFeQO;. Furthermore, Mott—Schottky analysis
confirmed an increase in the carrier density caused by K-
doping. Due to the increase in photon absorption and charge-
transport properties, K-doped LaFeO; generated a significantly
increased photocurrent for O, reduction, which is a good
measure of the increase in the number of surface-reaching
electrons under illumination. K-doped LaFeOj; also increased
the photocurrent for water reduction. However, the increase in
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this case was not significant due to the poor catalytic ability of
both the pristine and K-doped LaFeO; for water reduction,
resulting in considerable surface recombination. The beneficial
effect of the decreased bandgap of K-doped LaFeO; on
photocurrent generation was confirmed by IPCE, which
showed photocurrent generation below the bandgap of the
pristine LaFeO;. The enhanced photocurrent caused by K-
doping was also confirmed to be stable. This study
demonstrated that substitutional doping of La** with K" offers
an effective way to increase both photon absorption and
charge-transport properties that directly influence photo-
current generation by LaFeO; We plan to perform further
investigations of doping at the Fe site as well as doping at the
La site with other dopants that vary in nature (alkaline, alkaline
earth, or transition metals) and valency to obtain a
comprehensive understanding of the effect of composition
tuning of p-type oxides with a perovskite structure.
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