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Here,  we  present  a  scalable  method  based  on  both  atmospheric  plasma  and  wet  chemical  oxidation  meth-
ods to synthesize  thin  films  and nanowire  arrays  of  both  cupric  and  cuprous  oxides.  In terms  of nanowire
arrays,  the  wet  chemical  oxidation  is  shown  to produce  copper  hydroxide  nanowire  arrays  on  copper  foils
using  hydrogen  peroxide  as  the  oxidant  similar  to ammonium  persulfate.  Experiments  using  different
concentrations  of  hydrogen  peroxide  at constant  pH resulted  in  higher  nucleation  density  and  smaller
eywords:
opper oxide nanowires
tmospheric plasma
olar water splitting
tomic layer deposition
hotoelectrochemical characterization

diameter  of  copper  hydroxide  nanowires.  A scheme  involving  a short  period  of wet  oxidation  followed
by  plasma  annealing  resulted  in  high  number  density  of Cu2O  nanowire  arrays.  The  overall  process  is
rapid on  the  order  of  1 min  reaction  time  scale.  Photoelectrochemical  characterization  of  titania  coated
copper  oxide  nanowire  and  thin  film  electrodes  showed  that  the  nanowire  array  electrodes  exhibited
significantly  higher  photoactivity  than  the thin  film  electrodes.  The  performance  of  resulting  Cu2O  NW
array  electrodes  can  be optimized  further  with  other  protective  coatings.
. Introduction

Photoelectrochemical water splitting for solar hydrogen pro-
uction represents one of the grand challenges towards carbon free
nergy generation. However, there are no known semiconductor
aterials with the appropriate band gap, band edge positions and

queous stability required for solar water splitting [1,2]. Cuprous
xide (Cu2O) is an attractive material because of the non-toxicity,
arth abundance of its constituent elements and has a band gap
f approximately 2.2 eV, with its band edges straddling the water
eduction and oxidation potential [3–5]. As-synthesized, Cu2O is

 p-type semiconductor due to the acceptor states resulting from
opper vacancies located at 0.4 eV above the valence band [6].
uprous oxide can potentially act as efficient photocathode for
ydrogen evolution. However, the valence band position is just
elow the oxygen evolution potential and this would imply less

riving force for oxygen evolution.

One of the main challenges with cuprous oxide is its inherent
nstability in aqueous solutions [7]. The photostability challenge
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posed by the Cu2O electrodes has been addressed by depositing thin
films of titania on cuprous oxide by atomic layer deposition (ALD)
[8].  The resulting hetero-junction is not only expected to improve
stability but also reduces recombination by enhancing the electron
transport due to the inbuilt electric-field at the hetero-junction.
Gratzel and co-workers modified the cuprous oxide photocathode
by coating it with a layer of titania followed by aluminum doped
zinc oxide and then electrodepositing platinum nanoparticles to
improve the stability and performance of the Cu2O electrodes [9].  It
was found that the titania coated cuprous oxide photocathodes had
poor stability in aqueous solutions and exhibited no photoactivity
after 20 min. Pin holes formed during the ALD of titania have been
found to result in instability in aqueous solutions. Additional layers
of zinc oxide and alumina improved the photostability (78% of the
short-circuit current density retained after 20 min) and also play an
important role in enhancing the charge separation and mitigating
the electron–hole recombination in Cu2O.

The poor electrical conductivity of Cu2O has been a limiting fac-
tor in achieving high efficiency for Cu2O based solar cells and is also
a major concern for solar water splitting cells [10]. The absorption
depth corresponding to the band gap of Cu2O has been reported
to be 10 �m [11]. However, the diffusion length of minority carri-

ers in electrodeposited copper oxide (Cu2O) has been found to be
on the order of 20–100 nm [12]. In view of this, 1D single crystal
architectures in the form of nanowire arrays could offer the thick-
ness necessary for optical absorption and short length scales for

dx.doi.org/10.1016/j.cattod.2012.03.014
http://www.sciencedirect.com/science/journal/09205861
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iffusion of minority carriers to semiconductor–electrolyte inter-
ace to drive the water splitting reaction. The single crystal nature of
ne-dimensional structures should allow direct conduction path-
ays for faster charge transport [13,14]. However, the performance

nd stability of single crystal copper oxide nanowires coated with
itania for solar hydrogen production has not been investigated.

The synthesis of polycrystalline cuprous oxide films has been
ccomplished with a number of techniques such as electrodeposi-
ion, photochemical deposition, RF magnetron sputtering, chemical
ath deposition, anodic oxidation and thermal oxidation meth-
ds [9,15–19]. However, the synthesis of cuprous oxide nanowire
rrays has been achieved using a limited number of techniques.
ynthesis using template and surfactant assisted methods has
ostly yielded polycrystalline cuprous oxide nanowires with the

xception of a few reports describing the growth of single crys-
al cuprous oxide nanowires [20–23].  Wu and co-workers reported
he synthesis of linearly aligned complex chains of metal cations
hich could be reduced by glucose to form single crystal cuprous

xide nanowires with a diameter of 20 nm and lengths of several
icrons [24]. Li et al. demonstrated the liquid phase synthesis of

u2O NW (diameter ∼ 20 nm)  by the reduction of cupric acetate
sing reducing agents with methoxy group [25]. Ajayan and co-
orkers reported a simple electrochemical method utilizing only
u foil and DI water to synthesize cuprous oxide nanowires [26].
o the best of our knowledge, there have not been any reports
escribing the growth of single crystalline cuprous oxide nanowires
rrays directly on conducting substrates by thermal or plasma oxi-
ation. Several reports suggest thermal oxidation of copper foils at
emperatures between 400 and 700 ◦C over several hours resulted
n bicrystalline CuO nanowire arrays [27–31].  To synthesize Cu2O
anowire arrays, a two-step process has been primarily developed:

n the first step, copper is subjected to wet chemical oxidation using
mmonium persulfate in sodium hydroxide solutions to produce
opper hydroxide nanowire arrays; and in the second step, the
opper hydroxide nanowire arrays are thermally annealed at tem-
eratures around 450 ◦C to convert them to Cu2O nanowire arrays
32].

All the synthesis techniques discussed above require several
ours of oxidation or annealing time scales to produce few microns

ong Cu2O nanowire arrays on copper foils. In addition, the result-
ng nanowires had diameters in excess of 100 nm and it is not clear
s to what factors control the diameters and the number density of
he resulting nanowire arrays. Here, we present a scalable approach
or producing Cu2O nanowire arrays on copper foils and on other
ubstrates such as quartz, fluorinated tin oxide (FTO) substrates
nd other metallic foils. Specifically, we investigated the use of
tmospheric plasma combined with wet chemical oxidation to pro-
uce cuprous oxide nanowire arrays. Also, we performed a series
f experiments to understand nucleation and growth of copper
ydroxide and copper oxide nanowires using both wet  chemical
xidation and plasma oxidation processes. Most importantly, the
hotoelectrochemical performance of films and nanowire arrays
oated with thin layers of titania are investigated and compared.

. Experimental

Atmospheric plasma exposure experiments were conducted
sing a microwave plasma discharge whose details have been
escribed elsewhere [33]. Various experiments were conducted
sing atmospheric plasma discharge at powers ranging from 500
o 900 W and air flow rates ranging from 5 to 10 lpm. Wet  chem-

cal oxidation experiments were conducted by immersing copper
oils in sodium hydroxide solutions at pH values ranging from 7
o 14 containing different amounts of oxidizers such as ammo-
ium persulfate ((NH4)2S2O8) and hydrogen peroxide. Atomic layer
day 199 (2013) 27– 35

deposition of titania films on the copper oxide thin films and
nanowire arrays was carried out using a Savannah 100 ALD sys-
tem (Cambridge Nanotech). The deposition was carried out at a
pressure of 600 mTorr and a temperature of 250 ◦C using water and
titanium isopropoxide as the precursors. The deposition process
was carried out for 650 cycles to form a 20 nm titania coating on
the electrodes. The synthesized samples were analyzed using X-ray
diffraction (Bruker Instruments) and Scanning electron microscopy
(Nova FEI SEM). The optical band gap of the films was determined
using diffuse reflectance obtained with a UV–vis spectrophotome-
ter (PerkinElmer, Lambda 900).

For photoelectrochemical characterization, the resulting copper
oxide film and nanowire arrays samples are made into electrodes
using the following procedure. The copper foils are connected to
an electrical wire at the back using conductive silver epoxy and
then the entire non-active area was  covered with Hysol epoxy (Loc-
tite 9464). The electrodes were cured for 110 ◦C for 1 h. A Hysol
E120HP, which has excellent chemical resistance, was applied over
the previously cured epoxy coating and was  allowed to dry at room
temperature for 12 h.

All the photoelectrochemical measurements were performed
in photoelectrochemical cell equipped with a quartz window. A
three electrode configuration comprising of copper oxide work-
ing electrode, Ag/AgCl reference electrode and a platinum mesh
counter electrode was  used for the characterization. A solution
of sodium sulfate (1 M),  buffered to pH 4.9 using a potassium
phosphate solution (0.1 M)  was  used as the electrolyte. For ana-
lyzing current–potential (J–E) curves, the potentials measured
w.r.t. Ag/AgCl electrode was  converted to potential w.r.t. reference
hydrogen electrode (RHE). The data were not corrected for any
other extrinsic losses such as the iR losses. The photoresponse of
electrodes was measured under chopped AM 1.5 illumination from
a 200 W Xe lamp (Newport Instruments). The light intensity was
adjusted to 100 mW/cm2 (1 Sun illumination) using a calibrated Si
photodiode. The typical active area of the electrodes was 0.68 cm2.
For the linear sweep voltammetry experiments (J–E curves), a
scan rate of 5 mV/s was used. All the electrochemical measure-
ments were recorded using an EG&G Princeton Applied Research
273 A potentiostat. The Mott–Schottky analysis was  done under
1 Sun illumination and a frequency of 10 Hz was used. Platinum
loading onto the nanowire arrays was  performed using a three elec-
trode setup using copper oxide as the working electrode, Ag/AgCl
as the reference and a Pt mesh as the counter electrode. An aque-
ous solution of 1 mM chloroplatinic acid was  used as the electrolyte
and a potential of −0.1 V vs. Ag/AgCl was  applied for 10 min. Cop-
per electroplating on the gold sputtered fluorinated tin oxide (FTO)
glass slides was performed using a two electrode configuration
where FTO glass was used as the counter electrode, a copper foil
was used as the working electrode. An aqueous solution of 1 M cop-
per sulfate and 0.5 M sulfuric acid was  used as the electrolyte and
a current density of −10 mA/cm2 was  applied for 10 min.

3. Results and discussion

Several researchers have performed wet  chemical oxidation
using ammonium persulfate and sodium hydroxide solutions as the
precursors. The experiments performed at pH values >10 resulted
in copper hydroxide (Cu(OH)2) nanowire arrays on copper foil [34].
Similarly, such wet  chemical oxidation method has been shown
to work with several other metals in producing their respective
hydroxide nanowire arrays [35–37].  However, it is not clear about

the underlying reasons for producing one-dimensional structures
and the role of ammonium or sodium persulfate. Here, a set of
experiments are conducted to gain insight in to wet chemical oxi-
dation procedure. Firstly, experiments are performed at different
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ig. 1. Pourbaix diagram of copper–water system at 25 C generated using Medusa
oftware. [Cu2+] concentration of 1 �M was  used. The dotted lines show the hydro-
en and oxygen evolution potential.

H values using sodium hydroxide and potassium hydroxide. The
esults showed that copper hydroxide nanowire arrays resulted
t pH >10 and no differences were seen between experiments
nvolving sodium hydroxide and potassium hydroxide. In order
o understand the role of oxidizer, experiments are performed
sing hydrogen peroxide instead of ammonium persulfate. The
xperiments resulted in copper hydroxide nanowire arrays simi-
ar to those obtained using ammonium persulfate. In the case of
mmonium persulfate as oxidizer, the growth of copper hydrox-
de nanowires proceeds by an oxidation process according to the
eaction [34].

u + 4NaOH + (NH4)2S2O8 → Cu(OH)2 + 2Na2SO4 + 2NH3 + H2O

The above overall reaction can be understood better with the
se of hydrogen peroxide as the oxidizer. The oxidation of copper
oils with hydrogen peroxide is expected to follow two steps:

u + H2O2 → CuO + H2O (Step 1)

uO + 2OH− → Cu(OH)2 + (1/2)O2 (Step 2)

u + H2O2 + 2OH− → Cu(OH)2 + (1/2)O2 + H2O (Overall reaction)

The above proposed two-step reaction suggests that the oxida-
ion proceeds in forming copper oxide first and then hydrolyzing to
orm copper hydroxide. The copper hydroxide, copper oxide phases
re not stable when the pH of the solution is less than 10 as indi-
ated by the Pourbaix diagram (Fig. 1) and this explains why no
anowire formation was observed in the experiments carried with
H < 10.

Experiments using different concentrations of hydrogen per-
xide at constant pH of 12 showed that the number density of
anowire arrays increased and diameter of resulting nanowires
ecreased with increasing concentration of hydrogen peroxide as
epicted in Fig. 2. It is important to note that pH of the solution
ould change with time as sodium hydroxide is being consumed

n the reaction and hence it is essential to maintain constant pH to

nsure proper growth of the nanowires. As the reactions proceeds it
as observed color of the solution changed to dark blue suggesting

he presence of copper ions in the solution phase. These copper ions
n the solution could cause additional growth via copper hydroxide
day 199 (2013) 27– 35 29

precipitation from solution resulting in deviations from nanowire
growth when pH is not maintained.

The length of the copper hydroxide nanowires increased with
increased oxidation times. As wet oxidation time increased, the
length of the nanowires was  found to increase from 500 nm (30 s
immersion time) to 3 �m (1–2 min  immersion time) as shown in
Figure S2 (refer Supplementary Information). There was no signif-
icant change in the nanowire length at longer immersion times of
30 min. These observations support the argument that nanowire
formation mechanism is through basal growth. To further vali-
date the growth mechanism, short copper hydroxide nanowires
(∼500 nm in length) were grown by wet chemical oxidation and
then exposed to plasma oxidation for 20 s or thermal oxidation for
10 min. The increase in length of the nanowires after the oxidation
step shows that nanowires nucleated by the wet oxidation method
grow longer by preferential oxidation at the nanowire/oxide film
interface. Hence, the nucleation and growth mechanism of cop-
per hydroxide nanowires can be thought to proceed similar to the
plasma oxidation of metal foils to form metal oxide nanowires. See
schematic in Fig. 3. The only difference is that high pH conditions
result in the formation of metal hydroxide nanowires, whereas in
plasma oxidation metal oxide nanowires are formed.

Direct plasma oxidation of copper foils resulted in thin films of
Cu2O and CuO with different exposure conditions. Cu2O thin films
were formed when Cu foils were exposed to atmospheric plasma
flame that resulted in higher temperatures <500 ◦C. CuO films
resulted with exposures that resulted in temperatures > 500 ◦C for
the copper foils. The resulting films were about 2–3 �m thickness
with only about exposure over 2–3 min  exposure unlike thermal
oxidation or other methods that require processing over several
tens of minutes. Figure S3 shows the SEM images of the copper
oxide thin films produced by plasma oxidation. A few of the thin
film samples prepared by the plasma oxidation technique also
showed a low density of nanowires as shown in Figure S2 in sup-
plementary information document.  Prior work on the growth of
hematite nanowire arrays on iron foil showed that the plasma
overheating or the initial temperature rise before the substrate
reaches an equilibrium temperature is a critical factor controlling
the nucleation density [38,39]. Also, earlier reports have shown
that the thermal oxidation of copper foils over 4 h at atmospheric
pressure results in cupric oxide (CuO) nanowire arrays in temper-
ature window of 400–700 ◦C for 4 h [27]. These findings suggest
that temperature control of the copper foil will play a key role in
determining the number density of the nanowires (Fig. 4).

In order to avoid long durations involved with thermal oxi-
dation/annealing step, the synthesis of cuprous oxide nanowires
was carried out using a two-step approach: in the first step, cop-
per hydroxide nanowires were formed by a wet oxidation using
hydrogen peroxide and in the second step, the copper hydrox-
ide nanowires were annealed in the atmospheric air plasma for
few seconds to convert the copper hydroxide nanowires to cop-
per oxide nanowires. Fig. 3 illustrates the synthesis scheme for
making copper oxide nanowires. The X-ray diffractogram of the
copper oxide thin films and nanowires are shown in Fig. 5. Anal-
ysis of the peak positions showed that a small fraction of CuO
phase was present in the Cu2O nanowire samples. In addition, the
synthesis of nanowire arrays was  also carried out on glass slides
coated with fluorinated tin oxide (FTO). Copper was electrode-
posited on gold sputtered FTO slides which were then immersed
into a solution of hydrogen peroxide and sodium hydroxide for
a very short period of time ∼2 min  (sometimes less than 20 s
depending up on thickness). Unlike Cu foils, the electrodeposited Cu

formed a film of copper hydroxide nanoparticles. Interestingly, cop-
per oxide nanowires were observed when these copper hydroxide
nanoparticles were annealed using plasma oxidation. Even though
copper hydroxide nanowires are not formed in the wet oxidation
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Fig. 2. Scanning electron microscopy images showing increase in nanow

rocedure, the results suggest that high densities of nucleation and
rowth of copper oxide nanowires from copper hydroxide films is
uch more easier and faster than that directly from copper.
The optical band gap of the as-synthesized samples (without

ny titania coating) is determined using diffuse reflectance data as
hown in Fig. 6. The band gap values are found to be about 1.5 eV
or CuO and 2.1 for Cu2O NW respectively. The band gap for the CuO
hin films was found to be 1.5 eV and 2.4 eV for Cu2O. These values
re slightly higher than the range of band gap values reported in
iterature for cuprous oxide (2.0–2.3 eV [8,22])  and the range of
alues reported for cupric oxide (1.2–1.4 eV) [28,29]. Analysis of
he Tauc plot for Cu2O NW samples shows evidence for some CuO
resent in the Cu2O NW samples and this is also in agreement with
he XRD results. The phase purity of Cu2O NW arrays has also been
hown to be a challenge with the nanowires annealed by thermal
xidation [31,32]. The CuO in the Cu2O nanowire array sample is
ost likely to be present as a polycrystalline layer beneath the Cu2O
W arrays. The background signal from the CuO would make it
ifficult to draw an accurate baseline in the Tauc plots which can
ause variations in the estimated values for band gaps [2].

The Mott–Schottky plots of the Cu2O NW and thin film elec-
rodes are represented in Fig. 7. The intercept of the Mott–Schottky
lot gives the value Vfb + kT/q, where Vfb is the flat band poten-
ial, k is Boltzmann constant, q is the electron charge. The flat band

otential for the Cu2O NW arrays and the thin films was estimated
o be 0.012 V vs. Ag/AgCl or −4.05 eV vs. vacuum. The CuO NW had

 flat band potential of 0.01 V vs. Ag/AgCl while CuO thin films had
 flat band potential of 0.06 V vs. Ag/AgCl. The negative slope in the
nsity with increase in H2O2 concentration: (a) 0.5 M;  (b) 1 M; (c) 1.5 M.

Mott–Schottky plots indicates that Cu2O and CuO electrodes show
p-type behavior. The hole concentration can be estimated using the
following equation:

N = 2

qε0εr
d

dV

(
1

C2

)

where N is the carrier density, ε0 = (8.854 × 10−12 F/m) is permit-
tivity of free space, εr is the dielectric constant, and (d/dV) (1/C2) is
the slope of the Mott–Schottky curve. A dielectric constant of 6.3 for
cuprous oxide and 10.26 for cupric oxide was used for the calcula-
tions [40,41]. Basing on the slopes obtained from the Mott–Schottky
plots the carrier densities were calculated as 5.6 × 1022 cm−3 for
the Cu2O thin films and 1.9 × 1023 cm−3 for the Cu2O nanowires.
The carrier density was  estimated to be 5 × 1021 cm−3 for CuO thin
films and 1.37 × 1022 cm−3 for CuO NW respectively. The carrier
concentration in copper oxide nanowires is an order of magnitude
higher than thin films suggesting higher carrier generation and
lower recombination losses. The Mott–Schottky analysis was per-
formed under 1 Sun illumination (100 mW/cm2), resulting in high
carrier concentration due to the generation of excess carriers upon
illumination. The open-circuit potential data as shown in Fig. 8
indicate slightly negative values for nanowire arrays compared to
thin films. This difference is similar to that observed with flat band

potential values using Mott–Schottky technique. The flat potential
indicates the position of Fermi level in the semiconductor. Higher
hole density for nanowires samples (obtained from Mott–Schottky
plots) implies that the Fermi level is more closer to the valance
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ig. 3. Schematic explaining the mechanism for the formation of copper hydroxid
ucleation of CuO; (b) copper oxide is converted to copper hydroxide and early sta
anowires by basal growth.

and for the nanowires when compared to thin films. The Fermi
evel of n-type titania is closer to its conduction band. Upon Fermi
evel equilibration, a higher shift in the Fermi level is expected for
anowires when compared to thin films. If the change in the Fermi

evel is significant after equilibration, this effect would be further
mplified when the flat band potential of thin films and nanowires
re compared. However, this is not reflected in the experimentally
easured flat band potentials. The flat potentials for the titania

oated copper oxide thin films and nanowire samples appear to be
lose. This would imply that a thin film of titania (∼20 nm)  does
ot deplete the charge carriers at the copper oxide surface and
ould result in no significant change in the flat band potential after

oating the copper oxide with titania. Another possible explana-
ion is that the Fermi level could be pinned at the acceptor states
ausing no variation in the flat band potential after titania deposi-
ion. The J–E curves measured under chopped AM 1.5 illumination
or Cu2O, CuO thin films and nanowires are shown in Fig. 9. The
hopped illumination method has the advantage of monitoring the
ight and dark current simultaneously. Cu2O NW array electrodes
howed significantly higher photocurrent than the thin film elec-
rodes. At a potential of 0 V w.r.t. reference hydrogen electrode, the
hotocurrent density (Jlight − Jdark) was found to be 0.06 mA/cm2

nd 0.26 mA/cm2 for the thin film and Cu2O NW array electrodes
espectively. CuO thin films and nanowire arrays showed very low
hotocurrents. Phase purity of copper oxide and removal of the

nterfacial CuO layer is important to achieve higher photocurrents.

he presence of pin holes in the titania coating and film delami-
ation could also result in variations and lower the photocurrent.
he CuO samples exhibited more delamination as they were syn-
hesized at higher temperatures.
owires: (a) Cu foil reacts with the oxidizer to form copper oxide and subsequent
 nucleation of copper hydroxide nanowire growth; (c) increase in the length of the

The work function of copper (4.65 eV) [42] is less than that of
copper oxide (4.8–5.2 eV) [43], causing the bands bending down-
wards at the copper oxide–copper interface after the Fermi levels
equilibrate. This results in the formation of a Schottky barrier for
the holes at the copper oxide–copper interface [44]. The experi-
mentally measured barrier heights range from 0.74 to 0.84 eV [45].
For a p-type semiconductor, the holes have to move through the
bulk of the semiconductor to the counter electrode to participate
in water oxidation reaction, while the electrons are transferred
from the surface of the semiconductor to electrolyte for the hydro-
gen evolution reaction. The Schottky-barrier for the holes at the
copper-oxide/copper interface would result in slower transport
of holes across the interface. This would increase the recombina-
tion of holes with electrons and result in lower current density.
To eliminate this Schottky barrier, the synthesis was  carried out
with FTO slides, sputtered with gold and subsequently coated with
copper by electrodeposition. The SEM images of cuprous oxide
nanowires grown on FTO are shown in Fig. 10.  Interestingly, the
nanowires grown on FTO also showed similar performance as that
of nanowires grown on Cu foil, suggesting the minimal role of the
Schottky barrier in affecting the performance (Figure S6, Supple-
mentary information). The low photocurrents seen with nanowire
electrodes could be due to recombination arising at the polycrys-
talline copper oxide film present beneath the nanowire arrays
(Figure S7, Supplementary information). Also, the presence of
Ti3+ trap states in titania could hinder the transport of elec-

trons at the semiconductor–electrolyte interface and lower the
observed photocurrents [46]. Another possibility is the sluggish
kinetics of H2 reduction at the titania interface and a suitable cat-
alyst like platinum could help overcome this problem. Preliminary
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ig. 4. (a) SEM image showing the nucleation of NW by wet  chemical oxidation an
chematic illustrating growth of wires through plasma oxidation.

xperiments involving loading platinum particles onto the tita-
ia coated nanowire arrays showed no significant improvement

n photoactivity. Also, it was found that the photocurrent den-
ity saturates when the light intensity is increased beyond 1 Sun
Figure S8, Supplementary Information). These results clearly point
ut the detrimental role of the interfacial cupric oxide layer which
imits the performance of the copper oxide nanowire arrays. The
nterfacial oxide layer not only acts as transport barrier for the
harge carriers but also increases the recombination losses. The

nterfacial oxide layer has to be eliminated to achieve higher pho-
ocurrents from the nanowire arrays.

The stability of the electrodes was tested by monitoring the open
ircuit voltage under chopped AM 1.5 conditions (100 mW/cm2).
r growth by (b) thermal oxidation for 10 min  and (c) plasma oxidation for 20 s. (d)

The open circuit voltage vs. time plots are shown in Fig. 8. and it
can be seen that both the nanowire and thin film electrodes are
stable for atleast 1000 s. A significant loss of photoactivity was
seen after long exposure times (>2000 s). The loss in photoactiv-
ity was found to be more rapid when a potential was  applied.
The loss in photoactivity could be due to the pin holes in the
titania coated Cu2O electrodes. After 300 s no photoactivity was
observed with cuprous oxide nanowire electrodes when a poten-
tial of −0.55 V vs. Ag/AgCl was  applied. Similar observations on the

stability of titania coated Cu2O electrodes, were made by Gratzel
and co-workers who found that a black layer, corresponding to for-
mation of copper, was  found on the illuminated region of the Cu2O
photocathodes. The CuO thin film and NW electrodes were only
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Fig. 5. (a) XRD diffractograms of the Cu2O and CuO thin films and (b) NW arrays
synthesized on copper foils.

Fig. 6. Tauc plots for CuO and Cu2O NW for determining the band gap. The inset
shows the Tauc plots for CuO and Cu2O thin films. Both Cu2O thin films and nanowire
arrays samples show the presence of CuO, which is most likely to be present as an
oxide layer beneath the nanowires.

Fig. 7. Mott–Schottky plot for Cu2O NW and thin films obtained at
1  Sun illumination (100 mW/cm2) and 10 Hz frequency.

Fig. 8. Photovoltage transients for the Cu2O and CuO thin films and nanowires under
open circuit condition. The electrodes were illuminated with a chopped AM 1.5 light
(100 mW/cm2).

Fig. 9. Current density vs. potential characteristics for the Cu2O, CuO thin films and
nanowire arrays measured under chopped AM 1.5 illumination (100 mW/cm2).
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ig. 10. Scanning electron microscopy images of (a) copper hydroxide film formed
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table for few minutes and showed no photocatalytic activity after
 min.

The fabrication of a thick mesoporous cuprous oxide nanowire
lectrode without any interfacial oxide layer would be the ideal
rchitecture. This would provide the necessary thickness for
ight absorption, provide more intimate contact between the
anowires and electrolyte for better charge transport at the
emiconductor–electrolyte interface, solve the issue of phase purity
or interfacial layers and would eliminate recombination losses
ue to the polycrystalline oxide layer. Our ongoing research efforts

nclude the fabrication of these mesoporous electrodes and inves-
igation of alternative protective layers for improving the stability
nd performance of the cuprous oxide nanowires.

. Conclusions

A generic and scalable synthesis technique for growing cuprous
xide nanowire arrays on different substrates is presented. The syn-
hesis of nanowire arrays was carried out on copper foils, glass
lides coated with fluorinated tin oxide, and could be extended
o other substrates. Experiments using hydrogen peroxide for wet
hemical oxidation suggest that the nucleation and growth of
opper hydroxide nanowires proceed in similar fashion to that
f plasma oxidation. Also, the combination of wet chemical and
lasma oxidation can be interesting for reducing the time scales for

 variety of other materials systems. Photoelectrochemical charac-
erization of the copper oxide films and nanowire arrays showed
hat the nanowires show a significant enhancement in photocur-
ents due to increased carrier generation and lower recombination.
uprous oxide nanowires grown on gold sputtered FTO slides
howed a performance similar to that of the nanowires grown on
opper foils suggesting that the presence of Schottky barrier is not
he major factor limiting the performance. The presence of a cupric
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ents that can be achieved with nanowire arrays.
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