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[ Abstract] One dimensional rod-like NaV,0s was synthesized by hydrothermal method, which draws much attention as

an exotic spirr Peierls compound. The samples have been characterized by X-ray diffraction (XRD), transmission election

microscopy (TEM), and magnetic susceptibility measurements. The pH value and the reducing agent are critical for syn-

thesizing NaV,05 nanorods. The reducing agent NH,OH may play a key role in the assembly and growth of nanorods of

products.
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1 INTRODUCTION

Recently, one-dimensional ( 1D) nanostrcture
materials are the focus of considerable interest, since
these materials show different physical and chemical
properties to their bulk counterparts''’. But welF
defined structures of this scale are difficult to obtain
typical physical
planned chemical synthesis are very applicable in this

because neither techniques nor
size domain. So 1D nanostructure materials have been
prepared recently by many advanced methods such as
molecular-coordination template synthesis, polymer
or carbon nanotube oriented synthesis'>”®. The
study of these materials can also help us to understand
the mechanisms of the formation of 1D nanostructure
and the growth process at atomic level.

NaV20s5 compound has recently received consid-
erable attention because it appears to be the second in-
organic material displaying spin-Peierls behavior in
magnetic susceptibility measurement. The first one is
CuGeO3, whose critical temperature T i,= 35.3 K is
the highest of all known organic or inorganic spin
- W, NaV,0s
could be synthesized by traditional high-temperature
ML The weighed
mixtures with appropriate molar ratios of NaVOs3,
V103 and V,05 were heated at 650 C in an evacuated

silica tube for several days, because the target com-

Peierls compounds!’ Conventionally,

solid-state reaction methods

pound is a mixed-valence (n(V* )/ n(V>* )= 1) ox-
ide and is sensitive to atmospheric conditions. The
starting reactant V203 should be prepared by reducing
NH4V O3 in H; gas at 900 C for 48 h.

Hydrothermal method has been widely used in
the synthesis of novel transition metal oxides' !, zeo-
lite materials and Keggimrtype polyanions '¥. Hy-
drothermal methods was used to prepare new com-

pounds of Mo, W and V oxides or bronzes by Whit-

tingham et al''®!. Hagrman et al''® synthesized a

new metastable VO phase hydrothermally. As noted
by Boylan et al''”', the compound NaV,0s can be ob-
tained hydrothermally under acidic conditions using
the tetramethylammonium ion as the reducing agent.

Hydroxylamine hydrochloride is a widely used
reducing agent in organic synthesis in acidic solu
tions. Recently, it has been used to prepare reduced
transitiorrmetal oxides by soft chemical methods' .
Rutile vanadium dioxide has been obtained with hy-
droxylamine hydrochloride in an aqueous solution re-
ported by Manivanna et al' "'

Herein we first report an alkaline solutiorrbased
hydrothermal reaction with V205 and NaOH as start-
ing agents, resulting in the formation of NaV,Os
nanorods with hydroxylamine hydrochloride as reduc
tant and coordination agent. The magnetic proper
ties, reaction factors and the mechanism of controlled
synthesis of 1D nanorods have been studied.
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2 EXPERIMENTAL

NaOH (96%) and V,05(99%) were stoichio-
metrically added to a Teflon-lined stainless autoclave
with a capacity of 100 mL, then the autoclave was
filled with distilled water, stirred to an aqueous solu-
tion. Hydroxylamine hydrochloride was added into
this solution, resulting in deep-colored solution due to
the reduction of vanadium ion. The solution was filled
with water up to about 80% of the total volume of
the autoclave, adding HCl/ NaOH to control the pH
=7.0~ 9.0. The molar ratio of V,0s5, NaOH and
NH>OH*HCI was 1: 20 1. The synthesis reaction e
quation is

V20s+ 2NaOH+ NH,OH*HCI™ NaV,0s | +

NaCl+ 1/2N;, T + 3H,0 (1)
The autoclave was maintained at 140 C for three days
and then cooled to room temperature. The solution
was neither shaken nor stirred on heating. A black
precipitate was collected and washed with water,
then dried at 80 C. In this precipitate, nanorod crys-
tals were found. The nature of the NaV,0s phase
formed strongly depends on the pH of the medium.
We also used sodium vanadate ( NaV O3°*2H,0 96%)
to synthesize NaV,0s, keeping other experimental
variables unchanged, the product is the same as that
obtained above. X-Ray powder diffraction ( XRD)
analysis was conducted on a Rigaku Dmax X-ray
diffractometer at a scanning rate of 0. 05(9) /s with 26
ranging from 10°to 70° using graphic monochoromatic

Cu K, radiation ( A= 1. 540 2 A), A transmission

electron microscope (TEM) at 200 kV was employed
to characterize the morphology of products. Images
were collected in a bright field. Copper grids ( 300
mesh) coated with an amorphous carbon film were
obtained commercially. Samples were prepared by
placing drops of diluted ethanol dispersed of nanocrys-
tallites on the surface of grids. Electron dispersive
spectroscopy (EDS) was utilized to analyze the com-
position and oxidation state. The magnetic suscepti-
bility ( X) was measured using a vibrational sample
magnetometer ( Lakeshore) in the temperature range
from 2 K to room temperature.

3 RESULTS AND DISCUSSION

Fig. 1(a) shows the X-ray powder diffraction
(XRD) pattern for the sample of NaV,0s obtained
under alkaline condition. All peaks can be indexed to
an orthorhombic structure with lattice parameters of
a= 11.293 A b= 3.606 A and c= 4.798 A Tt is
consistent with the previous result reported by Isobe

and Ueda ',
phase NaV,0s without any trace of impurities by hy-

This suggests the formation of single-

drothermal synthesis.

Fig. 1 (b) shows the X-ray powder diffraction
(XRD) pattern for the sample of NaV,0s obtained
under acidic conditions. It is found that the dominant
phase is the NaV,0s. But an impurity phase is
found, which is identified to be (NH4) V4019. Thus,
the nature of final product depends on the pH value in
the reaction medium.

Through a series of experiments, it is found that
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Fig. 1 X-Ray powder diffraction patterns for NaV,0s prepared by

hydrothermal method under different pH values
(The peaks marked by arrows arise from the impurity phase (NHy4) V401o.)

(a) —pH= 8.3; (b) —pH= 6.4
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the NaV,0s product can be formed when the pH val-
ue is between 5. 5 and 9. 0. When the pH value is
lower than about 5.5, no NaV,0s phase is observed,
and only (NH4) V4010 phase is obtained. While pH
value is larger than about 9. 0, no precipitate is ob-
served. This suggests that the phase of NaV20s prod-
uct can be obtained in the pH range of 5.5~ 9.0. It
must be pointed out that pure NaV,0s should be pre-
pared in a weak alkaline solution in the pH value
range of 7. 0~ 9. 0. While in acidic media, the final
product is the mixture of NaV,0s and (NH4) V40 .
Boylan et al''’! reported that the NaV,0s crystals
were prepared hydrothermally only under acidic con-
ditions using the tetramethylammonium ion as the re-
ducing agent. It is not difficult to understand that an
acidic oxide of V505 can dissolve in alkaline solution
readily, and generates precipitate in acidic conditions.
However, the present experimental results show that
the weak alkaline condition is preferred to the acidic
condition for preparing single phase NaV20s. This is
because in acidified medium other vanadium oxides
form in a rapid rate, so with the controlling of the pH
values of the solution, we can control different reac
tions.

In the XRD pattern shown in Fig. 1(a) there is a
relatively stronger intensity for the (00l) peak than
expected from the results of refinement, which indr
cates a preferential orientation of (00l) in the crystal
NaV,0s. We inferred that the growth of NaV,0s
crystal was oriented. This inference was confirmed by
TEM image shown in Fig. 2. It indicates that the
NaV,0s crystallites display rodlike morphology with a
size of (1 600 mm~ 2 000 mm) X 120 nm, and the
shape is uniform and regular. Chemical composition
of the rodlike crystals was made by electron dispersive
spectroscopy ( EDS). EDS result shows that the com-
position is the same as NaV,0s.

_‘Z',JH. nm

Fig. 2 TEM image of sample NaV,0s

As to the mechanism of formation of rod-like
products of NaV20s, the choice of NH>OH is crucial.
Nitrogen as well as oxygen in NH2OH both can coor-

dinate to center vanadium to give possible complex of

[ V(NH20H)202]", which adopts the octahedron
configuration with a plane of center vanadium chelat-
ed by two hydroxylamines. These complexes may act
as intermediates to pyrolysis and assembly along the
direction of O —V —O and results in the orientation
growth of crystallites of NaV,0s. Therefore, a
mechanism of coordination-control template growth
could be suggested to explain the formation of final
products. In Ref. [ 17], the
[N(CHs)4]"

to center cations.

reducing agent

provides no electron pair to coordinate

Fig. 3 shows the temperature dependence of sus-
ceptibility for the sample prepared above at H= 1T.
The X has a broad maximum at around room temper-
ature, reflecting the low dimensional nature of the
spin system and is consistent with the characteristics
of the structure. Fig. 3 indicates that X rapidly de-
creases below about 35 K with decreasing tempera
ture, and shows a slight upturn below 12 K. These
results are consistent with the result of single crystal
and powder sample reported by Ueda and co-work-
erst ' 2% In Fig. 3 the upturn of X below 12K is
considered to be due to the existence of impurities
and/ or free ions caused by defects. The rapid reduc
tion of the spin susceptibility below 35 K strongly
suggests the existence of a spin-Peierls transition. It
is worth pointing out that all the samples prepared
under different pH values show a spin-Peierls transi-
tion. This suggests that the NaV,0s with spin-Peierls
transition has been successfully synthesized by hy-
drothermal synthesis. It should be pointed out that
NaV,0s is not an ordinary spin-Peierls transition but
an exotic transition accompanying spin gap and charge
ordering. It is different from the inorganic spin
Peierls compound CuGeOs, for which the driven
BCStype formula 2 & kT, = 3. 53 holds well,
where A is a spin-gap energy at T= 0 K'*". While
Alth-

ough we pay our special attention to 1D-quantum size

such a measurement is 6. 44 for NaV205[6].
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Fig. 3 Temperature dependence of magnetic

susceptibility of sample NaV20s prepared under
pH value of 8.3 at H= 1T
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effect of magnetism of nanorods of NaV,0s, yet it
has not been observed and they show identical mag-
netic properties as their bulk counterparts. This is
due to their relatively large diameter of as prepared
nanorods.

4 CONCLUSIONS

We have successfully synthesized 1D NaV,0s
nanorods by a direct hydrothermal synthesis at rela-
tively low temperature. Alkaline conditions are more
favored in present study unlike previous methods.
Hydroxylamine hydrochloride, the reducing agent,
may play a key role in the growth of rod-like prod-
ucts. The nature of final products can be chemically
controlled by the factors of pH value, reductants etc.
The vanadium oxide nanorods open up fascinating
possibilities for further chemical and physical explo-
rations of nanostructures and hold promise for possible
applications.
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