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Abstract: Nanowire (NW) structures is an alternative candidate for constructing the next generation photoelectrochemical water
splitting system, due to the outstanding optical and electrical properties. NW photoelectrodes comparing to traditional semicon-
ductor photoelectrodes shows the comparatively shorter transfer distance of photo-induced carriers and the increase amount of
the surface reaction sites, which is beneficial for lowering the recombination probability of charge carriers and improving their
photoelectrochemical (PEC) performances. Here, we demonstrate for the first time that super-long Cu,0 NWs, more than 4.5 um,
with highly efficient water splitting performance, were synthesized using a cost-effective anodic alumina oxide (AAO) template
method. In comparison with the photocathode with planar Cu,0 films, the photocathode with Cu,0 NWs demonstrates a signi-
ficant enhancement in photocurrent, from -1.00 to -2.75 mA/cm? at -0.8 V versus Ag/AgCl. After optimization of the photoelec-
trochemical electrode through depositing Pt NPs with atomic layer deposition (ALD) technology on the Cu,0 NWs, the plateau of
photocurrent has been enlarged to -7 mA/cm?2 with the external quantum yield up to 34% at 410 nm. This study suggests that
the photoelectrode based on Cu,0 NWs is a hopeful system for establishing high-efficiency water splitting system under visible
light.
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and the light-to-H, conversion efficiency is 18% under a stand-
ard solar radiation!'0-14, Besides, compared to other p-type
PEC materials, Cu is much abundant and the preparation meth-
od is low-cost by industrial proven. Recently, the Cu,O thin
films photocathode with highly active of was proposed!4,
which reached the large photocurrents of ~7.6 mA/cm? at 0 V
versus RHE and maintained working for one-hour testing time.
Inour previous work, we reported an efficacious surface modific-
ation for Cu,0 photocathodes by trisodium citrate to realize
an impressive PEC performancel'sl, These results indicate signi-
ficantfeasible of Cu,0 in photocatalysis water splitting. In partic-
ular, for efficiency improvement, various Cu,0 nanostructures
with high specific surface area and short charge carrier diffu-
sion lengths compared with bulk materials, have been success-

1. Introduction

Since Fujishima and Honda initially, in 1972, reported hy-
drogen generation in a photoelectrochemical water splitting
device by introducing the TiO, electrode!'l. The conversion
from solar energy into chemical fuels like hydrogen is a most
practicable method to solve the world-wide sustainable en-
ergy challenges. However, as has been discussed often, until
now, the reported conversion efficiency s still too low for applic-
ation in reality!2-19. To solve this problem, building novel mor-
phologies has been an effective method in fundamentally im-
proving the efficiency of photocatalytic water splitting, based
on their structural advantage depending on the size and
shape. Nanowire, as a typical nanostructure, has been success-
fully manufactured in various semiconductors for enhancing

the PEC performances, such as TiO,, ZnOl9,

Cu,0, as an attractive candidate for light energy conver-
sion, possessing a favorable direct band gap (E5 ~ 2.1 eV),
which the maximum photocurrent in theory is of 15 mA/cm?
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fully fabricated, including nanorods, nanowires (NWs), nan-
otubes, nanocubes, and nanospheres('6-191 and different syn-
thesisl20. 211, However, super-long Cu,O NW arrays have been
not well reported, for PEC water splitting. In this paper, we syn-
thesize successfully super-long Cu,0 NW arrays by the conveni-
ent and low-cost anodic alumina oxide (AAO) template techno-
logy. In comparison with the photocathode based on Cu,O
films, the super-long Cu,0 NWs photocathode demonstrates
a remarkable enhancement in photocurrent, from -1.00 to
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-2.75 mA/cm? at -0.8 V versus Ag/AgCl. Since the photoele-
ctrochemical system was optimized by depositing Pt NPs with
ALD on the Cu,0 NWs, the plateau photocurrent has been im-
proved to -7.00 mA/cm? at -0.8 V versus Ag/AgCl and the ex-
ternal quantum yield (EQY) is up to 34% at 410 nm. The re-
search results of this work offer an inexpensive, naturally re-
sourceful nanowire material element for applications in photo-
electrochemical cells.

2. Experimental

2.1. Preparation of Cu,0 NWs and films

Synthesized from high purity Al foils, AAO templates were
fabricated with a two-step anodization in oxalic acid (0.3 M) at
40 V during eight-hours anodization time for the first step and
one-hour anodization time for the second step!22 23], The AAO
pores were broadened in H3PO, solution (5 wt%) for 50 min at
30 °C. After that, a 25 nm-thickness layer of gold was depos-
ited with the process of physical vapor deposition (PVD). Sub-
sequently, Ni film layer was synthesized on the surface of AAO
template at a current density of 5 mA/cm?2. The Ni plating solu-
tion has NiSO, (0.38 M), NiCl, (0.12 M), and H3BO5 (0.5 M). The
AAO template with gold was utilized as the working electrode,
while Ni foil was used as the counter electrode. Then, the back-
side alumina was removed by CuCl, solution, and the AAO
with Ni layer was obtained. Later on, the sample was soaked in
HsPO, (5%) for 30 min in 60 °Cin order to remove the barrier lay-
er before the deposition of Cu,0. At the end, Cu,0 NWs were
electrodeposited catholically in a copper sulphate bath (0.4 M)
which contained 3 M lactic acid. The pH value of the bath was
configured to 12 with caution adding 3 M NaOH. Then Cu,0
NWs were synthesized under a steady potential (-0.40 V
versus Ag/AgCl) with a standard three-electrode system for a
90 min. By a heating stage with a real-time temperature probe,
the bath temperature was set at 45 °C the whole time. After de-
position, the AAO skeleton was removed by immersion in sodi-
um hydroxide aqueous solution (0.1 M) aim time 1 hour and
long Cu,0 ordered nanowires were hence obtained. As a com-
parison, Cu,0 thin films directly on FTO/Au was prepared by
the same process.

2.2, Fabrication of photocathodes of Cu,0 NWs and
films

The strip of conductive Cu tapes was connect to the un-
covered FTO and Ni area of the FTO/Au/Cu,0O and Ni/Cu,0
NWs, respectively, in order to extend the conducting circuit.
The Cu tapes were later put through the glass tubes, and then
waterproofed with the a/b mixed epoxy adhesive. The area of
samples was measured by a computer with the help of Pho-
toshop software.

2.3. Measurements of PEC characteristics

The EQY measurement of the sample was obtained under
axenon lamp (150 W) with a grating monochromator from New-
port corporation. Photocurrent-potential (J-V) curves and im-
pedance characteristic were recorded by the high accuracy
Bio-Logic potentiostat (SP-200) in sodium sulphate solution
(0.1 M). A reference electrode (Ag/AgCl) and a counter elec-
trode (Pt) were utilized during the measurements. As the light
source, a standard 300 W xenon lamp (Newport) was used,
and the optical intensity was set to 100 mW/cm? with a stand-
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Fig. 1. (Color online) Schematic illustration of the whole fabrication
procedure of Cu,0 NWs by AAO template: gold layer deposition (1), Ni
electrodeposition (Il), aluminum and barrier layer removal (lll), Cu,O
growth (IV), and template removal (V).

ard Si solar cell from Newport corporation.

2.4. Characterizations of samples

The crystal structures and mapping of the Cu,0 NWs and
films were evaluated by measuring X-ray diffraction (XRD) spec-
tra with Ni filtered Cu Ka radiation. The surface and cross-sec-
tion morphologies of the samples were investigated using a
scanning electron microscope (SEM, Hitachi S-570).

3. Results and discussion

The whole fabrication procedure of Cu,O NWs can fall in-
to 5 detailed processes that are presented schematically in
Fig. 1, in which the colors of the Al, AAO, Au, Ni and Cu,0 are il-
lustrated as gray, blue, yellow, black and orange, respectively.
The process includes gold layer deposition (I), Ni electrodepos-
ition (Il), aluminum and barrier layer removal (Ill), Cu,0 growth
(IV), and template removal (V). The AAO templates were em-
ployed as the main template during the preparation for the dra-
matic advantages, such as highly adjustable structural paramet-
ers, uniform and well oriented nano-porous structures, large sur-
face area, cost-effective and good thermal stability and high
mechanical strength(23-25],

Fig. 2(a) clearly illustrates that bare AAO template, which
was fabricated with two times oxidization[2425], shows quite uni-
form distribution of nanopores with ~150 nm in diameter and
~5 um in length. The Cu,0 NWs and films were prepared by an-
odic electrodeposition, which was in a Cu sulphate bath ad-
ded 3 M 2-hydroxy propionic acid, by following the previously
reported processes!'?l. Fig. 2(b) shows the representative scan-
ning electron microscopic (SEM) images of the as-grown
nanowires of Cu,O on nano-Ni substrate. And the Cu,O
nanowires are arranged vertically and neatly on the substrate.
The size of the nanowires is gauged as 4.5 um around in
length and 85 nm around in diameter, respectively. The films
of Cu,O grown on the substrates of Au/FTO glass are fabric-
ated by continuously distributed polyhedral particles, as
shown in Fig. 2(c)['*l. Numerous attentions make the promo-
tion and/or utilizations of PEC materials, especially in nanostruc-
ture to be used in splitting water (H,0 — % O, + H,) systems.
Also involving these photocatalysts to light-absorbers, this is
unique since catalysts utilization in standard electrolysis. The
most noteworthy alteration is that light-coupled electrolysis
needs absorbers across on large areas to raise irradiation flux
capture. On the other hand, when a catalyst is straight re-

N Nasori et al.: Realizing super-long Cu,0 nanowires arrays for high-efficient ......



Journal of Semiconductors doi: 10.1088/1674-4926/40/5/052701 3

nasori 15.0KV 9.1mmx11.0k SE(U)

(d)

- CUzo
+ Ni
* Au
# FTO

Intensity

L 3

L] -
- I

Cu,0 NWs

. Cu0 films
# o # HY # A | 2
20 30 40 50 60 70 80

26 (degree)

Fig. 2. (Color online) SEM images of (a) the as-prepared AAO template, (b) Cu,O NWs (inset is cross-sectional SEM image of Cu,0 NWs) and (c)
Cu,0 films. (d) The corresponding XRD patterns of Cu,0O NWs and films (inset is mapping of Cu,0 NWs).

leased on the absorber surface that will harshly inferior the re-
quirements for current detection per unit geometric area.

In addition, the band gap of the grown films of Cu,O is mea-
sured as 2.1 eV by the UV-vis spectrums reported in our previ-
ous paper!’], which is consistent with the reported values!22 23],

The corresponding XRD patterns of the Cu,0 NWs and
films are given in Fig. 2(d), where the diffraction peaks at 29.6°,
36.5°, 42.4°, 61.4° and 73.6° can be no doubtfully classified to
the reflection of planes (110), (111), (200), (220) and (311) of
the polycrystalline Cu,0, which are consistent with the No. 05-
0667 in JCPDS card28, Phases of Cuand CuO are not distinguish-
able, suggesting a pure Cu,0 structure in the nanowires and
films. For further determination of the composition of the mater-
ial elements, we characterized the mapping of Cu,0 NWs with
SEM, as shown in inset of Fig. 2(d), which sustains that just Cu
and O elements are appear in the nanowires.

Fig. 3(a) demonstrates the typical stable state EQY curves
of the photoelectrodes of Cu,0 NWs and films. Comparing to
Cu,0 thin films photoelectrode, the Cu,0O NWs photoelec-
trode on the nano-Ni exhibits an increscent EQY below the ab-
sorption threshold of Cu,O (600 nm). An enhancement of 2-
fold is obtained, indicating that Cu,0 NWs based electrode
has a larger photo-to-current efficiency than that with Cu,O
thin films. This result is consistent with those reported in re-
cent studies that have focused on the outstanding light and
electric properties of nanowires andimprovementin photocata-
lytic performance of semiconductor nanowires!27: 28],

J-V curves were characterized by immersing the PEC elec-
trodes in 0.1 M sodium sulfate solutions, with the reference of
Ag/AgCl and the counter electrode of Pt wire. Each plot repres-
ents a typical photo-response obtained under simulative light
source (AM 1.5 G, 100 mW/cm?), as illustrated in Fig. 3(b).
These data reveal a cathodic photocurrent and imply a obvi-

ous p-type characteristic of both samples of Cu,0 NWs and
films, which are consistent with our previous report!'l, In the
system, photo-induced electrons move from films and
nanowires to electrolyte to drive PEC reactions, and the corres-
ponding holes transport from films and nanowires to ITO elec-
trode during the PEC measurement. To be exciting, compared
tothe Cu,Ofilms electrode, the photocathode of Cu,0 NWs pos-
sesses a remarkable improvement in PEC performance, in
good agreement with EQY measurement. To be noted, both
Cu,0 films and NWs photoelectrode have the photoreduction
peakat 0V versus Ag/AgCl, owing to the weak chemical stabiliz-
ation of Cu,0, which is consistent with other literature repor-
ted!4,

As illustrated in Fig. 3(c), to study the PEC performance
and stability under visible light of samples, the time-depend-
ent photocurrent (J-t) profiles of the Cu,0 NWs and films was
given with chopped light illumination (on: 250 s; off: 250 s) at
-0.3 V versus Ag/AgCl. The results demonstrated that both
samples exhibit photocurrent responses under each illumina-
tion quickly and reproducibly. The plateau photocurrent dens-
ity of the Cu,0 films electrode was -0.11 mA/cm?, while that of
the Cu,0 NWs was -0.71 mA/cm?, which represents a more
500% increase from the Cu,O films. The result demonstrates
that nanostructure of materials can achieve the improvement
of the photoelectric conversion, owing to the capability of offer-
ing large surface area and more reaction sites, decoupling
light absorption and the collection of charge carrier, shorting
diffusion distance of charge carrier compared to the bulk struc-
tures!29.30],

To elucidate the strong correlation between nanostruc-
tures and the enhanced photocurrent and EQY values, electro-
chemical impedance measurement was carried out. Fig. 3(d)
shows Nyquist Impedance spectra of Cu,0 NWs and films at
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Fig. 3. (Color online) (a) EQY spectra, (b) photocurrent-potential profiles, (c) time-dependent photocurrent density spectra and (d) impedance

spectra of the Cu,O NWs and films photoelectrode.
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Fig. 4. (Color online) (a) Top-view SEM image of Cu,0 NWs with Pt NPs. (b) Photocurrent-potential curves and (c) photocurrent-time profile at
-0.3 V versus Ag/Ag and (d) EQY spectra of the photoelectrode based on Cu,O NWs with Pt NPs. The inset is impendence spectra.

DC frequency (200 kHz — 200 Hz) performed at open circuit
voltage. In the electrolyte, Rct can be figured with fitting the
semi-arc in 1 kHz regionB3V, which reflects the interfacial

charge-transfer resistance between the working electrode and
electrolyte. Smaller circular radius results in a lower resistance
of electron transport and higher efficiency of separation
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Fig. 5. (Color online) (a) Schematic diagram of Cu,0O NWs/Pt photoelectrode and (b) energy band-gap spectrum of the Cu,0 NWs with/without Pt

NPs.

between photo-excited positive and negative charges. As
shown in Fig. 3(d), the charge transfer resistance of Cu,O NWs
electrode is much smaller than that of Cu,O film sample, ind-
icating a much smaller electron transport resistance and a lar-
ger photo response, leading to a larger photocurrent in Cu,0
NWs electrode.

To further improve the performance of PEC in Cu,O nano-
device, Pt NPs were deposited on the nanowire surrounds,
which is the catalyst by a procedure of the ALDB2 331, Fig. 4(a)
displays the top view SEM image of the catalyst on Cu,0 NWs,
where the particles’ size can be gauged as 5-10 nm, and Pt
NPs are uniformly and high density coated on the Cu,0O NWs.
The photocurrent-potential curves of the improved photoca-
thode are shown in Fig. 4(b). By comparing with the bare Cu,0
NWs electrode, the one modified with Pt NPs catalyst has an
effective enhancement in photocurrent, which is amplified to
-7 mA/cm2 Moreover, the photocurrent-time profile of the pho-
toelectrode at -0.3 V versus Ag/AgCl (Fig. 4(c)) shows that
there is no apparent decrease in current density during about
2500s time span after several light-dark period. To be surpris-
ing, by modifying the Cu,0 NWs surface with Pt NPs, the EQY
is amplified to 34%, which is 2-fold of the bare Cu,0 NWs and
4-fold of Cu,0 films, which showing a great latent application
of Cu,0 in water splitting, as shown in Fig. 4(c).

To shed light on the enhancement mechanism of PEC per-
formance in Cu,0 NWs with Pt NPs, the schematic illustration
of Cu,0 NWs/Pt photoelectrode and the total band energy spec-
trum of the Cu,0/Pt/electrolyte structure are schematically
presented in Fig. 5. The bending band of Cu,0/Pt/electrolyte
is similar to that case for p-Si/Pt/ electrolyte contact in a photo-
electrochemical cell34. Photons absorbed by Cu,0 NWs gener-
ate minority-carriers (electrons), which drifts to the interface of
photoelectrode/electrolyte where water was decomposed
(from H3;O* to H,). As an electrocatalyst for the photocathodic
reaction (hydrogen generation), Pt NPs greatly increase the
specific surface area and catalytic activity during photoche-
mical reaction!331.

4, Conclusion

In conclusion, we have shown that a novel photocathode
based on super-long Cu,0 NWs was successfully fabricated via

the anodic alumina oxide template method. In comparison
with the photocathode of Cu,0 films, the Cu,0 NWs photocath-
ode demonstrates a significant enhancement in photocurrent,
from -1.00 to —-2.75 mA/cm?, attributing to advantages of the
nanostructure including high specific surface area, light-trap-
ping and short carriers transfer. After optimization of the photo-
electrochemical electrode through depositing Pt NPs with
ALD technology on the Cu,O NWs, the plateau of photocur-
rent has been enlarged to -7 mA/cm? furthermore. This work
provides a low-cost, naturally abundant nanowire material for
application in photoelectrochemical cells.
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