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ABSTRACT: Anodically fabricated tantalum oxide (Ta2O5) nanorod array
carpets are converted into the corresponding tantalum oxynitride (TaON)
through nitridation in an ammonia atmosphere. The measured optical bandgap
energy of TaON is ∼2.3 eV, which is also confirmed via the density functional
theory calculations. When used to photoelectrochemically split water (AM 1.5G
illumination, 1 M KOH, and 0.6 V applied DC bias), the multilayer nanorod
films show visible-light incident photon conversion efficiencies (IPCE) as high
as 7.5%. The enhanced photochemical activity is discussed in terms of the
ordered one-dimensional morphology as well as the electron effective mass in
TaON and Ta2O5.
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Despite the enormous efforts over the past decades to
design and develop functional materials for hydrogen

production via solar water splitting, no known system currently
meets the requirements for a commercially viable solar-
hydrogen process. The long-standing bottleneck is the fact
that the majority of photocorrosion stable materials are wide
band gap metal oxides, with limited absorption activity to the
ultraviolet spectral region, which contains only about 3-5% of
the incident solar energy. With the progress in the nano-
fabrication techniques, the nanoscale control of such metal
oxides can enhance their optical and structural properties,
rendering such nanostructured materials useful in a plethora of
applications, including the solar energy conversion. The nano-
structured metal oxide systems demonstrated to date are still
limited by the minimal visible light absorption,1 which can be
explained by following the early work of Scaife.2 Scaife noted
that the valence bands of oxide semiconductor materials are
mainly formed by O 2p orbitals, the levels are fixed at a highly
positive level of around 3.0 V versus the normal hydrogen
electrode (NHE). Moreover, the oxides that have narrow band
gaps (<3.0 eV), such as Fe2O3 and WO3, are either unstable or
do not have the right band alignment required for water
splitting, and therefore require a large external bias.2

Because of the high potential energy of the metal−nitrogen
bond compared to the metal−oxygen bond,3 transition metal
oxynitrides3−7 have been identified as an alternative class of
materials that can efficiently be used for solar energy conversion
processes. This difference in bond energy resulted in narrower
band gap energies in oxynitrides compared to their metal oxide

counterparts. In addition, oxynitrides are ideal photoelectrodes
for water splitting applications because of their stability in
alkaline media.3−7

Among all studied oxynitrides, tantalum oxynitride (TaON)
showed a great promise as a visible-light responsive photo-
electrode with suitable band-edge positions for water
splitting.8,9 However, most of the reported TaON materials
are in the form of either powders or thin films. Powders are not
practical for a scalable photolysis process. Also, with thin films,
the light absorption and carrier collection are in competition,
i.e., although thick films are needed to harvest a reasonable
amount of the solar spectrum, thicker films than the carrier
diffusion length (usually tens of nanometers) will result in poor
carrier collection efficiency.10

In 2008, Allam et al.11 first reported the ability to grow well-
aligned Ta2O5 nanotube arrays by a simple but optimized
anodization of a tantalum metal. This report triggered intense
research activities to study the properties and applications of
such nanotube arrays.12−16 For example, Banerjee et al.17

reported the synthesis of TaON nanotube arrays for visible
light-driven photoelectrochemical generation of hydrogen from
water. Under AM 1.5 G conditions, the fabricated TaON NTs
showed a photocurrent density of 2.6 mA/cm2 at 0.5 VAg/AgCl.
The visible light contribution of the TaON NTs photocatalyst
was estimated to be around 47% of its activity under AM 1.5
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irradiation, which is quite significant compared to metal oxide
nanotubes.17 Feng et al.18 reported the fabrication of highly
oriented Ta3N5 nanotube array films with a band gap of 2.07
eV, enabling the collection of more than 45% of the incident
solar spectrum energy. Using 0.5 V dc bias under AM 1.5
illumination, a 240 nm sample showed a visible light IPCE of
5.3%.
Herein, we report the first demonstration of the fabrication

of vertically aligned tantalum oxynitride nanorod arrays and
their use for solar water splitting. The nanorod architecture
with a thin lateral thickness is expected to facilitate the diffusion
of the photogenerated holes to the semiconductor/electrolyte
interface during water splitting, especially when this thickness is
within the minority carrier diffusion length, allowing for
efficient separation of charge carriers.
The fabrication of tantalum oxynitride nanorod arrays

involved two consecutive steps; anodization and nitridation.
The anodization step is detailed elsewhere.11 The nitridation
step involved the annealing of the as-anodized samples in a
NH3 atmosphere (200 sccm) at different temperatures. The
DFT calculations were performed under local density
approximation (LDA) with the Ceperley-Alder form19 using
the CASTEP code (plane-wave pseudopotential method).20

For structure optimization and energy calculation, the
convergence criteria were set to k-point meshes of 7 × 7 × 7
and a kinetic energy cut-off of 800 eV for tantalum oxynitride.
Geometry optimization was performed for the atomic positions
while the lattice parameters were kept fixed, followed by single
point energy calculations. The accuracy of self-consistent
convergence was set at 5.0 × 10−6 eV/atom. The convergence
criterion for the maximal force between atoms was 0.01 eV/A

with the maximum displacement was used as 5.0 × 10−4 Ǻ, and
the stress was 0.02 GPa. The densities of state (DOS),
electronic band structures, and optical properties were also
investigated using the optimized structures. The effective mass
calculations have been done using DFT under the LDA for the
exchange correlation function, as implemented in the ABINIT
package.21,22 For all chemical elements, projected-augmented
wave pseudo-potentials with electronic wave function plane-
waves truncated at about 400 eV (15 Ha) were used. The
Brillouin zone integrations were done on 4 × 4 × 4 k-point
Monkhorst-Pack grids and all structural optimizations were
performed until atomic forces were smaller than 0.5 meV/ Ǻ.
Band masses were extracted using the ABINIT package from
the inverse of the second derivative at the two conduction band
minima with k points spacing of Δk = 0.001 along the high
symmetry directions Γ-Y, Γ -Z, B-A, and B-D up to one-fifth of
the distance from Γ to the zone boundaries Y and Z and up to
two-fifth the distance from B to the zone boundaries A and D.23

We found this distance sufficient to get parabolic conduction
bands around the minima, and to neglect the effects of band
non-parabolicity.
We previously showed that the anodization of tantalum in

stirred mixtures of concentrated HF and H2SO4 (1:9 to 2:8
ratios) resulted in the formation of nanodimpled tantala
surfaces.11 Herein, we investigated the effect of the addition of
EG to the anodization electrolyte to achieve stable and ordered
tantalum oxide nanostructures, based on the previous reports
for the anodization of many valve metals.23−27 Figure 1a shows
the formation of well-aligned nanorod arrays, with thicknesses
up to 600 nm, upon the anodization of tantalum for 20 min at
10 V in aqueous electrolytes of 1:9 HF+H2SO4 and containing

Figure 1. FESEM images of the nanorod arrays. Panels a and b are images of the as-anodized single and multi-layerd tantalum oxide nanorod films,
respectively. Panels c and d are images of the nanorod films annealed in ammonia atmosphere for 6 h at 550 and 600 °C, respectively.
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5 vol % EG. More interestingly is that the anodization of
tantalum, under the same applied voltage, in the previously
used electrolyte resulted in the formation of multilayer
tantalum oxide nanorod arrays (Figure 1b) with the thickness
of each layer being ∼350 nm. We noticed that Macak et al.28

reported a two-step anodization method for the formation of
multilayer TiO2 nanotube arrays in glycerol/NH4F mixtures.
They related the growth of the second layer to the formation of
narrow channels in the early stages of the anodization process.
It is worth noting that anodization at 20 V resulted in the
detachment of the formed nanorod layers.
Images c and d in Figure 1 are FESEM images of the

annealed nanorod arrays in ammonia ambient at 550 and 600
°C, respectively. In contrast to the conventional aggregation of
tantalum oxide nanoparticles upon their annealing at high
temperature,29 the nanorod morphology was preserved despite
the high-temperature nitridation process. However, it is worth
mentioning that the conversion of tantalum oxide into tantalum
oxynitride occurs only in a very narrow window of annealing
conditions. As both oxides and oxynitrides have virtually
overlapping X-ray diffraction patterns,30,31 X-ray photoelectron
spectroscopy (XPS) is considered the most powerful technique
for the distinction between oxynitrides and oxides. For
example, XPS analysis of the nanorods annealed at temper-
atures below 600 °C (not shown) revealed two peaks
characteristic of energy losses32 (at 398.9 eV) or adsorbed
NHx species

6,33 (at 400.7 eV). Figure 2a shows the XPS spectra
of a nanorod film annealed in ammonia atmosphere at 600 °C
for 6 h. The inset in Figure 2a shows the photoemission spectra
of Ta 4p and N 1s. Note that the photoemission line for N 1s
appears at ∼396 eV characteristic for tantalum oxynitride.6,34

The oxynitride nanorods were further characterized via the
nano-beam diffraction (NBD) and transmission electron
diffraction (TED) patterns, Figure 2b, confirming the
crystallization and formation of oxynitride upon nitridation.
Figure 2c shows the ultraviolet-visible diffuse reflectance

spectra (UV−vis DRS) of the tantalum oxynitride single and
multilayer nanorod films annealed at 600 °C in ammonia
atmosphere for 6 h, along with tantalum oxide nanorods film
annealed at the same temperature but in O2 ambient for
comparison. The absorption intensity of the multilayer (m-
TaON) nanorod film is higher than that of the single-layer (s-
TaON) film, which can be related to the difference in film
thickness. Typically, an extrapolated line from the absorption
edge to the energy axis is drawn to determine the bandgap
values. The absorption edges of the m-TaON and s-TaON are
located at approximately 540 and 530 nm, respectively. These
absorption edges are red shifted by ∼240 nm from that of the
Ta2O5 nanorod array film, resulting in bandgap energy (Eg) in
the range 2.3 to 2.34 eV. The valence and conduction bands of
tantalum oxynitride are attributed to the N 2p and Ta 5d
orbitals, respectively. As the potential energy of the N 2p
orbitals is higher than that of O 2p, the substitution of N for O
is expected to result in a valence band of higher negative
potential and narrowing of the band gap of the tantalum
oxynitrides compared to their oxide counterparts.29

To have more insights into the optical and structural
properties of the tantalum oxynitride, we have performed
density functional theory (DFT) calculations on the structure
shown in Figure 3a. Tantalum oxynitride is an indirect bandgap
semiconductor with a bandgap of 2.08 eV. However, at the
highly symmetric G point (Figure 3b), tantalum oxynitride
shows a direct bandgap of 2.4 eV, which is very close to the

bandgap, estimated from the DRS measurements shown in
Figure 2c. From the total and partial density of states of the
tantalum oxynitride (Figure 3c), the states lying in the energy
range −15.2 to −12.4 eV are contributed by the N 2s states

Figure 2. (a) X-ray photoemission spectra, (b) nano-beam diffraction
(NBD) and transmission electron diffraction (TED) of the nanorod
array film annealed in ammonia atmosphere at 600°C for 6 h, and (c)
the diffuse reflectance UV−vis spectra of the nanorod array films. The
Ta2O5 film was obtained by annealing the as anodized tantalum oxide
at 600 °C for 6 h in oxygen ambient, whereas the TaON films were
obtained by annealing the as-anodized single and multilayer films at
600 °C for 6 h in ammonia atmosphere.
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with contributions from the Ta d−s−p hybridized states.
However, the states appear in the energy range −19 to −17 eV
originate from the O 2s states with less contribution from the
Ta d−s−-p hybridized orbitals. Note that the partial density of
states (PDOS) in the range of approximately −7.6 to 0 eV
indicate the potential covalent bonding character in tantalum
oxynitride as they mainly stem from the contribution of N 2p,
O 2p, and Ta 5d orbitals. A dispersion in the valence band
maximum, raising it up (as it is dominated by the N 2p states),
may be observed as a result of such covalent character, which
can be held responsible for the observed bandgap narrowing
and visible light response of tantalum oxynitride.
Further, DFT was used to investigate the effect of the N/O

ratio on the VBM and CBM positions and consequently on the
resulted bandgap of the material, see Table S1 in the
Supporting Information and Figure 3d. Increasing the N/O
ratio resulted in an increase in the valence band energy without
a noticeable shift in the position of the conduction band edge.
The insensitivity of the conduction band to the N/O ratio may
indicate the least contribution of the N or O 2p states to the
bottom of the CBM, confirming that the change in the VBM
position is the main reason for the observed bandgap
narrowing. Our results are in agreement with those reported
by Chun et al.29 using electrochemical and ultraviolet
photoelectron spectroscopy (UPS) measurements confirming
the shift in the VBM to higher energies in the order Ta2O5 <

TaON < Ta3N5, with similar CBM positions. The decrease in
the bandgap (from ∼2.3 to ∼1.5 eV) with increasing the N/O
ratio (from 2/6 to 6/2), see Table S1 in the Supporting
Information, can be attributed to the variation in the number of
valence electrons.
The water photoelectrolysis test using the fabricated

tantalum oxynitride photoanodes was carried out in a three-
electrode electrochemical cell in a 1.0 M KOH electrolyte
solution, Figure 4a. Negligible current densities (∼50 μA/cm2)
were observed under dark conditions. Upon illumination (AM
1.5, 100 mW/cm2), a significant increase in the photocurrent
was observed, indicating good charge carriers transport and
network forming ability of the nanorod electrodes. The high
photocurrent-to-dark current ratio implies that the majority of
the photocurrent is generated only by absorbed photons with
no dark-current contribution. The maximum obtained photo-
current densities were 3 mA cm−2 and 3.15 mA cm−2 for the
single-layered and multi-layered tantalum oxynitride nanorod
electrodes, respectively. Note that these values are higher than
those reported for tantalum oxynitride nanotubes (2.6 mA
cm−2).16 Also, the onset potential (−1.17 VAg/AgCl), the light
contribution toward the minimum potential needed for water
splitting process to take place,35 is more negative than that
shown for tantalum oxynitride nanotubes (−1.0 VAg/AgCl).

16

Therefore, the nanorod photoanodes require less voltage for

Figure 3. (a) Crystal structure of TaON (light blue, red, and dark blue colors represent Ta, O, and N atoms, respectively) and the corresponding (b)
electronic band structure, (c) total and partial density of states, and (d) the variation of VBM, CMB, and bandgap energies of the material as a
function of N/O ratio.
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water oxidation than the nanotube photoanodes counterparts,
indicating more favorable photoelectrochemical activity.
The incident photon conversion efficiency (IPCE) experi-

ments were performed in a two-electrode arrangement with the
TaON nanorod array film as the working photoelectrode and
platinum foil as a counter electrode in 1.0 M KOH solution.
Figure 4b shows the obtained IPCE for the multi-layered

tantalum oxynitride (m-TaON) nanorod array films as a
function of the irradiation wavelength under different applied
potentials. The IPCE was calculated using eq 1, where λ is the
wavelength of incident light, iph is the photocurrent density
under illumination at λ and Io is the incident light intensity at λ.

λ
= ×

−

−

i

I
IPCE%

(1240 eV nm)( mA cm )

( nm)( mW cm )
100ph

2

o
2

(1)

The obtained IPCE values in the wavelength range from 400 to
550 nm indicate the activity of TaON films in the visible light,
in accordance with the absorption spectra shown in Figure 3.
The applied bias assists the separation of the photogenerated
charge carriers, thereby enhancing the IPCE. Upon the use of
0.6 V, m-TaON film showed an IPCE value as high as ∼7.5%
over the wavelength range of 400−450 nm, after which it
declines indicating that the photocurrent occurs as a result of
the band gap transition. Based on this finding, we tested the s-
TaON, m-TaON, and Ta2O5 nanorod array films in 1M KOH
under 0.6 V applied dc bias in a two-electrode arrangement
with the oxynitride nanorod film as the working photoelectrode
and platinum foil as a counter electrode, Figure 4c. In general,
the obtained IPCE for m-TaON and s-TaON nanorod films are
almost the same with minor differences. However, those IPCE
values are much greater than that obtained for the pristine
Ta2O5 nanorod film, in good agreement with the UV−vis DRS
results shown in Figure 2c. We note that our obtained IPCE of
7.5% is higher than that reported for tantalum nitride nanotube
arrays, in agreement with Domen et al.9 who showed TaON
powders to have much higher IPCE values than the Ta3N5
counterparts. This high IPCE can also be supported by the
calculated electron effective mass (m*) of TaON at the gamma
point (m*= 0.33mo) as compared to that reported36,37 for pure
Ta2O5 (m*= 0.5−0.7mo). The small effective mass of TaON
implies small inertia or high mobility of electrons in TaON (μ
= eτs/m*), explaining the obtained high IPCE for TaON.
However, unlike the UV−vis DRS results, the IPCE of the s-
TaON is slightly higher than that of the m-TaON films at
wavelengths greater than 500 nm. This can be related to the
larger thickness of the m-TaON films compared to the s-
TaON. In this case, the electrons will need to travel longer
distance in the m-TaON to reach the back contact, which may
cause an increase in charge carriers’ recombination. Recently,
there are some reports on the possibility to suppress surface
defect formation during nitridation through the addition of
either cobalt35,38,39 or zirconium40 oxides. However, it should
be noted that our results (IPCE of ∼7%) are much greater than
those reported for N-doped TiO2 (IPCE of ∼0.4%),41 N-doped
WO3 (IPCE of ∼0.4%)42 and NbON (IPCE of ∼1%). Also,
note that the thickness of the tested electrodes in our study is
only 300 nm, with further improvements expected with thicker
films. Because of their visible light activity and suitable band
edges positions, the fabricated tantalum oxynitride nanorods
can be a potential material architecture for water splitting.29

In conclusion, we report the first demonstration on a facile
method for the fabrication of vertically oriented tantalum
oxynitride nanorod array carpets via the anodization of
tantalum, followed by nitridation of the resulting films. The
morphology of the formed nanorod array films, either single or
double layer, depends on the anodization conditions. The as-
anodized nanorod array films showed exceptional stability upon
their annealing in ammonia atmosphere up to 700 °C for 6 h,
with the opportunity to convert Ta2O5 into TaON at

Figure 4. (a) Photocurrent density versus applied potential in 1 M
KOH aqueous solution under AM 1.5 illumination for the single-
layered and multi-layered tantalum oxynitride electrodes with a scan
rate of 10 mV/s, (b) the IPCE plots of multi-layered TaON nanorod
films in 1 M KOH aqueous solutions under different applied voltages,
and (c) the corresponding IPCE values for tantalum oxide and
tantalum oxynitride nanorod array films under an applied dc potential
of 0.6 V.
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temperatures as low as 600 °C. This temperature is lower than
that previously reported for Ta2O5 nanoparticles and without
any observed structural aggregation/collapse. The optimized
morphological (1D) and enhanced optical properties make
TaON nanorods a potential candidate for visible light-driven
water photoelectrolysis. The absorption edge is red shifted by
∼240 nm from that of the Ta2O5 nanorod array film, resulting
in a band gap energy of ∼2.3 eV. This enhancement in the
absorption characteristic as well as the bandgap narrowing is
also confirmed via the density functional theory (DFT)
calculations. The covalent character of Ta−O and Ti−N
bonds results in a large dispersion in the valence band
maximum raising it up, which can be held responsible for the
observed bandgap narrowing and visible light response of
TaON. IPCE values as high as 7.5% were achieved upon 0.6 V
bias in 1 M KOH solution. The effective mass calculations show
the higher electron mobility in TaON compared to that in
Ta2O5 counterpart. We are currently investigating means for
more precise control of the nitridation process and
functionalization of the nanorods to reduce surface defects
and increase the photoconversion efficiency.
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