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Abstract

Using highly ordered porous anodic alumina membrane fabricated with the aid of
nanoimprinting as a mask, Ta2 O5 nanorod array with uniform diameter, length, and
distribution is grown in situ on a Ta substrate by through-mask anodization. The Ta2 O5
nanorod array is further transformed into Ta3 N5 nanorod array without damaging the nanorod
structure by nitridation. Solar-driven photoelectrochemical water splitting with a maximum
solar energy conversion efficiency of 0.36% is demonstrated with the Ta3 N5 nanorod array
after modifying the surface with cobalt-phosphate as a co-catalyst. The Ta2 O5 and Ta3 N5
nanorod arrays have potential applications in catalysis, photonics, UV photodetection and
solar energy conversion.
(Some figures may appear in colour only in the online journal)

1. Introduction

the vapor for vapor-phase deposition. Alternatively, in some
cases the metal substrates beneath the PAA template can be
used as the sources to grow 1D metal oxide nanorods in
a process called ‘through-mask anodization’ [20–22]. The
in situ grown metal oxide nanorods by this technique show
more intimate contact with the metal substrate and better
mechanical stability, which makes them attractive for practical
applications.
Tantalum oxide (Ta2 O5 ) nanorods can be grown by
through-mask anodization using PAA as a mask [20–22].
Due to its high dielectric constant, large refractive index,
and good catalytic activity, Ta2 O5 have potential applications
in microelectronics [23, 24], photonics [25], UV photocatalysis [26–28], and fuel cells [29, 30]. With a band gap of
3.9–4.0 eV, Ta2 O5 is also one of the most widely used wide
band gap metal oxide semiconductors [31]. By transforming
Ta2 O5 into tantalum nitride (Ta3 N5 ) via nitridation, the band
gap is reduced to ∼2.1 eV, capable of absorbing a large
portion of the sunlight [32]. This makes Ta3 N5 an interesting
material for solar energy conversion, especially for water
splitting due to its proper energy band positions for water
oxidation and reduction [33].

One-dimensional (1D) inorganic nanostructures (i.e., nanotubes, nanowires, and nanorods) have attracted considerable
research interest due to their potential applications in
nanoscale electronics, photonics, optoelectronics, energy
conversion and storage [1–5]. Highly ordered 1D nanostructure arrays are of particular interest for integrating
multifunctional devices and systems [6–8]. An important
‘bottom-up’ technique for the fabrication of vertically
aligned 1D nanostructures is the deposition of inorganic
materials into porous anodic alumina (PAA) templates [9–13].
PAA membrane with controllable structures including pore
diameter and inter-pore distance can be fabricated by a simple
anodization method [14–17], which makes it a facile template
for the growth of 1D nanostructures. In this technique, PAA
template is first formed on top of the substrate and then
1D nanostructures are deposited into the PAA template by
liquid-phase electrodeposition [10] or vapor-phase deposition
such as chemical vapor deposition [18] or atomic layer deposition [19]. The sources of the deposited 1D nanostructures
are either from the electrolyte for electrodeposition or from
0957-4484/14/014013+08$33.00
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Figure 1. Schematic process for the fabrication of highly ordered Ta3 N5 nanorod arrays. (a) Si imprint stamp used for nanoimprinting.

(b) Ta foil coated with an Al layer (∼2 µm in thickness) by thermal evaporation. (c) Nanoimprinted Al/Ta foil with shallow concaves on the
Al surface. (d) Highly ordered PAA mask formed by anodization. (e) Ta2 O5 nanorods embedded into the nanochannels of the PAA by
through-mask anodization. (f) Ta2 O5 nanorod array released by selectively etching the PAA mask. (g) Ta3 N5 nanorod array obtained by
nitridation.

with Al layer (∼2 µm thickness) by thermal evaporation
(figure 1(b)). A silicon imprint stamp with prefabricated Si
nanopillars was used to imprint the Al layer (figure 1(a)).
The pitch and height of the Si nanopillars were 450 nm and
230 nm, respectively. The nanoimprinting was performed at
a pressure of 100 MPa for 100 s. The size of the imprinted
area was about 1 cm2 . After nanoimprinting, the Al layer
was anodized thoroughly to form a PAA mask in H3 PO4 :H2 O
(1:300 in v/v) under an anodizing voltage of 180 V at ∼0 ◦ C
under stirring (figure 1(d)). The anodization of Al was also
carried out in 0.03 M oxalic acid aqueous solution under
90 V at ∼5 ◦ C to create PAA mask with smaller inter-pore
distance. The samples were then dipped into a 5% H3 PO4
aqueous solution at 60 ◦ C for 90 s to widen the nanopores of
the PAA mask. The Ta substrate under the PAA mask was
then anodized in a 0.5 M H3 BO3 aqueous solution at room
temperature under stirring (figure 1(e)). The anodizing voltage
was ramped from 0 to 650 V at a rate of 0.1 V s−1 and
kept at 650 V for 1 h. Highly ordered Ta2 O5 nanorod arrays
were released from the PAA mask by selectively etching the
PAA mask with a 5% H3 PO4 aqueous solution at 60 ◦ C for
4 h (figure 1(f)). Finally, Ta3 N5 nanorod arrays were obtained
by nitriding the sample in a closed horizontal tube furnace
at 1000 ◦ C under 10 sccm NH3 flow for 2 h (figure 1(g)).
Scanning electron microscopy (SEM) images of the samples
were taken with a Hitachi S4800. The crystal structure of the
sample was measured by x-ray diffraction (XRD) spectrum
with an x-ray diffractometer (Rigaku Ultima III) using Cu Kα
radiation at 40 kV and 40 mA. High-resolution transmission
electron microscopy (HRTEM) image and selected-area
electron diffraction (SAED) pattern of the Ta3 N5 nanorod

In this paper, combining nanoimprinting and throughmask anodization techniques, highly ordered Ta2 O5 and
Ta3 N5 nanorod arrays have been fabricated. The surface
of an Al layer coated on Ta substrate was first imprinted
with a Si imprint stamp having ordered array of Si
nanopillars. Highly ordered PAA mask was formed with
the nanoimprinted Al layer by anodization. Then, Ta2 O5
nanorods were grown into the nanochannels of the PAA mask
in a through-mask anodization process. After removing the
PAA mask, highly ordered Ta2 O5 nanorod array was obtained.
The Ta2 O5 nanorod array was transformed into Ta3 N5
nanorod array in a post-nitridation process. Solar-driven
photoelectrochemical (PEC) water splitting was demonstrated
with the highly ordered Ta3 N5 nanorod array after modifying
with cobalt-phosphate (Co–Pi) as co-catalyst, which showed
a stable photocurrent of 1.5 mA cm−2 at 1 V versus reversible
hydrogen electrode (RHE) under AM 1.5G and a maximum
solar energy conversion efficiency of 0.36%. The PEC water
splitting activity of the Ta3 N5 nanorods was further enhanced
by decreasing the anodization voltage of the PAA mask to
90 V to create nanorods with smaller diameter and higher
areal density.
2. Experimental details
2.1. Fabrication of highly ordered Ta2 O5 and Ta3 N5 nanorod
arrays

The schematic process for the fabrication of highly ordered
Ta2 O5 and Ta3 N5 nanorod arrays is shown in figure 1. Ta
plate (10 mm × 50 mm × 0.1 mm) was cleaned in acetone
and isopropyl alcohol. The surface of the Ta plate was coated
2
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were taken with a FEI Titan under an accelerating voltage of
300 kV.
2.2. Photoelectrochemical measurement

The Ta3 N5 nanorod array was etched in a mixture of
HF:HNO3 :H2 O (1:2:7 in v/v) for 10 s and rinsed with
pure water. Right after the etching treatment, Co–Pi was
deposited on the surface of the nanorods by photo-assisted
electrodeposition using a three-electrode configuration. The
nanorod array was used as the working electrode, Ag/AgCl
as the reference electrode, and a Pt wire as the counter
electrode. The electrolyte consisted of 0.5 mM Co(NO3 )2
in 0.1 M potassium phosphate buffer at pH 7. The nanorod
array was illuminated with AM 1.5G simulated sunlight.
Co–Pi was deposited at a constant current density of
10 µA cm−2 for 8 min. PEC water splitting properties
of the nanorod photoelectrodes were measured with a
three-electrode configuration using an Ag/AgCl reference
electrode and a Pt wire counter electrode. The measured
potential of the working electrode against the Ag/AgCl
reference electrode was converted to the RHE scale according
to the Nernst equation: ERHE = EAg/AgCl + 0.059pH +
0.197. An aqueous solution of 0.5 M K2 HPO4 was used
as the electrolyte. The pH of the electrolyte was adjusted
to 13 with KOH. The electrolyte was stirred and purged
with Ar gas before the measurement. The Ta3 N5 nanorod
array was illuminated with AM 1.5G simulated sunlight at
100 mW cm−2 from a commercial solar simulator (SAN-EI
Electric, XES-301S). Current–potential curves were measured
under an anodic scan with a rate of 10 mV s−1 . The
solar energy conversion efficiency was calculated from the
current–potential curves measured in the dark and under
AM 1.5G with the equation η = [(1.23 − Vapp ) × (Jlight −
Jdark )/Plight ] × 100%, where Vapp is the applied potential
versus RHE, Jdark and Jlight are the current densities in the
dark and under AM 1.5G, respectively, and Plight is the power
density of AM 1.5G (100 mW cm−2 ).

Figure 2. (a) SEM image of Si imprint stamp used for

nanoimprinting (60◦ tilted view). The pitch and height of the Si
nanopillars are 450 nm and 230 nm, respectively. (b) SEM image of
the shallow concaves on the Al surface after nanoimprinting.
(c) SEM image of the PAA mask formed by anodization. The scale
bars are 2 µm.

3. Results and discussion

Figure 2(a) shows an SEM image of the Si imprint stamp
used for nanoimprinting. The height and pitch of the Si
nanopillars are 230 nm and 450 nm, respectively. Because
Al is relatively soft, an Si imprint stamp can be used for
imprinting. Figure 2(b) shows an SEM image of the Al surface
after nanoimprinting. Shallow holes were produced on the
surface of the Al layer. During the anodization of the Al layer,
the shallow concaves produced by nanoimprinting initiated
the growth of nanochannels. Thus, highly ordered PAA
mask was formed by anodization, as shown in figure 2(c).
The holes in the PAA mask exhibit uniform size and
close-packed hexagonal arrangement. Choosing a suitable
anodizing voltage is crucial to achieve highly ordered
nanopores with nanoimprinted Al. An empirical relationship
between the pitch (L) of the nanopores and the anodizing
voltage (U) was found for anodization at low current density:
L (nm) = 2.5U (V) [34]. Therefore, for a pitch of 450 nm,

an anodizing voltage of 180 V was used for anodization. At
this high anodizing voltage, use of diluted acidic electrolyte
and efficient cooling of the electrolyte are necessary to prevent
‘burning’ of the Al layer [35]. Therefore, a diluted phosphoric
acid (H3 PO4 :H2 O = 1:300 in v/v), which was cooled by an
ice-water bath, was used as electrolyte for anodization.
During the past two decades, various nanoimprinting
techniques have been developed to pre-pattern the Al
surface in order to achieve highly ordered PAA membranes.
To achieve hexagonally ordered PAA membranes, the Al
surface was pre-patterned with imprint stamps [36–40],
focus-ion-beam etching [41–44], optical gratings [45, 46],
and self-assembled colloidal nanospheres [47–49]. In addition
to the hexagonally ordered PAA membranes with round
holes, highly ordered PAA membranes with different hole
3
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Figure 3. SEM image of highly ordered Ta2 O5 nanorod array

(30◦ tilted view). The Ta2 O5 nanorods have uniform length and
diameter, and they are perfectly aligned in the nanoimprinted area.
The scale bar is 2 µm. Inset: close-up of the Ta2 O5 nanorods. The
scale bar is 500 nm.

sharps and arrangements were also achieved by the nanoimprinting method, such as square and triangular nanohole arrays [50–53]. The above-mentioned nanoimprinting methods
provide a wide selection of highly ordered PAA masks with
different sizes, sharps, and arrangements that could be used
for through-mask anodization.
Figure 3 shows the SEM images of the highly ordered
Ta2 O5 nanorods obtained by through-mask anodization and
removal of the PAA mask. In the through-mask anodization
process, the Ta under the PAA mask was anodized through
the nanochannels. Due to the expansion of volume when
Ta was anodized into Ta2 O5 , the Ta2 O5 was filled into the
nanochannels of the PAA mask. The high electric field applied
across the Ta2 O5 and the low solubility of the Ta2 O5 in the
electrolyte are the key factors of the formation of nanorods.
Because Ta2 O5 is insoluble in phosphoric acid, the PAA
mask was selectively dissolved with phosphoric acid, thus
releasing the Ta2 O5 nanorod array from the PAA mask. The
Ta2 O5 nanorods shown in figure 3 have uniform diameter
and length. The diameter of the nanorods is about 180 nm.
Since the diameter of the nanorods is determined by the
diameter of the nanochannels in the PAA mask, it is possible
to adjust the diameter of the nanorods in a wide range
(e.g., from 100 to 300 nm) by varying the pore-widening
time in phosphoric acid after the first anodization step. The
as-grown Ta2 O5 nanorods are amorphous, as most of the
anodized oxides. They can be crystallized by calcination
at elevated temperatures (above ∼650 ◦ C) [26]. The Ta2 O5
nanorods could be used as a photocatalysts for reducing
organic molecules [26–28] or for water splitting under UV
irradiation [54]. The highly ordered nanorod array and the
high refractive index of the Ta2 O5 also make the structure
attractive for photonic applications [25]. Further, due to the
wide band gap of the Ta2 O5 (Eg : 3.9–4.0 eV) [31], it could
also be interesting to apply this vertically aligned nanorod
structure in visible–blind UV photodetection [55–57].
Ta2 O5 is unsuitable for solar energy conversion
applications because of its wide band gap that makes it only
absorb a small fraction of the solar irradiation. However, by
transforming the Ta2 O5 into Ta3 N5 via a nitridation process,

Figure 4. (a) 30◦ -tilted and (b) cross-sectional SEM images of the

Ta3 N5 nanorod arrays. The nanorods are slightly tilted after
nitridation. The scale bars are (a) 1 µm and (b) 500 nm.

the band gap is largely decreased to ∼2.1 eV. The absorption
range is then expanded up to ∼590 nm, covering a large
portion of the solar spectrum. Figure 4 shows the SEM images
of the Ta3 N5 nanorod array obtained by nitridation. The SEM
image in figure 4(a) shows that the highly ordered nanorod
array is preserved after the nitridation, with only a slight
tilting of the nanorod. From the cross-sectional SEM image
in figure 4(b), the length of the nanorods is measured to be
∼1 µm. A thin interlayer (∼250 nm) between the Ta3 N5
nanorods and the Ta substrate is found from the image.
It is also found that the diameter of the Ta3 N5 nanorods
is ∼170 nm, which is slightly smaller than that of the
Ta2 O5 nanorods. This is due to the decrease of the volume
when Ta2 O5 is transformed into Ta3 N5 . Considering the
close-packed hexagonal arrangement of the nanorod array, the
areal fraction (f
√) of the nanorods can be calculated with the
equation f = ( 3π/6)(D/L)2 , where D is the diameter of the
nanorods, and L is the center-to-center nanorod spacing. For
D = 170 nm and L = 450 nm, the areal fraction of the Ta3 N5
nanorod array is then calculated to be ∼13%. The crystal
structure of the sample after nitridation was measured with
XRD. The XRD pattern in figure 5 shows that the Ta2 O5
was successfully transformed into Ta3 N5 after nitridation.
The XRD pattern also revealed the presence of Ta5 N6 and
Ta2 N in the sample. These metallic phases were formed
in the interlayer between the Ta3 N5 nanorods and the Ta
substrate, as we demonstrated previously [22]. The nanorods
were single-crystalline Ta3 N5 , which was further confirmed
by HRTEM results. As shown by the HRTEM image and
4
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Figure 5. XRD pattern of the Ta3 N5 nanorods on the Ta substrate

(blue curve). The red curve and the black curve are the reference
XRD patterns of Ta3 N5 and Ta5 N6 , respectively.

the SAED pattern in figure 6, the nanorod was found to be
single-crystalline Ta3 N5 with high crystallinity.
Due to its wide absorption range, Ta3 N5 has potential
for solar energy conversion applications. In particular, the
conduction band and valence band of Ta3 N5 straddle the
water redox potentials, which make it suitable for water
splitting [22, 33]. As an example of the application of
the highly ordered Ta3 N5 nanorod array, the PEC water
splitting performance was tested and the results are shown
in figure 7. Co–Pi was modified on the surface of the
nanorods as co-catalyst to promote oxygen evolution reaction
(OER). Figure 7(a) shows the current–potential curves for
Co–Pi modified Ta3 N5 nanorod array measured in the dark
(black line) and under AM 1.5G simulated sunlight (orange
line). The photocurrent exhibits an onset at around 0.7 V
versus RHE and reaches 1.5 and 2.1 mA cm−2 at 1 and
1.23 V versus RHE, respectively. The solar energy conversion
efficiency curve (green dashed line) calculated from the
current–potential curves shows a maximum of 0.36% at
0.9 V versus RHE. This was achieved with a nanorod array

Figure 7. (a) Current–potential curves for the Co–Pi modified

Ta3 N5 nanorods in the dark (black line) and under AM 1.5G
simulated sunlight (orange line). The curves were measured in
aqueous solution of 0.5 M K2 HPO4 at pH 13 under anodic scan
(10 mV s−1 ). The green dashed line shows the solar energy
conversion efficiency calculated from the current–potential curves.
(b) Stability of the photocurrent at a bias of 1 V versus RHE under
AM 1.5G simulated sunlight.

with an areal fraction of only ∼13%. Higher efficiency is
expected with larger nanorod areal fraction. It should be
noted that no stable steady-state photocurrent was measured

Figure 6. (a) HRTEM image of the Ta3 N5 nanorod and (b) corresponding SAED pattern.

5
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an inter-nanorod distance of ∼225 nm was achieved by
reducing the PAA anodization voltage to 90 V. Figure 8(b)
shows the PEC water splitting activity of this sample after
Co–Pi modification. Compared with the Ta3 N5 nanorods
having a diameter of 170 nm and an inter-nanorod distance
of 450 nm in figure 7, the nanorods with smaller diameter
and inter-nanorod distance exhibited much higher activity.
The photocurrent density at 1 and 1.23 V versus RHE
reached 2.9 and 4.2 mA cm−2 , respectively. The maximum
solar energy conversion efficiency reached 0.69%, which
was almost doubled compared with that of the sample used
in figure 7. The reduction of the diameter of the nanorod
decreased the diffusion distance of the photo-generated holes
before reaching the electrolyte, thus enhancing the PEC water
splitting activity.
4. Conclusions

In conclusion, highly ordered Ta2 O5 nanorod array was
fabricated by combining a nanoimprinting technique with a
through-mask anodization process. The highly ordered Ta2 O5
nanorod array with uniform length and diameter could be
used for catalysis, photonic devices, and UV photodetection.
The Ta2 O5 nanorod array was transformed into Ta3 N5
without destroying the nanorod structure by nitridation. The
Ta3 N5 nanorod array has potential applications in solar
energy conversion. Solar-driven PEC water splitting was
demonstrated with the Ta3 N5 nanorod array after modifying
with Co–Pi as OER co-catalyst. A stable photocurrent density
of 1.5 mA cm−2 at 1 V versus RHE under AM 1.5G
and a maximum solar conversion efficiency of 0.36% were
achieved. The photocurrent density at 1 V versus RHE and
the maximum solar energy conversion efficiency were further
increased to 2.9 mA cm−2 and 0.69% by reducing the PAA
anodization voltage to 90 V.

Figure 8. (a) Cross-sectional SEM image of the Ta3 N5 nanorods
fabricated with a PAA anodization voltage of 90 V.
(b) Current–potential curves for this sample after Co–Pi
modification in the dark (black line) and under AM 1.5G simulated
sunlight (orange line) and the solar energy conversion efficiency
(green dashed line) calculated from the current–potential curves.

below the onset potential. The small photocurrent below the
onset was likely not a result of water oxidation but from
the oxidation of Co(III) in the Co–Pi co-catalyst into Co(IV)
by photo-generated holes [58]. Therefore, the calculated
efficiency below the onset (∼0.7 V versus RHE) does not
represent the solar energy conversion efficiency. In contrast,
above the onset potential, a stable steady-state photocurrent
was measured. As shown in figure 7(b), at 1 V versus
RHE a stable photocurrent density of ∼1.5 mA cm−2 was
measured, which equates to the photocurrent density in the
current–potential curve.
Using the nanoimprinting technique, it is also possible to
fabricate highly ordered PAA mask with an inter-pore distance
smaller than the lattice constant of the imprint stamp [39].
By decreasing the anodization voltage of the PAA mask,
ordered holes in the middle of the pre-patterned holes can
be created without reduction of the lattice constant of the
imprint master. This is ascribed to the self-ordering of the
porous alumina during anodization. Using this technique,
Ta3 N5 nanorods with smaller diameter and inter-nanorod
distance were fabricated. As shown in figure 8(a), Ta3 N5
nanorod array with an average diameter of ∼90 nm and
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