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Abstract: Significant charge recombination that is difficult to suppress
limits the practical applications of hematite (a-Fe,O3) for
photoelectrochemical water splitting. In this study, Ti-modified
hematite mesocrystal superstructures assembled from highly oriented
tiny nanoparticle (NP) subunits with sizes of ~5 nm were developed
to achieve the highest photocurrent density (4.3 mAcm™2at 1.23 V vs.
RHE) ever reported for hematite-based photoanodes under back
illumination. Due to rich interfacial oxygen vacancies yielding an
exceedingly high carrier density of 4.1 x 102" cm™ for super bulk
conductivity in the electrode and a large proportion of ultra-narrow
depletion layers (<1 nm) inside the mesoporous film for significantly
improved hole collection efficiency, a boosting of multihole water
oxidation with very low activation energy (E, = 44 meV) was realized.

Introduction

Photoelectrochemical (PEC) water splitting allows for the direct
conversion of solar energy to clean and renewable energy
sources such as H; gas, providing an attractive solution to issues
such as fossil fuel depletion and CO, emissions.[" Recently,
various types of semiconductors, such as oxynitrides (e.g.,
BaTaO,N),@ nitrides (e.g., TasNs),Bl and oxyfluorides (e.g.,
Pd,TiOs4F12),#! were developed as photoanode materials for
visible-light water oxidation with high activity, but most of them
suffer from the problems of low stability and high cost. The
development of semiconductor electrodes for PEC water
oxidation that are efficient, economically viable, and long-term
recyclable is therefore still challenging.®! As one of the most
abundant metal oxides, the semiconductor hematite (a-Fe>0O3) is
a promising candidate for photoanodes owing to its suitable
bandgap (~2.1 eV) for sunlight absorption, low cost, and long-
term stability in alkaline aqueous solutions.®®! During the past
decade, the development of efficient hematite photoanodes
possessing high photocurrent densities with sufficiently cathodic
onset potentials has attracted significant attention, but there has

not been commensurate progress in this area.l’! Hematite has
several performance-limiting characteristics, including poor
carrier mobility (~102 cm? V™' s™") and short minority carrier
lifetime (picosecond time scale), leading to the occurrence of
considerable bulk/surface recombination.®! Nanostructuring of
semiconductors has been thus employed to suppress such
recombination by shortening the hole diffusion length to the
surface.l®l While this approach has demonstrated successful
outcomes such as the construction of nanostructured thin films, @
it does not address the fundamental issue of a short diffusion
length giving rise to poor light harvesting ability (™' = 0.12 ym at
550 nm, where a is the absorption coefficient for hematite).!l
Sluggish water oxidation kinetics (first-order reaction pathway) is
another serious problem hindering the improvement of the PEC
performance of hematite-based photoanodes.®®! As revealed by
transient absorption measurements, operando
spectroelectrochemistry, and density functional theory (DFT)
studies conducted by Durrant at al., hematite follows third-order
reaction kinetics when the surface hole density is high enough to
oxidize the nearest neighboring metal atoms to form Fe(OH)-O-
Fe(OH) sites.®! This finding suggests that improving the hole
collection efficiency is a potential solution for optimizing the
surface water oxidation kinetics.

Metal oxide mesocrystals (MCs) are superstructures
constructed from highly ordered nanoparticle (NP) subunits with
tunable optical, electronic, and magnetic properties, and show
great promise for applications ranging from catalysis to
optoelectronics.l' Interfacing between attached NPs inside the
MC particles produces highly ordered structures, allowing for
much higher crystal-to-crystal charge transfer efficiency
compared to randomly aggregated NP systems.['"l Moreover, we
have recently demonstrated the presence of interfacial oxygen
vacancies (Vos) created via fusion of the unique interfaces
between the attached NP subunits inside hematite MCs.['?l The
formation of interfacial Vos has also been reported for other metal
oxides such as Ni-doped Sn0,.[" Unlike Vos on the surface,
which might act as recombination centers,[" bulk Vos are able to



serve as donor centers and, thus, significantly improve the bulk
conductivity.l'? These findings show that proper engineering of
the location and concentration of the Vos might positively modify
the PEC behaviors of hematite, but very limited attention has been
paid so far.

Herein, we demonstrated that increasing the concentration of
interfacial Vos by decreasing the size of primary NPs inside MCs
down to ~5 nm considerably improved the PEC performance of
hematite-based photoanodes to achieve the highest photocurrent
density (4.3 mA cm™2 at 1.23 V vs. RHE) under back illumination.
The rich of interfacial Vos in the bulk, formed via fusion of the
interfaces between the attached tiny NPs inside the MCs during
thermal annealing in air, resulted in an exceedingly high carrier
density (Ng) of 4.1 x 102" cm™, providing excellent bulk
conductivity, as revealed at the bulk and single-particle levels.
This feature was also shown to largely improve the hole collection
efficiency by formation of ultra-narrow depletion layers (<1 nm) at
the hematite/electrolyte interface, enabling a third-order water

oxidation kinetic with an ultra-low activation energy (E:) of 44 meV.

Results and Discussion

Fe;O3(Ti) MCs with tiny NP subunits were synthesized by a
surfactant-free solvothermal method (Figure 1a). In a typical
sample preparation, an ethanol/water solvent mixture containing
Fe(acac)s and TiFs at a molar ratio of 10/1 in a well-sealed
stainless-steel autoclave was heated at 453 K for a set amount of
time. Fe,O3(Ti) single crystals (SCs) with diameters of several
nanometers were formed by nucleation during the first 4 h (Figure
S1). After 13 h, these primary Fe>O3(Ti) SCs self-assembled to
form Fe,O3(Ti) MCs with a specific preferable mutual orientation
to lower the surface energy.['® The assembled tiny NP subunits
inside the MCs were allowed to grow further via crystallographic
fusion (Figure S2).1%

A representative sample of Fe;O3(Ti) MCs synthesized by
solvothermal treatment for 13 h displayed a spherical morphology
with diameters ranging from 80 to 150 nm as revealed by field-
emission scanning electron microscopy (FE-SEM) (Figure S2a,b)
and transmission electron microscopy (TEM) (Figures 1b and
S1c). The Fe;O3(Ti) MCs were assembled from closely attached
smaller NPs (~5 nm in size). Due to particle-to-particle
interactions, the tiny NPs assembled in the MCs were
crystallographically aligned, as indicated by single-crystal-like
diffraction spots visible in the selective area electron diffraction
(SAED) pattern (Figure 1b, inset) collected from the entire region
of the MC. The diffraction spots were assigned to the (006), (113),
and (110) planes of hematite along the [210] zone axis.!"®! High-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) in Figure 1e and energy-dispersive
X-ray spectroscopy (EDX) elemental mapping images given in
Figure 1f indicate uniform dispersion of Fe, O, and Ti ions in the
MC particles. The corresponding EDX spectra (Figure S3)
exhibited an Fe/Ti atomic ratio of approximately 92/8, which is
close to the molar ratio of the metal precursors. There was almost
no change in the sizes of the Fe,Os3(Ti) MCs with longer
solvothermal treatment times (24 and 48 h), but larger NP
subunits with sizes ranging from ~13 to 20 nm were observed due
to crystallographic fusion of tiny. NPs inside the Fe;O3(Ti) MCs
(Figure 1c and d). The surface black regions observed in Figures
1b-d for the as-synthesized Fe;O3(Ti) MCs are possibly due to
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residual acac groups from the iron precursors, which can be
totally removed by annealing at temperatures above 773 K.['%
Additionally, single-crystal-like diffraction spots of (210), (120),
and (110) planes along the [001] zone axis were detected for
these samples, indicating that crystallographic fusion of the highly
oriented tiny NPs did not alter their single-crystal nature but
slightly changed their orientation (Figures 1c and d, inset).
Powder X-ray diffraction (XRD) patterns of the samples (Figure
1g) exhibited 2-theta peaks at 24.15, 33.10, 35.60, 40.85, 49.45,
and 54.1°, which showed good agreement with a standard
Powder Diffraction File (PDF) card of hematite (PDF#33-0664).
The peak intensity of the (104) face was found to gradually
increase with the solvothermal treatment time, consistent with the
evolution of the crystal orientation observed from the SAED
patterns. This suggested that increasing the degree of crystallinity
of hematite by increasing the solvothermal treatment time or
temperature led to a preference for the (104) face, and this
observation has also been reported elsewhere.['” The grain sizes
estimated from the line broadening of the main diffraction peak
(104) or (110) using the Scherrer equation were almost identical
to the NP sizes estimated from TEM images. The absence of Ti
peaks was likely due to the low concentration of Ti ions uniformly
dispersed in the MC, as evident in the elemental map shown in
Figure 1f.
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Figure 1. (a) Schematic illustration of the synthesis of Fe2Os3(Ti) MCs
assembled with different sizes of NP subunits. TEM (inset: corresponding SAED
pattern) images of Fe203(Ti) MCs synthesized under solvothermal treatment for
13 h (b), 24 h (c), 48 h (d), respectively. HAADF-STEM (e) and corresponding
EDX element mapping images (f) of the Fe2O3(Ti) MCs synthesized under
solvothermal treatment for 13 h. (g) XRD patterns of the Fe203(Ti) MCs
synthesized under solvothermal treatment for different times.

The photoanodes were fabricated by a multiple spin-coating
method as we reported recently.l'? All prepared photoanodes
were annealed prior to PEC measurements at 973 K for 20 min in
air. The thermally treated sample is hereafter referred to as
Fe,O3(Ti) MC_T. The sintering process produced an abundance
of inner mesopores with diameters ranging from 10 to 25 nm
inside particles (Figure 2a), as seen in the cross-sectional FE-
SEM (Figure 2b), TEM (Figure S4a), and HAADF-STEM images



(Figure S4b). Open pore windows are clearly visible in the FE-
SEM image (Figure S4c), which enable electrolytes to infiltrate the
inner mesopores and, thus, establish a semiconductor-electrolyte
junction (i.e., band bending) for charge separation. This could
allow for the creation of a large number of depletion regions on
both the outer and inner pore surfaces, which would lead to a
significant decrease in the hole drift distance and simultaneous
increase in the hole collection pathway. Furthermore, these open
windows in the inner mesopores would improve the light
absorption efficiency through light scattering or transmission,
allowing for a greater number of hematite MCs to be excited.
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Figure 2. (a) Schematic illustration of the formation of single-crystal
mesoporous hematite with a thin TiO2 overlayer and interfacial Vo defects in the
bulk. (b) Cross-sectional FE-SEM image of the optimized Fe203(Ti) MC_T
photoanode. (c) HRTEM images of typical Fe2O3(Ti) MC_T particles collected
after annealing at 973 K for 20 min in air. (d) EPR spectra of the samples. (e)
The area ratios of Ov/OL for different depths of Fe203 MC_T (black) and
Fe203(Ti) MC_T (red) samples estimated from their O 1s XPS depth profiles
given in Figure S7. The inset shows typical O 1s XPS spectra of the samples.

An optimized photoanode with a film thickness of ~1.6 um was
constructed from attached mesoporous Fe;O3(Ti) MC_T particles
(Figure 2b). The size of the Fe;O3(Ti) MC_T particles was well
matched with the surface roughness of the fluorine doped tin
oxide (FTO) substrate, allowing for optimum electric contact. The
single-crystal nature of the Fe,;O3(Ti) MC_T sample was not
altered by high temperature annealing, as evidenced by single-
crystal-like diffraction spots in the SAED pattern (Figure S4a,
inset). Evolution of the crystal orientation determined from SAED
patterns of the samples before and after annealing (insets of
Figures 1a and S4a) showed that the (104) face was thermally
preferable. Figure 2c shows corresponding high-resolution TEM
(HRTEM) images. The lattice spacing in the bulk region was 0.252
nm, which was assigned to the typical (110) crystal plane of
hematite. Distorted fringes (e.g., regions surrounded by white
dotted lines) can be observed in the bulk region, suggesting the
formation of lattice defects. According to our previous study,[?
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thermal sintering of highly ordered interfaces between attached
NP subunits inside the MC induces surface reconstruction at the
interfaces (i.e., formation of interfacial Vos) as illustrated in Figure
2a. A high degree of contrast between the surface and bulk
regions suggested the formation of a thin overlayer (<1-3 nm) on
the surface. The lattice spacing in this overlayer region was 0.248
nm, indicative of the formation of rutile TiO, with a (011) plane.

The inner compositions of the samples were also analyzed by
X-ray photoelectron spectroscopy (XPS) depth profiles (Figure
S5), which showed no variation in the atomic concentration of
Ti(Fe) ions between the surface and bulk regions (~20 nm) for the
as-synthesized Fe,O3(Ti) MCs, which was also consistent with
EDX elemental mapping (Figure1f). Following thermal treatment,
the atomic percentages of Ti (Fe) ions were higher (lower) at the
surface region (~3 nm) than that at the bulk region, suggesting
that Ti ions were mostly segregated from the ions in the bulk. The
crystal phase evolution was also confirmed by XRD analysis
(Figure S6). In addition to the diffraction peaks of hematite, a new
2-theta diffraction peak at 27.5° was detected for all Fe,Os(Ti)
MC_T samples after thermal treatment, and assigned to the (110)
plane of rutile phase TiO,.l'? These results confirmed that the
observed thin overlayer on the surface (Figure 2c¢) was rutile TiO,.
Furthermore, the peak intensity of the (104) face significantly
increased after thermal treatment, also confirming thermal
preference of the (104) face due to an increase in the degree of
crystallinity of hematite.

To confirm the formation of an abundance of Vs in the MCs,
electron paramagnetic resonance (EPR) and O 1s XPS
measurements were performed (Figures 2d, e, and S7). As-
synthesized Fe,O3 and Fe;O3(Ti) MCs exhibited two main signals
at g = 2.0 (Fe®" ions coupled via exchange interactions) and 4.3
(Fe®* ions in rhombic and axial symmetry sites), respectively,
indicating that no Fe?* (i.e., Vos) was formed in the samples. After
annealing, however, the lineshapes evolved to single broad
resonance lines with signals centered at g = 2.8 and 2.7 for Fe,O3
MC_T and Fe,O3(Ti) MC_T, respectively. The changes in line
shapes indicate the occurrence of a ferromagnetic resonance due
to the interaction between Fe?* and Fe®*.['8'% For the O 1s XPS
spectra (inset of Figure 2e), peaks with binding energies at
approximately 530.2, 531.9, and 533.3 eV were assigned to lattice
0% species (OL), iron-oxygen species near Vos (Oy), and
chemisorbed or dissociated oxygen species from the H,O
molecules (Oc), respectively.?’”! Both the Fe,O; MC_T and
Fe;O3(Ti) MC_T samples exhibited high Oy concentrations,
indicating formation of an abundance of Vos. The O 1s XPS depth
profiles (Figure 2e and S7) show that the peak area ratio Ov/O,
remained almost unchanged between the surface and bulk
regions (~20 nm) for both the MC samples, implying that the
abundance of Vs in the bulk was created not only by diffusion of
Ti ions, but also by sintering of the interfaces between the highly
oriented NP subunits that occurred during thermal treatment
(Figure 2a). A similar phenomenon was observed for a sample
with larger NP subunits synthesized by a different method.['?

The charge transfer efficiencies of the Fe,Os3(Ti) MC_T
photoanodes with different sizes of NP subunits were firstly
analyzed by electrochemical impedance spectroscopy (EIS)
(Figure 3a). EIS curves were fitted using the equivalent circuit
model (Figure S8) and all simulated parameters are summarized
in Table S1. The electron transfer resistances both in the bulk (Rc)
and at the interffaces of hematite/FTO (Rs) and
hematite/electrolyte (Ryap) decreased with the decrease of particle



size. In addition, all the Fe,O3(Ti) MC_T photoanodes gave much
lower R values than those of the unmodified Fe,O; MC_T
photoanode (Figure S9, Table S1), indicating that the Ti-
modification  significantly improved the charge transfer
efficiency.?" Particularly, a super bulk conductivity was realized
by the optimized Fe,O3(Ti) MC_T as indicated by its ultra-low Rq
(10 Q cm™2). The higher charge transfer efficiency of the Fe,Os(Ti)
MC_T with smaller size of NP subunits was attributed to its greatly
enhanced carrier density (Ng) calculated from the slope of the
Mott-Schottky plot given in Figure 3b (see Eq S1). The optimized
sample showed a Ny of 4.1 x 102" cm™3, which is much higher than
the highest carrier density ever obtained by element-doped or
modified hematite electrodes (with a magnitude of 102° cm™3). The
significantly enhanced carrier density was attributed to the
formation of an abundance of interfacial Vos in the bulk, as
verified by the O 1s XPS depth profile (Figure S10), which can
serve as donor centers to improve the bulk conductivity.??
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Figure 3. (a) EIS and (b) Mott-Schottky plots of the samples. (c) Schematic
illustration of the pc-AFM measurements. (d) AFM images of a single Fe203(Ti)
MC_T particle with NP subunits with smaller (left) and larger sizes (right). The
cross marks indicate the measured locations. (e) The corresponding current-
potential curves of a single Fe2O3(Ti) MC_T particle with different sizes of NP
subunits.
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Figure 4. (a) Current density-potential curves of the optimized Fe2O3(Ti) MC_T
photoanode measured in 1.0 M NaOH electrolyte at different temperatures. (b)
Arrhenius plots of InJ vs. 1/T at 1.6 V vs. RHE obtained for the optimized
Fe203(Ti) MC_T and Fe203 SC_T systems.
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Although electrochemical measurements can macroscopically
analyze the properties of photoanodes, the nanoscopic variations
within the electrode or single particle are still not able to be
determined by such ensemble experiments. We thus employed
photoconductive atomic force microscopy (pc-AFM)2324 to
elucidate structure-correlated electrical transport properties
inherent in individual MC particles with nanoscale resolution
(Figures 3c-e, S11). Bias potentials ranging from =1.0 to 1.0 V
were applied to the sample using a Ti/lr-coated conductive probe
with a 25 nm tip radius, and the current was simultaneously
collected under dark conditions or light irradiation in an N;
atmosphere. AFM topological images of Fe,Os(Ti) MC_T with
smaller (5 nm) and larger (20 nm) NP subunits are shown in
Figure 3d, respectively. The current-potential curves (Figure 3e)
of a Fe,O3(Ti) MC_T particle with smaller NP subunits (~5 nm)
exhibited a linear shape, indicating a typical bulk-limited transport
(Poole-Frenkel emission) process where the bulk defects
dominate the electric conduction.!?! For comparison, a Fe,Os(Ti)
MC_T particle with larger NP subunits (~20 nm) showed a current
onset (>0.25 V) in the low potential region (Figure 3e) due to
Schottky contact. Schottky emission is an interface-limited
conduction that occurs at low voltages, whereby electrons transit
above the potential barrier on the surface of a semiconductor.?4!
Both the Poole—Frenkel and Schottky emissions originate from
lowering of the Coulombic potential barrier for free-charge
generation out of defect centers or trap sites under a bias
potential.?* The linear shape of the current-potential curves of the
Fe,O3(Ti) MC_T particle with smaller NP subunits thus indicated
facile charge transfer occurring as a consequence of a higher Ny
value created by higher Vo levels in the bulk. These results
confirmed that a higher concentration of interfacial Vos can be
created inside the bulk of individual hematite MCs with smaller NP
subunits, producing a large increase in the conductivity for
optimum solar water splitting activity.

To unravel the water oxidation mechanism, the temperature
dependence of photocurrent generation from the optimized
Fe;O3(Ti) MC_T photoanode was studied (Figure 4a). Upon
increasing the temperature from 293 to 333 K, the Fe,O3(Ti)
MC_T photoanode exhibited an increase in the photocurrent at
1.6 V vs. RHE from 6.4 to 8.0 mA cm™. The onset potential
gradually shifted from 0.8 (293 K) to 0.9 V (333 K) vs. RHE in
terms of enhanced surface charge recombination (Figures S12,
S13) as reported for porous Mo:BiVO, and rutile TiO,.12% Typically,
hematite following a first-order water oxidation mechanism with a
large activation barrier in the order of 0.2-0.7 eV.°?" However,
the activation energy obtained from Arrhenius-type plots of InJ vs.
1/T at 1.6 V vs. RHE for the Fe;O3(Ti) MC_T system was only 44
+ 1 meV (Figure 4b), which was better agreement with the third-
order water oxidation mechanism than with first-order kinetics, i.e.,
a multihole water oxidation pathway was present in MCs at room
temperature under the irradiation of one sun. As a result of much
higher Ny (4.1 x 102 cm™3) and charge separation efficiency for a
better surface hole accumulation, a significant decrease of ~172
meV in activation energy can be realized when compared to a
reference sample constructed from randomly aggregated
hematite single crystals (Fe;O3; SC_T, 216 + 6 meV, first-order
kinetics) with a much lower carrier density (2.4 x 10'® cm™3)*2l
(Figures 4b and S14).

An optimum film thickness of ~1.6 um was chosen by
comparing the photocurrent densities at 1.23 V vs. RHE for
Fe,O3(Ti) MC_T photoanodes prepared with different numbers of



spin-coating cycles under back and front illumination (Figure S15).

Because electron transport from the excited regions to the FTO is
limited by a trapping process,!'? back illumination provides a
higher photocurrent density than front illumination, especially in
films with thicknesses greater than the optical penetration depth
(~900 nm based on our previous study!'?). Figure 5a compares
the PEC performance of the prepared photoanodes under back
illumination. The Fe,O3(Ti) MC_T experienced a tremendous
increase in the photocurrent density compared to the unmodified
Fe,O; MC_T, indicating superior charge separation and transfer
due to Ti-modification. For the Fe;O3(Ti) MC_T with different size
of NP subunits, the photocurrent densities increased in the order
of 20 nm (2.7 mA cm™) < 13 nm (3.5 mA cm™) < 5 nm (4.3 mA
cm™) at 1.23 V vs. RHE. The photocurrent density at 1.23 V vs.
RHE for the optimized Fe,O3(Ti) MC_T (4.3 mA cm™2) was three
times that of the Fe;0O3 MC_T (1.5 mA cm™). To the best of our
knowledge, this is the highest value reported thus far for hematite-
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based photoanodes under back illumination (Table S2). Back
illumination is beneficial for cell operation since light scattering or
shadowing by evolved gas bubbles is relatively small. Following
deposition of a cobalt-phosphate (Co-Pi) oxygen evolution co-
catalyst on the surface of Fe,Os(Ti) MC_T via photo-assisted
deposition (Figure S16),1281 the photocurrent density further
increased to 5.5 mA cm™ at 1.23 V vs. RHE and the onset
potential showed a cathodic shift from 0.8 to 0.6 V vs. RHE. The
significant onset potential shift of 0.2 V as well as the increase of
the photocurrent density clearly indicated effective suppression of
surface charge recombination.l?8! The current-to-fuel conversion
efficiency was quantitatively evaluated by detecting the gaseous
products via gas chromatography. As shown in Figure S17, the
production of both H, and O, gasses was linear with respect to
the irradiation time, with a stoichiometric ratio of 2:1 and Faradaic
efficiencies (FEs) over 95%.
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Figure 5. (a) Current density-potential curves of the samples. 20, 13, 5 nm represents the Fe2O3(Ti) MC_T photoanodes with the primary particle size of the NPs in
MC. (b) IPCE curves measured at 1.23 V vs. RHE for Fe2O3 MC_T and Fe203(Ti) MC_T photoanodes. The steady-state UV-visible diffuse reflectance spectrum of
the Fe203(Ti) MC_T is shown as a Kubelka-Munk function for comparison. (c) The relationships between the sizes of the NP subunits inside Fe2O3(Ti) MCs and
peak area ratio Ov/OL of the samples estimated from O 1s XPS depth profiles given in Figure S10, carrier density (Ng), and photocurrent densities at 1.23 V vs.
RHE. (d) The relationship between the depletion width (W), size of primary NPs in the MC, and Na. (e) Durability and recyclability tests of the optimized Fe2Os3(Ti)

MC_T photoanode.

Incident photon-to-current conversion efficiencies (IPCEs) (see
Eq S2) were also measured at 1.23 V vs. RHE under back
illumination using monochromatic light with different wavelengths
(Figure 5b). Excellent IPCEs were observed throughout the entire
wavelength range (400-620 nm) for the optimized Fe;Os(Ti)
MC_T photoanode. At 400 nm, the IPCE was ~53% for the
Fe,Os3(Ti) MC_T photoanode, which was three times higher than
that for Fe,O3 MC_T (18%). For comparison, the steady-state UV-
visible diffuse reflectance spectrum of Fe>O3(Ti) MC_T is shown
in Figure 5b. There was no apparent change in the light
absorption efficiency in the shorter wavelength range of 400-500
nm, even though the IPCEs of the MC-based photoanodes were
much higher in this region. With longer excitation wavelengths
(500-620 nm), the magnitudes of the IPCE spectra followed the
changes in light absorption efficiencies. The temperature-

dependent photocurrent generation under excitation with light
sources of different wavelengths was investigated (Figure S18).
As summarized in Figure S18c, it is clear that the activation
energy (34 + 1 meV) obtained by excitation with light of a short
wavelength (430 nm) was much lower than that (68 + 1 meV)
obtained by excitation with light of a longer wavelength (530 nm).
This finding suggested that holes with a long lifetime (likely
shallowly trapped O~ holes) produced by short wavelength light
excitation of MCs with an abundance of interfacial Vos would
contribute to hole accumulation and subsequently acceleration of
the water oxidation kinetics. Such long-lived holes can efficiently
transport to the hematite/electrolyte interfaces, thus resulting in
largely enhanced photocurrent generation.

For practical utilization, PEC systems should provide not only
high solar-to-hydrogen efficiency at low cost, but also long-term



device durability. To simulate conditions in a natural environment,
the current density-time curve of the optimized Fe,O3(Ti) MC_T
photoanode was measured at 1.23 V vs. RHE under back
illumination for 6 h (comparable to daytime sunlight), followed by
the application of a 12 h dark cycle (comparable to night-time
conditions). These measurements were repeated 18 times to
evaluate the durability and recyclability. Despite there being a
slight decrease of the photocurrent during illumination for 6 h,
especially during first hour, the photocurrent recovered to its initial
level in the following cycles of the durability test. Following
completion of 18 cycles with a total illumination time of over 100
h, the photocurrent density was still 90% higher than that during
the initial performance (Figure 5e), indicating that the present
system possessed excellent durability and recyclability. The slight
photocurrent loss, especially at the initial illumination stage, was
likely due to the positive shift of the onset potential occurring as a
result of the temperature increase (Figure S19). When the
solution was stirred, the positive onset shift and increase of the
electrolyte temperature were both suppressed, suggesting that
the local temperature near the hematite surface was much higher
than that of the electrolyte during initial illumination, thus leading
to the positive shift of the onset potential and loss of photocurrent.

The enhanced PEC performance in the sample with smaller NP
subunits was attributed to its higher Ny (Figures 3b, 5c, and S9b,
Table S1). As the concentration of Ti ions was the same for all
samples, the increase in Ny would originate from the higher
concentration of interfacial Vos in the sample with smaller NP
subunits (Figure S10). The relationships between the sizes of the
NP subunits inside the Fe,O3(Ti) MC, the peak area ratio Oy/Oy,
Ng, and the photocurrent densities at 1.23 V vs. RHE are
summarized in Figure 5c. It is apparent that the Fe,O3(Ti) MC_T
photoanode with smaller NP subunits possessed a higher
concentration of Vgs, thus contributing to a higher Ny and
photocurrent density.

The occurrence of band bending in the depletion region with a
width of W (see Eq S3) at the semiconductor/electrolyte interface
yields a driving force for the separation of photogenerated charge
carriers.®! Charge recombination occurs within a distance beyond
the sum of W and the minority carrier diffusion length Lp.?% In the
case of hematite, significant recombination occurs even in the
electric field of the depletion region due to its Lp (2—4 nm) being
small compared to typically reported depletion layer widths (~10
nm).®! To suppress recombination, the hole migration distance for
surface reactions should therefore be as small as possible. Due
to its exceedingly high Np (4.1 x 102" cm™3), Fe,O3(Ti) MC_T had
a calculated W value of only ~0.5 nm. It should be noted that such
ultra-narrow (<1 nm) depletion layers are rarely reported in the
literature (e.g., Sn:In;O3 nanocrystals).®? The relationships
between the W, particle size, and Ny are illustrated in Figure 5d.
Samples with larger NP sizes in the MC had relatively lower
concentrations of interfacial Vos in the bulk, resulting in relatively
lower Ny and higher W values. With a higher W, the extent of
charge recombination was greater due to the increased hole
migration distance, and the resulting lower surface hole density
lead to slower water oxidation kinetics (Figure S20).

The deep band bending on the surface should provide a great
enough potential gradient to drive the separation of
photogenerated electrons and holes (Scheme 1) and, thus,
effectively suppress bulk recombination, as evidenced by the very
small R value (Table S1). In the mesoporous film with open pore
windows, electrolyte can infiltrate to the pores and largely
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increase the proportion of semiconductor/electrolyte interfaces.
Accordingly, a large proportion of ultra-narrow depletion regions
(<1 nm) were created on both the outer surfaces and inner pore
surfaces of the MC particles, resulting in an increase in surface
hole accumulation for the equilibrium between three surface holes
and the triply oxidized cluster (Fe(OH)-O-Fe(OH)) after O-O bond
formation (the rate determining step),”® and thus finally realize a
efficient multihole water oxidation kinetics with almost no
activation barrier (Figure 4).
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efficiently hole collection R

/ Multihole water oxidation
with ultralow activation
energy (~44 meV)

Scheme 1. Schematic illustration of charge carrier dynamics in the hematite
MC-based photoanode with an abundance of bulk Vos and third-order-like
surface water oxidation kinetics.

Conclusion

In conclusion, we demonstrated that decreasing the sizes of
primary NPs inside the MCs was an effective route towards
increasing the concentration of interfacial Vos in the bulk to yield
an exceedingly high carrier density of 4.1 x 102" cm™3, giving
excellent bulk conductivity as confirmed by pc-AFM
measurements on single MC particles and producing a large
quantity of ultra-narrow depletion regions (<1 nm), resulting in
significantly improved hole collection efficiency for third-order-like
water oxidation kinetics with ultra-low activation energy (E, = 44
+ 1 meV). Consequently, the optimized photoanode exhibited the
highest reported photocurrent density (4.3 mA cm™2at 1.23 V vs.
RHE) and good durability (over 100 h) for hematite-based
photoanodes under back illumination. Our study provides an
attractive alternative strategy based on interfacial defect
engineering for improving the PEC performance of metal oxide
semiconductors.
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Hematite mesocrystal superstructures with rich interfacial oxygen vacancies yield an exceedingly high carrier density of 4.1 x 102
cm™3 for super bulk conductivity in the electrode and a large quantity of ultra-narrow depletion regions (<1 nm) for high hole collection

efficiency, thus boosting multihole water oxidation with a very low activation energy (Ea = 44 meV).



