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ABSTRACT: We report a simple method to produce a stable and
repeatable photoanode for water splitting with a core—shell hematite (a-
Fe203) nanorods system by combining spray pyrolysis and hydro-
thermal synthesis. Impedance spectroscopy revealed passivation of the
surface states by the shell layer, which results in an increase of the charge
injection through the hematite conduction band. In pristine hematite
more holes are accumulated on the surface and the charge transfer to the
electrolyte occurs through surface states, whereas in the core—shell
hematite photoanode the majority of hole transfer process occurs
through the valence band. As a result the photoactivity of the core—shell
nanorods, 1.2 mA cm™, at 1.23 V vs RHE, is twice that of pristine
hematite nanorods. The alteration of the interface energetics is
supported by TEM, showing that the crystallinity of the surface has
been improved by the deposition of the shell.
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B INTRODUCTION

Among the different ways of converting solar energy to useful
forms of energy, artificial photosynthesis, in the form of
photoelectrochemical (PEC) devices, offers a unique and
simple way to store solar energy in the form of chemical
bonds.'~” In this context, hematite (@- Fe,O;) has emerged as
one of the most promising materials for the photoanode of a
PEC system due to its promising energy band gap (2.0—2.2

various synthesis methods such as solution-based methods,*
electrodeposition,®® spray pyrolysis,”® and APCVD.>* Nanowire
or nanorod arrays are favorable for attaining high photocurrent
because the diameters can be tuned according to the hole
diffusion length.>”*® The hematite nanorods arrays have been
synthesized previously by thermal oxidation of Fe foil and
precipitation of Fe®* from aqueous solution during hydro-
thermal synthesis.”®** Among these synthesis routes, hydro-

eV), decent stability in aqueous solutions, and economic
viability.¥* Fe,O; has been expected to accomplish a
theoretically STH efficiency of 16.8%."° However, the reported
efficiencies are less than this estimation essentially due to the
short photogenerated charge carriers lifetime, small hole
diffusion length, sluggish oxygen evolution kinetics, and
unfavorable conduction band potential with respect to the
water reduction level, which requires an additional bias for
hydrogen generation.'®”"

To address these limitations, nanostructuring, doping, and
surface treatment of hematite have been strategies ex-
plored."*~>* Nanostructuring can be achieved by manipulating

-4 ACS Publications  © 2015 American Chemical Society

6852

thermal precipitation of Fe,O5 is one of the simplest and most
effective methods to grow large and uniform nanorods array.”’
We have successfully grown Fe,O; nanorods array on FTO
substrate and reported previously.”” Hematite nanorods
exhibited superior STH efficiencies than other nanostructures
because of favorable [110] crystallographic orientation.”® The
main drawback of hematite is the requirement for an
overpotential, which occurs due to the slow oxygen evolving
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Figure 1. (a) XRD patterns of pristine hematite (@-Fe,0;) and core—shell hematite on FTO sample after annealing at 550 °C for 2 h and 750 °C for
20 min. The * denotes a-Fe,O; (JCPDS 33-0664) and # denotes SnO, (JCPDS 46-1088), respectively. (b) UV—vis absorption spectra of pristine

and core—shell hematite; inset shows the Tauc’s plot.

reaction (OER) kinetics and the generation of surface trap
states.>>*" Surface treatment with OEC has been employed to
overcome the OER kinetic issue, while surface passivation by
various treatments has been shown to reduce the numbers of
surface traps.31_3’4 In addition, chemical alteration of the surface
has also been reported to enhance the flat band potential and
improve the optical absorption of Fe,03.>**® In this article we
demonstrate an inexpensive method to passivate surface defects
by spraying a layer of hematite onto the pristine hydrothermally
grown hematite nanorods, thus combining the nanostructuring
effect with the surface passivation. We have investigated this
system by electrochemical impedance spectroscopy (EIS) to
elucidate the role of shell layer and the observed enhancement
in the PEC performance. EIS revealed that the charge transfer
to the electrolyte in pristine hematite nanorods occurs mainly
through the surface states, whereas in core—shell hematite
photoanodes it also takes place through the valence band due
to the passivation of the surface states. TEM confirmed that the
main reason underlying the different charge dynamics is the
improved crystallinity due to the shell deposition.

B EXPERIMENTAL PROCEDURE

The pristine and core—shell hematite nanorod samples were grown on
a fluorine-doped tin oxide (FTO) substrate. The Fe,O; nanorods were
synthesized by modifying our previous method.*® In short, after 6 h of
hydrothermal synthesis at 100 °C, a uniform layer of FeOOH film was
formed on the FTO substrate. The FeOOH samples were carefully
rinsed with DI water. A 0.1 M iron acetylacetonate precursor in
ethanol was sprayed onto the FeOOH nanorods with 4 cycles on hot
plate at 525 °C for core—shell sample and finally annealed at 550 °C
for 2 h to convert FeOOH to a hematite film. For photo-
electrochemical measurements, pristine and core—shell photoanodes
were again heated at 750 °C for 20 min.

B CHARACTERIZATION AND MEASUREMENTS

X-ray diffraction patterns of pristine and core—shell Fe,O; photo-
anodes obtained over a two theta value range from 20° to 60° with a
Shimadzu instrument (Lab X, XRD-6000).

The surface morphology of the samples was characterized by
FESEM (JEOL, JSM-7600F, S kV), while UV—vis absorption spectra
of the hematite samples were obtained using a (PerkinElmer, Lambda
750S). The samples for TEM measurements were prepared by
scraping the as-prepared electrode surface with a razor blade, which
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only removed the hematite. Hematite was removed only from the
same area as was analyzed in the photoelectrochemical, SEM, and
XRD experiments. The scrapped hematite samples were transferred in
to a vial with 2 mL of absolute ethanol, which was placed in a
ultrasonicator for 30 s, and the hematite—ethanol mixture was
dispersed onto a carbon-coated TEM grid. High-resolution trans-
mission electron microscopy (HRTEM) image and selected area
diffraction pattern (SADP) of hematite were investigated by JEOL
2100F TEM. Photoelectrochemical experiments were accomplished
using CHI 660D working station (CH Instruments, Inc.) in a three-
electrode system with 1 M NaOH (pH = 13.6) electrolyte under a
light source of 150 W xenon solar simulator (67005, Newport Corp.)
with an intensity equivalent to standard AM 1.5G sunlight (100 mW
cm™) on the working electrode surface. The working electrode area
was 0.12 cm” IPCE measurements have been done with a xenon light
source (MAX-302, Asahi Spectra Co. Ltd.) coupled with a
monochromator (CMS-100, Asahi Spectra Co. Ltd.) from a
wavelength range of 300—600 nm, at a potential of 1.23 V vs RHE.
The EIS analyses were carried out by a potentiostat (Methrohm-
Autolab, AUT 83285) in a three-electrode electrochemical config-
uration under 1 sun illumination. A potential perturbation (10 mV)
was applied at varying dc voltages from —1 V to +1 V vs Ag/AgC],
with a frequency sweep from 200 kHz to 0.1 Hz. The impedance data
was fitted by Z-view software. For Mott—Schottky plots, the
capacitance was measured by applying a 10 mV perturbation at 1
kHz under dark conditions.

B RESULTS AND DISCUSSION

The XRD patterns of the pristine hematite nanorods (grown
hydrothermally) and core—shell hematite (hydrothermal
growth followed by spray pyrolysis) photoanodes can be
indexed to the characteristic peaks of Fe,O; (JCPDS no. 003-
0440), (Figure la). It is clear that the spray deposition of
hematite precursor on pristine hematite nanorods does not
generate any additional XRD peaks. The diffraction peak at 26
= 35.8° indicates that Fe,O; nanorods grow preferentially in
the [110] direction, as previously reported.””>**” This is a
desired orientation for charge transport because this basal plane
(001) shows four orders higher conductivity than the
orthogonal plane, which improves the photo-oxidation kinetics.
UV—vis spectra of pristine and core—shell hematite are shown
in Figure 1b. The energy band gaps are nearly similar for both
pristine and core—shell hematite photoanodes (inset, Figure
1b). The similar optical band gap of both samples (2.01 and
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Figure 2. Top view FESEM images of (a) pristine hematite after annealing at 750 °C, (b) core—shell hematite after annealing at 750 °C, (c) TEM
image of pristine hematite nanorod, and (d) TEM image of core—shell hematite.

2.04 eV for pristine and core—shell respectively) is consistent
with the XRD results, which indicates no structural change
occurs of Fe,O; after spraying the hematite shell. The
thicknesses of both the pristine and core—shell hematite
samples are 350 and 370 nm, respectively, as seen in inset of
Figure 2, and hence the optical absorption depth remains
essentially the same as observed in UV—vis spectra.

Top view images from field emission scanning electron
microscopy (FESEM) shown in Figures 2a and 2b reveal that
pristine and core—shell hematite grown on the FTO substrate
exhibit a nanorod organization, which remains unaffected with
the deposition of the shell. Pristine hematite nanorods have the
diameter of ~60—80 nm, and the length is ~360—380 nm.
After a hematite shell is sprayed, the diameter of nanorods
slightly increases to 80—100 nm and the length becomes 380—
400 nm (Figure 2a and b). The best optimized thickness for
hematite nanorods is 300—500 nm as we reported
previously””*® because the absorption depth at 550 nm is
around 200 nm."® In this work we investigated the effect of the
core—shell structure in a fixed film thickness (350 nm). The
composition of the pristine and core—shell hematite samples
was analyzed by EDX line scan measurements along the
interface of core and shell (Supporting Information Figures S3
and S4). As expected, the observed signals for Fe and O
correspond to hematite. TEM image of the pristine hematite
nanorods shows that these are about 60 and 350 nm in
diameter and length, respectively, as indicated in Figure 2c.
Figure 2d shows that the core—shell hematite possesses a
conformal surface layer with a thickness of about 20 nm. An
incremental change of 20% in the diameter of the core—shell
nanorods, compared to the pristine hematite, is consistent with
the FESEM results. In the pristine nanorod samples prepared
by hydrothermal synthesis, water was used as a solvent which
causes more residues on the surface. In the core—shell sample,
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the shell layer was deposited using spray pyrolysis with ethanol
as the solvent which results in a film with better crystallinity.

Photocurrent—voltage curves of core—shell hematite were
found to give better performance compared to pristine samples
(Figure 3a). The photocurrent density at 1.23 V vs RHE is 0.45
mA cm™? for the pristine hematite nanorods sample and 1.20
mA cm™? for core—shell sample. Before the dark current rises, a
plateau of about 0.7 mA cm™ is observed for the pristine
sample, whereas the current increases to 2.6 mA cm™> for
core—shell hematite from 1.6 to 1.8 V vs RHE. This doubling of
the photocurrent for the core—shell hematite photoanode at
123 V vs RHE is comparable with that obtained with
hydrothermally grown 5% Mn treated hematite photoanode.”®
Photocurrent transient measurements were performed in order
to observe the role of surface states at the pristine and core—
shell hematite—electrolyte interface. The photoactivity with
increasing bias voltage of both pristine and core—shell hematite
photoanodes was measured with chopped illumination under
AM 1.5G solar irradiance (Figure 3b). The positive transient in
the photocurrent as the light is switched on indicates an
accumulation of holes at the surface of the photoanode, caused
by slow oxygen evolving reaction (OER) kinetics and trap
surface states. Similarly, negative transients in the photocurrent
are observed upon the light turnoff, which reflect that the
photogenerated electrons recombine with the accumulated
holes.

There is no transient current at high potentials, indicating
that the injection barrier does not obstruct the holes transfer at
the electrode/electrolyte interface.”® At lower voltages, a
small decrease in transients is observed for the core—shell
hematite sample under illumination, while pristine sample
clearly demonstrates greater transient behavior. This difference
could be attributed to a variation in the total amount of
accumulated holes at the photoanode—electrolyte interface, a
commonly observed process in pristine hematite samples.
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Figure 3. (a) Photocurrent—potential curve of pristine hematite photoanode and core—shell hematite measured under AM 1.5G 100 mW cm™ in 1
M NaOH electrolyte solution. (b) Chopped photocurrent—potential curve of pristine hematite photoanode and core—shell hematite photoanodes.
(c) IPCE spectra of pristine and core—shell hematite collected at 1.23 V vs RHE; inset shows the extrapolated IPCE from wavelength 450 to 650
nm. (d) Integrated photocurrent based on the IPCE data (300—650 nm); standard photon flux is shown as a reference.

To understand the relationship between the photoconduc-
tivity and light absorption of hematite photoanodes, we
measured their performance as a function of wavelength of
the incident light. IPCE measurements were performed on
pristine and core—shell hematite nanorods at 1.23 V vs RHE
(Figure 3c). IPCE can be calculated bu using the equation in
previous repor‘csf"15

In comparison to pristine hematite photoanode, core—shell
hematite photoanode shows higher photoconductivity over the
entire spectral range. The IPCE drops to 0 after a wavelength of
600 nm, which is consistent with the hematite band gap energy.

Absorbed photon to current conversion (APCE) efficiency is
shown in Supporting Information Figure S2, and core—shell
hematite photoanode achieved higher collection and charge
separation capability than pristine hematite. The integrated
photocurrent density was calculated by the IPCE data with a
standard AM 1.5G (100 mW cm™?) photon flux by using the
equation reported previously (see Supporting Informa-
tion).'>?

The integrated photocurrents are 0.40 and 0.9 mA cm™> for
pristine and core—shell photoanodes, respectively (see Figure
3d), consistent with the measured photocurrent densities at
123 V vs RHE. It should be noted that the improved

photocurrent of core—shell sample is not due to the photon
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absorption because both samples show similar absorption
spectra (Figure 1b).

In addition, after using a hole scavenger (H,0,), the current
transients disappear and purely Faradaic photocurrents are
observed in the complete potential range for pristine and core—
shell hematite samples (Supporting Information Figure S6).
This demonstrates that the injection barrier that is observed in
the 1 M NaOH electrolyte is removed by the addition of 0.5 M
H,0,. To understand the efficiency of hole injection at the
hematite/electrolyte interface, the J—V curves of pristine and
core—shell hematite photoanodes were measured with and
without 0.5 M H,0, (hole scavenger) under 1 sun (AM 1.5G)
illumination. The photocurrent is found to double after adding
0.5 M H,0, in 1 M NaOH electrolyte (Figure 4a and b). The
charge separation and surface catalysis efficiency of pristine and
core—shell samples are calculated (Figure 4c and d) by
following a previous method reported by Dotan et al. (see the
Supporting Information).® The charge separation efficiency
starts to rise at a potential anodic to the flat band potential and
saturate at 15% for pristine hematite and 30% for core—shell
hematite at 1.23 V vs RHE (Figure 4c). The charge separation
efficiency increases with the applied voltage because of the
widening of the space charge layer. The higher charge
separation efficiency of the core—shell hematite than the
pristine nanorods indicates that the number of holes arriving at
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Figure 4. (a) Photocurrent—potential curve of pristine hematite photoanode measure under AM 1.5G in 1 M NaOH and 1 M NaOH with 0.5 M
H,0, electrolyte solution. (b) Photocurrent—potential curve of core—shell hematite photoanode measure under AM 1.5G in 1 M NaOH and 1 M
NaOH with 0.5 M H,0, electrolyte solution. (c) Charge separation efficiency of pristine and core—shell hematite photoanodes for water oxidation.
(d) Surface catalysis efficiency of pristine and core—shell hematite for water oxidation.

the surface of the core—shell hematite is higher than those
arriving at the surface of the pristine hematite. Therefore, the
surface catalysis efficiency increases from 16% to 31% for core—
shell hematite photoanode at 1.23 V vs RHE when using a
H,0, hole scavenger (Figure 4d). This shows that in the core—
shell sample more holes are being injected to the electrolyte.
Both of the observations (better hole transport and injection)
show that the deposition of shell improves the quality of the
hematite surface. The reasons behind this improvement were
investigated by electrochemical impedance spectroscopy (EIS)
and TEM.

Capacitance measurements of the pristine and core—shell
hematite photoanodes at a frequency of 1 and 10 kHz are
performed under dark conditions. The flat band potential and
donor densities of pristine and core—shell hematite samples are
calculated from the slopes of Mott—Schottky plots using the
following equation:">***!

(1)

Pristine and core—shell hematite samples show a positive
slope in the Mott—Schottky plots, which is expected from an n-
type semiconductor (Figure Sa). The calculated donor densities
are 8.19 X 10”7 ecm™ and 1.39 X 10'® cm™>. The flat band
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potentials are 0.35 V vs RHE and 0.34 V vs RHE for pristine
and core—shell hematite photoanodes, respectively.

EIS measurements were performed at different dc potentials
under illumination. Although similar Nyquist plot patterns are
obtained for both pristine and core—shell samples (Figure Sb,
Supporting Information Figures S7, S8, and S9), the fitted data
revealed different processes governing the performance of both
kinds of systems. The pristine sample follows the trend
corresponding to a charge transfer through surface states in
good agreement with previous reports.*’ The characteristic
fingerprint of this behavior is a peak of C,,, and a simultaneous
valley of R, due to the filling of the surface states when the
current is increasing, as shown in Figure Sc (where R
represents the pure series resistance from the substrate and
wires, Ry yping 18 the resistance to fill the surface states, R gy is
the resistance to transfer the charge from the surface states to
the electrolyte, and Gy and Cy,, are the capacitances of the
bulk and surface states, respectively (see equivalent circuit in
the Supporting Information (Figure S1))). However, a different
framework is obtained with the core—shell samples. The fitting
of the results to the surface state charge transfer model does not
result in the characteristics peak, pointing to a passivation of the
surface states. In this situation, the charge transfer takes place
mainly through the valence band, and the equivalent circuit is
different (Rcmrap is simplified, and a new resistance accounting

DOI: 10.1021/acsami.5b00417
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Figure 5. (a) Mott—Schottky plots of pristine (inset) and core—shell hematite extracted from EIS data measured at 1 kHz in the dark. Donor
densities (N3) and flat band potential (Vj,) extracted are shown in the figure. (b) Nyquist plots of pristine and core—shell hematite measured at pH
13.6 at 0.95 V vs RHE under 1 sun illumination. (c) Plots of equivalent circuit parameter R yuap Obtained from fitting of EIS data under the
illumination of 1 sun light and (d) R, values determined by the EIS fitting, where resistances associated with charge transfer.

Figure 6. (a) HRTEM image of pristine nanorod showing the line defects by arrows and inset image showing the amplified image. (b) HRTEM
image of core—shell hematite showing the good crystallinity without any line defects and inset image showing the inserted SAED pattern taken from

[001] zone axis.

for the valence band charge transfer, R.,yp, is introduced in
parallel to Cpys see the Supporting Information). The
difference in the performance can be explained when the
total resistance for the respective charge transfers (R; + Rypping
+ Ryyp in the pristine case and R + R yp in the core—shell
case) are plotted (see Figure Sd). Despite the lower effective
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surface area of the core—shell sample, its lower total charge
transfer resistance results in a higher photocurrent. Therefore,
we conclude that the charge transfer mechanism in the core—
shell hematite structure is predominantly occurring through the
valence band, which is most likely due to the passivation of the
surface states. This reduction of the surface states is supported

DOI: 10.1021/acsami.5b00417
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by the current transients (Figure 3b), where the transient
behavior is strongly reduced for the core—shell samples—in
particular at higher voltages. At lower potentials, the traps still
play a minor role; however, at higher potential the few
remaining traps are filled and therefore they do not contribute
to the transient.

The presence of different charge injection processes at the
surface is in line with the HRTEM structural characterization.
The HRTEM image of the pristine hematite sample (Figure 6a)
shows a surface with poorer crystallinity as compared with the
bulk of the hematite. This is also evident from the SAED
pattern of this sample in Supporting Information Figure SS5.
The HRTEM image of the core—shell hematite sample (Figure
6b) shows a surface with better crystallinity as compared to the
pristine hematite nanorods (Figure 6a), supporting the
proposed surface states passivation. The SAED pattern (inset
of Figure 6b) of the core—shell sample also reveals the good
crystalline nature of this sample. The improvement in the
crystallinity may originate from the diffusion of the Fe®* ions
from shell to the core of hematite during the high-temperature
spray of the shell (525 °C). Therefore, it is proposed that the
presence of the thin hematite shell not only improves the
surface uniformity of the core—shell architecture but also
improves the crystallinity and possibly passivates the surface
states. As a result, the core—shell sample exhibits better charge
transfer and surface catalytic properties, leading to superior
photoelectrochemical properties.

B CONCLUSIONS

To summarize, we have established a hydrothermal method to
synthesize nanorods of pristine and core—shell hematite
photoanodes. As compared to the pristine hematite nanorods,
the core—shell structures were found to have an improved
photoassisted water splitting activity. The core—shell hematite
photoanode can improve the photocurrent densities by 2.5
times at 1.23 V vs RHE compared to the pristine hematite. The
core—shell hematite also show higher charge separation and
surface catalytic efficiency. Systematic evaluations were carried
out to investigate the role of the hematite shell layer. EIS and
TEM measurements reveal the beneficial effects of surface layer
(shell), in particular the passivation of surface states and
consequent charge injection through the valence band rather
than through the surface states. Finally, the EIS analysis
presented herein can also be used to analyze the role of other
surface passivation layer on semiconductor photoanodes for
PEC water splitting devices.
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