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ABSTRACT: Hematite has been receiving increasing attention

for its application in photoelectrochemical (PEC) water = < P
oxidation but usually exhibits poor efficiency. We fabricated a s FT0 -
stable gradient-structured Fer(PO4)y layer on hematite by & | Gradientdoped ’
diffusively incorporating phosphate onto the surface layer of E ' 4
hematite films at a low temperature. X-ray photoelectron g, Sl il
spectroscopy depth profile and Fe K-edge grazing-incidence X- 5 .
ray absorption near-edge structure and extended X-ray 0.2 P
absorption fine structure analysis demonstrated the formation Pristine N o
of a ~50 nm overlayer with a gradient phosphorus distribution 00-
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and structural evolution from the outer surface to the depth. The
as-prepared photoanodes showed highly improved PEC water
oxidation performance. Up to 8.5-fold enhancement in the photocurrent density at 1.23 V versus reversible hydrogen electrode
was achieved relative to the pristine anode. This strategy is applicable for hematite photoanodes prepared by different methods
and with different morphologies and structures. The improvement in the water oxidation activity is mainly attributed to the
enhanced separation of photogenerated electron—hole pairs, which is derived from the increased hole diffusion length in the
gradient-structured overlayer. This work develops a simple and universal method to boost the PEC water oxidation efficiency

with versatile hematite photoanodes.
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Diffusion Length : “50nm

B INTRODUCTION

Hematite (a-Fe,O;) is a promising material for photo-
electrochemical (PEC) water splitting because of its distinct
merits such as abundance, nontoxicity, stability, and favorable

In principle, the fabrication of heterojunction structures (e.g,,
p—n junctions) on the surface of semiconductors can increase
the carrier diffusion length by creating a built-in field near the
interface.">'* For example, Wang and co-workers deposited a
magnesium-doped p-type hematite overlayer on the surface of
a-Fe,O; by atomic layer deposition and observed a nominal
200 mV cathodic shift of the onset potential."* Cobalt-doped a-
Fe,0; nanorod/MgFe,0, heterojunctions formed at a high
temperature (550 °C), and a long annealing time (10 h) has
also been reported by Feng and co-workers to exhibit more

optical band gap (~2.2 eV, with a theoretical solar-to-hydrogen
efficiency of up to 16.8%)."” Notwithstanding its appeal,
hematite has several intrinsic drawbacks:' (1) a short hole
diffusion length (only ~2—4 nm) relative to the long
penetration depth of light (ca. 100 nm with photon energy

close to E,); (2) low electron mobility (~107" em® V™' s7');
(3) high overpotentials for water oxidation. Many strategies
have been developed to address these problems. For example,
the overpotential can largely be reduced by surface loading
water oxidation catalysts (WOCs), such as cobalt phosphate
(Co-Pi),> ™5 Ir0,,° and Co0,,” to accelerate the water oxidation
kinetics or by passivating the surface trapping states with
ALO;.® The electron mobility can be greatly enhanced by
doping with elements such as Si**? Ti*'° and Sn*.!M'2
However, methods to increase the hole diffusion length of the
hematite photoanode have not been explored much.
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efficient PEC water oxidation."* In such p—n junctions, there
exists an obvious interface between the p- and n-type
314 and the built-in field is localized only in the
narrow interface region. Hence, the increase in the hole
diffusion length is still limited.

Phosphate (Pi) species have been used to control the shape
of a-Fe,0; particles because of their strong interaction with the

components,
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surface of a-Fe,0; particles."*™"® In this work, we report that

the strong interaction between Pi and hematite also provides an
opportunity to dope Pi onto the surface layer of hematite under
mild conditions. The in situ formed Fer(PO4)y layer was
characterized to have a unique gradient structure, which makes
this strategy distinguished from both the traditional surface
modification by WOCs>**"? and the bulk doping by elements
such as Si*".” The photoanodes with such a structure exhibited
highly improved PEC performance. The relationship between
the photoactivity and structure was further discussed in terms
of increasing the hole diffusion length by continuously changing
the gradient in the built-in field rather than enhancing the water
oxidation kinetics or increasing the electron mobility. Our work
provides a simple but effective strategy for enhancing the
photoinduced electron—hole separation efficiency by increasing
the hole diffusion length in hematite photoanodes for water
oxidation.

B EXPERIMENTAL SECTION

Photoanode Preparation. Hematite nanowires were prepared on
a fluorine-doped tin oxide (FTO; TCO-15, Nippon Sheet Glass, Japan,
14Qsq") ﬁlass substrate by a modified procedure reported by Li and
co-workers." Briefly, 100 mL of an aqueous solution containing 2.43 g
of ferric chloride (FeCl;-6H,0O; Alfa Aesar, 98%) and 0.85 g of sodium
nitrate (NaNO;; J&K, 99%) at pH 14 (adjusted by HCI) was
prepared in a Teflon-lined stainless steel autoclave. Several FTO glass
slides (2 X 4 cm), washed with acetone, ethanol, and then deionized
water, were placed in the autoclave and heated at 95 °C for 4 h. After
hydrothermal treatment, a uniform layer of iron oxyhydroxides
(FeOOH) was coated on the FTO glass, which was washed
completely with deionized water to remove any residual salts. The
obtained film was sintered in air at 550 °C for 2 h to convert FFOOH
into hematite (abbreviated as NWS550). Further annealing of NWS50
at 650 °C for 20 min yielded the sample NW650, and annealing of
NWS50 at 750 °C for 15 min produced the sample NW?750.

Tin-doped hematite nanocorals (abbreviated as NC650) were
prepared by the same procedure as that used to synthesize the above-
mentioned hematite nanowires NW650, except that 1 mL of a tin(IV)
chloride (SnCl; Alfa Aesar, 98%)/ethanol solution (10 mg mL™") was
added as the tin precursor to the solution mixture before the
hydrothermal process.'® Boron-doped hematite nanowires (BNW650)
were prepared by adding Na,B,O; as the precursor.

Electrodeposited hematite films (abbreviated as ED6S0) were
prepared on FTO glass substrates by a procedure based on Spray and
Choi’s work.* Electrodeposition was carried out using 100 mL of an
aqueous solution containing 0.4 g of FeCl,-SH,0 (J&K, 99%). FTO
was used as the working electrode. A potentiostatical deposition at E =
1.2 V versus Ag/AgCl (average deposition current density of 0.5 mA
cm™2) was carried out at 75 °C for 6 min using an electrochemical
workstation (model CHI 760D, CH Instruments, Inc.). After
deposition, the resulting film was thoroughly rinsed with deionized
water to remove any residual salts. The film was subsequently sintered
in air at 550 °C for 2 h and for an additional 20 min at 650 °C.

For H;PO, treatment (Pi treatment), the hematite films were
soaked in phosphoric acid for 10 min and subsequently heated at
different temperatures (optimally 300 °C) for 2 h. The films were then
washed completely with deionized water. For comparison, the control
hematite films also underwent an identical treatment procedure but
without soaking in phosphoric acid.

A hematite film with surface-loaded Co-Pi was also fabricated for
comparison, according to the most commonly applied electro-
deposition methods.>"” The NW650 film was submerged in a solution
of 0.5 mM cobalt nitrate in a 0.1 M potassium phosphate (K-Pi) buffer
(pH 7). Co-Pi was electrodeposited at +1.1 V versus Ag/AgCl for 15
min.

PEC Experiments. The PEC performances of the films were
examined in the 1 M NaOH electrolyte solution (pH 13.6) in a three-
electrode electrochemical cell using hematite films as the working

electrode. A platinum foil was used as the counter electrode, and a
KCl-saturated Ag/AgCl electrode was used as the reference electrode.
The electrolyte solution was deaerated by purging argon for 30 min
before a J—V scan. The measured potentials versus Ag/AgCl were
converted to the reversible hydrogen electrode (RHE) scale according
to the Nernst equation

0
Egp = Eyg/agar + 0.059pH + By x ey

where Epyg is the converted potential versus RHE, E,, /AgClO =0.1976
Voat 25 °C, and Ejy/agq is the experimentally measured potential
versus a saturated Ag/AgCl reference electrode. A 150 W xenon lamp
coupled to an AM 1.5G filter was used as the white-light source. A
light power density of 100 mW cm ™ was measured with a radiometer
(CEAULIGHT, CEL-NP2000). Incident photon-to-current efficien-
cies (IPCEs) were measured with a monochromator coupled to the
150 W xenon lamp.

Electrochemical impedance spectroscopy (EIS) spectra were
measured under visible-light illumination (4 > 420 nm; I, = 60 mW
cm™2), recorded by an electrochemical workstation (PGSTAT302N
autolab, Metrohm). A sinusoidal voltage pulse with an amplitude of 10
mV was applied on a given bias voltage, with a frequency that ranged
from 10 kHz to 1 Hz. Mott—Schottky plots were collected with a bias
voltage scanned from —0.4 to 0.1 V versus Ag/AgCl with an interval of
50 mV, in the dark at frequencies ranging from 1000 to 100 Hz. The
raw data were fitted using Nova 1.8 software from Metrohm Inc.

Structural Characterization. UV—vis diffuse-reflectance spectra
were recorded on a Hitachi U-3010 instrument. X-ray diffraction
(XRD) measurements were performed on a Regaku D/Max-2500
diffractometer with a Cu KR radiation source (1.5406 A). Diffraction
patterns were recorded from 26 = 10 to 80° with a step size of 0.04° at
4° min~". X-ray photoelectron spectroscopy (XPS) data were obtained
with an ESCALab220i-XL electron spectrometer from VG Scientific
using 300 W Al Ka radiation. The base pressure was about 3 X 10~
mbar. The binding energies were referenced to the C 1s line at 284.8
eV from adventitious carbon. Argon-ion etching was conducted at an
argon partial pressure of 2 X 10~/ mbar at 3 kV and 10 mA. Scanning
electron microscopy (SEM) data were obtained with a Hitachi $4800
scanning electron microscope (Hitachi Ltd.) operated at an
acceleration voltage of 15 kV for the cross-sectional view and 10 kV
for the top view. X-ray absorption fine structure (XAFS) experiments
were carried out at the XAFS station of the BSRF. The beamline
provided a focused X-ray beam with energy ranging from S to 20 keV,
a photon flux on the order of 10" phs s™* (at 10 keV), and a beam size
of 0.9 (H) x 0.3 (V) mm* The energy was calibrated by a standard
iron metal foil before each experiment. Fe K-edge grazing-incidence X-
ray absorption fine structure (GI-XAFS) spectra of the samples were
collected by a Lyttle fluorescence detector at room temperature. The
grazing angles were tuned from 0.3 to 45° on a stepper-motor-
controlled stage with a precision of better than 0.01°. XAFS data were
collected from —20 to +60 eV relative to the Fe K-edge. The XAFS
data were analyzed using the Athena and Artemis interfaces of the
IFEFFIT program package.

B RESULTS AND DISCUSSION

The primary a-Fe,O; films consisted of hematite nanowires
grown perpendicular to the FTO surface, with a diameter of
about 50 nm and an average length of 300 nm (Figure S1 in the
Supporting Information, SI). The a—FeZOS/Fer(PO4)y films
(abbreviated as Pi anode hereafter) were obtained by simply
dipping these a-Fe,O; films into a H3PO, solution (0.1-0.2
M) and then sintering at low temperature (300 °C). The
pristine hematite nanowire film is quite resistant to an acidic
H,PO, solution. During the 10 min dipping in a 0.1 M H,PO,
solution, only 0.4% of the total iron (0.12 ug/357.8 ug) was
dissolved, as measured by inductively coupled plasma mass
spectrometry (Table S1 in the SI). After such Pi treatment,
accordingly, SEM images showed no significant variation in the
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film morphologies (Figure SI in the SI) nor did the general
XRD patterns change much (Figure S2 in the SI), except that
there was some decrease in the relative intensities of the (110)
diffraction peaks. These results suggest that Pi treatment
adapted in this work does not alter the crystalline structure of
bulk hematite but slightly reduces the aspect ratio of the
nanowire because of the selective interaction of Pi ions with the
(110) facet."*™'® The UV—vis spectra (Figure S3 in the SI)
indicate that the Pi-treated film exhibited somewhat less
absorption in the visible-light region (particularly between
500 and 550 nm) than the untreated one. Because only 0.4% of
the total iron was dissolved during Pi treatment, the fading and
discoloring of the DPi-treated films result from the lower
absorbance of the as-formed Fer(PO4)y species in the visible-
light region. However, the onset of visible-light absorption was
not changed much, suggesting that the band gap is not
influenced much by Pi treatment.

The XPS survey spectra confirmed the presence of
phosphorus on the surface of the Pi anode, while no
phosphorus signal was detected on the untreated sample
(Figure S4A in the SI). For the pristine anode, the Fe 2p;),
binding energy of 710.6 eV was fully consistent with the typical
values reported for Fe,05.>"** For the Pi anode, the Fe 2p;,
binding energy shifted to 712.4 eV (Figure S4B in the SI), quite
close to the values reported for FePO,.*> Accordingly, the O Is
binding energy peak shifted from the typical values for Fe,O,
(530.0 eV)*** for the pristine anode to 531.7 eV for the Pi
anode, which was attributed to oxygen atoms of PO,>~.>**
The P 2p spectrum shows that phosphorus exhibited a binding
energy of 133.9 eV, close to the values reported for FePO,
(133.4 V). All of these observations indicate that Pi
treatment introduces some FePO,-like structures on the
outermost surface of the Pi anode.

To investigate the phosphorus distribution across the Pi
anode, XPS depth profile analysis by argon-ion etching was
further performed. As shown in Figure 1A, before argon-ion
etching, the atomic percentage of phosphorus was about 16% at
the outermost surface, close to the stoichiometric content
(16.7%) in FePO,. With increasing etching time, the atomic
percentage decreased gradually to 10% and then remained
unchanged with further etching. The XPS depth profile shows
an evident phosphorus gradient structure of the Pi anode with a
doping depth of about 50 nm. Although the hematite
nanostructure (Figure S1 in the SI) might prevent the
completely isotropic argon-ion etching and make it difficult
to obtain the exact depth, it is evident that phosphorus is
gradiently distributed on the top part of the nanowire.

Our XRD results showed that there was some decrease in the
relative intensities of the (110) diffraction peaks after Pi
treatment (Figure S2 in the SI). It has been reported that Pi
ions have strong interaction with the (110) facet of a-Fe,O;
particles."*~"® During Pi treatment, hematite was first dipped in
a H;PO, solution. In this process, the Pi ions would selectively
absorbed on the (110) planes of hematite particles. The
annealing process followed at 300 °C for 2 h would lead to
diffusion of Pi ions into the bulk through the (110) facet. As a
result, the (110) facet of a-Fe,O; would be destroyed. This is
the reason for the decrease in the relative intensity of the (110)
peak.

It was also observed that the binding energy of iron gradually
shifted from 712.2 eV on the outermost surface to 710.2 eV (a
value similar to that of the surface iron of the pristine anode).
After three runs of Ar® etching, the binding energies no longer
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Figure 1. (A) Change in the molar ratios of iron, oxygen, and
phosphorus elements with the etching depth in an XPS depth profile
for Pi anode obtained by argon-ion etching. The high-resolution XPS
results were obtained for (B) Fe 2p;, and (C) O 1s at the
corresponding points in part A. (D) Fe K-edge GI-XANES data for the
Pi anode. (E) Plot of E.4g. versus grazing-incidence angles.

changed with further etching (Figure 1B). Similarly, the XPS
spectra of O 1s in the depth profile also exhibited a
corresponding shift in the binding energies from FePO,-like
binding energies at the outermost surface to Fe,0;-like ones in
the bulk film (Figure 1C). The gradual shifts in the binding
energies of iron and oxygen in the Pi anode indicate a gradual
change in their structural environments with the film depth
rather than only a change in the amount of Pi.
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To further shed light on the change in the structure and
component at the surface layer of the Pi anode, X-ray
absorption near-edge structure (XANES) spectra were
recorded in the grazing-incidence mode, in which X-rays can
reach different depths across the film by tuning the angle of
grazing incidence. Theoretically, the penetration depth of the
incident X-ray beam could be calculated by the incidence angle.
However, the complicated morphology of the nanowire makes
it difficult to estimate the quantitative relationship between the
penetration depth of the X-rays and the incidence angle
because the transport of the X-rays is known to be greatly
dependent on the morphology of the film. As shown in Figure
1D, at incidence angles greater than 6°, the XANES spectra
were very similar to those obtained in the conventional
fluorescence mode (Figure SS in the SI), and little change was
observed with an increase in the incidence angles. It is clear
that, at these incidence angles, the XANES spectra reflect the
bulk structure of the film because of the deep penetration of the
X-rays. Interestingly, at small incident angles (<6°), at which X-
rays are expected to graze over the surface layers, two notable
changes in the XANES spectra can be observed with decreasing
angles. First, the preedge peak at 7114.4 eV exhibited a gradual
increase. This preedge peak is a signature of the 1s—3d
transition of tetrahedral coordinated iron, which is commonly
found in Fe;O, (Figure SS in the SI) and quite weak for a-
Fe,05.”” The larger preedge peak at smaller incident angles
suggests that the content of tetrahedral coordinated iron
increases gradually toward the surface of the Pi anode. Another
significant change in the spectra was the angle dependence of
the absorption-edge energy, which is a direct indication of the
valence state of the elements. As the angle decreased from 6° to
0.3° the absorption-edge energies (Figure 1D), and corre-
spondingly the first maxima of the first-order derivative of the
absorption coefficient curves (Figure S6A in the SI), shifted
toward a lower value by ca. 2.7 eV. The reduced absorption-
edge energies indicate an increase in the content of iron in its
reduced state (nominally Fe?*) with decreasing depth in the
film. As a control experiment, GI-XANES spectra were also
recorded for the pristine anode (Figure S6B,C in the SI).
Variations in both the absorption-edge energy and the preedge
with the incidence angles were rather insignificant, relative to
those in the Pi anode (Figure S6B in the SI). Analysis on the
first-order derivative of the absorption coefficient curves
showed that the first maximum of the derivative for the
pristine anode shifted by less than 0.6 eV with the incident
angles from 0.3° to 10° (Figures 1E and S6C in the SI), which
is much smaller than that of the Pi anode (2.7 V). Because Pi
treatment did not significantly change the morphologies of the
anode (Figure S1 in the SI), the different angle-dependent
changes in the preedge peak and absorption-edge energy
between the pristine and Pi anodes could not be attributed to
the morphology changes, and the possibility that these changes
originate from the angle-dependent self-absorption could also
be ruled out. Rather, the angle dependence of the GI-XANES
spectra should stem from the structural change of the surface
layer after Pi treatment.

Grazing-incidence extended X-ray absorption fine structure
(GI-EXAFS) spectra for the Pi and pristine anodes were further
analyzed by Artemis software. The fitted radial structure
functions and the corresponding structure information on the
first Fe—O coordination are shown in Figure S7 and Table S2
in the SI, respectively. For the pristine hematite structure, well-
agreeing with the literature,' an iron atom was found to be in a

hexa-O-coordinated environment. For the Pi anode, with
incident angles varied from 45° to 0.3° the coordination
number of the oxygen atom decreased from 6.72 to 2.00. This
indicates that more oxygen vacancies existed toward the surface
of the Pi anode. This result is consistent with the above GI-
XANES results that iron was less coordinated by surrounding
atoms toward the surface.

A comparison of the distribution of the Pi-doping
concentration (Figure 1A) and the change in the XANES
(Figure 1D) and EXAFS (Figure S7 in the SI) spectra of iron
crossing the film suggests that the changes in the states of iron
species were caused by Pi doping. The presence of Pi is
essential for the creation and preservation of these reduced iron
sites and oxygen vacancies.

Figure 2A shows the PEC water oxidation performances of
the representative hematite anodes. The pristine anode
exhibited a rather low photocurrent density of only 0.06 mA
ecm™? at 1.23 Viyg. The Pi anode showed a dramatic 8.5-fold
enhancement in the photocurrent density, up to 0.51 mA cm™>
at 1.23 Vyyg. The relative dark current densities are shown in
Figure S8 in the SI Ilumination with chopped light also
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Figure 2. (A) J—V curves for the pristine, Pi-treated, Co-Pi-loaded,
and Co-Pi/Pi-cotreated hematite photoanodes under simulated solar
illumination in 1 M NaOH at a scan rate of 50 mV s™. (B) Steady-
state photocurrent density obtained at 1.23 Vyyg over 15 h of PEC
water-splitting experiments. (C—G) Effect of Pi treatment on the
photocurrent densities for the hematite photoanodes prepared by
different methods and with different morphologies. All of the solid
lines denote photocurrent densities, while the dashed lines represent
the corresponding dark current densities.
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exhibited a significant photocurrent enhancement of the Pi
anode (Figure S9 in the SI). IPCEs were measured at 1.23 Vg
for the pristine and Pi anodes (Figure S10 in the SI).
Compared with the pristine anode, the Pi anode exhibited
enhanced IPCE values, especially in the incident light
wavelength between 350 and 450 nm. At 410 nm, IPCE of
the Pi anode reached 9%, nearly 10 times that of the pristine
anode. These results are consistent with the J—V scan. It is
interesting that in spite of the low visible absorption of the Pi
anode (Figure S3 in the SI), the PEC activity still increases
significantly, indicating that the Fer(PO4)y overlayer has an
important promoted role, which outplays the decrease in the
absorbance.

The as-prepared Pi anode is quite reproducible. As shown in
Figure S11 in the SI, four more anodes were synthesized and
the photocurrent density at 1.23 Vyyp varied between 0.46 and
0.54 mA cm™>. A control experiment by directly adding 1 M Pi
into the electrolyte showed that the enhancement originated
from the intrinsic change in the films by Pi treatment and not
from the Pi ions in the electrolyte or those simply adsorbed on
the film surface (Figure S12 in the SI). The hypothesis that the
poor surfaces of the anodes were etched by a H;PO, solution
can also be excluded because only very little iron was dissolved
during the 10 min dipping in a 0.1 M H;PO, solution; on the
other hand, the subsequent annealing temperature can largely
affect the activity, and 300 °C was found to be the optimal
temperature (Figure S13 in the SI). This means the diffusion
process of phosphorus into the hematite structure is of
significance for the enhancement.

To investigate the activity and stability of the Pi anode under
steady-state conditions, long-term PEC operation was con-
ducted at 1.23 Vgyg. As shown in Figure 2B, for the pristine
anode, the photocurrent density underwent a gradual decrease
from 0.050 to 0.036 mA cm ™ throughout the entire irradiation
time during the PEC experiment. By contrast, for the Pi anode,
the photocurrent density continually increased during the first 3
h of irradiation, probably because of passivation of the surface
trapping states by anodic healing of the oxygen vacancies under
PEC conditions.”® After the healing period, the photocurrent

12848

density on the Pi anode was increased by a factor of up to 15
times that on the pristine one, which was much higher than that
obtained by the J—V scan (8.5 times). After the PEC reaction
was allowed to proceed for 1S h, about 30.5 and 2.1 C cm™2
photocharges were generated for the Pi and pristine anodes,
respectively.

The universality of the Pi-incorporation strategy by low-
temperature diffusion was examined on other hematite
photoanodes prepared by different methods and with different
morphologies (Figure S14 in the SI) and structures (Figure S15
in the SI). As shown in Figure 2C—G, for all of the Pi-treated
hematite anodes, a significant increase in the photocurrent
density was observed. The pristine hematite nanowires
prepared by hydrothermal methods and sintered at 750 °C
(NW750)"" showed a PEC activity of 0.72 mA cm™ at 1.23
Vi After Pi treatment, the photocurrent density at 1.23 Vyyg
was nearly doubled (1.30 mA cm™%; Figure 2C). The hematite
nanowire anode sintered at 550 °C (NWS50) exhibited a rather
low photocurrent density (0.04 mA cm™ at 1.23 Vyyy). Pi
treatment enhanced the photocurrent density to 0.13 mA cm™
(Figure 2D). For the electrodeposition anode (ED650), a 4-
fold enhancement in the photocurrent density at 1.23 Vyyg was
achieved (Figure 2E). The tin-doped nanocoral (NC650) film
yielded a photocurrent density of 0.18 mA cm™. After Pi
treatment, a 7-fold enhancement in the photocurrent density,
up to 1.3 mA cm™? at 1.23 Viyyg, was achieved (Figure 2F). Like
another boron-doped hematite nanowire anode (BNW650), Pi
treatment created as high as 1.8 mA cm™> at 1.23 Ve (Figure
2G), which is among the most efficient photoanodes prepared
by a hydrothermal method.'® Considering that different anodes
should have different limiting factors affecting their PEC
performance, the common enhancing effect of Pi treatment for
all of the films suggests that this strategy is applicable to other
hematite photoanodes, regardless of the structure and
preparation methods used.

The effect of Pi treatment on the J—V behavior of hematite is
quite different from that induced by other surface modification
methods such as WOC modification (e.g,, Co-Pi).*~>'** For
comparison, we also prepared a Co-Pi-modified film by the
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commonly used methods.> Consistent with earlier studies,"’

the photoanode loaded with Co-Pi exhibited ca. 200 mV
cathodic shift in the photocurrent onset potential (Figure 2A).
However, the change in the onset potential was not significant
for the Pi anode (Figure 2A). Loading with Co-Pi could also
lower the dark current onset, as shown in Figure S8 in the SI,
while all of the Pi anodes exhibited more positive dark current
onset than the relative pristine anodes (Figure S8 in the SI and
Figure 2C—G). Intriguingly, at higher applied potential (>0.87
Vrue), the photocurrent density of the Pi anode became higher
than that of the Co-Pi anode, and the photocurrent density at
1.23 Vpyp was nearly twice (0.30 versus 0.51 mA cm™2) that of
the Co-Pi anode. Because the cathodic shift in the photocurrent
onset potential of the Co-Pi-modified anode is known to stem
from acceleration of the interfacial hole-transfer kinetics, the
different effects of Co-Pi modification and Pi treatment suggest
that the interfacial hole-transfer process by Pi treatment is not
sufficiently accelerated as in the case of Co-Pi modification.
These observations inspired us to load the WOC Co-Pi on the
surface of Pi-treated hematite films to accelerate the hole-
transfer kinetics. As expected, the dual-treated photoanode
exhibited a considerable decrease in the photocurrent onset
relative to that of the Pi anode and a significant enhancement in
the photocurrent density (Figure 2A).

The J—V scan behaviors of the Pi anodes were more similar
to those of heterojunction hematite films such as MgFe,0,/
Fe,0,, where the enhanced PEC activity is attributed to the
enhanced electron—hole separation within the anodes."* To
understand the effects of Pi treatment on the electron—hole
separation and hole-transfer kinetics, EIS spectra were
measured under visible-light illumination. The Nyquist plots
under irradiation at 1.23 Vyyy are shown in Figure 3A. It was
observed that the curve of the Pi anode had a much smaller
radius than that of the pristine anode, indicative of much more
rapid charge-transfer kinetics in the Pi anode.’® Further, we
used the equivalent circuit diagram shown in Figure 3A, which
has proven to be reliable in modeling the pristine and surface-
modified hematite films,>" to fit and simulate the physical
parameters associated with different processes. R, values, which
stand for all of the series resistances in the PEC cell, were not
significantly altered after Pi treatment and remained nearly
constant with potentials (Figure S17A in the SI), verifying the
reliability of the adopted impedance-simulating circuit and
fitting process. The surface hole-trapping process can be
reflected by Ry pping and Ctrap.31 Compared with those of the
pristine anode, the values of Ry, for the Pi anode decreased
by a factor of ~3—6 (Figure 3B), indicating that the surface
trapping of photogenerated holes in the Pi anode was much
easier than that on the pristine films. Contrastively, it was
reported that the Ry, values do not vary much with the
modified Co-Pi.° Cyap also increased by a factor of ~3—5 after
Pi treatment, indicative of an increased number of surface states
for hole trapping in the Pi anode. For the effect of Pi treatment
on the interfacial hole-transfer kinetics, we can refer to R,
Compared with those of the pristine anode, the values of R,
of the Pi anode decreased by a factor of 30—60 (Figure S17C in
the SI). However, these values were much smaller than that on
the Co-Pi-modified anodes (a factor of ~100—1000).> These
facts indicate that the oxidation of water on the surface of the Pi
anode was facilitated, relative to the pristine surface, but to a
lesser extent than that by Co-Pi modification, which is in well
agreement with the J—V scan results in Figure 2A.

Mott—Schottky measurements were performed in the dark to
determine the carrier densities of semiconductor films, as
shown in Figure 3D. The carrier densities of the pristine and Pi
anodes were estimated to be 1.8 X 10" and 2.5 X 10" cm™,
respectively. As shown, Pi treatment did not increase the carrier
density of hematite films to the same extent as the normal bulk
doping method (which usually increases the carrier density by a
factor of 10—100).""" Hence, the enhancement in the PEC
activity by Pi treatment cannot be mainly attributed to the
increase of the electron mobility as in the normal bulk doping
methods.

The increased concentration of Fe?* sites and oxygen
vacancies toward the surface, as shown by the GI-XANES
and EXAFS results (Figures 1D and S7 in the SI), is
reminiscent of the surface modification of hematite with
divalent metal cations such as Mg®* in which the substitution of
divalent metals for Fe** would form a p-type overlayer for
fabricating a p—n junction on the surface. The charge-
separation efficiency can be largely improved by the generated
built-in electric field crossing the junction. In our study, Fe**
should play a role analogous to that of the reported Mg** ion in
drawing photogenerated holes from the inner part to the
surface. A unique characteristic for the gradient-structured
FeO,(PO,), layer on hematite highlighted in the present study
is that the doping-induced built-in electric field is continuous
and runs through the whole doping layer. All of the
photogenerated carriers in this layer can encounter this electric
field, which would force the holes to move toward the surface.
Consequently, the charge diffusion length can be as long as the
depth of the gradient-structured layer (about SO nm, as shown
by the XPS etching profile in Figure 1A), which is much longer
than that in the pristine hematite anode (known to be 2—4
nm)." Therefore, many more holes can arrive at the
photoanode surface. This argument is supported by the results
of the EIS experiments, in which the decrease in fitted Ry yping
signifies a facilitated transfer of photogenerated holes from the
valence band of hematite to the surface states of the Pi anode
(Figure 3B). The increase in the Cy,, values (reflection of the
amount of trapping sites on the surface states) is also consistent
with an increase in the concentration of the reduced iron
species and oxygen vacancies sites, which can act as trapping
sites.

We also note that the presence of these trapping states is not
always beneficial to the overall PEC performance. When these
trapping states occur on the outermost surface where the water
oxidation reaction takes place, as proposed by Sivula and co-
workers,® hole transfer to water can be greatly retarded. This
assumption can well explain the observed initial enhancement
in the photocurrent density in the steady-state PEC experi-
ments (Figure 2B). Under the PEC conditions, the oxidative
environment on the surface of the hematite film could oxidize
the reduced iron species, heal much of the surface oxygen
vacancies, and thereby passivate these surface recombination
centers.”® However, such a passivation reaction is expected to
occur only on the outermost film surface (e.g., several atomic
layers) because of the low temperature (room temperature),
and the inner layer should remain a gradient-doped structure.

B CONCLUSION

We have developed a simple, universal, and effective method
for achieving high photoactivity for the PEC water oxidation of
hematite photoanodes. Using phosphorous acid treatment at a
low temperature, a gradient-structured Fer(PO4)y layer with a
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thickness of about S0 nm was in situ formed on hematite films,
while the bulk hematite crystal structure remained untouched.
Such a Pi-treated anode exhibited a much higher PEC efficiency
for water oxidation, which was attributed to the increased hole
diffusion distance in the gradient-structured overlayer due to
the formation of a continuous built-in electric field.
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