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ABSTRACT: We report the highest external quantum
efficiency measured on hematite (R-Fe2O3) without inten-
tional doping in a water-splitting environment: 46% at λ =
400 nm. This result was enabled by the introduction of TiSi2
nanonets, which are highly conductive and have suitably high
surface areas. The nanonets serve a dual role as a structural
support and an efficient charge collector, allowing for max-
imum photon-to-charge conversion. Without the addition of
any oxygen-evolving catalysts, we obtained photocurrents of
1.6 and 2.7 mA/cm2 at 1.23 and 1.53 V vs RHE, respectively.
These results highlight the importance of charge transport in
semiconductor-based water splitting, particularly for materi-
als whose performance is limited by poor charge diffusion.
Our design introduces material components to provide a
dedicated charge-transport pathway, alleviating the reliance
on the materials’ intrinsic properties, and therefore has the
potential to greatly broaden where and how various existing
materials can be used in energy-related applications.

Semiconductors hold great promise for high-efficiency solar
water splitting as a form of solar energy harvesting and storage.

Since the first demonstration using TiO2,
1 a large number of

materials have been studied for this application.2,3 Among them,
hematite (R-Fe2O3) stands out for at least two important reasons:
(1) its band gap (2.0-2.2 eV) is close to the optimum requirement
for a single-junction system, and (2) it consists of two abundant
elements and therefore is low-cost and amenable to large-scale
implementations.4-7 Despite intense effort, however, research on
using hematite for solar water splitting is progressing at a slow pace
because of several challenges presented by the material’s intrinsic
properties. For instance, the charge-diffusion distance in Fe2O3 is
notoriously short (on the order of a few to tens of nanometers),
making collection of photogenerated charges extremely difficult.
Much ongoing effort is focused on addressing this problem by
doping Fe2O3 to increase the charge-diffusion distance,4,8 innovat-
ing its morphology to improve charge collection,6,9 or both.
Employing a chemical vapor deposition (CVD) protocol, Sivula,
Gr€atzel, and co-workers7 have been able to achieve photocurrents of
2.3 and 3.0 mA/cm2 without and with oxygen-evolving catalysts,
respectively, at 1.23 V versus a reversible hydrogen electrode (RHE;
all potentials appearing hereafter are relative to RHE) on a cauli-
flower-type hematite nanostructure. In an effort to develop an
approach that can be readily and broadly applied to other systems,
we have exploited the idea of forming nanoscale heterostructures. By

having a dedicated charge-transport pathway, our design enables
efficient charge collection.We have shown that this design improves
the performance of TiO2 and WO3, respectively.

10,11 In this
communication, we extend this design principle to hematite and
demonstrate that high performance can be achieved on Fe2O3

without intentional doping or catalyst decorations.
A key factor enabling our design is our discovery of the TiSi2

nanonet, which exhibits high conductivity and suitably high surface
area.12 As illustrated in Figure 1a, when a thin Fe2O3 layer is
interfaced with a TiSi2 nanonet, the longest distance from anywhere
in the semiconductor to a location where charges can be scavenged
(byH2O oxidation in the solution) or transported (by TiSi2) can be
shorter than the charge-diffusion distance, permitting effective
charge collection. To actualize the full potential of this design, it is
important to synthesize high-quality hematite that is thin and covers
the TiSi2 nanonet uniformly. To accomplish this goal, we used an
atomic layer deposition (ALD) technique. With Fe2(O

tBu)6 and
H2O as the Fe and O precursors,13 respectively, we were able to
achieve Fe2O3 growth with precise control over the thickness.
Postgrowth annealing at 500 �C in O2 was found to improve the
crystallinity of the hematite, as evidenced by structural characteriza-
tion. More details on the synthesis and postgrowth treatment are
available in the Supporting Information (SI). Of importance to our
design principles are the requirements that the Fe2O3 coating
around the TiSi2 nanonet be uniform (Figure 1b) and the interface
between Fe2O3 and TiSi2 be defect-free (Figure 1c). This allows for
charge transfer from Fe2O3 to TiSi2 without significant impedance,
as confirmed by our electrochemical impedance spectroscopy (EIS)
measurements (see Figure 3, the details of which will be discussed
later in this communication). We note that although Fe2O3

synthesis by ALD has been reported previously,13,14 it has not been
studied for water-splitting reactions. The present work is therefore
new and significant.

After their preparation, the Fe2O3/TiSi2 heterostructures
(Fe2O3 thickness 25 nm)

15 were made into electrodes in a fashion
similar to that reported by us previously10 (also see the SI). The
electrolyte was NaOH (1M); the counter electrode was a Pt mesh,
and the reference electrode was Hg/HgO in NaOH (1 M). The
light source for all of the data presented in this communication,
including that for the monochromic light, was a solar simulator
(Oriel model 96000) whose intensity was adjusted to 100mW/cm2

using with an AM 1.5 filter). In the dark, no substantial current
(<10 μA/cm2) was observed up to 1.60 V, indicating that a band
bending was formed between Fe2O3 and the electrolyte, resulting in
a built-in field that prevented significant charge transfer from the
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solution to the semiconductor (or vice versa). In contrast, a large
current wasmeasured when the electrode was illuminated (2.7mA/
cm2 at 1.53 V and 1.6 mA/cm2 at 1.23 V; Figure 2a). Importantly
these measurements were performed on Fe2O3 without any
cocatalysts. Although these values are lower than those reported
in ref 7, they are higher than those inmost other existing reports, and
to the best of our knowledge, they are the highest measured on
Fe2O3 without intentional doping.

16 This result provides evidence
that the heteronanostructure design is an alternative to doping for
improvement of charge collection. Further increases in the photo-
current should be possible by, for example, using cocatalysts to lower
the onset potential (presently ∼0.90 V).3,7,17

The incident photon-to-charge conversion efficiencies (IPCEs) of
the Fe2O3/TiSi2 heterostructure and a planar hematite film were
measured as a function of wavelength, and the data are plotted in
Figure 2c. We emphasize the difference between the performance of
the heteronanostructures and that of the planar films, the former
being nearly twice as high as the latter. The highest IPCE measured
for the nanostructure (46% at λ = 400 nm) is equal to or better than
those in existing reports. That it is significantly lower than those of
TiO2 orWO3 (typically >80%) suggests that there is plenty of room
for improvement in either light absorption, charge collection, or both.
To understand which factor is more important, we examined the
adsorbed photon-to-charge conversion efficiency (APCE) of planar
Fe2O3 (25 nm) grown on fluorinated tin oxide (FTO)-coated glass.
As shown in Figure 2d, the APCE of the Fe2O3 thin film is on the
same level as the IPCE of the Fe2O3/TiSi2 heterostructure. Lower
APCEs were measured on thicker Fe2O3 films, presumably because
of the poorer charge collection. Our ability to prepare ultrathin
crystalline Fe2O3 allowed us to measure the internal quantum

efficiencies without being confounded by poor charge collection.
This result further reveals that even when only the absorbed photons
(Figure 2b) were considered, a relatively low (<50%) quantum
efficiency was measured, and the efficiency was especially low in the
long-wavelength range, where the excited electrons have lower energy
(e.g.,∼16% at 500 nm). This finding is in line with current literature
reports that the quantum yield for converting photons with energies
close to the Fe2O3 band edge is low. We note that this issue may be
addressed by doping and that our design and the doping strategy are
not exclusive to each other because there are no fundamental reasons
that would prevent us from taking advantage of doped Fe2O3.We are
currently in the process of combining doped Fe2O3 with TiSi2
nanonets and examining the resulting materials. Nonetheless, it is
important to point out that the data in Figure 2 also prove the power
of the heterostructure design, which exhibits the highest IPCE
measured on undoped Fe2O3.

Because a low impedance across the interface betweenFe2O3 and
TiSi2 is critical for the realization of the nanonet-based design, we
carried out detailed study of this interface using EIS in the dark
under steady-state conditions. Briefly, a potential (varying from 0.8
to 2.1V) was applied, and the systemwas allowed to equilibrate for 5
min. Afterward, an alternating-current (AC) perturbation of the
applied potential (with a magnitude of 5 mV and frequencies
changing from 100 000 to 1 Hz) was exerted, and the impedance
changes in response to the perturbationweremeasured. A typical set
of data (at 1.9V) is plotted in Figure 3a in the formof aNyquist plot.
Following protocols reported by others and us,18 we then employed
an equivalent electrical circuit to analyze the data. This technique
allowed us to single out two important elements of the system in a
quantitative fashion: the series resistance (including that between
TiSi2 and Fe2O3) and the capacitance of the depletion regionwithin

Figure 2. Photoelectrochemical (PEC) properties of TiSi2/Fe2O3

heteronanostructures. (a) Characteristic PEC data of an Fe2O3/TiSi2
heteronanostructure and a planar hematite film. (b) Absorption spec-
trum of the Fe2O3 film (see the SI for more experimental details). (c)
Comparison of the external quantum efficiencies (IPCEs) of Fe2O3 with
and without TiSi2 nanonets (measured at V = 1.53 V vs RHE). The
introduction of a highly conductive component increases the IPCE
significantly. (d) Internal quantum efficiency (APCE) of planar Fe2O3

on FTO-coated glass, calculated from the IPCE and the absorption
spectrum (see the SI).

Figure 1. (a) Schematic illustration of the design principle, which
involves the use of a highly conductive TiSi2 nanonet as an effective
charge collector. The electronic band structure is shown in the enlarged
cross-sectional view. Efficient charge collection is achieved when the
hematite thickness is smaller than the charge-diffusion distance. (b)
Low-magnification transmission electron microscopy (TEM) image
showing the structural complexity of a typical heteronanostructure
and its TiSi2 core/hematite shell nature. (c) High-resolution (HR)
TEMdata. A dashed line has been added at the interface as a guide to the
eyes. Insets: (left) lattice-fringe-resolved HRTEM image showing the
hematite lattice spacings for (110) (0.250 nm) and (330) (0.145 nm);
(right) electron diffraction pattern of hematite.
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Fe2O3 (Figure 3b). The variation of the measured series resistance
(∼8 Ω) as a function of the applied potential was minimal, sugg-
esting efficient charge transfer from Fe2O3 to the TiSi2 nanonet and
then to the charge collector. The measured depletion-region capaci-
tance, on the other hand, decreased monotonically with increasing
potential as described by theMott-Schottky (M-S) relation, fitting
to which (between 0.8 and 1.1 V vs RHE) yielded two important
properties of the Fe2O3: the flatband potential (Vfb = 0.67 V) and the
charge-carrier concentration (2.0� 1016 carriers/cm3) (more details
about these experiments and the data analysis are provided in the
SI).19 Alternatively, the M-S plot could have been obtained by
directlymeasuring the capacitance of the system.However, because of
the complexities of the semiconductor-electrolyte interfaces, this
approach failed to yield meaningful values of Vfb and the carrier
concentration. We note that the measured Vfb falls in the relevant
range that has been reported in the literature but is higher than Vfb
values for Fe2O3 produced by Sivula, Gr€atzel, and co-workers.

7 The
difference may be a result of the low carrier concentration of our
material, which also indicates the purity of the ALD-produced Fe2O3

coating.We also note thatHamann et al.15b recently reported that the
M-S method may not be applicable to structures other than planar
ones.The quantitative information reportedhere nonetheless permits
comparison with existing literature reports. Future studies will be
focused on improving the performance of the heterostructures by
utilizing doped Fe2O3 as well as reducing the surface overpotential
through the introduction of cocatalysts.

In conclusion, research on using hematite to absorb solar light
and split water is moving at a slow pace despite the positive
prospects arising from its suitable band gap and low cost, and the
limiting factor has been the intrinsic physical and chemical proper-
ties of this material. We proposed to meet the challenge by
introducing the TiSi2 nanonet as a dedicated charge transporter
that should improve the charge collection and thus should have the
potential to make solar water splitting practical. A record-high
photocurrent of 2.7 mA/cm2 was measured on undoped Fe2O3;
the quantum efficiency measurements (46% at λ = 400 nm)
indicated that by this approach we approached the maximum limit
of what can be measured on Fe2O3 without intentional doping.
Future studieswill be focused on improving the collection of charges
generated by long-wavelength photons close to the band-gap edge
by doping as well as adding cocatalysts.
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