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ABSTRACT: The semiconductor/electrolyte interface plays a
crucial role in photoelectrochemical (PEC) water-splitting
devices as it determines both thermodynamic and kinetic
properties of the photoelectrode. Interfacial engineering is
central for the device performance improvement. Taking the
cheap and stable hematite (a-Fe,O;) wormlike nanostructure
photoanode as a model system, we design a facile sacrificial
interlayer approach to suppress the crystal overgrowth and
realize Ti doping into the crystal lattice of a-Fe,O; in one
annealing step as well as to avoid the consequent anodic shift
of the photocurrent onset potential, ultimately achieving five
times increase in its water oxidation photocurrent compared to
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the bare hematite by promoting the transport of charge carriers, including both separation of photogenerated charge carriers
within the bulk semiconductor and transfer of holes across the semiconductor—electrolyte interface. Our research indicates that
understanding the semiconductor/electrolyte interfacial engineering mechanism is pivotal for reconciling various strategies in a
beneficial way, and this simple and cost-effective method can be generalized into other systems aiming for efficient and scalable

solar energy conversion.
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1. INTRODUCTION

Photoelectrochemical (PEC) water splitting represents one of
the most promising solutions to the deteriorating global energy
crisis and environmental problem.l’2 Over 40 years, massive
semiconductor materials have been reported to be active for
PEC water splitting.”~> However, this technology is still far
from commercialization primarily because of the unsatisfactory
solar energy conversion efficiency as well as the cost and
stability issues.>™® The performance of a PEC device, in theory,
is determined collectively by its capabilities for incident photon
absorption, charge separation within the bulk semiconductor, as
well as interfacial charge transfer across the semiconductor—
electrolyte interface.”® Most of the reported PEC electrode
materials possess excellent abilities in absorbing photons with
energy larger than their band gaps.”>” Hence, the poor PEC
performance of the photoelectrode materials, especially those
anode materials for the kinetically slow water oxidation
process,'”"" should be largely attributed to the inefficient
utilization of photogenerated charge carriers, which includes
both the inferior separation of photogenerated charges inside
the bulk semiconductor and the sluggish charge transfer across
the semiconductor—electrolyte interface.’
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The combination of multiple strategies has been adopted to
strengthen the charge transport in semiconductor photo-
electrodes.'”™'* Taking hematite (a-Fe,O;), a prospective
low-cost photoanode material naturally endowed with a suitable
valence band position for water oxidation, a favorable band gap
(around 2.1 eV) for effective photon harvesting, and excellent
chemical stability in a wide range of pH values,""™'% as an
example, its theoretical PEC water-splitting current density
reaches up to 12.6 mA cm™? under illumination of air mass 1.5
global (AM 1.5G) sunlight, potentially enabling a maximum
solar energy conversion efficiency of 15.5% in an ideal tandem
cell conﬁguration.w'18 But, owing to the problem of severe
charge recombination, which results from its extremely short
(ca. 10 nm) hole collection depth (hole diffusion length +
space-charge layer width) and poor electron conductivity via
small polaron hopping conduction with a low electron mobility
(<1072 ecm? V7! s71), the reported photocurrent densities of a-
Fe,0; photoanodes are far below the theoretical value.">"*~>°
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Scheme 1. Schematic Synthetic Procedures for a-Fe,0;, TiO,@Ti:a-Fe,0;, and Ti:a-Fe,O; Photoanodes
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Geometry nanostructuring for shortening the collection
distance of photogenerated holes and foreign elements doping
for increasing the electron conductivity are common methods
for improving the activity of a-Fe,O, photoanodes.”' > For
example, Wang et al. reported a Ti-doped a-Fe,O; film
photoanode by a facile deposition-annealing procedure, which
gave a negative onset potential shift of 0.1—-0.2 V and a
photocurrent of 1.83 mA cm™2 at 1.02 V vs reversible hydrogen
electrode (RHE).”* A similar postgrowth doping was also
developed to dope hematite nanowire photoanodes after
growth and greatly enhanced their photoactivity for PEC
water splitting.”> Recently, Zheng and co-workers have also
raised a flame doping method to enable a high concentration of
Ti doping into hematite photoanode.”> Nonetheless, high-
temperature annealing is frequently required to promote the
crystallinity of a-Fe,O; nanocrystals and/or to facilitate the
incorporation of dopants into their crystal lattices, and it will
simultaneously cause the increase of the nanocrystal feature size
or even damage the original nanostructure formed at low
temperature.'”*°"** Some progress has been made to tackle
this long-standing problem.”>****~** For instance, Sivula et al.
developed a solution-based SiO, confinement layer strategy to
realize the independent control of the nanocrystal feature size
and the dopant incorporation in the photoanode.”® However, a
considerable anodic shift of the photocurrent onset potential
appeared, and the scale-up application of this method is also
restricted due to the complicated two-step annealing procedure
included."® Understanding the inherent interacting mechanisms
and developing a facile and cost-effective technique to reconcile
crystal size control with dopant incorporation together without
consequent adverse effects are of crucial importance for high-
efficient water-splitting PEC devices.

Herein, taking the a-Fe,0; wormlike nanostructure photo-
anode as a model system, the common problem of crystal
coarsening after annealing treatment for doping was overcome
by realizing both suppression of crystal overgrowth and Ti
doping in one step via a dopant-containing interlayer coating.
After the thorough thermodynamic and kinetic analysis, the
consequent anodic shift of the photocurrent onset potential was
avoided by removing the interlayer through subsequent H,O,
soaking, ultimately achieving five times performance increase
compared with the bare hematite by promoting transport of

charge carriers, including both separation of photogenerated
charge carriers within the bulk semiconductor and transfer of
holes across the semiconductor—electrolyte interface.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photoanodes. The synthetic process of the
Ti-doped a-Fe,O; wormlike nanostructure photoanode (labeled as
Ti:a-Fe,0,) is depicted in Scheme 1. First, the f-FeOOH thin film
with nanorod morphology was grown on a fluorine-doped tin oxide
(FTO)-coated glass substrate by a modified hydrothermal method.>*
Typically, 20 mL of aqueous solution containing S mmol FeCl; and 15
mmol NH,CONH, was transferred into a Teflon-lined stainless steel
autoclave, and an FTO-coated glass substrate was placed inside the
autoclave with its conducting surface vertical to the bottom of the
Teflon lining. Then, the autoclave was sealed and heated at 70 °C for 6
h, resulting in the formation of a yellowish f-FeOOH thin film on the
FTO glass. Afterward, the -FeOOH thin film was rinsed thoroughly
with deionized water, blow-dried with nitrogen gas, spin-coated with
10 uL of TiCl, ethanol solution, and annealed at 600 °C for 30 min
with a ramp-up rate of § °C min~!, forming an orangish
semitransparent photoanode. Here, we labeled it as x-TiO,@Ti:a-
Fe,0; photoanode with x (=0.25, 0.5, 1.0, 1.5%) representing the
volume fraction of TiCl, in the ethanol solution (TiO, formation and
Ti doping will be evidenced in the Results and Discussion section).
Finally, the Ti:a-Fe,O; photoanode was obtained by removing the
TiO, on the surface of the 0.5%-TiO,@Ti:a-Fe,O; photoanode via
soaking it in a peroxide (H,0,) solution for 24 h. For comparison, a
pristine a-Fe,0; wormlike nanostructure photoanode was prepared via
directly annealing the -FeOOH thin film at 600 °C for 30 min in a
muffle furnace.

2.2. Material Characterization. X-ray diffraction (XRD) patterns
were recorded using an X'pert powder diffractometer with an
operating voltage of 40 kV and an operating current of 40 mA to
characterize the crystal structures of the prepared thin-film photo-
anodes, and the grazing incidence XRD mode was adopted for
increasing the signal-to-noise ratio. The micromorphology of the
photoanodes was examined by a Hitachi S-4800 field emission
scanning electron microscope at an accelerating voltage of 10 kV.
Transmission electron microscopy (TEM), high-angle annular dark-
field scanning transmission electron microscopy (HAADF), and
energy-dispersive spectroscopy (EDS) mapping experiment were
carried out on an FEI Tecnai F20 field emission transmission electron
microscope operated at 200 kV. The ultraviolet—visible (UV—vis)
transmittance and reflectance spectra were obtained using a UV—vis
spectrophotometer (UV-2600) equipped with an external diffuse
reflectance accessory (DRA-2500), and the absorbance (A) was
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Figure 1. (a) Typical top-view (left column) and cross-sectional (right column) SEM images of a-Fe,0;, 0.5%-TiO,@Ti:a-Fe,0;, and Ti:a-Fe,05
photoanodes. The a-Fe,0; and FTO layers are differentiated by grayish pink and yellow-green masks, respectively. The scale bar is 100 nm. (b)
XRD patterns of a-Fe,05, x-TiO,@Ti:a-Fe,0; (x = 0.2, 0.5, 1.0, and 1.5%), and Ti:a-Fe,0; photoanodes. The blue lines highlight the diffraction
peaks of the hematite crystal structure (PDF Card No. 87-1166). (c) Cross-sectional TEM overview (scale bar, 100 nm) of the 0.5%-TiO,@Ti:a-
Fe,0; photoanode and HRTEM image (scale bar, 1 nm) of the selected area in TEM image.

calculated by the formula A = 1 — T — R, where T is the total
transmittance and R is the total reflectance. The physical surface area
of the hematite films was determined by adsorption of the azo dye
Orange II, which had been shown to form a monolayer on the
nanocrystalline a-Fe,O; at a concentration of 1.5 mM in the water
solution with pH 3.5 after HCI addition, occupying an area of 0.40
nm? per dye molecule.>*® The electrodes with the geometrical area of
0.636 cm” were exposed to the Orange II aqueous solution for 15 min
and then the adsorbed dye was desorbed in S mL of 1 M NaOH
solution and subjected to a UV—vis spectrophotometer (UV-2600) to
measure its amount by recording the absorbance at 450 nm. X-ray
photoelectron spectroscopy (XPS) and valence band spectra measure-
ments were conducted in an ultrahigh vacuum system equipped with a
monochromatic Al Ka (1486.6 eV) source (Thermo Scientific Escalab
250Xi).

2.3. Photoelectrochemical Measurements. All of the photo-
electrochemical measurements were carried out in an electrochemical
workstation (Zahner Zennium, Germany) in a typical three-electrode
configuration with the prepared photoanode as the working electrode,
a Pt foil as the counter electrode, a saturated Ag/AgCl electrode as the
reference electrode, and 1 M NaOH (pH = 13.6) aqueous solution as
the electrolyte. The samples with the geometrical area of 0.636 cm®
were illuminated with simulated AM 1.5G sunlight generated from a
SO0W xenon lamp equipped with an AM 1.5G filter (CEL-S500,
Aulight, Beijing, China), and the light density was calibrated to be 100
mW cm™2 (1 Sun). The photocurrent density—applied potential (J—V)
plots of the photoanodes were scanned at 37 mV s~ between —400
and 700 mV vs the saturated Ag/AgCl electrode. For the light
chopped J-V plots, the chopping frequency was ~2 Hz. Mott—
Schottky measurements were performed on all of the photoanodes in
the dark with the same three-electrode cell in 1 M NaOH solution.
The donor concentration (Ny) was calculated by the Mott—Schottky
equation

(1)

wherein C is the space-charge capacitance, A is the physical surface
area of the electrode, e is the elementary charge, € is the dielectric
constant of hematite (80), &, is the vacuum permittivity, V is the
applied potential, Vi is the flat-band potential, k is the Boltzmann

constant, and T is the absolute temperature. Electrochemical
impedance spectra (EIS) at a direct current potential of 0.23 V vs
Ag/AgCl were recorded under simulated AM 1.5G sunlight
illumination condition at frequencies from 100000 to 0.1 Hz with a
sinusoidal potential perturbation of 10 mV. EIS data were fitted
according to a classical equivalent circuit model using ZSimpWin
software. The photovoltage measurements were conducted in the
same three-electrode configuration with O, bubbling into the
electrolyte under illumination of a 150 W xenon lamp (Crown
Tech,, CT-XE-150) with a light intensity of ~450 mW cm™ Each
dark—light open-circuit potential reading was obtained after a 30 min
stabilization process with constant stirring.”** A Si photodiode with
known incident photon-to-photocurrent efficiencies (IPCEs) was used
to calculate the IPCEs of the hematite photoanodes, and a source
meter (Keithley 2400) was used to measure the photocurrents of the
Si photodiode and the photoanodes (here, the photocurrent of the
photoanodes is obtained by subtracting the dark currents from their
currents under illumination). The IPCE values of the photoanodes
were calculated using the following equation

photocurrent X IPCEg;

photoanode

IPCE

photoanode —
photocurrentSi (2)

All of the measured potentials against the saturated Ag/AgCl electrode
were converted to the reversible hydrogen electrode (RHE) scale
according to the Nernst equation

0
Egp = Eag/ngar + 0089 X pH + E%, 0y (3)

wherein Epyg is the converted potential vs RHE, E, /a.c is the
measured potential against the saturated Ag/AgCl electrode, and
EoAg/AgCI is the standard potential of the saturated Ag/AgCl electrode
(0.197 V at 25 °C). IPCE values from 350 to 650 nm were measured
at a potential of 0.23 V vs Ag/AgCl (1.23 vs RHE) using the above
150 W xenon lamp equipped with a monochromator (M24-D).

2.4, Calculation of Charge Separation and Injection
Efficiencies. The charge separation efficiency (r]sep) represents the
yield of the photogenerated holes that reach the semiconductor—
electrolyte interface without bulk recombination. The charge injection
efficiency (17;,;) describes the yield of the photogenerated holes that are
successfully injected into the electrolyte to trigger water oxidization
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Figure 2. (a) HAADF-STEM image and EDS mapping results of Fe, Ti, and O elements in the 0.5%-TiO,@Ti:a-Fe,0; photoanode. The scale bar is
100 nm. (b) XPS depth profiling of the Fe, Ti, and Sn elements in the 0.5%-TiO,@Ti:a-Fe,0; photoanode as a function of the Ar* ion milling time.
The mauve pale, grayish pink, and yellow-green shades represent the surface TiO,, bulk Ti-doped a-Fe,O;, and FTO substrates, respectively. (c)
The Mott—Schottky curves of the a-Fe,05, x-TiO,@Ti:a-Fe,0; (x = 0.25, 0.5, 1.0, and 1.5%), and Ti:a-Fe,O; photoanodes are plotted together for

a clear comparison of the change in their slopes.

without recombining with the electrons at surface trap states. By
assuming the charge injection efficiency to be 100% in the presence of
the hole scavenger (H,0,) in the electrolyte, these two efficiencies
were calculated using the following equations’

r,sep = ]HZOZ /]absorbed

(4)
()

where Ji 0, is the photocurrent density gained with the addition of the

hole scavenger (0.5 M H,0,) to the 1 M NaOH solution, Jy; o is the

water oxidation photocurrent density in 1 M NaOH solution, and
Jabsorbed 18 the photon absorption rate expressed as a current density,
which can be calculated by using the following equation®”

e Ay
=L x [T @
]absorbed he A (A)A(A) (6)

where 4, is the shortest wavelength of the light emitted by the light
source; 4, is the wavelength of the absorption edge of the
photoelectrode; and P, 4, h, ¢, ¢, and A are the power of incident
photons, the wavelength of incident monochromatic light, the Planck
constant, the speed of light, the elementary charge, and the absorbance
of the photoelectrode, respectively.

Mei = hyo/ o,

3. RESULTS AND DISCUSSION

The a-Fe,O; photoanode with wormlike nanostructures was
selected as a model system in our experiment because its highly
conductive [110] basal planes perpendicular to the substrate
can provide a direct conducting pathway for electrons to
efficiently migrate to the underlying conductive substrate
(Scheme 1).”**® Ti was chosen as the model dopant
considering its strong capability of promoting the PEC water
oxidation activity of the a-Fe,O; photoanode without causing
large distortion in the crystal lattice.”'

Bundles of nanorods with a diameter of about 40 nm are
uniformly grown on the FTO substrate after the hydrothermal

treatment (SEM images in the first row of Figure S1) and are
confirmed to be -FeOOH according to the akaganeite crystal
structure (black pattern in Figure S2). After thermal annealing
at 600 °C, these f-FeOOH nanorod bundles are transformed
into perpendicularly aligned podgy nanostructures with
diameters of about 50—90 nm on the FTO substrate (SEM
images in the first row of Figure la and Figure S3a), and only
the diffraction peaks of the hematite crystal structure (PDF
Card No. 87-1166) can be found in the corresponding XRD
pattern of this sample except those belonging to the FTO
substrate, indicating the complete transformation of f-FeOOH
into a-Fe,0; (black pattern in Figure 1b). Meanwhile, the
intensity of the hematite (110) diffraction peak is distinctly
higher than that of the other peaks, verifying the expected
[110] preferential orientations of the hematite nanostructure.””
When the ethanol solutions with different volume fractions of
TiCl, (x = 0.25, 0.5, 1.0, and 1.5%) are spin-coated onto the /-
FeOOH film, a thin and uniform coating layer, through which
one can see the well-preserved nanorod bundles of f-FeOOH,
is evident from the typical SEM images in the second row of
Figure S1, and the akaganeite crystal structure of f-FeOOH is
also retained according to the red XRD pattern in Figure S2.
After thermal annealing of these TiCl,-coated f-FeOOH thin
films, all of the XRD patterns of the x-TiO,@Ti:a-Fe,0,
photoanodes remain similar to those of the a-Fe,O; photo-
anode (Figure 1b), suggesting that TiCl, has little effect on
both the crystal structure and preferential orientation of these
hematite photoanodes. However, the morphology of the x-
TiO,@Ti:a-Fe,O; photoanodes is quite different from that of
the a-Fe,O; photoanode. For the typical 0.5%-TiO,@Ti:a-
Fe,0; photoanode, the feature size is about 30—50 nm, much
smaller than that of the a-Fe,O; photoanode (second row in
Figure la, and Figure S3b). That is, the coarsening of the a-
Fe,O; nanostructure during thermal annealing treatment,
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Figure 3. (a) J—V plots in dark (dotted curves) and under illumination of simulated AM 1.5G sunlight (solid curves) and (b) IPCE curves of a-
Fe, 05, x-TiO,@Ti:a-Fe,05 (x = 0.25, 0.5, 1.0, and 1.5%), and Ti:a-Fe,0; photoanodes at a bias of 1.23 V vs RHE. (c) Nyquist plots of a-Fe,0; and
x-Ti0,@Ti:a-Fe,0; (x = 0.25, 0.5, 1.0, and 1.5%) photoanodes at a bias of 1.23 V vs RHE under the illumination of simulated AM 1.5G sunlight.
(d) Classical physical equivalent circuit model of the hematite—electrolyte interface employed for EIS fitting. (e) Changes in the values of Ryy, Rey
and C, as a function of the volume fraction of TiCl, in the spin-coated ethanol solution. (f) Charge separation and (g) charge injection efficiencies of

a-Fe,0;, 0.5%-TiO,@Ti:a-Fe,0;, and Ti:a-Fe,O; photoanodes.

which is apparent in the a@-Fe,O; photoanode, has been
effectively suppressed after spin-coating the TiCl, ethanol
solution. TEM analysis on a cross-sectional specimen prepared
using focused ion beam (FIB) “lift-out” technique was also
performed to gain a deeper insight into the nanostructure of
this photoanode.”” The overview image in Figure lc clearly
shows the alignment of upward-growing wormlike hematite
nanostructure on the FTO substrate, whose diameters are
around 30—50 nm, being consistent with the sizes in the SEM
images. Moreover, the lattice fringes with a d-spacing of 0.37
nm, which can be indexed to the (012) planes of the hematite
crystal structure, are distinct in the high-resolution TEM
(HRTEM) image of the marked area in Figure Ic,
demonstrating the high crystallinity of the hematite nanostruc-
tures. Besides, according to the existence of a strong Ti 2p peak
with binding energy equal to that of TiO, in the XPS images of
all of the x-TiO,@Ti:a-Fe,0; photoanodes*’ (Figure S3 and
Table S1) and the appearance of anatase TiO, (101) diffraction
peak at 25.3° when the volume fraction of TiCl, in the ethanol
solution is higher than 0.5% (Figure 1b), we suppose that there
should be a TiO, encapsulation layer formed on the surface of
the x-TiO,@Ti:a-Fe,0; photoanodes. Accordingly, the change
in the feature size of the hematite nanostructures in the x-

TiO,@Ti:a-Fe,O; photoanodes could be attributed to the
presence of the TiO, encapsulation layer, which acts as a
powerful confinement layer during the thermal annealing
process, effectively restraining the coarsening of the hematite
nanostructure.*’

STEM-EDS mapping analysis and XPS depth profiling were
conducted to explore the elemental distribution in the 0.5%-
TiO,@Ti:a-Fe,O; photoanode. Figure 2a displays the
HAADEF-STEM image of the cross-sectional specimen, together
with the EDS mapping results for the Fe, Ti, and O elements.
Both the Fe and O elements distribute uniformly in the thin-
film photoanode, whereas Ti atoms mainly accumulate on the
top of hematite nanostructures accompanied with the diffusion
of a few atoms into the bulk of the 0.5%-TiO,@Ti:a-Fe,04
photoanode. In Figure 2b, the concentration of the Ti element
decreases from 7 to 4% rapidly with the increase of Ar* ion
milling time from 0 to 100 s, then stabilizes at a concentration
of around 3% during the subsequent ion milling process, and
the concentration of the Sn element greatly increases when the
ion milling time exceeds 500 s, suggesting that the ion-milled
surface is getting closer to the a-Fe,0;/FTO interface (here,
the small amount of Sn detected in the initial 400 s should be
originated from the FTO substrate exposed to X-ray during
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XPS measurement because no Sn signal, which is not shown,
was collected in EDS mapping analysis*®). The high surface
atomic concentration of Ti element with a Ti-to-Fe atomic ratio
(37%) higher than that of the solubility of TiO, in a-Fe,O; at
1000 °C (5%) is in accordance with the accumulation of Ti
atoms on the top of hematite nanostructures in the EDS
mapping result, further proving the formation of the TiO,
encapsulation layer on the surface of the 0.5%-TiO,@Ti:a-
Fe,0; photoanode."* Meanwhile, Ti signal detected at the
position close to the a-Fe,O;/FTO interface also implies the
diffusion of Ti atoms into the 0.5%-TiO,@Ti:a-Fe,0;
photoanode, again being consistent with the above EDS
mapping result. We infer that the Ti atoms are doped into the
hematite nanostructures as the concurrent thermal diffusion of
Ti atoms and dehydration of f-FeOOH taking place during the
thermal annealing treatment make the incorporation of Ti
atoms into the crystal lattice of a-Fe,O; much more effective
and easier.”

Foreign element doping can increase the donor concen-
tration in the a-Fe,O; host material, which probably promotes
the conductivity of the photoanode.** Therefore, we measured
the Mott—Schottky plots of all of the photoanodes to
investigate the changes in their donor concentrations as well
as to verify the doping of Ti atoms into the hematite. The
Mott—Schottky relationship, in theory, is derived assuming a
petfectly flat electrode surface; therefore, care must be taken
when analyzing and interpreting the data from rough surfaces.
Nonetheless, for a nanostructured electrode, it has been
reported that the linearity of the Mott—Schottky plot can be
held if the diameters of the nanostructured building blocks of
the electrode are much larger than the thickness of the space-
charge layer and the electrode area in the Mott—Schottky
equation is taken to be the physical surface area rather than the
geometrical area of the electrode.”® We note that the feature
sizes of the nanostructures in our prepared photoanodes
(Figure 1a) are all sufficiently larger than the thickness of the
space-charge layer (z7 nrn).25 So the carrier concentrations
and flat-band potentials of these photoanodes can be explicitly
obtained via extracting the slopes and intercepts of the linear
parts in their Mott—Schottky plots.”**” As shown in Figures 2c
and S5, the n-type conductive nature of all of the photoanodes
is evident from the positive slopes of their Mott—Schottky plots
and the slopes of the Mott—Schottky plots of the x-TiO,@
Ti:a-Fe,O; photoanodes are all smaller than those of the a-
Fe,0; photoanode, demonstrating the increase in the carrier
concentration because of Ti doping. Here, it should be noted
that the effects of the underlying FTO substrate on the carrier
concentrations should be similar for all of the prepared
photoanodes because of the identical thermal annealing
conditions and that the doping effect of Sn atoms can also be
excluded according to the absence of Sn signals in EDS
mapping results. We calculated the carrier concentrations of the
a-Fe,0; (0.68 X 10" cm™) and 0.5%-TiO,@Ti:a-Fe,0; (1.86
X 10" cm™) photoanodes using the physical surface areas of
the electrodes determined by Orange II dye adsorption
measurements (Figure S6).>>*° The doping of Ti into hematite
nanostructures has led to a carrier concentration 2 times the
magnitude of that of the a-Fe,O; photoanode. This is quite
helpful in shortening the transit time of minority carrier in the
space-charge layer and will effectively reduce the recombination
probability of photogenerated electrons and holes during the
PEC water oxidation process.m’48

The J—V plots of the a-Fe,O; and x-TiO,@Ti:a-Fe,0;
photoanodes as well as their IPCEs at a bias of 1.23 V wvs
RHE were recorded to evaluate their performance for the PEC
water splitting (Figure 3a,b). The dark response for all of the
photoanodes is negligible up to about 1.6 V vs RHE. Under
simulated AM 1.5G sunlight illumination, both the current
densities and the IPCEs of the x-TiO,@Ti:a-Fe,0; photo-
anodes are significantly higher than those of the a-Fe,O;
photoanode. The 0.5%-TiO,@Ti:a-Fe,O; photoanode exhibits
the highest PEC activity with a photocurrent density of 0.70 +
0.07 mA cm ™ at a bias of 1.23 V vs RHE, which is more than 4
times the magnitude of the a-Fe,O; photoanode (0.16 + 0.02
mA cm?) and larger than that of the porous hematite
photoanode prepared by the SiO, confinement layer strategy.”’
Also, its IPCE value at 370 nm (15.3%) far exceeds that of the
a-Fe,0; photoanode (<2%). Thus, the beneficial effect of the
Ti-containing layer encapsulation approach in promoting the
PEC performance of the hematite photoanode is conspicuous.
We emphasize that the results are reproducible. It is
consistently observed on more than three electrodes from
three batches of samples, and the plots given are the
representative results.

The water-splitting current density of a photoelectrode
(Jiz,0) is a product of the rate of photon absorption expressed

as a current density (J,bsormeq); the charge separation efficiency
of the photogenerated carriers (qsep), and the charge injection
efficiency to the electrolyte (ninj).7’8 To shed light on the
fundamental reason behind the remarkable enhancement in the
PEC performance, we measured the UV—vis absorption spectra
of the prepared photoanodes. All of the x-TiO,@Ti:a-Fe,0;
photoanodes have slightly lower absorbance than the a-Fe,O4
photoanode (Figure S7). Thus, the contribution of light
absorption to the improved PEC activity can be excluded. The
IPCE increase of the x-TiO,@Ti:a-Fe,O; photoanodes should
be attributed to the promoted charge separation inside the bulk
hematite photoanode and/or the enhanced hole transfer across
the hematite—electrolyte interface. So, we employed EIS to
investigate the behavior of photogenerated charge carriers in
these photoanodes.” ™" It is clear from Figure 3c that for the
x-TiO,@Ti:a-Fe,O; photoanodes the semicircles in the
Nyquist plots recorded at 1.23 V vs RHE are all much smaller
than those of the a-Fe,O; photoanode, displaying the
promoted separation and/or transfer of charge carriers, and
the radius of the semicircle first decreases to its minimum value
at x = 0.5% and then increases with increasing x value. The EIS
data were also fitted by an equivalent circuit model of the
illuminated hematite—electrolyte interface with surface states
on the hematite photoanode (Figure 3d) because the hole-
transfer step leading to water oxidation was already proven to
take place predominantly from surface state holes instead of
from valence band holes.’””> The equivalent components
include the system resistance R, the bulk charge-trapping
resistance Ry, the lumped capacitance of the space-charge
layer and the Helmholtz layer C, the charge-transfer
resistance across the hematite—electrolyte interface R, and
the capacitance associated with surface states C,. Both Ry and
R, of the x-TiO,@Ti:a-Fe,O; photoanodes are smaller than
those of the a-Fe,O; photoanode, explicitly suggesting that
both separation and transfer of charge carriers are promoted in
the x-TiO,@Ti:a-Fe,O; photoanode. Moreover, both quickly
decrease to their minimum values at x = 0.5% and then increase
with increasing x value (Figure 3e), consistent with the
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changing trend of the semicircle radius in the Nyquist plots.
Meanwhile, the C of the 0.5%-TiO,@Ti:a-Fe,O; photoanode
is obviously higher than that of the a-Fe,O; photoanode,
implying the increase in the amount of surface states active for
holes transfer to trigger the water oxidation half-reaction, which
is beneficial for transferring holes across the hematite—
electrolyte interface. This is in agreement with the increase in
the physical surface area of the 0.5%-TiO,@Ti:a-Fe,O,
photoanode compared to that of the a-Fe,O; photoanode
(Table S1).* Hence, we conclude that both separation of
photogenerated charge carriers inside the bulk hematite
photoanode and transfer of holes across the hematite—
electrolyte interface have been promoted in the x-TiO,@
Ti:a-Fe,O; photoanodes, thereby leading to significantly larger
photocurrent densities than the a-Fe,O; photoanode. Hereinto,
the 0.5%-TiO,@Ti:a-Fe,0; photoanode displays the best PEC
performance because of the most outstanding charge transport
property.

We further experimentally quantified the charge separation
and injection efficiency of the photoanodes under different
applied biases using a widely accepted hole scavenger
approach.” The enhancement in the charge separation
efficiency of the 0.5%-TiO,@Ti:a-Fe,O; photoanode com-
pared to that of the a-Fe,O; photoanode is evident in the
whole variation range of the external bias (Figure 3f), and the
charge separation efficiency (5.53%) of the 0.5%-TiO,@a-
Fe,0; photoanode at 1.23 V vs RHE is more than 2 times the
magnitude of the a-Fe,O; photoanode (2.29%). This is rational
as decreasing the crystal feature size of a-Fe,O; and doping of
Ti into its crystal lattice are both greatly beneficial for the
suppression of charge recombination within the bulk hematite
photoanode. As for the charge injection efficiency, it is almost O
in the 0.5%-TiO,@Ti:a-Fe,O; photoanode at the initial stage
and lower than that of the a-Fe,O; photoanode when the
external bias is less than 1.0S V vs RHE (Figure 3g). Afterward,
it rises more quickly than that of the a-Fe,O; photoanode and
approaches 80% at the external bias of 1.4 V vs RHE, about 1.3
times the magnitude of the a-Fe,O; photoanode (60%).

The photocurrent onset potential (V,,..) is also an
important metric for evaluating the PEC water-splitting
performance, which determines the minimum external bias
needed to split water into H, and O,.>* For a photoanode, a
lower photocurrent onset potential is always expected to
increase its prospect for large-scale application. However,
comparing to that of the a-Fe,0; photoanode, an anodic shift
of about 20 mV in the photocurrent onset potential can be
found in the 0.5%-TiO,@Ti:a-Fe,0; photoanode (Figure S8).
Generally, the photocurrent onset potential of the hematite
photoanode will shift toward more anodic values with
increasing bulk charge recombination, increasing charge
recombination at the hematite—electrolyte interface, raising
flat-band potential, reducing photovoltage, and/or delaying
oxygen evolution reaction kinetics.””****™>* To account for the
anodic shift of the photocurrent onset potential, the former
four affecting factors will be investigated one by one, without
considering oxygen evolution reaction kinetics due to the
absence of electrocatalysts in our case. It is clear that the bulk
charge recombination in the 0.5%-TiO,@Ti:a-Fe,O; photo-
anode is suppressed in comparison to that of the a-Fe,O;
photoanode (Figure 3f). Meanwhile, the transient photocurrent
spikes evident in the J—V curves of the a-Fe,O; photoanode
under chopped light illumination, a typical representation of the
surface charge recombination,*’ completely disappear in the

0.5%-TiO,@Ti:a-Fe,O; photoanode, implying the effective
suppression of the surface charge recombination by TiO,
encapsulation (Figure §9).745950 That is, the reduced charge
recombination both in the bulk hematite photoanode and at the
hematite—electrolyte interface cannot cause the anodic shift of
the photocurrent onset potential. Then, we explored the
changes of the flat-band potentials and the photovoltages in the
photoanodes. A positive shift of the flat-band potential (about
10 mV) can be found in the Mott—Schottky plot of the 0.5%-
TiO,@Ti:a-Fe,O; photoanode in comparison to that of the a-
Fe,0; photoanode (Table S1 and Figure SS), and the
photovoltage generated in the 0.5%-TiO,@Ti:a-Fe,0; (130
mV) photoanode is 40 mV smaller than that of the a-Fe,O,
(170 mV) photoanode (Figure S10). Therefore, the raise of the
flat-band potential and the decrease in the photovoltage
together should lead to an anodic shift of about 50 mV in
the photocurrent onset potential of the 0.5%-TiO,@Ti:a-
Fe,0; photoanode compared to that of the a-Fe,O; photo-
anode. Taken together, an anodic shift of about 20 mV in the
photocurrent onset potential of the 0.5%-TiO,@Ti:a-Fe,O4
photoanode compared to the a-Fe,O; photoanode is found
because the anodic shift of about 50 mV caused by the
variations in the flat-band potential and photovoltage is partially
compensated by the suppressed charge recombination both
within the bulk hematite photoanode and at the hematite—
electrolyte interface. Notably, the photovoltage decrease plays a
dominant role in the anodic shift.

We speculated that the TiO, encapsulation layer formed on
the surface of the 0.5%-TiO,@Ti:a-Fe,0; photoanode caused
the photovoltage loss.”"®* This is verified by the surface valence
band spectra in Figure S11. The valence band maximum
(VBM) of the 0.5%-TiO,@Ti:a-Fe,O; photoanode (1.52 eV
below the Fermi level) is located more positively than that of
the a-Fe,O; photoanode (1.23 eV below the Fermi level),
evidencing the existence of hole injection barrier between the
bulk hematite and the electrolyte. Because of the charge
injection barrier at the Fe,O;—TiO, interface, a characteristic
charge density as well as electric field is required for a given
leakage current density. If the potential applied on the
photoanode is not positive enough to achieve the required
leakage current, potential loss occurs in the TiO, layer:

AV = gATlQAd’ where AQ is the increased charge, A is the
0

junction area, g, is the vacuum permittivity, €, is the relative
permittivity of TiO,, and d is the thickness of the TiO, layer.62
Then, the change in the charge injection efficiency can be
understood by decomposing the photocurrent at different bias
voltages (Figure 3g). At the lower bias voltage (V < V), the
tunneling current is dominant in the total photocurrent. The
charge barriers in the 0.5%-TiO,@Ti:a-Fe,O; photoanode
hinder the interface charge transfer and lead to smaller charge
injection efficiency than the one in the a-Fe,O; photoanode. At
the higher bias voltage (V > V_,..), the drift-diffusion process
prevails over the tunneling process and the interface charge
transfer becomes easier for the doped electrode materials
compared to a-Fe,O; because of higher carrier densities, so the
charge injection efficiency in the 0.5%-TiO,@Ti:a-Fe,0;
photoanode surpasses the charge injection efficiency in the a-
Fe,O; photoanode.

According to the potential loss formula, a thinner TiO, layer
will result in a smaller potential penalty and a more negative
onset potential. Thus, it is necessary to seek a suitable approach
to remove the TiO, encapsulation layer so as to solve the
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Scheme 2. Mechanism of Charge Generation, Recombination, and Transport Processes at a Bias of 1.23 V vs RHE in (a) a-

Fe,0;, (b) TiO,@Ti:a-Fe,0;, and (c) Ti:a-Fe,0; Photoanodes”
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“The green, red, and blue arrows refer to the charge generation, recombination, and transport processes, respectively, whereas the dashed and solid
lines indicate the relative rates of the charge transport and recombination processes, in which the former represents the slower or impeded rates and
the latter represents the faster rates. “W” represents the width of the depletion layer.

problem of the anodic shift of the photocurrent onset potential
in the x-TiO,@Ti:a-Fe,0; photoanodes. On the basis of our
previous report,~ we developed a simple H,0, solution
soaking approach to remove TiO, on the surface of the 0.5%-
TiO,@Ti:a-Fe,O; photoanode as TiO, can be dissolved into
peroxotitanium acid in H,0, solution (see the detailed analysis
and optimization of H,0, treatment of the photoanodes in
Figures S14 and S15). From the SEM images of the Ti:a-Fe,0;
photoanode (third row in Figure la), we see that those
platelike nanocrystals with sizes around 100 nm on the surface
of the 0.5%-TiO,@Ti:a-Fe,0; photoanode (second row in
Figure 1a) completely disappear after H,0, soaking treatment
for 24 h, accompanied with a notable reduction in the intensity
of the Ti 2p XPS peaks (Figure S12), suggesting the dissolution
of the TiO, encapsulation layer. Meanwhile, the H,O, soaking
method has little effect on the bulk physicochemical properties
of the 0.5%-TiO,@Ti:a-Fe,O; photoanode, as evidenced by
the similar feature size (Figure S3), XRD pattern (Figure 1b),
Mott—Schottky curve (Figures 2c and SS), and UV-—vis
absorption spectra (Figure S13) compared to those of the
0.5%-Ti0,@Ti:a-Fe,0; photoanode. We see a negative VBM
shift of about 210 meV (1.31 eV below the Fermi level) from
the surface valence band spectra of the Ti:a-Fe,O; photoanode
(Figure S11) in comparison to that of the 0.5%-TiO,@Ti:a-
Fe,O; photoanode. That is, the hole injection barrier that
hinders the transfer of holes from the bulk hematite to the
electrolyte has been almost completely removed after H,O,
treatment. As a result, a 30 mV cathodic shift from 0.88 to 0.85
V vs RHE is found in the photocurrent onset potential of the
0.5%-TiO,@Ti:a-Fe,O; photoanode after H,O, treatment
(Figure S8). We also investigated the change in the
photovoltage of the 0.5%-TiO,@Ti:a-Fe,O; photoanode after
H,0, treatment (Figure S10) and found a photovoltage
increase of 30 mV in the Ti:a-Fe,O; photoanode (160 mV)
compared to that of the 0.5%-TiO,@Ti:a-Fe,O; photoanode
(130 mV). This value is equal to the size of the cathodic shift in
the photocurrent onset potential after H,0, treatment,
explicitly proving our inference that the anodic shift in the
photocurrent onset potential is primarily due to the existence of
TiO, encapsulation layer, which impedes the extraction of holes
from the bulk hematite to the electrolyte. Benefitting from the
removal of the hole injection barrier, the photocurrent density
at 1.23 V vs RHE and the IPCE value at 370 nm of the Ti:a-

Fe,0; photoanode reach up to 0.83 + 0.04 mA cm > and 19%,
which are higher than those of the 0.5%-TiO,@Ti:a-Fe,O4
photoanode by 17 and 25%, respectively. Compared to the
photocurrent density, IPCE is a more valid figure of merit for
PEC device.® As shown in Table S2, our IPCE value here is
comparable to the best reported ones (related discussion in the
Supporting Information). Meanwhile, the representative charge
separation efficiency at 1.23 V vs RHE of the Ti:a-Fe,O;
photoanode achieves 7.24% (Figure 3f), which is 1.3 times the
magnitude of the 0.5%-TiO,@Ti:a-Fe,O; photoanode
(5.53%). And the charge injection efficiency of the Ti:a-
Fe,0; photoanode is higher than that of the 0.5%-TiO,@Ti:a-
Fe,O; photoanode.

With the above information, the photogenerated charge-
carrier generation, recombination, and transport processes in
the a-Fe,0;, TiO,@Ti:a-Fe,0;, and Ti:a-Fe,0; photoanodes
are illustrated in Scheme 2. In comparison to the a-Fe,O,
photoanode (Scheme 2a), the introduction of the facile Ti-
containing layer encapsulation approach for the preparation of
TiO,@Ti:a-Fe,0; photoanode leads to a significant increase in
the electron concentration, which shifts the Fermi level toward
the conduction band,’*® increases the degree of band
bending,és’67 and improves the conductivity of the photo-
anodes, greatly facilitating the separation of the photogenerated
electron—hole pairs in the space-charge layer (Scheme 2b).
Meanwhile, owing to the notable decrease in the crystal feature
size, the shortened hole collection distance also improves the
proportion of holes that survived to the hematite—electrolyte
interface. Hence, the separation efficiency of photogenerated
charge carriers in the TiO,@Ti:a-Fe,O; photoanode is
significantly increased in comparison to that of the a-Fe,O,
photoanode. In addition, the transfer of holes across the
hematite—electrolyte interface in this photoanode is also
enhanced owing to the augmentation of the surface area,
which is stemmed from the decreased crystal feature size.
Therefore, the TiO,@Ti:a-Fe,O; photoanode exhibits a
remarkably enhanced PEC activity comparing to the a-Fe,O;
photoanode. However, owing to the more positive valence
band maximum of TiO, than a-Fe,03, a hole injection barrier
exists between Ti:a-Fe,O; and the electrolyte, which hinders
the transfer of holes from the bulk hematite to the electrolyte,
ultimately causes a loss of the photovoltage in the TiO,@Ti:a-
Fe,O; photoanode, and leads to an anodic shift of the
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photocurrent onset potential. Finally, with the successful
removal of this hole injection barrier (Scheme 2c), the
photogenerated holes transfer from the bulk hematite to the
electrolyte solution without hindrance in the Ti:a-Fe,O;
photoanode, further promoting the PEC water-splitting
performance by enhancing both the separation and injection
efficiencies of photogenerated charge carriers.

4. CONCLUSIONS

We used the a-Fe,0; photoanode with wormlike nanostruc-
tures as a model system and achieved effective suppression of
the crystal overgrowth, doping of Ti element into its crystal
lattice, as well as repression of the adverse effect on the
photocurrent onset potential via a facile sacrificial interlayer
approach. These beneficial changes synergistically promote the
separation of photogenerated charge carriers in the bulk
hematite, and the decreased crystal feature size also leads to
an increased surface area, facilitating the transfer of holes at the
hematite—electrolyte interface. Finally, the utilization efficiency
of photogenerated charge carriers was improved, resulting in S
times enhancement in the water oxidation photocurrent density
of the modified a-Fe,O; photoanode compared to the bare
hematite photoanode. For this system, better PEC water
oxidation performance can be expected if an efficient water
oxidation electrocatalyst was introduced onto the surface of the
Ti:a-Fe,0; photoanode. Our research indicates that under-
standing the interfacial engineering mechanisms which may
influence the PEC device properties is pivotal for reconciling
various strategies in a beneficial way and that this simple and
cost-effective method can be generalized into other systems
aiming for efficient and scalable solar energy conversion.
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