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Abstract

Divanadium pentoxide ( -V»0s5) nanorods and nanowires have been synthesized by
reverse micelle technique. The length can be tuned easily by keeping the particles
in micellar solution after the synthesis from 40 nm to 1 m. The local structure of
thesenanocrystals has beenstudied by high resolution transmission electron microscopy,
Fourier transform infrared spectroscopy and electron energy loos spectroscopy. The re-
sults obtained demonstrate that a combination of experimental and theoretical tools

permit to accurately characterize the local structure of nanomaterials.
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In order to understand the catalytic properties of a compound it is important to know
its local structure. The study of local structures of nanosizedmaterials is, howeer, rather
challengingseeingthat crystallographicstudiesand surfacecharacterization of nanophasema-
terials are di cult to perform.

The presen letter demonstratesthat this task canbe ful lled by a combination of experimen-
tal and theoretical tools.

Vanadium oxide basedcatalysts are widely usedin a variety of chemicalreactionslike partial
oxidation of alkanesor selectiwe reduction of NOy [1].

In the past decadevanadium pertoxide gelshave beenextensiwely studied [2], more recerily
Nesper et al. [3{5] found a way to syrthesize vanadium oxide nanotubes (VO,-NT;) by sol-
gel reaction of a vanadium alkoxide with a primary amine or a ;! -diamine, followed by a
hydrothermal treatemert. Niederberger et al. [6] synthesized mixed valert vanadium oxide
nanorads via a nonaqueoudow temperature procedure.

In a previouspublication a new soft chemicalway to syrnthesizedivanadium pertoxide (V ,0s)
nanorods by using the reverse micelle technique was presered [7]. It was shavn that it is
possibleto cortrol the sizeof the nanorads simply by keepingthe particlesin micellar solution
up from seweral hoursto a few days. Here we study two samplesagedrespectively of 24 hours
and 100 days. The averagelength of the nanorods are 90 nm and 1 m for the nanowires.
In order to study the catalytic activity of these nanoobjects it is important to know their
geometricand electronicstructure. It is of greatinterestto preparegeometricallywell-de ned
V>* radicals as physical vapour deposition methods give no accessto thin Ims or clusters

model catalysts of this catalitycally relevant oxidation state.

Divanadium pertoxide nanorods and nanowires have been synthesized by colloidal self

asserbly made of sadium bis(ethyl-2-hexyl)sulfosuccinateNa(AOT)/Iso octane/H,0 [7]. The

[H20]
[AOT]

water cortent (w) de ned asthe ratio of water to surfactart conceirations w = is kept
constart w = 10. Under sudh experimertal conditions reversemicellesare formed. A solution
of the alkoxide VO(OR) 3 with R=CH(CH 3),, in isooctaneis then rapidly addedto the micellar
solution. The nanocrystals are formedinstantaneously The solution takesa brown color. The
alkoxide concerration is kept constart at [VO(OR)3]= 5. 10 3M. After 24 hoursor 100days

one drop of this solution is then deposited on a carbon Im. In the gure 1 A and C typical



transmissionelectron micrographsof the particles agedof 24 hours and 100 days respectively
are shavn [8]. The high resolution images(Figure 1 B and D) reveal lattice fringes of the
nanocrystals. The lattice fringes are in good agreemenh with the -V,Os structure for the
nanorod oriented in the [101] direction (Fig 1 B) and for the nanawire oriented in the [100]
direction (Fig 1 D). The nancocrystals shov a good crystallinity even without any thermal

treatemert.

Figure 1: Vanadium oxide nanocrystals synthesize in reversemicelles observe after 24 hours (A)
and 100 days (C) in micellar solution, high resolution transmission electron micros@py of a part of

a nanorod oriented in the [101] direction (B) and nanowire oriented in [100] direction (D)

V,0s5 crystallizesin two structures;the mostcommon -V,0s (Fig. 2top) andthe -V,0sg
(Fig. 2 bottom) [9]. The -V,0s5 formsa layer type orthorhombic lattice with lattice constarts
a= 9946 A, b= 3:585A and c = 10042 A. The structure is set up by layers of edgeand



Figure 2. Representation of the two possibleV 205 structures: -V,0s (top) and -V 05 (bottom)

corner sharing VOs pyramids sticking out at both sidesof the layer. As opposedto -V ;,0s,
where all vanadyl bonds are oriented along c, the double chains of edge sharing pyramids
in -V,0s5 aretilted relatively to ead other. As a consequencethere exist two structurally
di erent VOs pyramids. The rst site can also be thought of as a bi-pyramidal (VOg) by
including the weak interlayer bond to the vanadyl oxygen of the adjacen layer. The second
site is a VOs pyramid positionedin sud a way that no oxygen atom lies in closevicinity of
the basalplane. Ead of the two pyramids contains three structurally di erent oxygens,but
in total, dueto the linking via onecommonoxygen, there exist v e di erent oxygensand two

di erent vanadiumsin -V,0s (Table 1).



Bond length (A) | Vanadyl-Oxygen| Bridge-Oxygen| Chain-Oxygen
-V,05 V1 1.5468 1.7257 1.8914,1.9861
-V,05 V2 1.5810 1.8479 1.8984,1.9671

-V ;05 1.5759 1.7783 1.8776,2.0176

Table 1: Di er ent bond lengthsfor the two VOs pyramids of the -V,0s5 structure and for the VOsg
pyramid of V205

FT-IR spectra from the nanorad and nanowire sample,the Na(AOT) and from -V,0s
purchasedfrom Fluka are displayed in Fig. 3 [10]. The spectrum of the bulk divanadium
pertoxide is characterized by three absorption bands certered at 1022,817 and 580 cm 1.
The rst bandat 1022cm 1! is assignedo the V=0 stretching (vanadyl oxygen), the last two
at 817and 580cm ! are due to V-O-V deformation modes[11].

The spectrum of the Na(AOT) is characterizedby se\eral absorption bandsbetweenl1750and
1000cm 1. Thesebands are also preset in the spectrum of the nanocrystals. The band
situated around 1630cm ! is commonto all spectra, and is attributed to molecular water.
After substraction of the Na(AOT) cortribution from the nanorads and nanowire spectra,
bands are left at 1000, 963, 745 and 537 cm ! for both samples. These bands are shifted
towards smaller waverumbers comparedto thoseof the -V,0s, andthe rst bandis splitted
into two equalcomponerts?. The splitting and the shift of the 1022cm ! band of the -V,05
into 2 absorption peaksis a consequencef the two inequivalert V=0 groups|[7], occuring at
d' 0, = 1:581A, andd® ,,o, = L:547A, respectively (Fig. 3).
EELS is applied to probe the local electronicstructure and oxidation state of vanadiumin
-V,0s. For comparisonEELS on -V,0s is alsopresen. Ab initio band structure calcula-
tions are performedon both systemsfor the OK edgesimulation. The shape of the vanadium
and oxygen edgess strongly related to the oxidation state of the vanadium and to the distor-
tion of the cordination polyhedra[12,13]. In particular, the vanadium white line ratio reacts
very sensitiwely to the oxidation state [14,15]. The EEL spectrum of vanadium oxide in the

energyrange 500-560eV is featured by the VL edgesat 519(L,,,) and 526 (L,,) eV and by

2This splitting cannot be due to the matrix usedto make the pellets becauseFT-IR spectra of nanorods in
cesiumand sodium chloride pellets have alsobeenrecordedand shaw the samepeak positions asfor potassium

bromide.
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Figure 3: FT-IR spectra of -V,05 nanorads (solid line), -V,0s nanowires (long dashel line), -
V,05 (dotted line), and Na(AOT) (short dashel line)

the OK edgeup from 528eV.In -V,0s, the L, edgeis moreintensethan the L,,, edge[13]
(Figure 4 bottom), whereas,with decreasingoxidation state, the L, intensity decreasesela-
tiveto the L, spectral weight. This ngerprint allows a reliable assignemenof the oxidation

state of the vanadium. In -V,0s, the K edgeis charaterizedby a ne structure (Figure 4
bottom) [16]. The oxygen edgearound 530eV exhibits two cortributions arising from transi-

tions from an 1sstate to a nal 2p state in (530eV) or  (533eV) hybridisation with a
vanadium 3d state. As the oxidation state decreasesthe intensity of the rst peakrelated to

nal statesdecreaseslueto a partial lling of the V-d states[17].

The bottom of Fig. 4 demonstratesthe closeagreemen betweensimulation and experimen,

although the core hole left by the excited electron and the high energytail of the preceeding
L,, edgewherenot taken into accourt in the simulation.

EELS spectra of -V,0s nanorads and nanowires have beenrecorded[18] and comparedwith

abinitio calculations[19](Figure 4). The vanadium L-edgeis characterizedby two peaks(the

white lines) correspnding to the L, transition certered at 518.8eV and the L,, certered at
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Figure 4: EELS spectra of -V ;05 nanorods (solid line), -V,0s nanowires (dashal line) and for
-V 1,05 (bottom) for the Vanadium 2p and the oxygenls. Calculations of the oxygenedge (dotted

lines)

525eV. Similar to -V,0s, the L, peakis moreintensethan the L, in the spectra of the
nanocrystals, indicating that the oxidation state of vanadium is 5+ accordingto divanadium
pentoxide [13]. The shape of K feature certered at 531.6eV is quite di erent to the one of

-V,0s5. The calculationsfor the -V,0s5 structure (dotted line in Figure 4), agreevery well
with the experimertal data and show that the ne structure visible in K edgeof -V,0sisno
more presen. This is explainedby the fact that there exist two di erent vanadium surround-
ingsin -V,0s. Five dierently coordinated oxygen atoms cortribute to the spectrum and
the total K spectral weight is the sum of thesecortributions, of which ead hasits individual
shape. As aresultthe and componerts overlap and are no longer distinguishable in
the K edge. It must pointed out that the shape of the K edgelooks similar to the one of
the vanadium monaxide (VO), but the position of the edgecorrespnd to that of divanadium
pertoxide (V,0s) and could not be attributed to vanadium monaxide [13].

EELS and FT-IR ndings conrm that the nanorods and nanowires are crystallized in the



-V,05 structure. The results of the samplesagedof 24 hours and 100 days are similar even

if the sizeof the particles are di erent.

This letter demonstratesthat a conbination of experimertal and theoretical tools permit
to accuratelycharacterizethe local structure, the crystalline order and the surfacemorphology
of -V,0s5 nanorods and nanawires. The uniform material syrnthesizedo ers the opportunity
to study selecti\e oxidation on model systemwith well de ned surfacemorphology and high
crystalline order cortaining the oxidation state V°* which is dicult to obtain with more

convertional physical vapour deposition (PVD) methods.
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