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Solar energy is one of the most promising renewable
energy sources to replace fossil fuels. Using sunlight to split
water enables the storage of solar energy in the chemical
bonds of hydrogen.[1, 2] Since Fujishima and Honda first reported water splitting using a TiO2 electrode,[3] metal oxides
have been extensively studied as photoanodes for water oxidation.[4] However, valence bands of oxides have strong
oxygen 2p character. As a result, the valence band maximum (VBM) is usually substantially lower than the water
oxidation potential, which leads to a significant loss in the
efficiency of the oxygen evolution reaction. To reduce this
energy loss, researchers have proposed a strategy of partially
or completely replacing oxygen with other anions, such as
nitrogen, to raise the VBM. Using this strategy, several oxynitride/nitride semiconductors, such as InxGa(1 x)N,[5, 6]
TaON,[7–9] Ta3N5,[10, 11] CaTaO2N, and SrNbO2N,[12, 13] have recently been identified as promising photoanode materials.
Among these semiconductors, Ta3N5 is attractive because of
its band gap of 2.1 eV, which is similar to Fe2O3 (2.2 eV).
This band gap can achieve a maximum solar-to-hydrogen
(STH) efficiency of about 15 %.[14] Also, the VBM of Ta3N5
is about 0.8 eV higher than the VBM of Fe2O3,[1, 15] which
could reduce efficiency losses at the photoanode. Although
Ta3N5 has an advantageous band structure, it suffers from its
chemical and functional instability in aqueous solution. One
possible reason for this instability is the self-oxidation of
N3 species from the accumulation of photo-generated
holes.[9]
One-dimensional nanostructures such as nanotubes and
nanowires have shown great promise for photoelectrochemical and photovoltaic applications.[6, 16, 17] Such structures
allow minority carriers to easily migrate to the surface along
the radial direction, while maintaining efficient charge col-

lection along the longitudinal direction. There have been
few reports on the successful synthesis of single crystalline
one-dimensional Ta3N5 nanostructures. Recently, Li et al.
and Zhen et al. have demonstrated the fabrication of vertically aligned Ta3N5 nanorod arrays with promising photoelectrochemical performance and improved stability.[18a,b]
Here, we report a facile high-temperature bottom-up synthetic method for producing Ta3N5 nanowire bundles
(NWBs), which exhibit great promise as a visible-light-responsive photoanode.
The synthesis of the Ta3N5 NWBs was performed in two
steps (see the Supporting Information for details). The first
step is a molten salt synthesis of K6Ta10.8O30 micro/nanowires, which was modified from a previous report.[19] After
cleaning the products with hot deionized water and hydrochloric acid, an insoluble white powder was obtained. Scanning electron microscopy (SEM) imaging revealed that the
K6Ta10.8O30 powder is comprised of one-dimensional structures (Figure 1 a) with diameters ranging from several hundred nanometers to micrometers. The second step is the
conversion from K6Ta10.8O30 to Ta3N5 using a nitridation procedure. After annealing the K6Ta10.8O30 micro/nanowires in
ammonia at 900 8C for 6 h in a tube furnace, the white
powder was converted into a red powder. SEM imaging of
this red powder shows that the one-dimensional morphology
was maintained after nitridation (Figure 1 b). A closer inspection revealed a morphological change on a smaller
length scale: each of the thick micro/nanowires was composed of bundles of thinner nanowires with diameters
around 20 nm (Figure 1 c). The absorption spectrum has an
edge around 620 nm (Figure 1 d), which matches the band
gap of previously reported absorption measurements of
Ta3N5.[20, 21] Powder X-ray diffraction performed on the
sample before and after nitridation (Figure 1 e) confirmed
the conversion from K6Ta10.8O30 to Ta3N5.
The structure of these nanowires was further investigated
by transmission electron microscopy (TEM). As the Ta3N5
NWBs are too thick for direct TEM imaging, we sonicated
the bundles in ethanol for 10 min before drop-casting them
onto a TEM grid. After sonication, while most of the bundles remained intact, several individual nanowires were
found. TEM imaging (Figure 2 a) confirms the observation
from SEM that the thin Ta3N5 nanowires have diameters
around 20 nm. High-resolution TEM (Figure 2 b) shows the
single-crystalline nature of the thin Ta3N5 nanowires. Based
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Figure 2. a) A typical TEM image of Ta3N5 nanowires. b) A typical highresolution TEM image of a Ta3N5 nanowire. c) Fast Fourier transform
(FFT) image of the white square area in the high-resolution TEM image.
d) A typical electron diffraction pattern of one bundle of Ta3N5 nanowires. Scale bars, 100 nm (a) and 5 nm (b).

To demonstrate the photocatalytic properties of Ta3N5
NWBs, we used a micro gas chromatograph setup to examine the oxygen evolution under visible-light illumination
(l > 400 nm with an intensity of 75 mW cm 2). Silver acetate
was chosen as the electron scavenger instead of the commonly used silver nitrate, as oxidative nitrate ions may
cause degradation of the nitride material. The water oxidation activity of the NWBs was compared to that of micronsized Ta3N5 powders (Figure 3) which were synthesized
based on a previous report.[9] More oxygen was generated
from the Ta3N5 powder in the first 4-hour cycle. However,
the performance rapidly declined in the next two cycles,
which could be due to material degradation such as the for-

Figure 1. a) A typical SEM image of K6Ta10.8O30 wires. b, c) Typical SEM
images of Ta3N5 NWBs. d) Absorption spectra of K6Ta10.8O30 wires and
Ta3N5 NWBs. The inset shows a picture of a Ta3N5 nanowire bundle mesh
on filter paper. e) XRD patterns before (black) and after the nitridation
(red) can be assigned to K6Ta10.8O30 (JCPDF 01-070-1088) and Ta3N5
(JCPDF 01-089-5200), respectively. Scale bars, 10 mm (a, b) and 1 mm (c).

on the fast Fourier transform (FFT) pattern of the high-resolution TEM image (Figure 2 c) we can conclude that the
longitudinal direction of the nanowire is along the b axis.
For each of the nanowire bundles, the typical electron diffraction (ED) data show a clear single set of diffraction patterns, with bright spots elongated perpendicular to the longitudinal direction of the bundle. This suggests that the individual nanowires within these nanowire bundle are aligned
along the same crystallographic directions.
A significant volume change is expected to occur during
the nitridation process. Consequently, voids are being observed in the resultant nitride nanowire bundles. Intuitively,
a slow temperature ramp rate can prevent a drastic change,
both chemically and physically, to the K6Ta10.8O30 crystal and
suppress random void formation. In a typical reaction, the
ramp rate was as slow as 2 8C min 1. To demonstrate the importance of the ramp rate, control experiments were performed with fast, uncontrolled ramp rates (> 15 8C min 1).
The SEM images of the products show bundles of nanorods
or nanoparticles instead of nanowires (Figure S1 in the Supporting Information).
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Figure 3. Oxygen evolution from Ta3N5 NWBs (pH  8.0, silver acetate as
an electron scavenger) under visible-light illumination. The inset shows
a typical high-resolution TEM image of a nanowire after the GC measurement. Silver nanoparticles, from photodeposition during the reaction,
can be seen on the surface of the nanowire. Scale bar, 5 nm
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mation of an oxide layer on the surface. On the other hand,
the Ta3N5 NWBs show a relatively stable performance
within the first three cycles. High-resolution TEM imaging
confirmed the absence of a thick oxide layer on the nanowire surface after 12 h of illumination (inset in Figure 3).
Since the crystal structure is the same for Ta3N5 NWBs and
micro powder, the difference in stability is likely due to
their different morphology. The nanoscale morphology enables the photo-generated holes to easily diffuse to the surface, thereby inhibiting self-oxidation and the formation of
a thick oxide layer on the surface.
Photoelectrochemical measurements were also performed
to further demonstrate the improved stability of Ta3N5
NWB photoanodes. Ta3N5 NWB electrodes were fabricated
and then treated according to previous reports, with modifications (see the Supporting Information). The open-circuit
potential decreased when the electrode was exposed to
AM1.5G illumination (Figure 4 a inset), which is characteristic for an n-type semiconductor.[2] Although the anodic photocurrent density from bare NWBs was low, it was significantly improved after loading the NWBs with an IrO2 cocatalyst (Figure 4 a). In addition, the open-circuit potential
difference between dark and illumination (photovoltage) increased from 80 mV to 150 mV, and the response was faster
in comparison to the bare NWBs (Figure S2 in the Supporting Information). The temporal evolution of the photocurrent density at 0.5 V versus the Ag/AgCl reference electrode
(Figure 4 b) also provides evidence of the improved stability
of Ta3N5 NWBs. After exposure to illumination, both nanowire bundles and powder electrodes (both with IrO2) show
a similar spike in the photocurrent density. However, the
decay rate of the NWB electrode is much slower. After
10 minutes of illumination, the photocurrent density of the
Ta3N5 powder electrode dropped to about 30 % of the original value while more than 60 % of the original current density was preserved for the Ta3N5 NWBs electrode. This
result further suggests that the improved stability is due to
a more efficient diffusion of photo-generated holes to the
surface.
In summary, we have demonstrated a facile two-step synthesis to produce Ta3N5 nanowire bundles. These thin Ta3N5
nanowires were single crystalline and oriented with each
other to form quasi-single-crystalline nanowire bundles.
Both oxygen evolution and photoelectrochemical measurements show a comparable photoanode performance for
Ta3N5 NWBs and powders. However, NWBs possess a significantly improved stability. Future work will focus on a better
understanding of the nitridation mechanism. Additional
work will be done to optimize the quality and loading
method of co-catalysts to further improve the performance
and stability.

Figure 4. a) Photocurrent density of Ta3N5 NWB electrodes in 0.1 m
Na2SO4 electrolyte (pH  6) under chopped AM1.5G simulated sunlight
at 100 mW cm 2. The inset shows the open-circuit potential change of the
Ta3N5 NWB electrode with and without illumination. b) Time courses for
the photocurrent density of the Ta3N5 powder electrode and the NWB
electrode (both loaded with IrO2).
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