Angewandte

4150

Zuschriften

Photochemistry

DOI: 10.1002/ange.201107467

The Influence of Oxygen Content on the Thermal Activation of

Hematite Nanowires™**
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A promising photoelectrode material for solar-driven water
splitting, hematite (a-Fe,O;) is non-toxic, abundant, chemi-
cally stable, low-cost, and has a bandgap of approximately 2.1
eV, which accounts for a maximum theoretical solar-to-
hydrogen (STH) efficiency of 15%.X This last property
compares favorably with the most studied metal oxide
materials for photoeletrochemical (PEC) water splitting,
including TiO,,*' ZnO,' and WO,."> However, the
reported STH efficiencies of hematite photoelectrodes are
substantially lower than the theoretical value, owing to
several limiting factors such as poor conductivity, short
excited-state lifetime (<10 ps),'! poor oxygen evolution
reaction kinetics,'”! low absorption coefficient,"® short dif-
fusion length for holes (2-4 nm),"” and lower flat-band
potential in energy for water splitting.**! Enormous efforts
have been made to overcome these limitations of hematite,
including the incorporation of oxygen evolving catalysts to
reduce the kinetic barrier for water oxidation on the hematite
surface,”' % the development of nanostructures to increase
the effective surface area and to reduce diffusion length for
carriers,*>?! as well as the development of element-doped
hematite for improving electrical conductivity and/or light
absorption.”

Recently, we demonstrated that TiO, nanowires thermally
treated in hydrogen showed increased donor density and PEC
performance as a result of the formation of oxygen vacan-
cies.!! We anticipated that creating oxygen vacancy (V,), and
thereby Fe?", sites in hematite could significantly increase the
conductivity of the material through a polaron hopping
mechanism.”?! Although V, can be created by sintering
hematite in a reductive atmosphere such as hydrogen, it may
introduce hydrogen as a dopant into the structure. Addition-
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ally, hematite can be easily reduced in hydrogen to produce
magnetite (Fe;O,), which is photo-inactive.’”) Herein, we
report an alternative method for the preparation of highly
conductive and photoactive hematite through thermal
decomposition of 3-FeOOH in an oxygen-deficient atmos-
phere (N,+air). The resulting hematite sample showed
substantially enhanced photoactivity compared to the pristine
hematite prepared in air. The oxygen content during thermal
activation significantly affects the formation of V, and
thereby the photoactivity of hematite nanowires for water
oxidation. This is the first demonstration of highly photo-
active hematite nanowire arrays at a relatively low activation
temperature without a dopant element.

Akaganeite nanowires were prepared through the hydrol-
ysis of FeCl; (0.15M) in an environment with a high ionic
strength (1M NaNO;) and low pH value (pH 1.5, adjusted by
HCl) at 95°C for 4h.”®! The resulting yellow film on
a fluorine-doped tin oxide (FTO) substrate was covered
with nanowire arrays with an average diameter and length of
70 nm and 700 nm, respectively (Figure 1a). X-ray diffraction
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Figure 1. SEM images of a) akaganeite nanowire arrays, b) hematite
nanowire arrays annealed in air, and c) hematite nanowire arrays
annealed in N,+air. Samples (b) and (c) annealed at 550°C. Scale
bars are 1 um. d) Corresponding XRD spectra collected for akaganeite
and hematite samples. Diffraction peaks for hematite (JCPDS 33-0664)
and akaganeite (JCPDS 75-1594) are labeled with H (hkl) and A(hkl),
respectively. The lines at the bottom indicate the diffraction peaks of
SnO, (JCPDS 41-1445) from the FTO substrate.

Angew. Chem. 2012, 124, 41504155



(XRD) analysis (Figure 1d) confirms that the nanowires are
B-FeOOH (akaganeite, JCPDS 75-1594). The akaganeite-
coated substrate was then washed with deionized water and
sintered in an oxygen-deficient atmosphere (N,+ air) at
550°C for 2 h to convert akaganeite into hematite containing
oxygen vacancies (N-hematite). The oxygen-deficient atmos-
phere was achieved by applying vacuum to the system down
to a pressure of 15 Torr, and refilling with ultrahigh purity N,
(99.998 %, Praxair). The initial oxygen content is estimated to
be 0.43 % (O,/(0,+N,) x 100 % ). Hematite nanowire samples
(A-hematite) were prepared by sintering the akaganeite film
in air at 550°C for 2 h, as a control. Thermal activation did not
change the nanowire morphology (Figure 1b,c). XRD spectra
collected for both samples confirmed that the akaganeite
nanowires are completely converted into hematite (JCPDS
33-0664; Figure 1d). The strongest (110) diffraction peak
indicates that these hematite nanowire arrays have a preferred
[110] direction on the substrate, which implies that they were
grown along the [110] axis. It has been reported that the
conductivity of hematite along the [110] axis is four orders of
magnitude higher than the [001] direction because of a hop-
ping mechanism related to Fe?*/Fe** mixed valence states.”!

The PEC performance of these hematite photoanodes was
measured in a deaerated (purged with N,) electrochemical
cell containing a coiled Pt wire counter-electrode and a Ag/
AgCl reference electrode, and using NaOH solution (1w,
pH 13.6) as the electrolyte. The measured potentials vs. Ag/
AgCl were converted to the reversible hydrogen electrode
(RHE) scale according to the Nernst equation:

Egue = Eag/aga +0.059 pH + E° 5001 (1)

where Egyg is the converted potential vs. RHE, E°jg 00 =
0.1976 V at 25°C, and Eagaqc is the experimentally measured
potential against the Ag/AgCl reference electrode. As shown
in Figure 2, the A-hematite sample (prepared in air) yields
a minimal photocurrent density in the potential range we
studied and under 100 mW cm? illumination. This is consis-
tent with previous results reported by our group and others, in
which a high temperature between 650 and 800°C is typically
required for activating these hematite samples to achieve
reasonable photoactivity.>!>?! In contrast, the N-hematite
sample (prepared in N, + air) shows pronounced photoactiv-
ity. It yields a photocurrent density of 1.82 mAcm 2 at 1.23 V
vs. RHE, and achieved a maximum value of 3.37 mAcm™ at
1.50 V vs. RHE (Figure 2 a). To our knowledge, this is the best
photocurrent density ever achieved by a photoanode based on
an undoped hematite nanowire. Furthermore, we have
performed amperometric /-t studies, at an applied voltage
of 1.5V vs. RHE at 100 mWcm 2, to examine the photo-
response of N-hematite over time. As shown in Figure S1 (see
the Supporting Information), the photocurrent density of N-
hematite is stable in a NaOH electrolyte solution (pH 13.6)
for at least one hour. The onset potential is about 1.0 V vs.
RHE, which is similar to other hematite photoanodes sintered
at a similar temperature without oxygen-evolving cata-
lysts.[** The onset potential of N-hematite dark current is
slightly shifted to higher potential, which could be because of
the increased overpotential resulting from increased oxygen
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Figure 2. a) Linear sweep voltammograms collected for A-hematite
(black lines) and N-hematite (gray lines), at a scan rate of 10 mVs™,
in a NaOH electrolyte solution (1M, pH 13.6) under illumination by
simulated solar light of 100 mWcm ™2 (——) and in the dark (-----).

b) Corresponding IPCE spectra for A-hematite (@——) and N-hematite
(m—), collected at potentials of 1.23 and 1.50 V vs. RHE (dark gray
and light gray, respectively).

vacancies (Fe’" sites) on the surface of the N-hematite
photoanode, as compared to that of the A-hematite. Fe*" sites
serve as recombination centers for photoexcited holes, which
could increase the overpotential for water oxidation."*

Incident photon-to-current conversion efficiencies
(IPCE) collected for hematite photoanodes as a function of
wavelength under bias at 1.23 and 1.50 V vs. RHE are shown
in Figure 2b. IPCE values were calculated from the photo-
current densities obtained under different wavelengths in
a range from 320 to 650 nm, and expressed as the following
equation:

IPCE = (1240 1)/ (M jgn) @

where I (mA cm™) is the photocurrent density, 4 (nm) is the
incident wavelength, and Ji;y, (mW cm™?) is the power density
of irradiance at a specific wavelength. The IPCE for A-
hematite measured at 1.50 V vs. RHE is 0.57 % at 390 nm,
which is consistent with its minimal photocurrent. N-hematite
shows significantly enhanced IPCE values over all wave-
lengths (320-650 nm). The sample yields maximum IPCE
values of 26 % and 64 % at 360 nm, measured at 1.23 V and
1.50 V vs. RHE, respectively. IPCE values gradually drop to
zero at wavelengths above 610 nm, in accordance with the
bandgap of hematite. To verify and correct a possible
discrepancy in incident light profile between our xenon
lamp setup (see the Experimental Section in the Supporting
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Information) and the standard global solar light (AM 1.5G,
100 mW cm?), we integrated the IPCE spectra of N-hematite
with a standard AM 1.5G spectral irradiance (ASTM G-173-
03). The photocurrent density / measured at 1.5V vs. RHE
was calculated according to the following equation:

650
I— / IPCE(1)E(1)d4 = 3.11 mA cm ™2 3)

320

where E(4) is the solar spectral irradiance at a specific
wavelength (1) and IPCE(A) is the obtained IPCE profile of
hematite sample as a function of wavelengths (1) at 1.50 V vs.
RHE (Supporting Information, Figure S2). The calculated
photocurrent, 3.11 mA cm ™, is only slightly smaller than the
value of 3.37mAcm 2 obtained experimentally by PEC
measurement (Figure 2a) at 1.50 V vs. RHE. It shows that
the discrepancy from the mismatch between the simulated
light used in the PEC experiments and the standard AM 1.5G
solar spectrum is minor. Importantly, the PEC results
unambiguously show that thermal activation of akaganeite
nanowire arrays in an oxygen-deficient atmosphere (N, + air)
at 550°C is a simple and effective means to prepare high-
performance hematite for water oxidation.

Understanding the mechanism of photoactivity enhance-
ment is important for the design and fabrication of hematite
photoanodes. Structural analysis confirms that there is no
obvious difference in morphology or crystal phase for
hematite nanowires prepared in the two environments
(Figure 1). The enhanced photocurrent in N-hematite (vs.
A-hematite) is believed to be because of the improved
conductivity resulting from the creation of V, by annealing
the sample in an oxygen-deficient atmosphere. V is known to
be a shallow donor for hematite.”’) To investigate the carrier
densities of hematite samples, their electrochemical impe-
dance values were measured in the dark at a frequency of
10 kHz. Mott-Schottky plots were generated based on the
capacitances derived from the electrochemical impedance
obtained at each potential (Figure 3a), in which the flat-band
potential (Vi) and the donor density (Vy) can be estimated.
The Vg for A-hematite and N-hematite were determined to
be 0.41 and 0.36 V vs. RHE, respectively, which is consistent
with the literature values for hematite.”” Their N, can be
determined from the Mott-Schottky equation:

Ng = (2/egez)[d(1/C*)dV]™! “)

where ¢, is the electron charge (1.602x107"° C) ¢ is the
dielectric constant of hematite (80),1'¥ &, is the permittivity of
vacuum (8.854 x 1072 Fm™), and C is the capacitance derived
from the electrochemical impedance obtained at each poten-
tial (V) with 10 kHz frequency in the dark. The donor density
of the N-hematite was calculated to be 3.65 x 10% cm ™3, which
is an order of magnitude higher than that of A-hematite
(3.34 x 10" cm ). The increased donor density improves the
conductivity, and thereby the collection efficiency of photo-
excited electrons.

Although the synthetic method for N-hematite does not
involve dopant, the enhanced donor density is expected to
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Figure 3. a) Mott-Schottky plots measured for A-hematite (m) and N-
hematite (@) nanowire films. The x intercepts of the linear best-fit lines
were used to estimate the flat-band potential (V;g). Inset: magnified
Mott-Schottky plot of N-hematite. b) Overlay of Fe 2p XPS spectra of
A-hematite (-----) and N-hematite (—) films, together with their
difference spectrum (“N-hematite” minus “A-hematite”). The vertical
dashed lines highlight the satellite peaks for Fe** and Fe?".

result from the creation of V during thermal activation in an
oxygen-deficient environment. To verify this hypothesis, we
measured Fe 2p core-level X-ray photoelectron spectroscopy
(XPS) spectra for N- and A-hematite as well as their
difference spectrum (Figure 3b). The Fe 2p;, peaks of both
samples are centered at binding energies of about 711.4 eV,
which is a typical value for Fe** in Fe,O; and Fe;0,.”** The
binding energy is not compatible with that of FeO.P! A
satellite peak of the Fe 2p;, main line is observed in both
samples at approximately 719 eV. This satellite is most likely
indicative of the presence of a Fe** species.””) Importantly,
there is no evidence to support the presence of Fe*" in A-
hematite, which should give rise to a satellite peak located at
716 eV.” In contrast, the N-hematite sample exhibits an
obvious satellite peak around 716 eV, which corresponds to
Fe?* (Figure 3b).*¥] The results suggest that Fe?* sites (Vo)
were created in N-hematite. Fe" (V) sites act as shallow
donors and therefore increase the donor density of hema-
tite,’! which is supported by the Mott—Schottky analysis.
Furthermore, valence band spectra of A- and N-hematite
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were measured by MgK, XPS (Supporting Information,
Figure S3). An estimate of the valence band maximum by
linear extrapolation to the baseline leads to band edge
positions of approximately 1.60 eV and 1.50 eV below the
Fermi energy for N-hematite and A-hematite samples,
respectively. The fact that the N-hematite sample exhibits
a slightly increased band edge position (vs. A-hematite)
indicates an increase in donor density. This result again
supports the hypothesis of increased donor density from
oxygen vacancy sites and is consistent with the results of the
Mott-Schottky studies.

We investigated the mechanism and the influence of
oxygen content during thermal treatment on the creation of
V,, and ultimately we were able to control the donor density
of hematite. The thermal decomposition of akaganeite to
hematite is a critical step, which can be described by the
following equation:

2FeOOH(S) — Fe,04(S) + H,0(g) (5)

B-FeOOH is a three-dimensional tunnel structure,*"
which is commonly formed by hydrolysis of FeCl; in an
acidic (pH 1.5) environment. It has been reported that the
resulting B-FeOOH typically contains chloride ions and
protons in the inner space of the tunnels.”**’ In an acidic
medium, B-FeOOH will uptake protons from solution as
shown in the following equation:**

FeOOH(S) + xH"(aq) — FeOOH,,,**(S) (6)

To balance the charge, a stoichiometric amount of
chloride ions will be captured by the crystal at the same
time. The chemical formula of akageneite can then be
expressed as FeOOH,, Cl,. The chloride concentration (x
value) varies based on the crystal size and synthetic con-
ditions, such as the pH value.®**l The captured chloride ions
can be released in the form of hydrogen chloride by reaction
with the water molecules produced by dehydroxylation upon
thermal treatment at 200 °C or higher. This reaction produces
oxygen as a side-product, as shown in the following equa-
tiOn :[38. 39]

2H,0 +4Cl" — 4HCl+ O, + 4e (7)

The oxygen-deficient environment could facilitate the
release of hydrogen chloride by shifting the reaction balance
towards the right-hand side [Eq. (7)]. We anticipate that the
released electrons would reduce Fe** to Fe?*. Therefore, the
thermal decomposition of chloride-containing akaganeite in
a N, atmosphere can be described as:

2FeOOH,, Cl,(s) —Fe,0;_,(S) + H,O(g)+ ®)
2xHCI(g) + 0.5x O, (g)

The O, molecules formed as a result of the dehyroxylation of
p-FeOOH would be removed by the N, gas flow. The
formation of a Fe,O;_, species with V and dual-oxidation
states (Fe?'/Fe®") is supported by XPS and Mott-Schottky
analysis. In contrast, an oxygen-rich atmosphere, such as air,
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hinders the release of hydrogen chloride, and akaganeite
could be completely converted into a-Fe,O; by the formation
of molecular chlorine through the oxidation of chloride by
oxygen:

2FeOOH, ,,Cl, (s)+0.5x O,(g) — .
Fe,04(S) + (0.5 + x) H,0(g) + xCl,(g) ©)

Based on the above hypothesis, there are two major
parameters in controlling the creation of V, in hematite: the
oxygen content during thermal treatment and the presence of
chloride ions. To confirm this hypothesis, we carried out the
thermal decomposition of akaganeite at 550°C for 2 h in three
different environments: oxygen-rich (air), oxygen-deficient
(N, +air) and zero-oxygen (high-purity N,) atmospheres.
Note that the oxygen-rich and deficient environments are the
same conditions used for preparing A- and N-hematite
samples. To create a zero-oxygen environment, a tube furnace
was placed under vacuum to a pressure of <20 mTorr and
then refilled with N,. This vacuum-fill process was repeated at
least three times to ensure that no/minimal air remained in
the tube. Akaganeite samples thermally treated in various
environments lead to films with different colors (Supporting
Information, Figure S4). The A- and N-hematite samples are
red, and the sample prepared in the zero-oxygen environment
is black. Raman spectra of the two red samples (Figure 4a)
can be indexed to the six characteristic Raman peaks of
hematite in the range of 200-800 cm™'.? However, the
intensity of characteristic Raman peaks for hematite are
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Figure 4. a) Raman spectra of akaganeite samples: thermally treated in
air (A-hematite), oxygen-deficient (N,+ air; N-hematite), N, environ-
ments (black film), and prepared by a Fe(NOs); precursor solution and
thermally treated in N, (No-Cl film). b) XRD spectrum collected for the
akaganeite samples thermally treated in N, at 550°C. Diffraction peaks
labeled with M(hkl) can be indexed to magnetite (JCPDS 19-0629). The
lines at the bottom indicate the diffraction peaks of SnO, (JCPDS 41-
1445) from the FTO substrate.
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completely absent in the black sample obtained in the high
purity N, atmosphere. XRD analysis confirms that the black
sample is magnetite (Fe;O,4) (Figure 4b). Conversion of
akaganeite to magnetite has been observed upon thermal
decomposition of akaganeite in vacuum.”! To investigate the
role of captured chloride ions in the thermal decomposition of
FeOOH into hematite, we prepared FeOOH without chloride
ions as a negative control. Chloride-free FeOOH was
synthesized under the same conditions, but the FeCl; pre-
cursor solution was replaced with a Fe(NOj); solution. The
pH value (1.5) was also adjusted by a HNO; solution instead
of HCI. FeOOH samples prepared with FeCl; or Fe(NOs);
precursor solutions thermally treated at 550 °C for 2 h in high-
purity N, atmosphere showed distinct results. In the absence
of chloride, the resulting sample is orange instead of black
(Supporting Information, Figure S4), and was determined to
be hematite by Raman spectroscopy (Figure 4a). To further
confirm the effect of chloride ions in the thermal decom-
position of akaganeite, we have carried out an additional
experiment. The resulting akaganeite samples were put into
NaOH solution (0.5M or 1m)at 55°C for 3 h to exchange the
Cl~ anions with OH .®! A control experiment where
akaganeite was soaked in deionized water at 55°C for 3 h
was carried out in parallel. We thermally treated both anion-
exchanged and control samples at 550°C in a zero-oxygen
atmosphere with continuous high-purity N, gas flow. As
shown in Figure S5 (see the Supporting Information), the
samples show different colors after thermal annealing. As
expected, the control sample turned black, which indicates
the formation of magnetite. In contrast, the anion-exchanged
samples (with 0.5M or 1M NaOH) are red, which is the typical
color for hematite. This experiment again confirms that the
Cl™ anions remaining in the akaganeite structure are essential
for the creation of Fe*' sites (V), and supports the proposed
akaganeite—magnetite transformation mechanism.

To summarize, thermal treatment of akaganeite nanowire
arrays in an oxygen-deficient environment at 550°C resulted
in significantly improved photoactivity for water oxidation, as
compared to samples that were thermally activated in air. The
hematite-nanowire-arrayed photoanode yields a photocurrent
density of 3.37 mA cm 2 at 1.50 V vs. RHE, which is the best
value reported to date for pristine hematite materials without
the incorporation of dopants or oxygen-evolving catalysts.
The enhancement in photoactivity is because of the increased
donor density resulting from the formation of Vg (Fe?"). The
presence of chloride ions and an oxygen-deficient environ-
ment are essential for the creation of Vo This work
demonstrated a simple and effective method for the prepa-
ration of highly photoactive hematite for use in PEC water
oxidation, without the need for dopants and at a relatively low
activation temperature.
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