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Abstract: P-type Cu2O has been long considered as an
attractive photocatalyst for photocatalytic water reduction,
but few successful examples has been reported. Here, we report
the synthesis of TiO2 (core)/Cu2O (ultrathin film shell) nano-
rods by a redox reaction between Cu2+ and in-situ generated
Ti3+ when Cu2+-exchanged H-titanate nanotubes are calcined
in air. Owing to the strong TiO2-Cu2O interfacial interaction,
TiO2 (core)/Cu2O (ultrathin film shell) nanorods are highly
active and stable in photocatalytic water reduction. The TiO2

core and Cu2O ultrathin film shell respectively act as the
photosensitizer and cocatalyst, and both the photoexcited
electrons in the conduction band and the holes in the valence
band of TiO2 respectively transfer to the conduction band and
valence band of the Cu2O ultrathin film shell. Our results
unambiguously show that Cu2O itself can act as the highly
active and stable cocatalyst for photocatalytic water reduction.

Efficient utilization of solar energy is an attractive and
sustainable solution to the energy problem. Hydrogen
produced by photocatalytic water splitting over semiconduc-
tors by the direct use of sunlight offers a clean and renewable
chemical fuel. Since this process is expected to be industrial-
ized at a very large scale, the semiconductor photocatalyst
must be low-cost and fabricated from abundant materials
using scalable preparation routes. Cuprous oxide (Cu2O), a p-
type oxide with a direct bandgap of 2 eV, has been attracting
great interest as the photocatalyst for solar water splitting
because of its favorable energy band positions and abundance
in the earth, but Cu2O itself is not stable under solar or
photoelectrochemical water splitting conditions.[1–5] Protec-
tion of electrodeposited Cu2O photocathodes with oxide thin

overlayers has been examined as an approach for its
application in photoelectrochemical water reduction.[6–8] An
electrodeposited Cu2O photocathode protected by nanolay-
ers of aluminum-doped zinc oxide and titanium oxide, and
activated by electrodeposited platinum nanoparticles, ach-
ieved a Faradaic efficiency close to 100 % and remained active
after 1 hour of testing,[7] but only 62% activity remained after
10 h of testing.[8] Cu2O has also been extensively demon-
strated as an efficient cocatalyst conjugated with the n-type
semiconductor TiO2 to fabricate the p-n heterojunction in
which photoexcited holes transfer from the valence band of
TiO2 to the valence band of Cu2O and participate in photo-
oxidation reactions therein.[9–13] However, the utilization of
Cu2O itself as active and stable photocatalyst for solar water
reduction to hydrogen remains a great challenge and success-
ful examples are few.[14] Herein, we report a highly active and
stable TiO2 (core)/Cu2O (ultrathin film shell) nanorod photo-
catalyst in solar water reduction, with methanol as the
sacrificial agent, in which the TiO2 core absorbs the light
and both the photoexcited electrons and holes of TiO2

transfer to the Cu2O ultrathin film shell to catalyze the
water reduction to produce H2 and the methanol oxidation,
respectively.

The TiO2 (core)/Cu2O (ultrathin film shell) nanorods were
synthesized by a redox reaction between Cu2+ and in-situ
generated Ti3+ (oxygen-vacancy) when Cu2+-exchanged H-
titanate nanotubes are calcined in air at 450 88C for 2 h
(Scheme 1). The H-titanate exhibits multilayer nanotube
structures opening at both ends with interlayer distances of
about 0.8 nm, outer diameters less than 12 nm, and lengths
from tens up to several hundred nanometers (Supporting
Information, Figure S1). The protons in the interlayers of H-
titanate nanotubes were demonstrated to facilely exchange
with various metal cations,[15, 16] and metal-ion-exchanged
titanate nanotubes have been used as precursors to prepare
TiO2-based oxide nanocomposites.[17, 18] We prepared Cu2+-
exchanged H-titanate nanotubes with calculated Cu weight
ratios up to 5% (Figure S2), and calcined them in air at 450 88C

Scheme 1. Illustration of the synthesis of TiO2 (core)/Cu2O (ultrathin
film shell) nanorods from Cu2+-titanate nanotubes.
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for 2 h to acquire the CuOx/TiO2 composites. As summarized
in Table S1, the actual Cu amount of CuOx/TiO2 composites
was determined be similar to the calculated values, and their
specific surface areas and pore size distributions are similar.
Their XRD patterns (Figure S3) only exhibit the diffraction
peaks of anatase TiO2, indicating high dispersions of resultant
Cu species.

Anatase TiO2 nanorods with diameters of 8–15 nm and
lengths of several hundred nanometers were acquired when
the H-titanate nanotubes were calcined in air at 450 88C for 2 h
(Figure S4), agreeing with previous reports.[19] The TEM
images show that all CuOx/TiO2 composites retain the
morphology of nanorods (Figure 1A1–E1). The diffraction
patterns arising from anatase TiO2 and cubic phase Cu2O
were identified in the ED patterns of CuOx/TiO2 composites
with Cu loadings up to 1% wt, while those arising from
anatase TiO2, cubic phase Cu2O, and monoclinic phase CuO
were identified in the 5% wt-CuOx/TiO2 composite. The

HRTEM images of 0.05% wt-CuOx/TiO2 (Figure 1 A2 and
Figure S5) demonstrate the formation of Cu2O films with 1–
2 nm thicknesses on TiO2. The thickness of Cu2O films
gradually increases with the copper loading in CuOx/TiO2

composites, and in the 1%wt-CuOx/TiO2 composite, the
thickest Cu2O film can reach a thickness of approximately
7 nm (Figure 1B2–D2 and Figures S6–S8). With the further
increase of the copper loading to 5% wt, (Figure 1E2 and
Figure S9), Cu nanoparticles (NPs) with 2–4 nm sizes were
observed on the Cu2O thin films, but the presence of CuO,
instead of Cu, was identified by the ED pattern. This indicates
the electron radiation-induced reduction of fine CuO NPs
into Cu NPs. These results suggest the formation of TiO2

(core)/Cu2O (ultrathin film shell) nanorods for CuOx/TiO2

composites up to 1%wt whose Cu2O shell thickness increases
with the copper loading, and the formation of CuO NP-
decorated TiO2 (core)/Cu2O (ultrathin film shell) nanorods
for the 5%wt-CuOx/TiO2 composite.

Figure 2A shows the TEM image of a single 1% wt-CuOx/
TiO2 nanorod and its HRTEM images of selected regions.
Lattice fringes of Cu2O are clearly visible from the edge to the
center throughout the nanorod, while lattice fringes of
anatase TiO2 appear at regions 2–7 nm away from the edge.
This suggests the formation of a complete TiO2 (core)/Cu2O
(ultrathin film shell) nanorod structure. Figure 2B shows the
STEM image and corresponding Ti K, Cu K, O K EDS

Figure 1. Representative TEM and HRTEM images of (A1 and A2)
0.05%wt-CuOx/TiO2, (B1 and B2) 0.2%wt-CuOx/TiO2, (C1 and C2)
0.5%wt-CuOx/TiO2, (D1 and D2) 1%wt-CuOx/TiO2, and (E1 and E2)
5%wt-CuOx/TiO2 composites. The inset shows the electron diffraction
(ED).

Figure 2. A) TEM image of a single TiO2 (core)/Cu2O (ultrathin film
shell) nanorod of 1%wt-CuOx/TiO2 composite and the HRTEM images
of (A-a) region a, (A-b) region b, and (A-c) region c of the nanorod.
B) STEM image and corresponding EDX mapping images of a single
TiO2 (core)/Cu2O (ultrathin film shell) nanorod of 1%wt-CuOx/TiO2

composite.
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mapping images of part of a single 1% wt-CuOx/TiO2 nano-
rod. Elemental mapping images of 1% wt-CuOx/TiO2 nano-
rods at a large scale, including EDS mapping images and
energy-filtered TEM images (Supporting Information, Figur-
es S10 and S11). All the mapping images demonstrate the
continuous distribution of Cu on the surfaces of the nanorods,
further confirming the formation of uniform TiO2 (core)/
Cu2O (ultrathin film shell) nanorod structure in the 1%wt-
CuOx/TiO2 composite in which a continuous ultrathin Cu2O
film thinner than 7 nm uniformly covers the TiO2 nanorod
core.

The structural and compositional evolutions of CuOx/TiO2

composites were further spectroscopically characterized by
XPS and in-situ DRIFTS of CO adsorption. The Ti 2p XPS
spectra of all CuOx/TiO2 composites are similar, exhibiting
a single component with its Ti 2p3/2 binding energy at 458.6 eV
(Figure S12), the characteristic of TiO2.

[20] The CuOx/TiO2

composites with the Cu loadings up to 1 %wt exhibit
a single Cu 2p component with its Cu 2p3/2 binding energy
at approximately 932.4 eV whose intensity grows with the Cu
loading (Figure 3 A). With the further increase of the copper

loading above 1%wt, another Cu 2p component appears with
its Cu 2p3/2 binding energy at ca. 933.6 eV and grows at the
expense of the Cu 2p component at ca. 932.4 eV. This
component is also accompanied by a satellite peak at
942.7 eV. The Cu components with the Cu 2p3/2 binding
energies at ca. 932.4 and 933.6 eV can be assigned to Cu2O
and CuO, respectively.[20] Thus the XPS results demonstrate
that only Cu2O is formed in the surface regions of CuOx/TiO2

composites with Cu loadings up to 1% wt-CuOx/TiO2, while
both Cu2O and CuO are formed in the surface regions of
CuOx/TiO2 composites with copper loadings above 1%wt,
agreeing with above TEM results.

In the in-situ DRIFTS spectra of CO adsorption on bare
TiO2 nanorods at 173 K (Figure 3B), a strong C¢O stretch
vibration feature was observed at 2181 cm¢1 and could be
assigned to CO(a) at the Ti4+ sites.[21] This feature significantly
weakens for 0.05% wt-CuOx/TiO2 (note that the intensity of

in-situ DRIFTS spectra of CO adsorption on bare TiO2

nanorods was divided by 50) and another feature at
2105 cm¢1 arising from CO(a) at the Cu+ sites[22] appears.
This observation not only confirms the formation of Cu2O, but
also demonstrates that the formed Cu2O in 0.05%wt-CuOx/
TiO2 already almost fully covers the TiO2 nanorods. With the
increase of the copper loading, the feature of CO(a) at the
Ti4+ sites keeps decreasing and vanishes for CuOx/TiO2

composites with 1% wt copper loading and above, indicating
the gradual formation of continuous Cu2O film fully covering
the TiO2 nanorods; meanwhile, the feature of CO(a) at the
Cu+ sites keeps increasing until 1% wt-CuOx/TiO2 and then
slightly decreases for 2 %wt-CuOx/TiO2. CuO NPs were well
established not to adsorb CO,[22] thus the presence of CuO
NPs in 2% wt-CuOx/TiO2 decreases the amount of accessible
Cu2O for CO adsorption. These CO adsorption results
support the formation of a perfect TiO2 (core)/Cu2O (ultra-
thin film shell) nanorod structure for the 1 %wt-CuOx/TiO2

composite.
The above microscopic and spectroscopic characterization

results demonstrate the formation of TiO2 (core)/Cu2O
(ultrathin film shell) nanorod structures for the CuOx/TiO2

composites with Cu loadings up to 1% wt and CuO NP-
decorated TiO2 (core)/Cu2O (ultrathin film shell) nanorods
for the composites with copper loadings above 1%wt.
Therefore, redox reactions must occur during the calcination
of Cu2+-exchanged H-titanate nanotubes at 450 88C to form
Cu2O. We explored the likely mechanisms with EPR, and the
results are shown in Figure 4A. Hydrogen titanate exhibits no

EPR signal, but after its calcination in air at 450 88C for 2 h, the
acquired anatase TiO2 nanorods show a strong EPR signal at
g = 1.974 that can be assigned to Ti3+.[23] Therefore, Ti3+ and
accompanying oxygen vacancies are created during the
dehydration reaction of hydrogen titanate to produce TiO2.
With the increase of the copper loading in CuOx/TiO2

composites up to 1 wt %, the Ti3+ EPR signal weakens
quickly and disappears at 1% wt-CuOx/TiO2. These EPR
results suggest that the in-situ generated Ti3+ should react
with Cu2+ to form Cu2O and Ti4+ and be exactly consumed in
1% wt-CuOx/TiO2 when Cu2+-exchanged H-titanate nano-
tubes are calcined in air at 450 88C for 2 h. The produced Cu2O
strongly interacts with and fully wets the simultaneously

Figure 3. A) Cu 2p3/2 XPS spectra and B) in-situ DRIFTS spectra of CO
adsorption of (a) 0.05%wt-CuOx/TiO2, (b) 0.2%wt-CuOx/TiO2, (c)
0.5%wt-CuOx/TiO2, (d) 1%wt-CuOx/TiO2, (e) 2%wt-CuOx/TiO2, and
(f) 5%wt-CuOx/TiO2 composites. The in-situ DRIFTS spectrum of CO
adsorption on bare TiO2 nanorods is also included as the comparison.

Figure 4. A) EPR spectra, B) Cu K-edge XANES spectra, and C) differ-
entiated Cu K-edge XANES spectra of (a) 0.05%wt-CuOx/TiO2, (b)
0.2%wt-CuOx/TiO2, (c) 0.5%wt-CuOx/TiO2, (d) 1%wt-CuOx/TiO2, (e)
2%wt-CuOx/TiO2, and (f) 5%wt-CuOx/TiO2 composites.
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resultant TiO2 nanorods to eventually form the continuous
Cu2O ultrathin film, leading to the TiO2 (core)/Cu2O (ultra-
thin film shell) nanorod structure. The strong Cu2O–TiO2

interaction can stabilize Cu2O not to be oxidized upon
calcination in air at 450 88C. However, the stabilization effect
depends on the Cu2O film thickness. In 2% wt- and 5%wt-
CuOx/TiO2 composites, CuO NPs form on the surface and
accordingly EPR results show that some Ti3+ is not consumed.

An EPR signal at g = 2.114 arising from Cu2+[24] was
observed to emerge and grow with the copper loading
(Figure 4A), demonstrating the presence of Cu2+ in all of
the CuOx/TiO2 composites. The observation of Cu2+ by EPR,
but not by XPS, in CuOx/TiO2 composites with the Cu
loadings up to 1% wt indicates that the Cu2+ should locate in
the bulk. In other words, the anatase TiO2 of CuOx/TiO2

composites is doped with Cu2+. The Cu K-edge XANES
spectra of CuOx/TiO2 composites (Figure 4 B) and the corre-
sponding differential spectra (Figure 4C) confirm the pres-
ence of both Cu2O and Cu2+, and further demonstrate that the
Cu2+ dopants in TiO2 exhibit a CuO-like (fourfold-coordina-
tion tetrahedral) local environment at low copper loadings,
but both CuO-like and Cu(NO3)2-like (sixfold coordination
octahedra) local environments at large copper loadings.
Similar results were also observed in Cu2+-doped TiO2

samples.[25]

The structures and compositions of 1%wt-Cu2+-
exchanged H-titanate calcined in air at different temperatures
for 2 h were also characterized (Figure S13). With the
increase of the calcination temperature up to 450 88C, only
Cu2O was observed in the Cu 2p XPS spectra of acquired
CuOx/TiO2 composites and its intensity keeps increasing
whereas the Cu2+ EPR signal keep decreasing and no Ti3+

EPR signal could be observed. For the CuOx/TiO2 composite
prepared by the calcination at 550 88C, CuO was observed at
the expense of Cu2O in the Cu 2p XPS spectrum and a tiny
Ti3+ signal emerges in the corresponding EPR spectrum. Thus
the Cu2O formation is positively correlated to the Ti3+ and
Cu2+ consumptions, further supporting the occurrence of the
redox reaction between Cu2+ and Ti3+ to form Cu2O and Ti4+.
These results also demonstrate that the stabilizing effect of
the Cu2O–TiO2 interaction on the oxidation-resistance of
Cu2O thin films depends on the calcination temperature.

Figure 5A shows the photocatalytic activity of TiO2 and
CuOx/TiO2 composites in the H2 production in methanol
aqueous reduction under simulated solar light irradiation.
Under our photocatalytic reaction conditions, P25 and 1%wt-
Pt/P25 samples exhibit photocatalytic activity of 45.3 and
9950 mmol h¢1 g¢1, respectively (Figure S14). The bare anatase
TiO2 nanorods exhibit photocatalytic activity of
83.7 mmolh¢1 g¢1. CuOx/TiO2 composites are much more
photocatalytic active than bare TiO2, and their H2 yield
increase from 332.7 mmolh¢1 g¢1 for 0.05%wt-CuOx/TiO2 to
the maximum 1523.2 mmolh¢1 g¢1 for 1% wt-CuOx/TiO2, and
then decrease to 1193.4 mmolh¢1 g¢1 for 2% wt-CuOx/TiO2

and further to 669.7 mmolh¢1 g¢1 for 5% wt-CuOx/TiO2. The
quantum efficiency of our 1%wt-CuOx/TiO2 composite was
measured to be 7.05% at 365 nm. Although much poorer than
1%wt-Pt/P25, the H2 yield and the quantum efficiency of our
1%wt-CuOx/TiO2 composite are among the best data for Cu-

containing TiO2 photocatalysts for the H2 production in
methanol aqueous reduction under simulated solar light
irradiation (Table S2). Both the steady-state and the time-
resolved photoluminescence spectra (Figure S15) demon-
strate that the separation of photon-excited electrons and
holes is most efficient within 1 %wt-CuOx/TiO2 among all
CuOx/TiO2 composites, consistent with its highest photo-
catalytic H2 production. The UV/Vis DRS spectra (Fig-
ure S16) shows that CuOx/TiO2 composites absorbs the visible
light owing to the presence of Cu2O, and the absorbance
increases with the Cu loading; however, no H2 production was
detected for all of the CuOx/TiO2 composites when the UV
region below 400 nm of the used simulated solar light was cut
off. Therefore, the photocatalytic H2 production of CuOx/TiO2

composites under simulated solar light irradiation should be
contributed by the UV light absorbed by TiO2 but barely by
the visible light absorbed by Cu2O. Within our TiO2 (core)/
Cu2O (ultrathin film shell) nanorods, the photoexcited
electrons in the conduction band of TiO2 core reasonably
could not directly participate in the water reduction owing to
the inaccessibility of the TiO2 core to water. Therefore, in the
TiO2 (core)/Cu2O (ultrathin film shell) nanorods the TiO2

core acts as the photosensitizer and the Cu2O ultrathin film
shell acts as the cocatalyst for both the photocatalytic water
reduction reaction and the photocatalytic methanol oxidation
reaction.

The photocatalytic reaction results suggest that, within
our TiO2 (core)/Cu2O (ultrathin film shell) nanorods, the
holes in the valence band of the TiO2 core are reasonably

Figure 5. A) Photocatalytic activity for the water reduction under simu-
lated solar light irradiation of (a) 0.05%wt-CuOx/TiO2, (b) 0.2%wt-
CuOx/TiO2, (c) 0.5%wt-CuOx/TiO2, (d) 1%wt-CuOx/TiO2, (e) 2%wt-
CuOx/TiO2, (f) 5%wt-CuOx/TiO2 composites, and bare TiO2 nanorods.
B) Illustration of the proposed charge transfer mechanism within TiO2

(core)/Cu2O (ultrathin film shell) nanorods with buried TiO2–Cu2O
interfaces. C) Photocatalytic stability of 1%wt-CuOx/TiO2 composite for
water reduction under simulated solar light irradiation. D) Photocata-
lytic activity and stability of 1%wt-CuOx/TiO2 composite for water
reduction under UV light irradiation.
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transferred to the valence band of the Cu2O ultrathin film
shell with a shallower valence band maximum to catalyze the
methanol oxidation, and moreover, the photoexcited elec-
trons in the conduction band of TiO2 core are also transferred
to the conduction band of the Cu2O ultrathin film shell with
a higher conduction band minimum to catalyze the water
reduction to produce H2 (Figure 5B). Such a transfer mech-
anism of photoexcited electrons at the buried TiO2–Cu2O
interface of TiO2 (core)/Cu2O (ultrathin film shell) nanorod
structure does not follow the energy diagram of TiO2 and
Cu2O (Figure 5B) and the photoexcited electron transfer
mechanism always observed in the Cu2O–TiO2 p-n hetero-
junctions with exposed TiO2–Cu2O interfaces[9–13] in which the
photoexcited electrons in the conduction band of Cu2O are
transferred to the conduction band of TiO2 with a lower
conduction band minimum. The photoinduced charge trans-
fer processes were studied by surface photovoltage (SPV)
technique (Figure 6). A SPV response starts to rise when
photoinduced excess charge carriers are separated in space.[26]

Both bare TiO2 and CuOx/TiO2 composites exhibit measur-
able surface photovoltages when illuminated by light with
wavelengths shorter than 400 nm. This demonstrates that
TiO2 in CuOx/TiO2 composites is responsible for the light
absorption and charge generation but CuOx is not. Agreeing
with previous results,[27, 28] a positive SPV response arises for
bare TiO2, corresponding to the move of the photoexcited
holes to the TiO2 surface driven by the built-in electric field in
the surface space charge region with a direction from the bulk
towards the surface owing to an upward surface band bending
of n-type TiO2 semiconductor. Negative SPV responses arise
for all CuOx/TiO2 composites, corresponding to the accumu-
lation of photoexcited electrons on their surfaces that
typically occurs for p-type Cu2O semiconductors exhibiting
the built-in electric field in the surface space charge region
with a direction from the surface towards the bulk owing to
a downward surface band bending.[29, 30] These SPV results
indicate that all of the CuOx/TiO2 composites behave like
Cu2O, consistent with their TiO2 (core)/Cu2O (ultrathin film
shell) nanorod structures. Moreover, since CuOx in CuOx/
TiO2 composites is not responsible for the light absorption

and charge generation, the photoexcited electrons accumu-
lated on the surfaces of CuOx in CuOx/TiO2 composites could
only be transferred from the TiO2, directly demonstrating the
transfer of photoexcited electrons from the conduction band
of the TiO2 core to the conduction band of the Cu2O ultrathin
film shell.

The photoexcited electrons in the conduction bands of
CdS or CdSe cores were previously reported to be transferred
to the conduction band of the ZnS shell with a higher
conduction band minimum in type I CdS/ZnS or CdSe/ZnS
core/shell photocatalysts, and a likely mechanism was pro-
posed to be the electron tunneling of the photoexcited
electrons from the core to the shell that typically required
a thin shell.[31–33] The Cu2O shell in our TiO2 (core)/Cu2O
(ultrathin film shell) nanorods are several nanometers thick,
which should allow the electron tunneling process. Therefore,
we proposed that the photoexcited electrons in the conduc-
tion band of the TiO2 core at the TiO2–Cu2O interface were
transferred to the conduction band of Cu2O ultrathin film
shell with a higher conduction band minimum to reduce water
into H2 by the electron tunneling mechanism. Both the
electron-participated water reduction reaction in the con-
duction band of Cu2O shell and the hole-participated
methanol oxidation reaction in the valence band of Cu2O
shell must proceed rapidly to keep such a unique charge
transfer mechanism working. Thus, the high photocatalytic
activity of our TiO2 (core)/Cu2O (ultrathin film shell) nanorod
photocatalysts unambiguously indicates the high catalytic
activity of Cu2O in electron-participated water reduction
coupled with hole-participated methanol oxidation.

Cu2O is not stable under standard solar or photoelec-
trochemical water splitting conditions,[1–5] but our Cu2O
ultrathin film shell on TiO2 nanorod core turns out to be
stable. As shown in Figure 5C, the H2 production catalyzed by
1% wt-Cu2O/TiO2 keeps stable for 20 h and then slightly
decreases, likely owing to the changed H2 release behaviors
with the H2 partial pressure increasing in the closed system as
the photocatalytic reaction continues for a long period. The
copper loading of the used 1 %wt-Cu2O/TiO2 after the
stability test is the same as that of the fresh catalyst, as are
its Cu 2p XPS spectrum and HRTEM images (Figure S17).
Under UV light irradiation (Figure 5 D), the 1% wt-Cu2O/
TiO2 composite gives a H2 yield of 22.3 mmolh¢1 g¢1 and
remains stable without any loss of Cu during three consec-
utive cycles of 4 h photocatalytic activity evaluation. The high
stability of our Cu2O ultrathin film shell on a TiO2 nanorod
core in the photocatalytic water reduction reaction can be
attributed to the strong TiO2–Cu2O interaction at the TiO2

(core)–Cu2O (shell) interface formed by the redox reaction
between Cu2+ and Ti3+. The stabilized Cu2O ultrathin film
shell on a TiO2 nanorod core is resistant to oxidation at
450 88C, implying that its redox potentials much deviate from
those of bulk Cu2O lying within its bandgap. The stabilizing
effect of strong TiO2–Cu2O interaction was also demonstrated
by the experimental observations that the TiO2 (core)/Cu2O
(ultrathin film shell) nanorod structure remains intact (Fig-
ure S18) even after the 1% wt-Cu2O/TiO2 composite are
treated in a 1 mol L¢1 HNO3 aqueous solution, although the
copper loading decreases from 1.20 %wt to 0.45%wt.

Figure 6. Surface photovoltage spectra of a) 0.05%wt-CuOx/TiO2,
b) 0.2%wt-CuOx/TiO2, c) 0.5%wt-CuOx/TiO2, (d) 1%wt-CuOx/TiO2,
(e) 2%wt-CuOx/TiO2, f) 5%wt-CuOx/TiO2 composites, and bare TiO2.
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Thus, we unambiguously demonstrated that Cu2O itself
can act as the highly active and stable cocatalyst for photo-
catalytic water reduction coupled with photocatalytic meth-
anol oxidation employing a TiO2 (core)/Cu2O (ultrathin film
shell) nanorod synthesized by a redox reaction between Cu2+

and in-situ generated Ti3+ during the calcination of Cu2+-
exchanged H-titanate nanotubes in air. The strong TiO2–
Cu2O interfacial interaction not only facilitates the charge
transfer process but also stabilizes the Cu2O ultrathin film.
During the photocatalytic water reduction catalyzed by TiO2

(core)/Cu2O (ultrathin film shell) nanorods, the TiO2 core acts
as the photosensitizer and the Cu2O ultrathin film acts as the
cocatalyst, and both the photoexcited electrons in the
conduction band and the holes in the valence band of TiO2

core are respectively transferred to the conduction band and
the valence band of the Cu2O ultrathin film shell to efficiently
catalyze the water reduction to produce H2 and the methanol
oxidation therein. These results provide a practical strategy
for the application of important p-type Cu2O semiconductors
in solar energy utilization.
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