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Nb2O5 nanorod arrays were grown on Nb foil through an in-situ hydrothermal treatment 
process using NH4F as the mineralizing agent and H2O2 as the oxidant. The as-prepared 
Nb2O5 nanorod arrays were well crystallized with hexagonal structure and c-axis orientation. 
The effects of hydrothermal temperature and concentration of NH4F on the growth of 
nanorods were investigated. Nb2O5 nanorod arrays are formed by crystal nucleation, 
oriented growth, and then orientation attachment. A higher concentration of NH4F 
accelerates the generation of Nb2O5 nanorods as a result of corroding Nb foil and releasing 
Nb ions, and promotes the oriented growth of Nb2O5 nanorods. The band gap of Nb2O5 
nanorod arrays is measured to be about 3.3 eV, which exhibit a blue light emission located 
at 456 nm (2.719 eV) and a cyan light emission located at 490 nm (2.53 eV) respectively. 
The 2.53 eV peak can well be attributed to the donor-acceptor pair (DAP) emission, and the 
2.719 eV peak be related to the conduction-band-to-acceptor transitions. There is only one 
quenching channel for 2.719 eV peak with increasing temperature, which corresponds to the 
activation energy of about 16.9 meV, according to the theoretical fitting. 
 

Introduction 

One-dimensional (1D) nanostructures of semiconductor 
oxides promise great application potentials in optical, electrical 
and magnetic micro/nano-scaled devices, such as field emission 
displays, energy conversion cells, high-density storage 
memories, microelectronic devices and chemical sensors.1-4 
Among them, the wide band gap semiconductor oxides, such as 
ZnO nanowires/nanobelts and TiO2 nanorods/nanotubes have 
been extensively investigated owing to their excellent and 
particular physical and chemical properties.5,6 For instance, c-
axis vertically aligned ZnO nanorod arrays have been 
synthesized on ZnO thin film via hydrothermal route, which 
showed a high sensitivity to H2 at room temperature and a 
detection limit of 20 ppm.7 However, ZnO is deliquescent and 
liable to degradation due to moisture absorption, which would 
limit the practical application of ZnO nanomaterials-based 
nanodevice under harsh environment.  

Niobium oxide is another important semiconductor oxide 
with superior photocatalyst 8, gas sensing 9,10, electrochromic 11 
and biosensing performances 12. Among the different 
stoichiometries of niobium oxide, Nb2O5 is thermodynamically 
stable, of chemical inertness and low cytotoxicity. Up to now, a 
variety of approaches have been employed for the growth of 
Nb2O5 1-D nanostructures, including thermal oxidation9, anodic 
oxidation13, plasma oxidation14, phase transformation15 and 
hydrothermal method16. Among them, hydrothermal method 
has been recognized as a simple, inexpensive and low-
temperature method for the growth of single-crystalline oxide 
nanostructures. For example, single crystalline Nb2O5 nanorods 
were developed by hydrothermal process at 200 oC for ~30 
days using metal Nb powder and water as the starting 
materials.17 Based on this work, orthorhombic phased Nb2O5 
(O-Nb2O5) nanorod array films with [001] orientation were 
synthesized by the hydrothermal method in ammonium fluoride 
(NH4F) aqueous solution environment followed by annealing 

treatment at 300-500 oC.16 However, the crystallinity of the as-
prepared hydrothermal samples is poor and needs to be further 
improved by annealing at relatively higher temperatures, which 
however can result in the secondary growth of the grains and 
orientation changes. Moreover, the exact growth mechanism 
and behavior of Nb2O5 nanorods are unclear, which may limit 
the controllable synthesis of nanorod arrays. 

It has been reported that simultaneous addition of hydrogen 
peroxide (H2O2) and NH4F play a pivotal role in the dissolution 
of metallic titanium, generating and improving the crystallinity 
of TiO2 nanomaterials.18 In this work, well-crystallized 
hexagonal Nb2O5 (H-Nb2O5) nanorod arrays were synthesized 
on Nb foil by a one-step hydrothermal process. The growth 
process and mechanism of Nb2O5 nanorod arrays are 
investigated. The temperature dependent photoluminescence 
(PL) properties and light emission mechanism of Nb2O5 
nanorod arrays are studied. 

Experimental details 

With NH4F as the mineralizing agent and H2O2 as the 
oxidant, Nb2O5 nanorod arrays were in-situ synthesized on Nb 
foil by hydrothermal method. Firstly, 0.25 to 1 g of NH4F was 
dissolved into a 1:1 mixture of hydrogen peroxide (H2O2, 30 
wt.%) and deionized (DI) water (20 ml for each) in a Teflon-
lined autoclave (50 mL in volume). After stirring, a piece of 
ultrasonically cleaned Nb foil of 250 µm in thickness was 
immersed into the above solution. The autoclave was then 
sealed and positioned into the oven for hydrothermal treatment 
at 125-175 oC for 5-20 h. After naturally cooling to room 
temperature, the as-prepared samples were rinsed with DI water 
for several times and dried at 80oC in air. 

The phases in the resultant nanorods were characterized by 
X-ray diffraction (XRD Bruker D8A25, CuKα, λ = 1.54184 Å). 
Their morphologies were characterized by field emission 
scanning electron microscopy (FESEM, JOEL JSM-7100F). 
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Their microstructure was studied by using transmission electron 
microscopy (TEM, JEOL Model JEM-2011). The 
photoluminescence (PL) spectra measurements were performed 
on Steady-state Spectrofluorometer (JOBIN YVON, type 
FLUOROLOG-3-TAU) using a Xe lamp (150 W) as the light 
source. The temperature-dependent PL measurements were 
conducted at temperatures from 9 to 300 K. 

Results and discussion 

Hydrothermal growth of Nb2O5 nanorod arrays 

Hydrothermal temperature is a crucial factor for the growth 
of oxide nanostructures. Fig. 1(a-c) shows the XRD patterns of 
the as-prepared samples synthesized by the hydrothermal 
process at different hydrothermal temperatures for 15 h using 
12.5 M NH4F and 20 ml H2O2 as the mineralizing agent and 
oxidant respectively. Sharp diffraction peaks indicate the 
samples are well crystallized after the in-situ hydrothermal 
treatment. The characteristic diffraction peaks of (001), (100), 
(101), (002) and (102) are indexed into hexagonal phase (H-
Nb2O5) according to JCPDS Card No. 28-0317. The other 
diffraction peaks at around 38.5o (110) and 55.3o (200) belong 
to the cubic metal Nb. The samples are therefore of highly c-
axis orientation according to the intense (001) diffraction peaks, 
and the intensity become stronger with increasing hydrothermal 
temperature, which could well be attributed to the higher 
growth rate of Nb2O5 at higher temperature. The diffraction 
peaks of (001) and (002) of the as-prepared samples minor were 
noted to shift to high-angle, and (100), (101) shift to low-angle 
a little compared to the standard card19. An inner stress is 
expected to occur when the metal Nb is transferred into Nb2O5 
in-situ due to the rather different lattice parameters.  

(Fig.1) 

Fig. 1 The XRD patterns of the as-prepared Nb2O5 nanorod 
arrays synthesized by hydrothermal method at different 
temperatures using 12.5M NH4F and 20ml H2O2 (30 wt.%). (a) 
125 oC; (b) 150 oC; (c) 175 oC. 

 (Fig.2) 

Fig. 2 SEM images of the as-prepared Nb2O5 nanorod arrays 
synthesized by hydrothermal method at different temperatures 
using 12.5M NH4F and 20ml H2O2 (30 wt.%). (a) 125 oC; (b) 
150 oC; (c) 175 oC. 

Fig. 2 shows the SEM images of the as-synthesized Nb2O5 
samples, where one can see that Nb2O5 nanorods with uniform 
diameters were developed by hydrothermal process at 
temperatures from 125 to 175 oC. According to top view and 
cross-section view of SEM images, the sample obtained at 125 
oC was consisting of short hexagonal-type nanorods with ~ 400 
nm in diameter,and the rod number density of nanorods as high 
as 5.3×109 rods/cm2 (~ 850 nm in length). With the increase in 
reaction temperature to 150 oC, the aspect ratio of Nb2O5 
nanorods and the spacing between nanorods were obviously 
increased, and the observed rod number density decreases to 
about 4.5×109 rods/cm2. For the sample obtained at 175 oC, 

the aspect ratio and spacing of Nb2O5 nanorods were increased 
further, the typical diameter and the rod number density were of 
430 nm and 3.94×109 rods/cm2, respectively, which indicate 
that a higher hydrothermal temperature reduces the nucleation 
rate and promotes the oriented growth of Nb2O5 nanorods. For 
comparison purpose, Fig.1S shows the XRD pattern and SEM 
image of the sample annealed in O2 atmosphere at 500oC for 1h. 
One can see that the annealed sample is of an orthorhombic 
phase according to JCPDS Card No. 27-1003, which is 
corresponding to the result reported by Wen et al 16. In addition, 
the morphology of individual nanorod is almost unchanged 
except for the nanoarrays crack due to the release of lattice 
stress. 

The mineralizer concentration in hydrothermal chamber was 
another predominant factor that influences the crystallinity and 
morphology of the nanorod products. The XRD patterns of the 
as-synthesized samples using 20 ml H2O2 (30 wt.%) and at 
various NH4F concentrations at 150 oC for 15 h were shown in 
Fig. 3. One can see that the intermediated products contain Nb, 
O and F atoms (according to the EDS results shown in Fig. 2S) 
and no H-Nb2O5 phase were obtained using 20 ml H2O2 and 
5.00 M of NH4F as the oxidant and mineralizer, respectively, as 
shown from the peaks denoted by “star” symbols in Fig.3a. 
With the NH4F concentration being increased to 8.75 M, the 
diffraction peaks belong to the H-Nb2O5 gradually appeared, 
and the intermediated products gradually disappeared (Fig.3b). 
The single phased H-Nb2O5 is formed when the concentration 
of NH4F is reaching to 12.5 M. The relative amount of Nb2O5 
against Nb foils therefore increases with the increasing NH4F 
concentrations further (Fig.3c-3e), indicated by the variation of 
relative diffraction intensity, which could be attributed to the 
higher growth rate of Nb2O5 at higher concentrations of NH4F.  

(Fig.3) 

Fig. 3 XRD patterns of the as-synthesized samples using 20ml 
H2O2 (30 wt.%) and different NH4F concentrations: (a) 5.00 M; 
(b) 8.75 M; (c) 12.50 M; (d) 18.75 M; (e) 25.00 M 

Fig. 4 shows the corresponding SEM images of the as-
synthesized samples using 20 ml H2O2 (30 wt.%) and various 
NH4F concentrations. As shown in Fig.4a, H-Nb2O5 nanorod 
arrays with uniform diameters of about 550 nm, the rod number 
density of about 2.5× 109 rods/cm2 and hexagonal shaped 
cross-section can be obtained as NH4F concentration being 
increased to 8.75 M. It seems like that the diameters became 
larger and the hexagonal shape nanorod transformed into 
rounded shape when the concentration of NH4F is increased 
from 8.75 to 25 M. One can consider that each rod is composed 
of several rods with smaller diameters under higher 
concentration of NH4F, as shown from the cross-section view in 
the inset of Fig.4b. The exact rod number density could not be 
offered here due to the faint nanorods boundaries. It can be 
concluded that a higher concentration of NH4F would result in 
an increase in supersaturation and thus higher nucleation rate, 
which promotes the radial growth of nanorods and formation of 
micrometer rods Nb2O5. In addation, the emergence of new 
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nucleation sites on the surface of Nb2O5 rods as shown by white 
arrow in Fig. 4c. 

(Fig.4) 

Fig. 4 SEM images of the as-synthesized samples using 20 ml 
H2O2 (30 wt.%) and different NH4F concentrations at 150 oC 
for 15 h: (a) 8.75 M; (b) 18.75 M; (c) 25M 

For TEM characterization, Nb2O5 nanorods grown at 150 oC 
for 15 h using 20 ml H2O2 (30 wt.%) and 12.5 M NH4F were 
chosen. The sharp diffraction spots in SAED pattern shown in 
the inset in Fig. 5a demonstrate that each of the Nb2O5 
nanorods is single crystalline. The lattice fringe parallel to the 
end face of the nanorod is clearly recognized in the high-
resolution TEM (HRTEM) image shown in Fig. 5b. The fringe 
spacing is calculated to be ~ 0.39 nm corresponding to the (001) 
lattice spacing, which indicated [001] is the preferred growth 
direction of the as-synthesized Nb2O5 nanorods. 

(Fig.5) 

Fig. 5 The TEM images of a single Nb2O5 nanorod prepared 
with 20 ml H2O2 (30 wt.%) and 12.5 M NH4F at 150 oC for 15 
h: (a) TEM image and SAED patterns (inset); (b) HRTEM 
image. 

In order to understand the growth behavior of Nb2O5 
nanorods under the hydrothermal conditions, a series of Nb2O5 
samples were synthesized by hydrothermal process using 20 ml 
H2O2 (30 wt.%) and 12.5 M NH4F at 150oC with reaction time 
being varied from 5 to 20 h. The XRD patterns shown in Fig. 

3S confirmed that all samples are H-phase of Nb2O5. The 
variation in length and aspect ratio of the nanorods were shown 
in Fig. 6. There is a steady increase in the lengths of nanorods, 
while the aspect ratio of nanorods shows a first increase and 
then a reduction with increasing hydrothermal time. As 
previously reported in the literature16, Nb2O5 nanostructures 
were formed according to the following chemical process: F- 
was used to attack Nb metal or niobium oxide precursor to form 
fluoride containing intermediate compounds (NH4)2NbOF5, 
then transferred into more stable NH4NbOF4 by releasing one 
NH4F molecule under hydrothermal condition. Nb2O5 is then 
obtained after the decomposition of NH4NbOF4. In this work, 
NH4F and H2O2 were used as the mineralizing agent and 
oxidant together in the hydrothermal environmental, the 
following chemical reactions are expected to occur in the 
hydrothermal process: 

2Nb+5H2O2→Nb2O5+5H2O 

Nb+5NH4F+2.5H2O2→ (NH4)2NbOF5+3NH3+4H2O 

(NH4)2NbOF5 →NH4NbOF4+NH4F 

NH4NbOF4+1.5H2O →0.5Nb2O5+NH4F+3HF 

At the beginning of the hydrothermal reaction, Nb foil was 
etched by NH4F directly to release Nb ions and is oxidized by 
H2O2 indirectly. It’s noted that the by-products of NH3 and HF 

might react and transfer into NH4F again and to conserve the 
amount of mineralizer. As shown in Fig. 6a, the sample 
consisted of a large amount of aggregated nanoparticles (buffer 
layer) after the hydrothermal treatment for 5 h, which is 
considered as the nucleation stage for the growth of Nb2O5 
nanorods. During the hydrothermal process, there would be a 
compressive stress generated at the interface between Nb2O5 
and Nb foil due to the different lattice parameters20

, which 
makes Nb2O5 nucleus grew quickly. The oriented growth of 
Nb2O5 became the major process upon the formation of the 
buffer layer, and resulted in an increase of aspect ratio of 
nanorods (a→b).21 As the hydrothermal time exceeded to 10 
hours (Fig. 6c), nanorods became dense and limited the release 
of Nb atoms into the solution. Then the nanorods tend to 
growth together due to the interfacial lattice matching between 
Nb2O5 nanorods through orientation attachment. 

(Fig.6) 

Fig. 6 The relationships between the average length and aspect 
ratio of the as-synthesized Nb2O5 nanorods as a function of 
hydrothermal time. The scale bar in the inset SEM images is 5 
µm in length: (a) 5 h; (b) 10 h; (c) 15 h; (d) 20 h. 

Photoluminescence properties of Nb2O5 nanorod arrays 

The room temperature excitation spectrum and temperature 
dependent emission spectra of the Nb2O5 nanorod arrays are 
shown in Fig. 7. The Nb2O5 nanorod arrays demonstrate the 
strongest excitation peak at 379 nm, indicating the band gap is 
about 3.3 eV, which is consistent with the reported values of 
Nb2O5 synthesized with different methods (3.2 - 4.8 eV).22-24 
There are two light emission peaks at low temperature (9 K) 
located at 456 nm (2.719 eV) and 490 nm (2.53 eV) 
respectively, which are due to fluorescence quenching occurred 
easily 25. One can see that the intensity of the 2.719 eV peak 
becomes dominant with increasing temperature from 9 to 300 K, 
while the 2.53eV peak diminishes gradually (from 9 to 140 K) 
and its peak position blue-shifts slightly (about 166 meV) 
which are the typical features of donor-acceptor pair (DAP) 
emission26. Therefore, the 2.53 eV peak is attributed to the 
DAP emission, and the 2.719 eV peak is related to the 
conduction-band-to-acceptor transitions.  

(Fig.7) 

Fig. 7 (a) The room temperature excitation spectrum and 
temperature dependent emission spectrum (λex = 379 nm) of the 
Nb2O5 nanorod arrays, which are obtained by hydrothermal 
method using 12.5 M NH4F and 20 ml H2O2 (30 wt.%) as the 
mineralizing agent and oxidant at 150 oC for 15h.  

(Fig.8) 

Fig. 8 The integrated PL intensities of the 2.719 eV peak as a 
function of reciprocal temperature, in which the scattered 
squares are experimental data, the dot curve is the theoretical 
fitting result. 
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In order to determine the thermal quenching of 2.719 eV 
emissions, activation energy needs to be introduced to describe 
the PL quenching process. The variation in PL intensity of the 
conduction-band-to-acceptor transition with reciprocal 
temperature is shown in Fig. 8. The curve represented by the 
squares is the experimental data, which can be well described 
by the theoretical fit of the following expression27: 

0 1 1 2 2/ [1 exp( / ) exp( / )]
a a

I I a E kT a E kT= + − + −  

where I(T) and I0 are the PL intensities at temperature T and 0K, 
respectively. a1 and a2 are constants, Ea1 and Ea2 are activation 
energy for thermal quenching, and k is the Boltzmann constant. 
Considering that there is only a single channel contributing to 
the thermal quenching of the 2.719 eV peak emission by 
making a2 zero in the above equation, one can obtain the best 
fitting result in Fig. 8, which indicate that there is only one 
quenching channel for 2.719 eV peak. The curve fit gives rise 
to activation energy of about 16.9 meV. The Ea value obtained 
here is almost identical to that reported by Wen et al. in 
ZnO/ZnMgO multiple quantum wells,28 which indicating Nb2O5 
nanorod arrays have great prospects in optoelectronics 
applications in the wavelength range from the ultraviolet to the 
red. 

Conclusions 

C-axis oriented Nb2O5 nanorod arrays with H-phase structure 
were synthesized by in-situ hydrothermal process using NH4F 
and H2O2 as the mineralizing agent and oxidant, respectively. 
NH4F promotes the crystallization and oriented growth of 
Nb2O5 nanorods by increasing the oriented growth rate. Lower 
temperature/higher concentration of NH4F could result in an 
increase in supersaturation and thus higher rod number 
densities. The growth processes of Nb2O5 nanorod arrays 
include crystal nucleation, oriented growth, and orientation 
attachment. The Nb2O5 nanorod arrays exhibit an excitation 
peak at 379 nm, indicating that the band gap is about 3.3 eV. 
There are two obvious emission peaks located at 456 nm (2.719 
eV) and 490 nm (2.53 eV) at low temperature, which is shown 
to derive from the conduction-band-to-acceptor transition and 
donor-acceptor air emission. There is only one quenching 
channel for 2.719 eV peak with activation energy of about 16.9 
meV. Nb2O5 nanorod arrays have potential application in nano-
scaled sensor and optoelectronic device etc. 
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H-Nb2O5 nanorod arrays with c-axis orientation were in-situ synthesized by 

hydrothermal process, which exhibit a blue and cyan light emission. 
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Fig. 1 The XRD patterns of the as-prepared Nb2O5 nanorod arrays synthesized by hydrothermal method at 
different temperatures using 12.5M NH4F and 20ml H2O2 (30 wt.%). (a) 125 oC; (b) 150 oC; (c) 175 oC.  
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Fig. 2 SEM images of the as-prepared Nb2O5 nanorod arrays synthesized by hydrothermal method at 
different temperatures using 12.5M NH4F and 20ml H2O2 (30 wt.%). (a) 125 oC; (b) 150 oC; (c) 175 oC.  
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Fig. 3 XRD patterns of the as-synthesized samples using 20ml H2O2 (30 wt.%) and different NH4F 
concentrations: (a) 5.00 M; (b) 8.75 M; (c) 12.50 M; (d) 18.75 M; (e) 25.00 M  
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Fig. 4 SEM images of the as-synthesized samples using 20 ml H2O2 (30 wt.%) and different NH4F 
concentrations at 150 oC for 15 h: (a) 8.75 M; (b) 18.75 M; (c) 25M  
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Fig. 5 The TEM images of a single Nb2O5 nanorod prepared with 20 ml H2O2 (30 wt.%) and 12.5 M NH4F at 
150 oC for 15 h: (a) TEM image and SAED patterns (inset); (b) HRTEM image.  
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Fig. 6 The relationships between the average length and aspect ratio of the as-synthesized Nb2O5 nanorods 
as a function of hydrothermal time. The scale bar in the inset SEM images is 5 µm in length: (a) 5 h; (b) 10 

h; (c) 15 h; (d) 20 h.  
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Fig. 7 (a) The room temperature excitation spectrum and temperature dependent emission spectrum (λex = 

379 nm) of the Nb2O5 nanorod arrays, which are obtained by hydrothermal method using 12.5 M NH4F and 
20 ml H2O2 (30 wt.%) as the mineralizing agent and oxidant at 150 oC for 15h.  
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Fig. 8 The integrated PL intensities of the 2.719 eV peak as a function of reciprocal temperature, in which 
the scattered squares are experimental data, the dot curve is the theoretical fitting result.  
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