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ABSTRACT: Cuprous oxide (Cu2O) nanorod arrays have been prepared via a
novel templated electrodeposition process and were characterized for their
photocatalytic behavior in nonaqueous photoelectrochemical cells. Zinc oxide
(ZnO) nanorod films serve as sacrificial templates for the in situ formation of
polymer nanopore membranes on transparent conductive oxide substrates.
Nitrocellulose and poly(lactic acid) are effective membrane-forming polymers
that exhibit different modes of template formation, with nitrocellulose forming
conformal coatings on the ZnO surface while poly(lactic acid) acts as an
amorphous pore-filling material. Robust template formation is sensitive to the
seeding method used to prepare the precursor ZnO nanorod films.
Photoelectrochemical cells prepared from electrodeposited Cu2O films using
methyl viologen as a redox shuttle in acetonitrile electrolyte exhibit significant
charge recombination that can be partially suppressed by a combination of surface passivation methods. Surface-passivated
nanostructured Cu2O films show enhanced photocurrent relative to planar electrodeposited Cu2O films of similar thickness. We
have obtained the highest photocurrent ever reported for electrodeposited Cu2O in a nonaqueous photoelectrochemical cell.
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■ INTRODUCTION

Cuprous oxide (Cu2O) is an instrinsic semiconductor (band
gap ∼2.2 eV) usually having p-type conductivity due to copper
vacancies in the crystal lattice.1−4 Cu2O has applications in
chemosensing,5,6 photocatalysis,7,8 photovoltaics,9−11 and
photoelectrochemical solar cells.12−14 Technical challenges in
the research and application of Cu2O include the reliable
preparation of nanostructured Cu2O materials, the suscepti-
bility of Cu2O to photocorrosion,15,16 and the adventitious
formation of Cu0 interlayers at p−n heterojunctions.17,18

Toward the preparation of nanostructured Cu2O, the electro-
deposition of Cu2O thin films allows the greatest control over
morphology (film thickness, crystal grain size, and orienta-
tion)19−22 and conductivity (p/n-type, dopant concentration,
flat band potential, and carrier mobility),23−28 although
electrodeposited Cu2O exhibits much lower conductivity
compared to samples prepared by thermal oxidation.29 Recent
measurement of the carrier diffusion length in electrodeposited
Cu2O suggests that nanostructured Cu2O would offer improved
performance over planar films in photoelectrochemical
applications.27 Chemical bath conditions for epitaxial growth
of Cu2O nanorods from surfaces have not yet been discovered,
and the annealing of Cu2O nanoparticles into sintered
mesoporous films is impractical because of the tendency of

Cu2O to oxidize to CuO when heated under ambient
atmosphere,22 or disproportionate to CuO/Cu0 when heated
under vacuum or inert atmosphere.30,31

We have discovered a convenient method for the preparation
of vertically aligned nanorod arrays of Cu2O on preformed
electrode substrates such as transparent conductive F-SnO2
electrodes (Figure 1). Zinc oxide (ZnO) nanorods can be used
to set the morphology of a spin-cast organic polymer film. Wet-
etch removal of the ZnO component enables the formation of
polymer nanopore membranes onto the underlying substrate.
Electrodeposition of Cu2O from lactate-stabilized solutions of
CuSO4 produces aligned nanorods of Cu2O that can be
liberated from the membrane by removal of the polymer with a
solvent rinse. This method provides electrodeposited nanorods
with good electrical contact to the substrate and morphological
fidelity to the precursor template of ZnO nanorods. A major
advantage of this nanotemplating procedure is that it does not
require any low-pressure vapor deposition process, and uses
only an oven or water bath, a spin coater, and potentiostat. We
have assessed the photoelectrochemical behavior of the as-
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produced Cu2O nanorods and find that, with proper passivation
of recombination sites, nanostructured films do provide higher
photocurrent compared to planar films.

■ EXPERIMENTAL SECTION

Preparation of Nanorod Arrays. ZnO nanorods were
prepared by two methods. In the first method, ZnO nanorods
were seeded from MnOOH nanoparticles and grown in an
aqueous bath of ZnSO4, ethanolamine, and NH4OH at 90 °C
as previously reported.32 In the second method, ZnO nanorods
were seeded by spray pyrolysis of a solution of Zn(OAc)2, and
grown in a bath using a basic solution of Zn(NO3)2 at 90 °C.

33

Retail fingernail polish was diluted to 15% solution (v/v) in 1,2-
dichloroethane/acetone (1:1). Fingernail polish is typically 13−
22 wt % nitrocellulose, so the final nitrocellulose solution for
spin casting is estimated at 1−2 wt % nitrocellulose.34

Alternatively, poly(lactic acid) can be dissolved from solid to
1.5 wt % in 1,2-dichloroethane/acetone (9:1). The resulting
solution was used for spin coating of ZnO nanorod films using
a commercial spin coater set to 2000 rpm and run for 2 min.
Polymer-coated slides were then immersed in an aqueous
solution of phosphoric acid (0.5 M) or boric acid (0.5 M) and
left for 5 min or overnight, respectively. Etch removal of the
ZnO nanorods is apparent by the loss of light scattering in the
film, with the milky-white ZnO films turning to a clear
translucent film for the polymer membrane without ZnO.
Nanopore membrane-coated substrates were subjected to
electrodeposition using the F-SnO2/glass substrate as a working
electrode, and fitting a glass joint with an O-ring over the
substrate with a clamp to make a seal. The glass vessel was filled
with an aqueous solution containing lactic acid and CuSO4,
adjusted to pH 9 with 1 M NaOH (aq). A platinum
counterelectrode and Ag/AgCl quasi reference electrode were
each fitted into the vessel and wired through a septum used to
seal the vessel. The electrolyte was purged with argon through
the septum. The vessel was immersed in a water bath at 30 °C
and electrodeposition was performed cathodically at constant
potential (400−600 mV).19

Preparation and Testing of Photoelectrochemical
Cells. Cells were assembled by melt adhesion of a thin film
of Surlyn polymer between the Cu2O/F-SnO2 electrode and a
platinized F-SnO2 counterelectrode.

35 The cells were filled by
capillary action with an electrolyte composed of 0.1 M LiClO4,
50 mM methyl viologen tetrafluoroborate, and 25 mM
decamethylcobaltocene. After the cells were filled with

electrolyte, the entry/exit ports were sealed with Hysol 1C
epoxy. Current−voltage measurements were done with a
Keithley 2400 source meter and solar simulator (SolarLight,
Inc.). Incident photon conversion to electron (IPCE) spectra
were measured against a calibrated silicon photodiode using
monochromatic light from a xenon lamp (PV Measurements
QEX7).

Synthesis of 1,1′-Dimethyl-4,4′-bipyridine Bis-
(tetrafluoroborate). Methyl viologen dichloride (1.08 g, 4.2
mmol) was added to 1.0 mL of water, and HBF4 (1.60 mL of
48 wt % aqueous solution, 12.6 mmol) was added dropwise to
the heterogeneous mixture. Upon addition of the acid, the
beige solid turned white, and the mixture was stirred for 20 min
and then filtered. The solid material was redissolved in hot
water (5 mL), allowed to cool to room temperature, and stored
overnight in a refrigerator at 12 °C. Colorless crystals were
formed that were suitable for single-crystal X-ray diffraction.
The crystals were filtered from the mother liquor, washed twice
with cold ethanol, and dried in vacuo (416 mg, 28%). Analytical
data, including crystal diffraction data, were consistent with
previous results.36,37

Passivation of Cu2O/F-SnO2 Electrodes. Passivation with
4-nitrobenzenediazonium tetrafluoroborate was conducted as
previously described.38 Each Cu2O/F-SnO2 electrode was
employed as the working electrode in a three-electrode cell
with a platinum wire counterelectrode and a Ag/AgCl quasi
reference electrode. The electrolyte was a solution of the
diazonium salt (10 mM) with added tetrabutylammonium
hexafluorophosphate (0.1 M) in dry acetonitrile. The cell was
voltammetrically cycled between 0.2 and −0.45 V vs Ag/AgCl
(quasi reference electrode in saturated KCl solution) at 0.2 V/s
for 20 cycles. The cell was then disassembled and the Cu2O/F-
SnO2 electrode was rinsed with acetonitrile, followed by
ethanol, and allowed to dry in air. Passivation with TiO2 was
also conducted as previously described.39 A solution of
(NH4)2TiF6 (50 mM) was prepared in aqueous boric acid
(150 mM) and the Cu2O/F-SnO2 electrode was placed in the
solution for 1 h. After 1 h incubation time, the electrode was
removed and rinsed with deionized water and allowed to dry in
air. For electrodes subjected to both passivations, the
diazonium passivation was done first.

■ RESULTS AND DISCUSSION

Zinc oxide nanorods can be grown hydrothermally with control
over diameter and height and can be etched in mild acidic or

Figure 1. Process for templated electrodeposition of epitaxial nanorods onto preformed electrode substrates. 1, ZnO nanorods are hydrothermally
grown. 2, Polymer is spin-cast from solution. 3, ZnO is etched. 4, Nanorod material is electrodeposited. 5, Polymer template is removed with organic
solvent.
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alkaline aqueous solution.40 Seeding methods are preferred that
provide some exposed area of the underlying substrate after
nanorod growth, to promote adhesion of the membrane
polymer to the substrate after removal of the oxide nanorods.
ZnO nanorods seeded with nanoparticulate MnOOH provided
polymer templates with good adhesion.32 Thick ZnO seed
layers prepared by spray pyrolysis or from solution-cast/
annealed coatings of Zn(OAc)2 result in a loose contact
between the membrane and the substrate, leading to electro-
deposited films with poor fidelity to the original ZnO template,
and in some cases complete delamination of the polymer film
occurred after ZnO etch. The template polymer must be rigid
to hold the membrane shape upon removal of the ZnO
nanorods. Highly viscoelastic polymers such as natural or
synthetic polyisoprene (“rubber”) or siloxane polymers would
be unlikely to serve well in this capacity. Spin-cast solutions of
nitrocellulose or poly(lactic acid) at 1−2 wt % in 1,2-
dichloroethane/acetone (9:1) were effective at templating the
ZnO nanorod films. A single coating of nitrocellulose adheres
to the entire surface of the nanorods (Figure 2A), whereas
poly(lactic acid) does not infiltrate unless melted (200 °C)
after coating (Figure 2B/C). We also attempted to prepare
membranes with pH-insensitive polymer materials (polystyrene
and nylon-6/6) but in each case the polymer delaminated upon
drying on the ZnO substrate. Upon drying, the polymer/ZnO
films prepared with either nitrocellulose or poly(lactic acid) can
be etched in aqueous H2BO3 or H3PO4 to provide the open-
pore polymer membrane. H3PO4 is preferred due to its faster
etching, whereas H2BO3 required long immersion times (>20
h) to completely remove the ZnO. Treatment with strong acids
or with extremely alkaline solutions (pH >11) can distort these
membranes due to partial hydrolysis and/or dissolution of the
membrane. Some ZnO that is inaccessible to the etch solution
persists, but cannot interfere with the electrodeposition process
due to its internment within the polymer membrane. This
buried ZnO is easily removed by a subsequent acid etch step
after the membrane is ultimately removed, and Cu2O is much
more stable to weak and moderate acids compared to ZnO.
The MnOOH seed layer is also removed during the acid etch
step, as evidenced by observation that substrates coated with
MnOOH nanoparticles and then treated with either H2BO3 or
H3PO4 and subsequently rinsed with neutral water will not seed
the growth of ZnO nanoparticles.
Cu2O nanorods grown by potentiostatic deposition (400−

600 mV negative of Ag/AgCl) from lactate-chelated aqueous
CuSO4 at pH 9.0 show the same diameter range as in the ZnO
precursor rods, and even exhibit the hexagonal shape that was

set into the template by the wurtzite ZnO nanorods (Figure 3).
Cuprous oxide has a cubic crystal structure (cuprite) that
generally exhibits cubic,41 or octahedral crystal shapes.42,43 The
tips of the Cu2O nanorods are flat unless grown to the end of
the membrane pores. With nitrocellulose membranes, even
large defects such as microscale ZnO rods lying on top of a bed
of vertically aligned nanorods can be faithfully reproduced (see

Figure 2. Polymer-coated ZnO nanorods (hydrothermally grown): (A) Nanorods coated with a single spin coat of 1−2 wt % nitrocellulose solution.
(B) Nanorods coated with a single spin coat of 1.5 wt % poly(lactic acid). (C) Nanorods subjected to two rounds of spin coating with 1.5 wt %
poly(lactic acid) and heat treatment on a hot plate at 200 °C for 3 min.

Figure 3. (A) ZnO nanorods grown from MnOOH seeding; (B)
Cu2O nanorods grown within a nanopore membrane templated from
film shown in (A); (C) XRD analysis of Cu2O nanorods on F-SnO2
and the bare F-SnO2 substrate for comparison.
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Supporting Information, Figures S1 and S2). Powder X-ray
diffraction data indicate that the Cu2O is polycrystalline (Figure
3C) with no predominant crystal orientation from the
substrate.19 Cu2O having superior crystallinity, epitaxial
orientation from the substrate, and higher carrier mobility can
be grown at higher pH,25,29 but we observed a breakdown of
templating behavior in the growth of more crystalline Cu2O
films, so we were unable to reproducibly prepare Cu2O
nanorods above pH 9. The in situ membrane templates
prepared in this new methodology are soft materials with weak
surface attachment to the underlying substrate, and as a result
of these characteristics, they do not confine the growth of a
highly crystalline hard material such as Cu2O. At pH higher
than 9, we observed the growth of more crystalline Cu2O with
large cubic crystal grains as would be observed in the absence of
any template. In early growth in poly(lactic acid) membranes at
higher pH, some nanorods do form before the template is
displaced by the concurrent formation of larger crystal domains
(Figure S7).
We assembled photoelectrochemical cells with the Cu2O

nanorods and with planar films of electrodeposited Cu2O to
interrogate their electrical contact to the underlying F-SnO2
electrode. We first attempted to use decamethylcobaltocene
and its radical cation as the redox pair in acetonitrile, based on a
report by Lewis and co-workers that demonstrated impressive
photovoltage with this electrolyte.14 However, we could not get
more than 1−2 μA of photocurrent. Cu2O is known to have
surface defects that act as charge traps,44,45 and we speculate
that the polycrystalline electrodeposited Cu2O prepared by our
method is likely to have a much higher density of surface
defects compared to the thermally prepared Cu2O of their
report. Such surface defects may collect electrons at electro-
chemical potentials below the formal conduction band edge, as
known for other oxide semiconductors such as TiO2,

46 and/or
some traps may collect holes at potentials above the formal
valence band edge. If surface trap states allow conduction band
electrons to thermalize to more than 230 mV below the
conduction band edge (−1.7 vs SCE),12 then electron transfer
to decamethylcobaltocenium (−1.47 vs SCE)47 will be
endothermic. Evaluation of the photocells using an electron
shuttle with much lower redox potential can still serve to make
a preliminary assessment of the photocatalytic activity of the
Cu2O nanorod films, although we may not determine their
maximum photoelectrochemical potential. Previous reports
have suggested that the iodide/triiodide redox couple can
give good photovoltage and photocurrents with Cu2O
photocathodes. This is curious given that the redox potential
of iodide/triiodide (+0.1 vs SCE)48 is nearly isoenergetic to the
Fermi level in p-type Cu2O (+0.16 vs SCE).1,12 It should not be
possible to generate significant photocurrent with an iodide/
triiodide electrolyte. Unfortunately, we were unable to
adequately test this premise, as we observed instantaneous
corrosion of Cu2O films upon addition of an electrolyte
composed of 0.5 M LiI and 50 mM I2 in acetonitrile. The same
result occurred with the tris(4,4′-di-tert-butylbipyridyl)cobalt
(II/III) redox pair, for which the redox potential is ∼50 mV
positive of I−/I3

−.49 We chose methyl viologen to assess the
photoactivity of the Cu2O nanorods because it has a redox
potential of −0.4 vs SCE and has been shown to be
photoreduced in the presence of illuminated Cu2O.

12,14,50

We have found that the tetrafluoroborate (BF4) salt of
methyl viologen can be prepared by simple addition of aqueous
HBF4 to a suspension of the undissolved viologen dichloride

salt in deionized water. This avoids the previously reported use
of transition metal reagents such as AgBF4 or CuBF4 for salt
exchange from the dichloride,36,51 or the use of trimethyloxo-
nium BF4 to prepare the salt from 4,4′-bipyridine.37 The
heterogeneous salt exchange appears to be rapid upon addition
of aqueous HBF4 as judged by color change of the solid
component of the mixture. Single-crystal X-ray diffraction of
the water-recrystallized product indicates that no water is
included in the crystal structure (Figure 4), which matches to a

previous report of this compound, although we were able to
obtain higher quality crystal data (see Supporting Information).
To prepare a redox pair electrolyte based on methyl viologen,
0.5 mol equiv of decamethylcobaltocene was added to a 50 mM
solution of the dication viologen salt in acetonitrile with 0.1 M
LiClO4. Upon the slow dissolution of the decamethylcobalto-
cene, the electrolyte turned a deep blue color (Figure 5, inset
photograph). No corrosion of the Cu2O films was observed
with this electrolyte, either upon initial loading into the
photocells or as a result of illumination.
The as-grown Cu2O nanostructures exhibit an optical band

gap of approximately 2.3 eV (Figure 5, top right). The
photocells assembled with methyl viologen/decamethcobalto-
cene generate cathodic photocurrent, indicating that the Cu2O
has p-type conductivity. The external quantum efficiency
measurement under back side illumination shows prominent
photocurrent in a limited region from 400 to 550 nm due to the
optical filtering effect of the methyl viologen radical cation in
the electrolyte in the green and UV regions of the spectrum
(Figure 5, left top and bottom).50 Front side illumination,
through the Cu2O-bearing electrode, shows greater efficiency
only in portions of the spectrum where the Cu2O absorption is
weaker (500−600 nm), suggesting that the Cu2O that is farther
from the electrolyte interface acts as an optical filter.
Photoinduced charge separation within the Cu2O that occurs
away from the semiconductor interface leads to recombination
rather than steady photocurrent. Although nanorod morphol-
ogy for some semiconductors can be optimized by keeping the
rod diameter wider than the depletion width but narrower than
the carrier transport length,52 we note that electrodeposited
Cu2O is not amenable to this tuning because its depletion
width (∼3 μm) is much greater than its electron transport
length (110 nm).53,54 Although the morphology of Cu2O
nanorods prepared in this study does not minimize the
diameter down to the carrier transport length, this may not

Figure 4. Crystal structure of methyl viologen tetrafluoroborate, as
determined by single-crystal X-ray diffraction. The two halves of the
viologen dication, as well as the two BF4 anions, are equivalent
through a center of symmetry.
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sufficiently explain the loss of photocurrent due to recombi-
nation because significant back electron transfer may occur at
the Cu2O/electrolyte and F-SnO2/electrolyte interfaces (Figure
6).
Figure 6 shows the interfacial electron transfer processes in

photocells using bare Cu2O nanorods as well as for electrodes
we passivated by cathodic grafting of arenediazonium salts and/
or the deposition of a thin layer of amorphous TiO2.

38,39

Surface coatings of nitrobenzene can be grafted onto electrodes
using nitrobenzenediazonium tetrafluoroborate at mild cathodic
potentials (−0.4−0 V vs Ag/AgCl) that should lie within the
band gap of Cu2O. The grafting mechanism is by electron
transfer from the F-SnO2 electrode to soluble arenediazonium
species, liberating N2 and creating reactive aryl radicals that
then can bind to the F-SnO2 surface. The grafting is self-
limiting to only a few layers (<3 nm) because the carbonaceous

coating is insufficiently conductive to facilitate the electron
transfer reaction beyond a few layers of oligomerization.
Although it is possible for some aryl radical molecules
generated near the F-SnO2 surface to migrate and bind to
areas of the Cu2O surface, this is unlikely due to the high
reactivity of the aryl radical species. Cu2O is known to react
with diazonium reagents through Sandmeyer chemistry, and
native oxide layers of Cu2O on Cu metal have been passivated
under applied potential.55 The reduced photocurrent for a
Cu2O nanorods film subjected to diazonium grafting (Figure 7)
suggests that some portion of the Cu2O may be passivated in
addition to the F-SnO2 surface. We interpret the lack of
improvement in photovoltage for diazonium-passivated cells as
an indication that the oligo-aryl coatings do not significantly
suppress recombination at the electrolyte/F-SnO2 interface
(Figure 6C). The planar Cu2O films pack very densely on the

Figure 5. Clockwise from upper left: Incident photon conversion to electron (IPCE) efficiency of a photoelectrochemical cell made from a 1.2 μm
film of Cu2O nanorods on FTO glass with 50 mM methyl viologen tetrafluoroborate and 25 mM decamethylcobaltocene (cell shown in inset photo
with front side up); absorbance spectrum (black) and Tauc plot (blue) for the Cu2O nanorods film, measured prior to photocell assembly; current−
voltage behavior of the photoelectrochemical cell, illuminated through the Cu2O (front side) and through the electrolyte (backside) under AM 1.5 G
light; absorbance spectrum of methyl viologen radical cation, adapted from ref 50 with permission.

Figure 6. Interfacial recombination processes within Cu2O photoelectrochemical cells. Solid arrows indicate forward electron transfer. Dotted arrows
indicate recombination pathways. MV+2 is the methyl viologen dication; MV+• is the methyl viologen radical cation (reduced form). (A)
Nonpassivated cells have semiconductor/electrolyte and F-SnO2/electrolyte recombination interfaces. (B) Cells passivated by cathodic grafting of
arenediazonium salts have significant surface coverage of F-SnO2 and possibly some Cu2O coverage, but electron transfer is only mildly suppressed.
(C) Cells passivated with amorphous TiO2 films should have suppressed recombination involving electrolyte; however, severe recombination is
expected at the TiO2/F-SnO2 interface. (D) Films passivated first by arenediazonium grafting and then by TiO2 coating should suppress both the
semiconductor/electrolyte and TiO2/F-SnO2 recombination pathways.
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surface19,20 (see Supporting Information), occluding the F-
SnO2 surface, and photocells made from planar Cu2O films
showed better photovoltage under each of the preparation
conditions compared to the Cu2O nanorod films.
We next attempted to suppress the Cu2O/electrolyte

recombination by passivating the Cu2O surface with a thin
layer of TiO2, following a report by Gratzel and co-workers that
showed improvement in the water reduction at TiO2-passivated
Cu2O films.56 Whereas the earlier report utilized atomic layer
deposition to deposit TiO2 as a surface coating, we have
exploited the liquid phase deposition of a TiO2 coating via the
hydrolytic decomposition of ammonium hexafluorotitanate in
aqueous boric acid.39 Boric acid acts as a fluoride scavenger to
drive the hydrolysis of the hexafluorotitanate to TiO2, and the
nascent metal oxide clusters/nanoparticles that form in the
aqueous solution are attracted to high dielectric surfaces. TiO2
precipitation in solution is not observed. TiO2-coated Cu2O
appears by visual observation to have a colorless coating;
however, the coating was too thin for the TiO2 to be detected
in XRD analysis of a coated film (see Supporting Information).
Unfortunately, in covering both the Cu2O and the F-SnO2
surfaces, the TiO2 coating creates a recombination pathway
between the two, replacing the Cu2O/electrolyte and F-SnO2/
electrolyte recombination interfaces with a TiO2/F-SnO2
interface. Thus, the TiO2 coating on the Cu2O nanorods film
shows barely any improvement in photocurrent and a loss of
photovoltage. The planar Cu2O film, which has very little
exposed F-SnO2 surface, is greatly enhanced by the TiO2
coating, showing that this Cu2O/TiO2 surface bilayer does
improve the balance of forward/backward electron transfer at
the semiconductor/electrolyte interface in the absence of other
recombination avenues.
Since the TiO2 coating occurs at high dielectric surfaces, we

attempted to selectively coat the Cu2O by first passivating the
F-SnO2 via the diazonium grafting to render those sites
hydrophobic and prevent TiO2 deposition. This dual
passivation provides a sixfold increase in photocurrent for
passivated versus bare Cu2O nanorod devices, reaching 240
μA/cm2 at short circuit. Although some areas of the Cu2O are
likely passivated by the diazonium grafting as well, the
improved photocurrent indicates that the selective coating of
the TiO2 over only the Cu2O surface is effective in suppressing
recombination at the Cu2O/electrolyte interface without
providing a new TiO2/F-SnO2 recombination pathway. In
contrast, the planar Cu2O film was hindered by the dual

passivation: since there are few exposed F-SnO2 surfaces,
selective TiO2 coating is not important to the overall forward/
backward electron transfer, so the partial passivation of the
Cu2O surface does some harm to the device performance, with
no concomitant benefit. Here we see that the higher surface
area of the nanorods morphology can enable increased
photocurrent. Photovoltage in the planar films is still better
than even the dual-passivated nanorods device, which shows
that interfacial recombination is still a significant limiting factor
on device performance for Cu2O nanorod films, and more
effective passivation methods are needed to further enhance the
photoelectrochemical behavior.

■ CONCLUSIONS

We have observed the highest photocurrent ever reported for
an electrodeposited Cu2O film in a nonaqueous photo-
electrochemical cell. This result supports the premise that the
higher surface area of nanostructured materials can enhance
interfacial electron transfer for this p-type semiconductor.
Results from attempts to passivate the electrolyte interfaces
indicate that further enhancements in photocurrent and
photovoltage are possible for nanostructured Cu2O films, and
changes in the morphology of the ZnO nanorods template can
enable the preparation of morphology with diameters closer to
the electron diffusion length to minimize the internal charge
recombination in the semiconductor. There is a need for a
different electrolyte with redox potential that is less positive of
the TiO2 conduction band edge and has weaker light
absorption in the visible spectrum. As an alternative to
passivating the Cu2O surface with an n-type metal oxide
semiconductor, molecular dyes, especially those that absorb
light in the red portion of the visible spectrum, may suppress
the back electron transfer at the Cu2O electrolyte while also
contributing to photocurrent. The field of p-type dye-sensitized
solar cells is still greatly in need of new nanostructured intrinsic
p-type semiconductor photocathode materials.57 As a final
observation, we note that the general method we have reported
herein for templating the preparation of epitaxially oriented
Cu2O nanorods from ZnO precursor films may also serve for
the electrodeposition of films of other materials on preformed
electrode substrates that are difficult to prepare in this
morphology.

Figure 7. Current−voltage graphs of Cu2O photoelectrochemical cells under simulated AM 1.5 G illumination. Data is shown for back side
illumination only. Data for dark current and for front side illumination is shown in Supporting Information, Figures S13 and S14.
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