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CoAl2O4–Fe2O3 p-n nanocomposite electrodes were deposited on Ag-coated stainless-steel
substrates and annealed at 800 °C. Their photoelectrochemical �PEC� properties were investigated
and compared with that of p-type CoAl2O4 films. We found that the nanocomposite electrodes
exhibit much improved PEC photoresponse as compared to the reference p-type CoAl2O4

electrodes. We speculate that the enhancement is due to the formation of a three-dimensional
junction between p-type CoAl2O4 and n-type Fe2O3 nanoparticles, which improves electron-hole
separation, thus reducing charge recombination upon light illumination. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3183585�

Transition-metal-oxide-based photoelectrochemical
�PEC� materials for the splitting of water under visible-light
illumination has attracted wide interest since the discovery of
photoinduced decomposition of water on TiO2 electrodes.1–5

To date, most investigations have focused on n-type materi-
als such as TiO2, ZnO, WO3, and Fe2O3 due to their ease of
synthesis and their potential stability in aqueous solutions.1–5

For water splitting, the use of both n-type and p-type semi-
conductors is often necessary.6 Unfortunately, most p-type
materials that have been identified are susceptible to
photocorrosion.7

Recently, Woodhouse et al.8,9 and our group10 reported
that the Co-based spinel oxides such as CoAl2O4 are possible
candidates as p-type oxide electrodes for PEC water split-
ting. These p-type oxides are found to be very stable in aque-
ous solution; however, the photoresponses of these oxides
was found to be weak.8,9 It is therefore necessary to develop
approaches to enhance their photoresponse.

Like other nanostructures, nanoparticles are often used
as an approach to enhance PEC response due to the greatly
increased surface areas. The electric field generated in the
depletion layer is generally necessary for photovoltaic de-
vices because it helps to separate the photogenerated
electron-hole pairs, reducing carrier recombination.11,12

Thus, attempts to suppress the recombination rate in the
nanostructures have been performed by energy-band engi-
neering or developing a p-n nanojunction.13

In this letter, we discuss our results with p-n nanocom-
posite electrodes consisting of p-CoAl2O4 and n-Fe2O3
nanoparticles for enhancing the PEC photoresponse. The per-
formance of these p-n nanocomposite electrodes is compared
with that of p-CoAl2O4 nanoparticles electrodes. All synthe-
sized electrodes exhibited p-type behavior and were very re-
sistant to photocorrosion. However, the nanocomposite elec-
trodes exhibited a much improved PEC photoresponse as

compared to the reference p-type CoAl2O4 electrodes.
The preparation of CoAl2O4–Fe2O3 p-n nanocomposite

film electrodes starts from dispersing CoAl2O4 and Fe2O3
nanoparticles �size �50 nm, Sigma-Aldrich Co.� in ethanol
by paint shaking for 2 h. Mixed nanoparticles with Fe2O3
concentrations from 5 to 20 wt % were prepared. These col-
loids were thoroughly dispersed using a conditioning mixer
by adding ethyl cellulose as the binder and �-terpineol as a
solvent for the pastes, followed by concentration using an
evaporator. The pastes were doctor-bladed on Ag-coated
stainless-steel substrates �Ag/SS�, followed by calcination at
800 °C for 4 h in air to remove the binder. All samples have
a similar film thickness of about 6 �m as measured by sty-
lus profilometry.

The structural and crystallinity characterizations were
performed by x-ray diffraction �XRD�. The surface morphol-
ogy was examined by field-emission scanning electron mi-
croscopy �FE-SEM�. PEC measurements were performed in
a three-electrode cell with a flat quartz window to facilitate
illumination of the photoelectrode surface.14,15 The nano-
composite films and the CoAl2O4 nanoparticle films �active
area: 0.25 cm2� were used as working electrodes. A Pt sheet
�area: 10 cm2� and an Ag/AgCl electrode �with saturated
KCl� were used as counter and reference electrodes, respec-
tively. A 0.5 M NaOH aqueous solution �pH�13� was used
as the electrolyte. The light source was a fiber-optic illumi-
nator �150 W tungsten-halogen lamp� with an ultraviolet
�UV�/infrared �IR� cutoff filter �350 nm���750 nm� to
highlight the interest in the visible spectrum. The applied
light intensity after the UV/IR filter was 75 mW /cm2, mea-
sured with a photodiode power meter.

When p-type and n-type nanoparticles are well mixed
together with good nanoparticle interconnection, a three-
dimensional p-n junction can be formed. To ensure quality
nanoparticle interconnection, the mixed nanoparticle films
need to be annealed at high temperature, here 800 °C �below
solid reaction temperature�. The widely used fluorine-doped
tin oxide-coated glass substrate is not suitable for this appli-
cation because it is thermally unstable at this annealing tem-
perature. We have therefore used Ag/SS as an alternative
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substrate because the solubility of Ag in Fe is extremely
small and the melting point of Ag is 960 °C. Figure 1�a�
shows XRD patterns for SS and Ag/SS before and after an-
nealing at 800 °C in air. The SS shows the formation of iron
oxide � � peaks� on the surface after the annealing, indicating
that SS is not appropriate as the substrate for CoAl2O4 elec-
trodes. This is because iron oxide has very poor electrical
conductivity, making it difficult to collect current from the
CoAl2O4 to the SS. On the other hand, Ag/SS exhibited no
evidence of formation of oxides after the annealing at
800 °C in air. Therefore, CoAl2O4–Fe2O3 nanocomposite
films could be coated on Ag/SS and annealed at 800 °C
without substrate deterioration �see the XRD curve of the
annealed CoAl2O4 /Ag /SS sample in Fig. 1�a��. The SEM
image shown in Fig. 1�b� indicates that the annealed nano-
composite electrode is nanoporous, and its particle size cor-
responds well to the crystallite size �33 nm� calculated from
the XRD peak around 36.8°. The particle size is also the
same as the unannealed particles, indicating that no obvious
solid reaction occurred during the annealing.

Figure 2�a� shows the PEC response for a pure CoAl2O4
nanoparticle electrode under light on/off conditions at �1 V.
When the light was on, cathodic photocurrents were regis-
tered, indicating that CoAl2O4 is a p-type semiconductor.
The photocurrent as a function of applied potential �from 0.0
to �1.0 V� is shown in Fig. 2�b�. It shows that the onset
potential of the photocurrent occurs at �0.2 V and the pho-
tocurrent saturates from �0.6 V. The inset in Fig. 2�b� shows
the stability of the electrode against photocorrosion when

operated at �1 V. It is seen that CoAl2O4 is very stable in the
basic solution, a property not typically seen for p-type mate-
rials.

Figure 3�a� shows the comparison of PEC responses of a
nanocomposite film with 5 wt % Fe2O3 and a reference
CoAl2O4 nanoparticle film. Again, the photocurrent is ca-
thodic, meaning that the overall electrode behaves as p-type.
The saturated photocurrents are lined up for comparison. It
shows clearly that the photocurrent with the nanocomposite
film is much larger than that with p-type CoAl2O4 nanopar-
ticle film only. Figure 3�b� shows the photocurrents at �1 V
for nanocomposite films with different amounts of Fe2O3.
It is seen that all CoAl2O4–Fe2O3 p-n nanocomposite films
exhibit much improved PEC responses over the CoAl2O4
nanoparticle film. However, the enhancement does not in-
crease linearly with the amount of Fe2O3 nanoparticles, be-
cause too much Fe2O3 would lead to a lower amount of
p-type CoAl2O4 and less contact area with electrolyte. The
highest photocurrent is seen with an Fe2O3 content of
5 wt %. Figure 3�c� shows photocurrent measured at �1 V as
a function as wavelength for the CoAl2O4 with 10 wt %
Fe2O3. It clearly shows that the photoresponse of the nano-
composite film only occurs at the wavelengths less than
�532 nm �2.33 eV�, which corresponds to the bandgap of
CoAl2O4, rather than that of Fe2O3. This result further indi-
cates that the enhanced photoresponses of nanocomposite
films are not due to the contribution from Fe2O3, but to the
reduced carrier recombination or carrier separation promoted
by the three-dimensional p-n junction. We also note the very
slow response time for these electrodes that is due to the
mechanism of charge transport in these materials. Both the
pure CoAl2O4 and the nanocomposite electrodes exhibit
slow carrier-transport kinetics due to the large effective
masses for both electrons and holes in CoAl2O4. The p-n
nanocomposite structure does not address this problem. Sug-
gestions on how to solve this problem will be published
elsewhere.16

Our hypothesis as to why the CoAl2O4–Fe2O3 p-n nano-
composite electrodes exhibit enhanced PEC performance
over the CoAl2O4 nanoparticle films is as follows: when
p-type CoAl2O4 and n-type Fe2O3 nanoparticles are inter-
connected, a three-dimensional p-n junction can form with
their valance bands and conduction bands �CBs� offset, as
shown in Fig. 3�d�. Unlike conventional p-n junctions, no

FIG. 1. �Color online� �a� XRD curve of unannealed and annealed SS sub-
strates, annealed Ag/SS substrate, and CoAl2O4 /Ag /SS. �b� SEM image of
annealed CoAl2O4 /Ag /SS.

FIG. 2. �Color online� �a� PEC response measured for pure CoAl2O4 nanoparticle electrode with a time under the light on/off conditions at constant �1 V. �d�
Measured I-V curve for pure CoAl2O4 nanoparticle electrode.
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traditional depletion region—and thus, no built-in electrical
field—is expected at the CoAl2O4 /Fe2O3 and electrode/
electrolyte interfaces due to the nanoparticle structure. This
built-in electrical field in conventional p-n junction usually
promotes holes to the p-side and electrons to the n-side of
the junction, which, in this case, is not desirable for water
splitting. However, in this case, upon illumination, photoge-
nerated electron-hole pairs will be separated due to the band
offset, leading to reduced carrier recombination. Electrons
will be injected into Fe2O3 and holes will remain in
CoAl2O4. The electron injection will be much faster kineti-
cally than the hydrogen reaction at the CoAl2O4 surface.
Thus, hydrogen will be preferentially evolved at the Fe2O3
sites. We speculate that the enhancement on PEC perfor-
mance is due to the formation of a three-dimensional p-n
junction, which promotes photogenerated carrier separation
and reduces their recombination. However, when an exces-
sively large amount of Fe2O3 nanoparticles is added in the
film, Fe2O3 nanoparticles could shadow the CoAl2O4 and/or
block interparticle hole-transport through nanoporous
CoAl2O4 and thus limit the enhancement of photocurrent.

In summary, CoAl2O4–Fe2O3 p-n nanocomposite elec-
trodes were deposited on Ag-coated stainless steel and
annealed at 800 °C. We found that the nanocomposite
electrodes exhibited much improved photoresponses as com-
pared to p-type CoAl2O4 only. We attribute the improvement
to the band offset at the three-dimensional p-n junction in-
terface, which promotes photogenerated carrier separation
and reduces carrier recombination.

This work is supported by the U.S. Department of
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FIG. 3. �Color online� �a� Comparison of PEC responses for pure CoAl2O4 nanoparticle and p-n nanocomposite electrodes under the light on/off conditions
at �1 V. �b� Photocurrents at �1 V for nanocomposite films with different amount of Fe2O3. �c� Photocurrent at �1 V as a function as incident monochromatic
light wavelength for the CoAl2O4 nanocomposite with 10 wt % Fe2O3. �d� Band diagram for p-type CoAl2O4 and n-type Fe2O3 nanocomposite.
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