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Amorphous Exsolution of Fe;O, Nanoparticles in SrTiOs:

A Path to High Activity and Stability in

Photoelectrochemical Water-Splitting

Myeong-Jin Kim, Changhoon Lee, Yong-Ryun Jo, Wan-Gil Jung, Jun-Seok Ha,
Ji Hoon Shim, Jae-Hoon Park, Sang-Wan Ryu, and Bong-Joong Kim*

Exsolution creates metal nanoparticles embedded within perovskite oxide
matrices, promoting optimal exposure, even distribution, and robust interactions
with the perovskite structure. Fe;Oy4, an oxidized form of Fe, is an attractive
catalyst for photoelectrochemical (PEC) water-splitting due to its strong light
absorption, excellent electrical conductivity, and chemical stability. However,
exsolving Fe is challenging, often requiring harsh reduction conditions that can
decompose the perovskite. Herein, hybrid composites are fabricated for PEC
water-splitting by reductively annealing a solution of SrTiO; photoanode and Fe
cocatalyst precursors. In situ transmission electron microscopy reveals uniform,
high-density Fe particles exsolving from amorphous StTiO; films, followed by
film-crystallization at elevated temperatures. This innovative process extracts
entire Fe dopants while maintaining structural stability, even at doping levels
exceeding 50%. Upon air exposure, the embedded Fe particles oxidize to Fe;O,,
forming a Schottky junction and enhancing light absorption. These conditions
yield a high activity of 5.10mA cm 2 at 1.23 V versus reversible hydrogen

1. Introduction

Photoelectrochemical (PEC) water-splitting,
which generates carbon-free hydrogen with
high energy storage capacity, has gained
attention as part of efforts to address envi-
ronmental pollution and reduce fossil fuel
consumption, driving the development of
advanced renewable energy systems.'~®
Despite its potential, PEC water-splitting
faces significant obstacles including charge
carrier recombination, high overpotential,
and slow reaction kinetics, which impede
its efficiency and stability. Among other
strategies, hybrid composites, especially
those coupling cocatalysts with metal-oxide
supports, enhance PEC water-splitting effi-
ciency and stability by effectively separating

electrode (an 11.86-fold improvement over SrTiO;) from the 30% Fe-doped

SrTiO;, with excellent stability (97% retention) over 24 h. Theoretical calculations
indicate that in the amorphous state, Fe—O bonds weaken while Ti—O bonds
remain strong, promoting selective exsolution. The mechanisms driving amor-

phous exsolution versus crystal exsolution are elucidated.

electron-hole pairs at the interface and
quickly consuming remaining photoin-
duced carriers at the cocatalyst surface.”~*!

Exsolution has emerged as a sophisti-
cated technique for promoting the surface
segregation of metallic nanoparticles (NPs)
on perovskite oxides under reducing condi-
tions.'**> This process typically involves
incorporating reducible transition or
noble metals into the B site of the perovskite structure
before reduction.'®*” The resulting hybrid composites feature
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well-organized NPs embedded within the perovskite oxide
matrix, leading to efficient exposure, uniform size and distribu-
tion, and robust adhesion/interaction between the metal NPs and
the perovskite. This configuration offers substantial benefits for
various energy and environmental applications.[2*

Fe;0, (magnetite), which can be easily formed by Fe oxida-
tion, is an attractive cocatalytic material for PEC water-splitting
due to several advantages: 1) strong light absorption, capturing
most light in the UV-visible range;**! 2) excellent electrical con-
ductivity (>100 S cm™") and rapid electron transfer between Fe’"
and Fe*" within the crystals;***! 3) high chemical stability;**!
and 4) the ability to form heterojunctions with perovskite oxides,
thereby reducing charge recombination.”**! However, the exso-
lution of Fe from perovskite oxides is challenging and typically
requires high temperatures under severe reduction conditions
such as low oxygen partial pressures, which can unfavorably lead
to partial decomposition of the perovskite, such as the extraction
of Sr, which is detrimental to PEC performance.*'**! For exam-
ple, Fe is reported to be the most difficult to exsolve due to its low
cosegregation energy among several transition metals doped in
PrBaMn, ;To30s_q (T = Mn, Co, Ni, and Fe).l??

Additionally, even for dopants such as Co, which are relatively
easily exsolved from perovskite oxides like SrTiO;, exsolution is
constrained to enhance PEC reactivity and stability due to follow-
ing reasons: 1) only limited portion of the dopants in the perov-
skite is exsolved because the exsolution occurs only within a
narrow range (=5 nm) from the oxide surface; and 2) increasing
doping concentrations to achieve more exsolution degrades
structural stability of the perovskite by increasing oxygen vacan-
cies, thereby hampering PEC stability.**>¢!

To address the aforementioned challenges, we introduce the
“amorphous exsolution” technique, which involves annealing a
spin-coated sol-gel solution containing the precursors of SrTiO3
photoanode and Fe cocatalyst under mildly reducing environ-
ment (i.e., low hydrogen flow rates) to create a hybrid composite
for PEC water-splitting. In situ TEM is employed to monitor the
phase evolution of the oxide film and the growth properties of
the cocatalysts at elevated temperatures (500-850 °C) under an
oxygen partial pressure (P,y) of 107" Torr. All Fe dopants are
exsolved from the amorphous oxide films at intermediate tem-
perature ranges (500-800 °C for Fe doping below 50%), forming
high-density NPs with uniform sizes and distributions, followed
by complete crystallization of the oxide film at temperatures
above this range. Upon exposure to air, the Fe particles are oxi-
dized to Fe3O, particles, which are partially embedded within the
StTiO; film, forming Schottky junctions at the interfaces for
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efficient charge separation with enhanced light absorption.
By combining quantitative particle analyses with PEC data, we
find that the 30% Fe-doped photoanode exhibits the highest
PEC activity and stability compared to other doping concentra-
tions, due to the largest particle coverage on the film surface
and smaller particle sizes. Through theoretical calculations
and exsolution experiments on 30% Fe-doped SrTiO3, fabricated
by amorphous and crystal exsolution techniques under various
gas environments (including air, vacuum, and various oxygen
partial pressures), we elucidate the mechanisms underlying
the complete process of amorphous exsolution and compare it
to the crystal exsolution of the identical system. Table S1,
Supporting Information presents various previous studies on
SrTiO;-based photoanodes, SrTiOs-related photoanodes with
NPs formed via crystal exsolution, and photoanodes featuring
Fe;0, cocatalysts, to emphasize the performance advantages
(i-e., superior current density) of our work, called “amorphous
exsolution”.

2. Results and Discussion

2.1. In Situ Observations of Fe Exsolution from SrTi,_,Fe O3
Films

To meticulously observe the formation and crystallization of Fe
particles as well as the evolution of the underlying thin oxide
layers, insitu transmission electron microscopy (TEM) was
employed during the annealing process of SrTi; ,Fe,O; films
(where x ranges from 0.1 to 0.7), synthesized via sol-gel spin-
coating under a H, gas flow (Poyy, = 10" Torr). Figure 1g-1
presents a sequence of TEM bright-field (BF) images capturing
distinct regions of the sample with a 30% Fe concentration
(StTigFep303). These images were extracted from a video
recording the sample undergoing staged heating at temperatures
of 500, 600, 700, 750, 800, and 850°C, sequentially.
Accompanying each image, the respective selected area electron
diffraction (SAED) pattern is displayed to understand phase evo-
lution and transformation (see the expanded views in Figure S1,
Supporting Information). At 600 °C, we observe a number of Fe
particles, with diameters ranging from 3.5 to 6.0 nm (Figure S2b,
Supporting Information), exsolved from the SrTiO; film.
The SAED pattern of the image reveals that the particles are crys-
talline Fe, as identified by the presence of weakly diffracted spots
(evidenced by the green arcs in the SAED pattern of Figure 1h
and JCPDS 87-0722) while the film is amorphous, as demon-
strated by the diffused rings of SrTiO; film. The size of Fe par-
ticles increases with temperature, approaching saturation at a
range of 6.5 to 10.5nm when the temperature exceeds 750 °C
(Figure S2b and S3b, Supporting Information). The film remains
amorphous up to 750 °C and crystallizes at 800 °C (see the rele-
vant SAED patterns, JCPDS 79-0176). Schematics in Figure laa
describe these stages of Fe exsolution from an amorphous
SrTiO; film, followed by the subsequent crystallization of the
oxide film. Significantly, this trend continues across various
Fe compositions, with the notable exception that the temperature
required for film crystallization increases as the Fe composition
rises (Figure 1). Specifically, the film with 70% Fe is not crystal-
lized below 850 °C. We observe that the diffracted spots from the
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Figure 1. Real-time observations of the exsolution of Fe particles from SrTi;_,Co,0; films (x=0.1-0.7) during reductive annealing at elevated temper-
atures. a—f) A series of TEM BF images of representative areas of the sample doped with 10% Fe, heated in stages to 500, 600, 700, 750, 800, and 850 °C,
with the corresponding SAED pattern for each image. g-l) 30% Fe-doped sample. m-r) 50% Fe-doped sample. s-z) 70% Fe-doped sample.
aa) Schematics depicting all stages of amorphous exsolution in Figure la—z.

Fe particles are not detected below 700 °C in the 10% Fe sample,
600 °C in the 30% Fe sample, and 600 °C in the 50% Fe sample,
attributable to the minimal quantity of exsolved Fe atoms.

To confirm the presence of Fe crystals on amorphous films,
high-resolution transmission electron microscopy (HRTEM) was
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employed during annealing at 750 °C for the sample with 30% Fe
doping. Figure 2f presents the HRTEM image of a single Fe crys-
tal, alongside its corresponding fast Fourier transform (FFT) pat-
tern, as shown in Figure 2g. The crystal structure of the particle is
identified as BCC, which is the preferred structure below
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Figure 2. Quantitative analyses of exsolved Fe particles during reductive annealing and TEM analyses. a,b) Dependence of temperature on the average
diameter and density of the particles, respectively, at all Fe concentrations. c) Size distributions of the particles at 30% Fe. d,e) Temperature dependence
of the total surface area (R?) and volume (R®) of the particles at various Fe concentrations, respectively. f,g) An in situ HRTEM image of a single Fe particle
generated from a 30% Fe sample while annealing at 750 °C, and the corresponding FFT pattern of the image, respectively. h,i) A cross-view TEM BF image
of a Fe;04 particle embedded into the SrTiO; film doped with 30% Fe and an EDX line scan profile following the arrow in Figure 2h.

911°C,*”) and the lattice spacings of (110) and (020) are 0.201
and 0.174 nm, respectively, in agreement with those of pure
Fe crystal (JCPDS 87-0722). In contrast, the supported oxide film
exhibits an amorphous nature without lattices.

2.2. Quantitative Analyses of Exsolved Fe Particles during
Reductive Annealing

Real-time observations enable us to quantify the size evolution
and density distribution of Fe particles at different temperatures
through direct measurements of individual particles. We observe
that the sizes of Fe particles rapidly reach saturation within tens
of seconds and remain constant over an extended period
(=10 min), without further nucleation or coarsening after reach-
ing to designated temperatures. Figure 2a,b shows how temper-
ature affects the average diameter and density of the particles,
respectively, across all Fe concentrations. It is evident that as tem-
perature increases, the sizes and densities of the particles either
increase or remain nearly constant until reaching saturation,
beyond which the SrTiO; films crystallize because Fe exsolution
occurs under suppressed particle coarsening. The only exception
is the sample with 50% Fe doping, where the particle density
decreases with temperature, opposite to the trend of average
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diameter, due to severe particle coarsening during exsolution
caused by the high doping concentration and high atomic
diffusivity®® in the amorphous substrate. However, particle
coarsening ceases after the crystallization of the film because dif-
fusivity becomes lower in the crystalline state.*® In the case of
70% doping, despite the higher doping level, both particle size
and density increase simultaneously. This is because a substan-
tial amount of Fe has already exsolved at around 500 °C, resulting
in significant coarsening at lower temperatures (see Figure 1s—z)
and minimal increases in area and volume with temperature
compared to the 30% Fe and 50% Fe samples (see Figure 2d,e).
As a result, the spacing between particles becomes considerably
larger, and with further temperature increases, almost no addi-
tional coarsening occurs. Thus, exsolved atoms either attach to
existing particles, further increasing their size, or form new par-
ticles on the broad substrate areas between the existing particles.

Consequently, the total surface area (R?) and volume (R?) of
the particles, plotted against temperature at various Fe concen-
trations, exhibit a consistent general trend as observed in
Figure 2a,b (Figure 2d,e), suggesting Fe atoms continue to
exsolve with increasing temperature and no further Fe atoms
exsolve after reaching saturation. This behavior is corroborated
by the particle size distributions, which show collapsed Gaussian
plots across the temperature range (Figure 2c and S3, Supporting
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Information). The thermal stability observed after the crystalliza-
tion of the film, characterized by negligible aggregation or coars-
ening of particles, is attributed to the Fe particles embedded in
the SrTiO; films, as demonstrated in Figure 2h.

Specifically, after exposure to air, the Fe particle is oxidized to
the Fe;0, particle while remaining embedded in the SrTiO; film.
The particle has a FCC crystal structure, with lattice spacings of
2.96nm for the (220) plane and 2.53nm for the (311) plane
(JCPDS 88-0866) (see the HRTEM image and FFT pattern in
Figure S4, Supporting Information). The Fe composition
remains nearly constant throughout the film, staying below
0.5% (less than 2.5% of the B site’s composition), as exhibited
in Figure 2h,i. This indicates nearly all Fe atoms are exsolved
from the amorphous film during reductive annealing because
the amount of extracted Fe atoms is saturated before the crystal-
lization of the SrTiO; film (Figure 2). This trend continues
beyond 50% Fe, which is referred to as “amorphous exsolution”.
This amorphous exsolution contrasts sharply with conventional
exsolution from crystalline oxides, termed “crystal exsolution”. In
the 30% Fe-doped crystalline SrTiO; film, the Fe composition
remains constant at 5.5% starting from x5 nm below the film
surface, with only 0.5% of Fe atoms in total composition
(2.5% of B site’s composition) being exsolved, even under a lower
oxygen partial pressure (Poy =10"" Torr) than that used for
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amorphous exsolution (see the cross-sectional TEM image and
energy dispersive X-ray spectrometer (EDX) line scan in
Figure S5, Supporting Information and the plan view TEM
image in Figure 6p). Significant exsolution occurs only near
the film surface. Such insufficient exsolution typically occurs
in various oxide systems during crystal exsolution.**>
Additionally, we note that the saturated R* of the particles in
the samples with 30% and 50% Fe doping are similar due to the
increased averaged particle sizes with higher Fe concentration.

2.3. X-ray Diffraction (XRD) and X-ray photoelectron
Spectroscopy (XPS) Analyses of SrTi;_,Fe,O; Films after
Exsolution

To corroborate the crystal structures of the phases observed
during the in situ TEM work, XRD spectroscopy was performed.
The XRD data acquired from the samples with various Fe doping
concentrations after annealing at 850 °C under P,,, = 10""" Torr
are shown in Figure 3a. The spectra from the samples with
0%-50% Fe doping exhibit strong SrTiO; peaks (JCPDS
79-0176). Above 70% Fe, the SrTiO; peaks are completely
absent because the SrTiO; is amorphous. The (220) and (311)
peaks of Fe;0,4 appear at 30%-70% Fe doping (JCPDS 88-0866),
indicating the oxidation of Fe particles, except at 10%, where

(b)
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Figure 3. XRD and XPS analyses of the SrTi;_,Fe,Os films (x=0.1-0.7) after and during reductive annealing. a) Data acquired from the samples with all
the Fe doping concentrations after annealing at 850 °C under a H, gas flow. b) Data acquired from the sample doped with 30% Fe after annealing at
various temperatures under a H; gas flow. ¢,d) O 1s and Fe 2p spectra of the samples with various Fe concentrations. e) The ratios of surface O/lattice O
and highly oxidative O/lattice O at various Fe concentrations.
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the amount of exsolved Fe is too small to be detected. The XRD
spectra obtained from the 30% Fe samples annealed at various
temperatures and under P, = 10~ Torr are exhibited in
Figure 3b, confirming the crystallization process of the Fe
particles and the SrTiOs film, as observed using in situ TEM
in Figure 1.

To investigate the relationship between the oxygen chemical
environment and different Fe doping levels, XPS analysis was
conducted on the same samples, as shown in Figure 3a. The
O 1s spectra for samples with varying Fe concentrations are pre-
sented in Figure 3c. The spectra primarily exhibit three peaks
corresponding to different oxygen species in SrTiOj: lattice oxy-
gen (O*7) at 529.2eV, highly oxidative oxygen (O~, 032) at
530.3 eV, and surface oxygen (—OH) at 531.8 eV.*****% The lat-
tice O peak retains the same binding energy up to 50% Fe but it
shifts to a higher binding energy of 529.6 eV at 70% Fe, likely due
to the formation of amorphous SrTiO; (a similar trend is
observed in the Sr 3d spectra shown in Figure S6a,
Supporting Information).*] Furthermore, up to 50% Fe, the sur-
face oxygen and the highly oxidative oxygen peaks retain the sim-
ilar binding energies, while their intensities increase relative to
the lattice oxygen peaks as temperature increases (see the ratios
in Figure 3e). This suggests the generation of more oxygen
vacancies during Fe exsolution at higher Fe concentrations,
which promotes the formation of other oxygen-containing spe-
cies, such as the —OH group, on the film surface.*® The Fe
2p spectrum can be deconvoluted into six peaks with two main
peaks of Fe 2p3; and Fe 2p; ; at 710.2 and 723.7 eV, as shown in
Figure 3d. The two peaks (in green) located at 710 and 722.5 eV
can be attributed to 2p;,, and 2p;, of Fe?" species.[42’43] And the
other two peaks (in orange) at binding energies of 712.5 and
725 €V correspond to 2ps), and 2p;, of Fe*" species.*** The
remaining two peaks (in purple) at 717.7 and 729.7 eV are satel-
lite peaks, indicating the formation of Fe;O, particles on the film
surface.[*”]

2.4. PEC Water-Splitting Performances of StTi,_,Fe,O; Samples
after Exsolution

We further investigated the effect of Fe doping on the PEC water-
splitting performance of the SrTi;_,Fe, O3 samples used as pho-
toanodes, following thermal reduction at 850°C under
Py, =10"" Torr. Linear sweep voltammetry (LSV) curves reveal
a significant increase in photocurrent densities for all photoan-
odes under illumination compared to dark conditions. This
increase ranges from 18.75% to 251.72% at 1.23 V versus revers-
ible hydrogen electrode (RHE), depending on the Fe concentra-
tion (Figure 4a and Table S2, Supporting Information). The
photocurrent density at 1.23 V versus RHE initially rises with
increasing Fe concentration, peaking at 5.10 mA cm ™ * for 30%
Fe, which is an 11.86-fold improvement over bare SrTiOs.
This improvement is attributed to the electric field in the
space-charge region at the interface between the SrTiO; photo-
anode and Fe;O, cocatalysts, as described in Figure 4e,f, which
facilitates the separation of photogenerated charges.**! The cur-
rent density achieved in our work is superior to those reported in
previous studies (see Table S1, Supporting Information). We will
discuss the detailed estimation of the band diagrams of the
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materials before and after they join each other, and the effects
of the junction in the next section.

However, beyond 30% Fe, the photocurrent density dramati-
cally decreases by 52% to 2.46mAcm * at 50% Fe due to
increased Fe;O, particle sizes and the similar surface coverage
of the particles as at 30% Fe (Figure 2a,d). This results in longer
specific diffusion lengths for the photo-holes, and reduced light
absorption.*”*¥) The photocurrent density continues to decrease
by 96% to 0.19 mA cm ™ * at 70% Fe due to the formation of an
amorphous SrTiO; film (see Figure 1z), which can form numer-
ous defects that act as trap recombination centers within its for-
bidden band.***% Electrochemical impedance spectroscopy
(EIS) supports the LSV results, showing that the diameter of
the semicircle decreases up to 30% Fe, and then increases
(Figure 4b).>>2

Figure 4c displays the applied-bias photon-to-current conver-
sion efficiency (ABPE) (see details in Supporting Information).
Initially, ABPE increases with Fe concentration: 0.47% at
0.45V for 10% Fe and 1.54% at 0.62 'V for 30% Fe, representing
over a 2.61-fold and 8.56-fold improvement compared to bare
SrTiOs, respectively. However, at higher Fe concentrations, pho-
toconversion efficiency significantly decreases to 1.00% at 0.42 V
for 50% Fe and falls below that of bare SrTiO; at 70% Fe. Long-
term stability tests of the photoanodes were conducted at 1.23 V
versus RHE under illumination for 24 h, as shown in Figure 4d.
The photoanode with 30% Fe demonstrates the highest consis-
tency with only a decline rate of ~3% per day and the highest
current density. This is attributed to the largest surface coverage
of Fe;0, particles on the SrTiO; photoanode and smaller particle
sizes compared to those at 50% Fe (Figure 2a,d). These particles
enhance charge separation/transfer and passivate the surface
states of the photoanode, thereby preventing photocorrosion
by consuming the remaining photoinduced holes.***" For other
Fe concentrations, photocurrent density and/or stability decrease
considerably due to the reduced surface coverage of Fe;O, par-
ticles and/or larger particle sizes (Figure 2a,d). We confirm that
the SrTiO; film and Fe;O, particles remain largely unchanged
after the oxygen evolution reaction (OER) reaction. This is sup-
ported by the XRD and XPS spectra of the 30% Fe-doped SrTiO;
sample obtained after the stability test (Figure S7 and S8,
Supporting Information). The data show results that are nearly
identical to those measured prior to the stability test.
Additionally, the dissolved Fe from the 30% Fe-doped sample
in the electrolyte after a 24-h stability test (see Figure 4d) was
analyzed using inductively coupled plasma mass spectrometry.
The concentration of dissolved Fe was estimated to be
~0.48 nmol, which is about 2.8% of the total Fe content in
the Fe3;0, particles embedded in the SrTiO; film, consistent with
the stability test results. This small amount of dissolved Fe con-
firms the high stability of the optimized sample.

2.5. Estimating Electronic Band Structures and Understanding
PEC Efficiencies

To estimate the band structures of the optimized photoanodes,
the 30% Fe-doped SrTiO;, and to understand the impact of the
SrTiO;/Fe;04 heterostructures on PEC performance, we utilized
a range of analytical techniques. These include UV-visible
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Figure 4. PEC water-splitting performance of the SrTi;_,Fe,O3 samples (x=0.1-0.7) as photoanodes after reductive annealing at 850 °C. a—d) Influence
of Fe doping on LSV, EIS, ABPE, and long-term stability, respectively. e,f) Schematics describing the charge separation in the space-charge region at the
SrTiO3-Fe30, interface and the oxygen evolution reaction. g,h) Band diagrams of a SrTiO;-Fe;O,4 photoanode before and after contact.

absorption spectroscopy (UV-vis), ultraviolet photoelectron spec-
troscopy (UPS), Mott-Schottky (M-S), photoluminescence (PL),
time-resolved photoluminescence (TRPL), incident photon-to-
electron conversion efficiency, charge separation/transfer effi-
ciencies, electrochemically active surface area (ECSA), and
Faradaic efficiency (FE) measurements (see details of the techni-
ques in Supporting Information).

The UV-vis absorption spectra of SrTiOs, Fe304, and 30% Fe-
doped SrTiO; photoanodes are displayed in Figure 5a, to assess
their absorption capabilities in the 300 to 800nm range.
The SrTiO; and Fe; O, films show light absorption edges at ~374
and 748 nm, respectively. This information facilitates the estima-
tion of the photoanodes’ bandgaps, calculated to be 3.24 eV for
SrTi05%*** and 1.75 eV for Fe;0,,°>°% by drawing a tangent to
the curve in the Tauc plot ((ahw)'/? versus photon energy,
Figure 5b) (see Equation (S2), Supporting Information).
Notably, anchoring Fe;O, particles into the SrTiO; films enhan-
ces light absorption compared to pristine SrTiO; and extends the
light absorption region to 550 nm (Figure 5a). These behaviors
contribute to the improved PEC performance as demonstrated
above.

The electronic structures of SrTiO; and Fe;O4 were investi-
gated using UPS (Figure 5c). This analysis determines the work
function and the valence band maximum (VBM) relative to the
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Fermi level (Eg).””! The work functions are calculated to be
—4.45 eV for SrTiO3; and —5.90 eV for Fe;0,. Using the bandg-
aps obtained from UV-vis measurements, the valence band posi-
tions are determined to be —7.15 eV for SrTiO; and —6.46 €V for
Fe;0,. Correspondingly, the conduction band positions are cal-
culated to be —3.90 eV for SrTiO; and —4.76 eV for Fe;0,. The
data obtained from UV-vis and UPS measurements are depicted
in Figure 4g, providing an estimation of the band structures of
the SrTiO; and Fe;O, photoanodes. The resulting band align-
ment confirms the formation of a type-II heterojunction between
StrTiO; and Fe;O, (Figure 4h), indicating a structure that facil-
itates efficient charge separation, beneficial for the oxygen evo-
lution reaction.

M-S measurements were performed to gain qualitative
insights into the formation of p—n junctions in the photoelectr-
odes (Figure 5d). The positive and negative slopes confirm that
SrTiO; and Fe;04 are n-type and p-type semiconductors,
respectively.***® The flat band potentials (Eg) of SrTiOs,
Fe;0,, and 30% Fe-doped SrTiO; were determined by
extrapolating the x-intercepts from the M-S equation’®” (see
Equation (S3), Supporting Information). The flat band potentials
obtained are —0.05V for SrTiO;, 0.36 V (Eg,) and 1.23 V (Eg,) for
30% Fe-doped SrTiOs, and 1.52'V for Fe;0y4 (V vs RHE), respec-
tively. These values demonstrate that the Eg, of SrTiO; shifts
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Figure 5. Characterization of electronic band structures, optical properties, and PEC efficiencies of SrTiO3-Fe;O, (fabricated from SrTig ;Feq 303), SrTiOs,

and Fe;O, photoanodes. a,b) UV-vis adsorption spectra and their Tauc plots,

c) secondary cut-off region and valence band region of UPS spectra, d) M-S

plots, €) PL spectra, f) TRPL spectra, g) IPCE plots, h) bulk charge separation efficiencies, i) surface charge transfer efficiencies, j) AJ versus scan rate plot,
k) time-course O, evolution plots, I) time-course Faradaic efficiency plots, m) time-course H, evolution plots, and n) time-course Faradaic efficiency plots.

Here, STO refers to SrTiOs.

positively and the Eg, of Fe;0, shifts negatively after forming the
type-II heterostructure between SrTiO; and Fe;0,. These shifts
indicate the Fermi levels of n-type SrTiOj; shift downward, and
those of p-type Fe;O, shift upward, along with energy bands in
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the heterostructure. Such behavior increases band bending,
enhancing the separation of photogenerated charges and facili-
tating more photogenerated holes reaching the electrode surface
(Figure 4gh). Additionally, the carrier density (Np) in the
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photoanodes can be estimated from the slopes of the linear
portions for the M-S plotsi®! (see Equation (S3), Supporting
Information). The carrier densities are 2.64, 27.3, and 9.54(E,)
and 68.1(Eg,) x 10'® cm ™ for SrTiO;, Fe;0,, and 30% Fe-doped
SrTiO;, respectively, implying that the Fe;O, particles embedded
in SrTiO3 enhance charge transport properties, thus improving
PEC performance.

PL emission spectra serve as an effective tool to understand of
the recombination process of photogenerated electrons and
holes. A higher intensity in the steady-state PL emission spec-
trum indicates faster recombination of photogenerated charges,
which reduces photocatalytic activity.®**? Figure Se shows the
steady-state PL spectra of SrTiO;% and 30% Fe-doped SrTiO;
photoanodes, with prominent peaks around 525nm, mainly
attributed to the oxygen vacancies near the SrTiOs surface.®*
The PL intensity of 30% Fe-doped SrTiO; photoanodes is signif-
icantly lower than that of StrTiO;, indicating that the SrTiO;/
Fe;0, heterostructure effectively suppresses the recombination
of photogenerated charge carriers. The TRPL curves of SrTiO;%
and 30% Fe-doped SrTiO; photoanodes were fitted by
Equation (S4), Supporting Information (Figure 5f), and the aver-
age lifetimes (z,,g) Were calculated according to Equation (S5),
Supporting Information. As listed in Table S3, Supporting
Information, the average lifetime of the 30% Fe-doped SrTiO;
photoanode (11.42ns) is longer than that of the SrTiO;
(3.43 ns), confirming that Fe;O, particles embedded in the
SrTiO; surface effectively reduce charge recombination within
the film.

To assess the photoresponse of the photoanodes, IPCE meas-
urements were performed in the 300-650 nm wavelength range
at 1.23V versus RHE. The 30% Fe-doped SrTiO; exhibits an
IPCE value of 79.7% at 339 nm, significantly higher than the
~10.9% observed for pristine SrTiO; at the same wavelength
(Figure 5g). The 30% Fe-doped SrTiO; photoanode shows excel-
lent solar-to-current conversion efficiency across the 300-590 nm
spectrum, consistent with the photocurrent density observed in
the LSV curve. The onset wavelength of the photoanode is red-
shifted compared to that of SrTiO;, as verified by their Tauc plots
(Figure S9, Supporting Information), indicating the establish-
ment of a type-II band alignment.

To uncover the mechanisms behind the enhanced PEC perfor-
mance, studies on bulk charge separation and surface charge
transfer dynamics of SrTiO3 and 30% Fe-doped SrTiO; photoan-
odes were conducted by comparing their LSV curves obtained
under the water and sulfite oxidation conditions (Figure S10,
Supporting Information). The efficiencies of bulk charge separa-
tion () and surface charge transfer (ng,,f) were calculated to
determine the effects of Fe;O, cocatalysts, using Equation (S8)
and (S9), Supporting Information, respectively. The 30%
Fe-doped SrTiO; exhibits a npun value of 80%, which is 3.2 times
higher than the 25% observed for SrTiO; at 1.23 V versus RHE
(Figure 5h). This increase is mainly attributed to the type II band
alignment at the interface between the SrTiO; film and Fe;O4
particles, promoting effective charge separation. Additionally,
the #gur value for 30% Fe-doped SrTiOs reaches 90%, which
is 3.6 times greater than the 25% for SrTiO; at 1.23V versus
RHE (Figure 5i). This superior ng,r for the 30% Fe-doped
SrTiO; is due to Fe;O, particles enhancing charge transfer
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kinetics and minimizing surface recombination through surface
passivation.

To evaluate the OER properties at the photoanode surface, the
ECSA is typically measured. This is determined from the
electrochemical double-layer capacitance (Cy), which is directly
proportional to the ECSAI®Y (see Equation (S11), Supporting
Information). The Cgs of the SrTiO; and 30% Fe-doped
SrTiO; photoanodes were calculated from the slopes of their
plots of AJ versus scan rates (Figure 5j), derived from the cyclic
voltammetry curves (Figure S11, Supporting Information).
The 30% Fe-doped SrTiO; achieves a Cg of 0.484 mF cm™?, sig-
nificantly higher than the 0.092 mF cm™? observed for SrTiOs.
This substantial increase in active sites at the surface is attributed
to the Fe;0, cocatalytic particles, which enhance the 74, as dis-
cussed in Figure 5i.

To ensure the photocurrent is effectively used for water oxida-
tion, the Faradaic efficiency of the evolved O, and H, gases was
measured. The gas evolution over time for SrTiO;% and 30%
Fe-doped SrTiO; photoanodes during a 3-h period is shown
in Figure S12a,.c, Supporting Information, respectively,
with the corresponding Faradaic efficiencies in Figure S12b,d,
Supporting Information. The results indicate stoichiometric pro-
duction of H, and O,, confirming successful water splitting.
Figure 5k compares the actual O, evolution rates with theoretical
predictions, showing that the 30% Fe-doped SrTiO; photoanode
produces O, at a rate of 35.47 pmol h™*, which is about 13 times
higher than the 2.72pmolh™' rate of SrTiO;. Additionally,
Figure 5] highlights that the Faradaic efficiency for the 30%
Fe-doped SrTiO; reaches ~93.1%, significantly surpassing the
~79.0% efficiency of SrTiOs, indicating more effective utilization
of photogenerated holes for oxygen evolution. Figure 5m
presents a comparison between the actual H, evolution rates
and the theoretical expectations, revealing that the 30% Fe-doped
SrTiO; photoanode achieves a production rate of 74.72 pmol h™,
which is ~12.3 times greater than the 6.06umolh™' rate
observed for SrTiOs. Furthermore, Figure 5n demonstrates that
the Faradaic efficiency of the 30% Fe-doped SrTiO; reaches
around 97.3%, significantly exceeding the 87.8% efficiency of
StrTiO;. This indicates a more efficient utilization of photogen-
erated electrons for hydrogen evolution.

2.6. Density Functional Theory (DFT) Calculations of
Amorphous and Crystalline SrTi;_,Fe,O;

To explore the exsolution behavior in both amorphous and crys-
talline SrTi; ,Fe,O; phases (x=0-1.0), we employed DFT to
assess electronic structures, bonding features, and vacancy for-
mation energies (Vo and V). First, the density of states
(DOS) (Figure S13c—f, Supporting Information) was analyzed
to examine bonding and antibonding characteristics in Ti—O
and Fe—O interactions, using crystal orbital Hamilton population
(COHP)!®! (Figure 6c,d). COHP values that are positive indicate
bonding states, while negative values represent antibonding
states. In SrTiOs, the occupied states in the valence band and
the unoccupied states in the conduction band are generated
by Ti—O bonding and antibonding interactions, respectively.
In SrTipsFeys03, Fe—O interactions in both amorphous and
crystalline phases show antibonding characteristics near the
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StTi;_4Fe,03 (x=0-1.0), and an illustration of the amorphous exsolution processes of the Fe-doped system compared to crystal exsolution.

a,b) Perspective (001) views of crystalline and amorphous SrTi;_,Fe,O;. The green circles and yellow polyhedra refer to the Sr atom and Ti/FeOg octa-

hedra, respectively. c,d) COHP plots calculated for the Ti—O and Fe—O bonds of crystalline and amorphous SrTi;_,Fe,O; (x=0, 0.5, and 1), respectively.
e) Antibonding/total COHP bar data for SrTig sFeo sO3 and SrFeO;. f,g) Perspective (111) surface views of crystalline and amorphous SrTi;_,Fe, O3 with a
vacuum thickness of 14 A. The color cording is the same as in Figure 6a,b. h,i) O and Fe vacancy formation energies plotted against Fe composition,

respectively. The solid and hollow data represent the crystalline and amorphous phases, respectively. j) Energy landscape illustrating the criterion for

determining crystal and amorphous exsolutions. The red solid and short-dotted curves represent amorphous exsolutions whereas the long-dotted curves
represent crystal exsolution. The red long dotted, short dotted, and solid curves describe amorphous exsolution under air/O,, vacuum, and H; gas flow,
respectively. The black curve depicts the entire mechanism of crystal exsolution. k) Energy landscape illustrating the entire mechanism of amorphous
exsolution. |-n) In situ TEM BF images of 30% Fe-doped samples annealed at 850 °C in air/O,, vacuum, and H, atmospheres. o—q) In situ TEM BF images
of 30% Fe-doped samples annealed under different reducing conditions (i.e., vacuum, Po,, = 107" Torr, and Poyy = 102 Torr).
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VBM (~—1.0 to 0.0 eV), indicating weaker bond strengths com-
pared to those in SrTiOs;. Notably, in the amorphous phase,
Fe—O antibonding interactions are more pronounced than in
the crystalline phase, indicating a reduction in Fe—O bond
strength (see integrated COHP in Figure 6e). Although both
SrFeO; phases are metallic, the crystalline phase significantly
intensifies antibonding interactions.

Subsequently, O and Fe vacancy formation energies were
determined (Figure 6h,i) at the (111) surfaces (Figure 6f,g).
The trends in vacancy formation energies for O and Fe are
generally consistent: 1) vacancy formation energies in the amor-
phous phase are notably lower compared to the crystalline phase,
a consequence of the diminished Fe—O bond strength discussed
earlier; and 2) As Fe concentration increases, Fe vacancy forma-
tion energy decreases in both phases, attributed to the coordinate
covalent bonding between Fe and 0,°”) which weakens the
bond strength in comparison to the covalent bonding between
Ti and 0.*7" The weakening of the bonds promotes exsolution
in both phases and causes instability in the SrTiOj; structure dur-
ing the crystal exsolution.®! Interestingly, the initial increase in
O vacancy formation energy at around 20% Fe composition is
linked to the delocalization of electronic structures in Fe and Ti.

2.7. Thermodynamic Mechanism of Amorphous Exsolution in
SrTi;_,Fe,O; in Comparison with Crystal Exsolution

Our concept of “amorphous exsolution” occurs when the energy
required to form Fe vacancies is lower than the energy needed for
crystallization from the amorphous state of the oxide support
({lustrated by the red solid and short-dotted curves in
Figure 6j). The entire mechanism is detailed in Figure 6k. In con-
trast, exsolution systems previously reported and fabricated
through solution processes typically follow a “crystal exsolution”
pathway, which occurs under conditions opposite to those
required for amorphous exsolution (represented by the red
long-dotted curve in Figure 6j). This mechanism adheres to
the black landscape in Figure 6.2/ Notably, if the dopant can-
not exsolve from the amorphous oxide, it must overcome a sub-
stantially higher energy barrier to form a vacancy within the
crystal structure (indicated by the two-way arrow in Figure 6j).

Crystal exsolution systems are typically crystallized by calcin-
ing solutions in oxidizing conditions (air or oxygen environ-
ments) with low doping levels (less than 10% in B sites of
perovskite), which inhibits oxygen vacancy formation and limits
dopant exsolution.®®! To investigate further, we annealed a 30%
Fe-doped SrTiO; solution in different environments at 850 °C.
In air or under O, gas flow, no exsolution was observed due
to the high Fe vacancy formation energy barrier imposed by these
oxidative conditions (Figure 6] and the long-dotted red curve in
Figure 6j). In contrast, under vacuum conditions, a few Fe par-
ticles were exsolved on the SrTiO; films, attributed to a lower
Fe vacancy formation energy barrier (Figure 6m and the
short-dotted red curve in Figure 6j). Notably, under a H, gas flow
(Poxy = 107 Torr), the same condition in Figure 1, a significant
amount of Fe particles (representing all Fe dopants) were
exsolved on the film, due to the substantially reduced Fe vacancy
formation energy barrier (Figure 3n and the solid red curve in
Figure 3j).
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To compare these conditions with crystal exsolution, we
annealed the sample in Figure 61 under different degrees
of reducing conditions. In vacuum, no exsolution occurs
(Figure 60), and wunder a oxygen partial pressure
(Poxy=10"""Torr) (lower than that in Figure 6n), only a small
amount of Fe is exsolved (Figure 6p and S5, Supporting
Information). These behaviors are expected due to the high free
energy barrier to form Fe vacancies compared to the driving
forces provided by the two reducing conditions. When a lower
oxygen partial pressure (P, = 10> Torr) is imposed, the film
decomposes, exsolving both Sr and Fe, thereby forming SrO and
Fe;0, particles on the film after exposure to air (Figure S14a,
Supporting Information), resulting in severely degraded PEC
activity and stability (Figure S15, Supporting Information).
Such poor PEC performance is ascribed to: 1) the large bandgap
of SrO (5.7eV) (Figure S16, Supporting Information), which
causes reduced light absorption; 2) the large particles, which
results in longer specific diffusion lengths for the photo-holes
and reduced light absorption; and 3) a large amount of oxygen
vacancies (Figure S14b, Supporting Information).*”*%!
Detailed explanations on the PEC performance of the crystal
exsolution and relevant analyses are provided in Section 5,
Supporting Information. Importantly, the total volume (R?) of
the SrO and Fe;0, particles only reaches ~71% of that in amor-
phous exsolution (Figure 2e and 6n), implying that significantly
fewer Fe dopants can be exsolved by crystal exsolution without
decomposing Sr, regardless of the reducing conditions applied,
such as low oxygen partial pressures.

3. Conclusion

Our amorphous exsolution technique extracts entire Fe dopants
(over 50% doping concentrations) from amorphous SrTiO;
films, forming high-density NPs uniformly embedded in the film
surface. Subsequent annealing at higher temperatures crystalli-
zes the film and eliminates oxygen vacancies formed during
exsolution. Therefore, amorphous exsolution is highly effective
for perovskite systems (ABOs) where the B-site dopant-O bond
strength is exceptionally high, allowing for the selective exsolu-
tion of dopants without decomposing the perovskite, while also
ensuring structural stability. Such capabilities of our method
enable us to achieve a high activity of 5.10mA cm™2 at 1.23V
versus RHE (an 11.86-fold improvement over bare SrTiOs) from
the 30% Fe-doped SrTiO; photoanode, with highly consistent sta-
bility (97% retention) over 24 h. We believe that this innovative
technique has the potential to significantly improve the perfor-
mance of various heterogeneous catalyst systems in a wide range
of energy and environmental applications. Additionally, the com-
bination of in situ TEM and theoretical calculations has proven to
be an exceptionally effective method for understanding the key
parameters that determine the PEC activity and stability of hybrid
composite photoelectrodes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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