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Abstract

We report the topochemical synthesis of lamellar niobic acid (H2Nb2O6) nanorods via proton-exchange from single-crystal CaNb2O6 nanorods

with layered structure. The obtained H2Nb2O6 nanorods were then converted to T-Nb2O5 nanorods with a pseudo-hexagonal structure by thermal

treatment in air. The one-dimensional characteristic of the CaNb2O6 nanorods remained during their transformation to H2Nb2O6 and then to T-

Nb2O5 nanorods. The structure transformation during the formation of T-Nb2O5 nanorods was investigated in detail using high-resolution

transmission electron microscopy, and the results show that polycrystalline Nb2O5 nanorods were formed although the one-dimensional

characteristic was well retained. The existence of texturing as well as dislocations in T-Nb2O5 nanorods was revealed.
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1. Introduction

Lamellar solid acids containing titanium and niobium (e.g.,

H2Ti4O9, HNb3O8 and H4Nb6O17) are promising photocatalysts

for their several unique characteristics, for example, the valence

band top and the conduction band bottom are located at

deserved potential levels, the layered structure facilitates

electron transfer, and the protonic acidity is favorable for water

and some organic molecules absorption [1,2]. Several proto-

nated compounds have been proved to show higher photo-

catalytic activities for hydrogen generation from water splitting

than their corresponding salt phases under UV light [3–5]. The

layered materials can be also exfoliated chemically to prepare

unlamellar colloids that possess interesting possibility of

restacking by scrolling into tubulars structures [6,7]. In

addition, the lamellar solid acids can be served as precursors

to prepare binary oxide nanocrystals through dehydration. For

example, Bruce and co-workers reported the formation of

hydrogen titanate nanowires, which were converted to TiO2-B

nanowires by subsequent annealing [8].
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Niobium pentoxide (Nb2O5) is an important n-type

semiconductor with a wide band gap of about 3.4 eV, and

has shown many remarkable applications in gas sensors,

catalysts, optical and electrochromic devices [9–12]. The

chemical and physical properties of micro- and nanostructured

metal oxide semiconductors have close relationship with their

morphologies [13–15]. Recently, much attention has been paid

to the preparation of Nb2O5 one-dimensional (1D) nanos-

tructures as well as its hierarchical micro- and nanostructures.

Mozetič et al. first reported the synthesis of Nb2O5 nanowires

grown on Nb foils via cold plasma treatment using a high

neutral oxygen flux [16]. Vertically oriented Nb2O5 nanowires

on Nb foils were synthesized by a thermal oxidation method,

and the nanowires field-emission emitters show fairly low turn-

on and threshold field and high current density [17]. Mallouk

and co-workers [7] proposed a scrolled sheet precursor route to

polycrystalline niobium oxide nanotubes via dehydration of

H4Nb6O17�4H2O scrolls, which were prepared by exfoliation of

K4Nb6O17 with layered structure. Single-crystal Nb2O5

nanobelts were synthesized by thermal treatment of layered

structure NH4Nb3O8 nanobelts, and the photovoltaic perfor-

mance of dye-sensitized solar cells using the Nb2O5 nanobelts

as electrode material was investigated [18]. Xue et al. [19,20]

reported the formation of monoclinic Nb2O5 nanotube arrays
d.
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through phase transformation from pseudo-hexagonal Nb2O5

nanotube arrays accompanied by void formation. They also

prepared Nb2O5 hollow microspheres and 3D superstructures

via simple solution route [21–23].

In this paper, we report the synthesis of a lamellar solid acid of

H2Nb2O6 nanorods via proton-exchange from layered CaNb2O6

nanorods. The obtained H2Nb2O6 nanorods were then converted

to T-Nb2O5 nanorods by thermal treatment in air, which was

proven to be an effective strategy for the fabrication of porous

structures [24]. The structure of the obtained T-Nb2O5 nanorods

was characterized, and the transformation process was discussed.

2. Experimental

The precursor CaNb2O6 nanorods were synthesized via

molten-salt ion-exchange route, which was reported in our early

work [25]. The obtained CaNb2O6 nanorods were single-crystal
Fig. 1. (a, c, and e) SEM images of CaNb2O6, H2Nb2O6 and T-Nb2O5 nanorods

transformation. (b, d, and f) Typical TEM images of CaNb2O6, H2Nb2O6 and T-N
in nature with a preferential growth direction along [0 0 1]

crystallographic direction. Proton-exchange was performed at

room temperature upon acid washing for 30 min using 3 M HCl

aimed by ultrasonication, resulting in the formation of H2Nb2O6

nanorods. T-Nb2O5 nanorods were obtained by annealing

H2Nb2O6 nanorods at 700 8C for 3 h. The transformation

process is described as follow:

CaNb2O6þ 2HCl ! H2Nb2O6þ CaCl2 (1)

H2Nb2O2 �!700 �C; 3 h
T-Nb2O5 (2)

The morphology of the obtained nanorods was examined by

field-emission scanning electron microscope (SEM, LEO 1530)

equipped with energy-dispersive X-ray spectroscopy (EDS). X-

ray diffraction (XRD) pattern was collected using Philips X’pert

diffractometer with high-intensity Cu Ka irradiation
, respectively, showing the 1D morphology consistence during the structure

b2O5 nanorods, respectively.



Fig. 2. (a) EDX spectrum of H2Nb2O6 nanorods. (b) XRD patterns of H2Nb2O6

and T-Nb2O5 nanorods.
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(l = 1.5406 Å). Transmission electron microscope (TEM)

observation was carried out on a JEM 100CX microscope,

and high-resolution transmission electron microscopy (HRTEM)

experiments were conducted on a JEM 4000EX microscope.

3. Results and discussion

The morphology of the precursor CaNb2O6 nanorods was

examined by SEM, as shown in Fig. 1a. The diameters of

CaNb2O6 nanorods are in the range of 200 nm to 1 mm, and the

lengths can reach up to 10 mm. Fig. 1b shows a typical TEM

image of a single CaNb2O6 nanorod with a diameter of about

400 nm. The precursor nanorods of CaNb2O6 prepared via a

molten-salt ion-exchange method are single-crystal, with a

growth direction along [0 0 1] crystallographic direction [25].

The columbite structured CaNb2O6 has a layered structure,

which makes it an ideal precursor for proton-exchange. The

proton exchange of CaNb2O6 nanorods leads to the formation

of H2Nb2O6 nanorods. It should be noted that the ion-exchange

process could be finished within 30 min. The EDX spectrum in

Fig. 2a suggests the completion of proton exchange between

CaNb2O6 and H2Nb2O6. The signal of Si element is from the Si

substrate used for SEM observation. The fast ion-exchange

process is thought to be associated with the layered structure of

CaNb2O6, which allows the fast exchange between Ca ions and

H ions. The nanorods’ 1D characteristic remains unchanged

after proton exchange, as depicted in Fig. 1c and d, except that

the lengths of H2Nb2O6 nanorods seem to decrease slightly.

Electron diffraction analyses show that H2Nb2O6 nanorods are

amorphous. T-Nb2O5 nanorods were obtained by annealing

H2Nb2O6 nanorods at 700 8C for 3 h. SEM and TEM images of

the obtained T-Nb2O5 nanorods were shown in Fig. 1e and f,

respectively. The nanorods’ 1D characteristic also remains

unchanged after the dehydration of H2Nb2O6 nanorods.

XRD patterns of H2Nb2O6 and T-Nb2O5 nanorods are shown

in Fig. 2b. Broad peaks between 20 and 358 are observed for
Fig. 3. (a) Bright-field and (b) corresponding dark-field TEM images of a T-Nb2O5 nanorod. (c–f) SAED patterns taken from different parts of the nanorod shown in

(b) box-marked with C, D, E and F, respectively.



Fig. 4. FFT-filtered HRTEM image of T-Nb2O5 nanorods. The image was taken

in area E marked in Fig. 3.
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H2Nb2O6 nanorods [2]. H2Nb2O6 can be also written in the

form of Nb2O5�H2O, and thus are named as niobic acid. Upon

heating at 700 8C in air for 3 h, Nb2O5�H2O was dehydrated and

T-Nb2O5 was formed, as shown in Fig. 2b. T-Nb2O5 has a

hexagonal structure [26], with lattice parameters a = 3.607 and

c = 3.925 Å (PDF No. 28-0317).

The obtained T-Nb2O5 nanorods were further characterized

by high-resolution transmission electron microscopy. Fig. 3a

and b shows the bright-field and corresponding dark-field TEM

images of a T-Nb2O5 nanorod. It is obvious that the selected

nanorod is not a single-crystal, as depicted in the dark-field

TEM image. Four zones with different contrasts can be indexed

in Fig. 3b, which are marked with capital letters of C, D, E and

F, respectively. The phenomenon is confirmed upon examina-

tion of several nanorods. Further observation found that even

within one zone with the same white or dark contrast, the

contrast is not uniform, and each zone consists of a wealth of

fine ‘‘particles’’. Selected-area electron diffraction (SAED)

patterns from the four zones are shown in panels c, d, e, and f,

respectively. SAED patterns of areas C and E are from ½1 0 1̄ 0�
and ½011̄0� zone axes, respectively, while that of areas D and F

are from off-axis, in which all the diffraction spots can also be

indexed to T-Nb2O5. Slight arc-like elongation of the outer

diffraction spots are observed in both Fig. 4c and e, although in

which the diffraction patterns indicate the single-crystal nature

of the selected areas.

High-resolution transmission electron microscopy was

used to study the detailed structure of the obtained T-Nb2O5

nanorods produced by annealing of H2Nb2O6 nanorods. Fig. 4

shows a noise-filtered HRTEM image from area E as indicated

in Fig. 3b. The lattice image shows that the nanorod is

obviously not a single-crystal nanorod, but consists of many

fine single-crystalline particles separated by amorphous

boundaries. The lattice images from these single-crystalline

particles are from the same zone axis of ½0 1 1̄ 0� without

apparent deviations, and thus the diffraction pattern from a

relative large zone within area E shows single-crystal pattern

with an arc-like elongation of the outer diffraction spots, as
Fig. 5. Crystal structures of (a) 
depicted in Fig. 3e. The lattice image clearly shows the

existence of texturing in the obtained Nb2O5 nanorods. The

similar phenomena has been reported in Nb2O5 nanotubes

derived from H4Nb6O17�nH2O scrolls [7]. Defects, such as

dislocations, can be frequently observed in Nb2O5 nanorods, as

marked by a white arrow in Fig. 4. The existence of

dislocations decreases the mismatch energy during the

structure transformation.

The crystal structures of CaNb2O6 and T-Nb2O5 are shown

in Fig. 5a and b, respectively. Each layer of CaNb2O6 is

composed of edge-sharing NbO6 octahedra. Upon proton-

exchange, the layer structure will not change since the

diameter of H ions is much smaller than that of Ca ions. This

can also explain why the proton-exchange process is rather

fast. The xy plan of T-Nb2O5 is comprised of edge-sharing

NbO7 units as well as NbO6 octahedra. These units are then
CaNb2O6 and (b) T-Nb2O5.
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linked by corner-sharing polyhedra along the z axis to form

the three-dimensional structure [7,26]. The conversion from

H2Nb2O6 to T-Nb2O5 requires long-range diffusion of Nb and

O atoms. Hence, it would be difficult for a single-crystal

nanorod to be obtained. The slight derivation of the fine

single-crystal particles from the same zone axis and the

amorphous boundaries no doubt decrease the total energy.

4. Conclusions

In summary, we have demonstrated a soft chemistry route

for the preparation of lamellar niobic acid nanorods, which was

then converted to T-Nb2O5 nanorods through thermal treatment

in air. The structure of the T-Nb2O5 nanorods was studied in

detail using high-resolution transmission electron microscopy.

The transformation from layered structure to pseudo-hexagonal

structure results in the polycrystalline nature of T-Nb2O5

nanorods.
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