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Abstract Vanadium pentoxide (V,05-nH,0) 1D-
nanostructures as nanowires and nanorods have been
obtained by decomposition of vanadium peroxide in
hydrothermal conditions. Electron microscopy,
Raman spectroscopy, and X-ray absorption spectros-
copy (XAS) were employed to characterize the mor-
phology and the local structure of as-obtained samples.
Scanning transmission electron microscopy (STEM)
revealed that the diameter of the nanowires and
nanorods were found to be 10-20 and 30-40 nm,
respectively. The results demonstrated that a combi-
nation of Raman and XAS techniques allowed the
accurate characterization of the local structure of V,0s
1D-nanostructures which are related to different mor-
phologies. Analyses of X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra reveals that the local
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structure of V in the as-obtained samples is similar to
the bulk V,05 (in orthorhombic phase), except for a
higher degree of local symmetry within the structure of
the VOs5 square pyramid. Additionally, the nanostruc-
tures prepared by this technique present a single
crystalline nature and could emit visible light at
room temperature which is related to the local order
of V atoms of the studied samples.

Keywords Vanadium pentoxide - Nanostructures -
XAS spectroscopy - Raman spectroscopy -
Luminescence

Introduction

In the last decades, one-dimensional (1D) nanostruc-
tured materials, such as nanowires, nanoribbons, and
nanotubes have attracted the interest of many
researchers due to their improved properties when
compared to similar isotropic structures (Wang and
Li 2006; Cademartiri and Ozin 2009; Barth et al.
2010). Among these materials, 1D vanadium pent-
oxide is an example of a compound which possesses
great potential for different applications, such as in
photocatalysis (Li et al. 2006), sensors (Leroy et al.
2007; Liu et al. 2005, 2006; Serier et al. 20006),
electrochemical (Wang et al. 2005) and optical
devices (Yan et al. 2009).

Several strategies were developed to obtain simple
and effective methodologies for their synthesis
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(Burda et al. 2005; Petkov et al. 2002; Livage 1991,
1998; Yan et al. 2009; Velazquez and Banerjee 2009;
Pinna et al. 2003; Liu et al. 2005; Zhou et al. 2008;
Niederberger et al. 2000; Li et al. 2006; Avansi et al.
2009; Gao et al. 2008; Glushenkov et al. 2008; Wang
and Cao 2006). From that, hydrothermal methods are
noteworthy since its possibility to tailor different
morphologies by changing few experimental param-
eters (Avansi et al. 2009; Zhou et al. 2008; Liu et al.
2005; Li et al. 2006). Recently, our research group
reported a systematic study using this method for the
synthesis of V,05nH,O nanostructures through the
V,05-H,0, route, whose morphology, crystal struc-
ture, and water content between the layered structures
were regulated by strictly controlling the hydrother-
mal synthesis variables, avoiding foreign ions or
templates and maintaining accurate control of V
concentration (Wang and Cao 2006; Avansi et al.
2009).

Because of the potential in several applications of
the nanostructured materials, the knowledge about
the local structure supports the better understanding
of the different properties of these compounds. In
fact, several papers correlated some properties of
different materials, like photoluminescence, to this
aspect (Nakajima et al. 2010; Moreira et al. 2009;
Motta et al. 2009).

In this sense, the local structure of 1D V,05-nH,O
nanostructures obtained by hydrothermal method was
studied by means of X-ray absorption spectroscopy
(XAS) and Raman spectroscopy. Photoluminescence
(PL) properties of V,0s in different morphologies
were evaluated. The correlation between this property
and the V,05 micro and nanostructures regarding the
local structures is then discussed in order to improve
our knowledge about this material.

Experimental section

The synthesis of V,05-nH,O nanostructures obtained
in hydrothermal conditions was described in greater
detail in Avansi et al. (2009). This synthesis is based
on the dissolution of 0.06 M of V,0s micrometric
powder (Alfa Aesar, 99.995% purity) in distilled
water with the addition of 30% H,O, and then
subjected to hydrothermal treatment. To obtain
different V,05-nH,O nanostructures, the hydrother-
mal treatment was done in different temperatures.

@ Springer

The samples obtained at 180 °C during 24 h of
hydrothermal treatment were denoted as SAMO1
while the samples obtained at 200 °C for 24 h were
denoted as SAMO02. The V,0Os compound, the
precursor material, was characterized as reference
compound to compare the structural properties with
the as-synthesized materials.

The crystalline structure of the samples was
checked by micro-Raman microscopy (WITec, Alpha
300S-CRM200). The spectral excitation was pro-
vided by an Ar* ion laser, at 514.5 nm laser line and
0.6 mW laser power. The low power laser was
chosen to prevent interferences in samples deposited
directly on sheet glass, as degradation, dehydration,
etc. (Souza et al. 2004).

Local atomic structure around vanadium
(V) atoms was studied by X-ray absorption spectros-
copy (XAS). The XAS spectra were measured at the
V K-edge using the DOSB-XAFS2 beam line at the
Brazilian Synchrotron Light Laboratory (LNLS). For
XAS measurements, the samples were deposited on
polymeric membranes and the signal was collected
with the sample placed at 90° regarding the X-ray
beam. The V K-edge XAS spectra were collected in
transmission mode at room temperature using a Si
(111) channel-cut monochromator. To provide better
energy reproducibility during the spectra collection,
the energy calibration of the monochromator was
checked during the data collection using a V metal
foil. X-ray absorption near-edge spectroscopy
(XANES) spectra were measured from 40 eV below
and 80 eV above the edge, with an energy step of
0.3 eV near the edge region. Three extended X-ray
absorption fine spectroscopy (EXAFS) spectra were
measured from 100 eV below and 1.300 eV above
the edge, with an energy step of 2 eV integrating
during 3 s. The analysis and theoretical calculations
of XAS spectra were performed using IFEFFIT
package (Ravel and Newville 2005a, b).

Sizes and morphologies were determined by elec-
tron microscope using a Zeiss VP Supra 35 equipped
with a field emission gun (FE) operating in scanning
(SEM) and scanning transmission modes (STEM).
The JEOL JEM 2010 URP (operating at 200 keV) was
employed in order to obtain a high-resolution trans-
mission electron microscope (HRTEM). FE-STEM
and HRTEM images were obtained from samples
deposited in thin film form on a copper grid covered
with a thin layer of carbon.
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Photoluminescence spectroscopy was studied by
emission spectra obtained in a Fluorolog FL-322
Horiba/Jobin-Yvon spectrofluorimeter, with a 450 W
xenon lamp for steady-state luminescence spectra and
a Hamamatsu photomultiplier. The emission was
corrected for the spectral response of the monochro-
mators and by the detector using a typical correction
spectrum provided by the manufacturer.

Results and discussions

Initially, X-ray diffraction (XRD) patterns were
collected for each sample to confirm the successful
synthesis. All the patterns (not shown here) confirm
the same crystalline phase for all the studied samples,
i.e., orthorhombic phase, as expected Avansi et al.
(2009). Also as expected, samples SAMO1 and
SAMO2 show, respectively, nanowire-like (Fig. 1a)
and nanorod-like (Fig. 1b) morphologies. Figure la
shows that SAMOL1 is composed of 10-20 nm width
nanowires with micrometric lengths, whereas SAM02
is composed of 30-40 nm width nanorods, Fig. 1b.
These morphologies are quite similar to those
reported by several authors using different synthesis
methods followed by hydrothermal treatment (Gao
et al. 2008; Zhou et al. 2005; Liu et al. 2005).
Concerning the compound chosen as precursor, V,05
orthorhombic phase, FE-SEM image shows a micro-
structured morphology, Fig. 1c, as expected.

The HRTEM images of SAMO2, in Fig. 2a and b,
show a nanorod with an ordered structure of V,Os5
orthorhombic phase. As observed in Fig. 2b, the
interplanar distance is about 0.60 nm. This distance is
consistent with (200) plane in the V,05 orthorhombic
phase, as observed in our previous papers (Avansi
et al. 2009, 2010). The preferential growth direction
of these nanostructures is in [010] plane direction
(Avansi et al. 2009, 2010). The HRTEM images in
Fig. 2b and their respective Fast Fourier Transform
(FFT), Fig. 2c, confirm the single-crystal nature of
SAMO02. The SAMOI1 also presents a preferential
growth along [010] and single-crystal nature and,
therefore, will not be presented here.

To study the crystallographic phase, Fig. 3a and b
presents the micro-Raman spectra of the precursor
(V,05) and the as-obtained samples SAMOI and
SAMO2. The precursor Raman spectrum shows bands
at 144, 196, 283, 303, 404, 480, 525, 699, and

e

Fig. 1 FE-STEM images of the samples: a SAMOI,
b SAMO02, ¢ FE-SEM images of V,05 employed as precursor

993 cm™ ", which are assigned to the crystalline V,Os
orthorhombic phase (Abello et al. 1985). The inset of
Fig. 3a illustrates the coordination of vanadium with
five oxygen in V,05 orthorhombic phase (Stizza et al.
1989). The relative intense low-wavelength peak
located around 144 cm ™" is attributed to the skeleton
bent vibration (B3, mode), while the peaks at 196 and
283 cm™' derive from the bending vibrations of
03-V-0,4 bond (A, and B,, modes). The band at
303 cm™! is assigned to A, species. The peaks
located around 404, 525, and 699 cm™! were,
respectively, indexed to the bending vibration of
V-04-V bond (A, mode), the stretching vibration of
V-0, bond (A, mode) and the stretching vibration
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Fig. 2 a HRTEM image of the sample obtained at 200 °C for 24 h (SAMO02), b expanded view of region A, ¢ Fast Fourier

Transform (FFT) of region A

of V-0, bond (B,, and B3, mode) (Zhou and He 2008;
Abello et al. 1985; Yan et al. 2009; Ramana et al.
2005). The skeleton bent mode, corresponding to the
peak at 144 cm™', provides an evidence for the
layered structure of V,0s orthorhombic phase
(Ramana et al. 2005; Abello et al. 1985; Yan et al.
2009; Zhou and He 2008). Furthermore, the narrow
peak centered at 993 cm™', corresponding to the
stretching of vanadium connected to oxygen atoms
through double bonds (V=0), is also an additional
clue to the layer-type structure of V,Os (Zhou and He
2008; Abello et al. 1985; Yan et al. 2009; Ramana
et al. 2005). The Raman spectra of SAMO1 and
SAMO2, Fig. 3a, are very similar to the precursor,
showing that the long-range order structure is similar
to the V,0Os orthorhombic phase. Although, in this
synthesis condition, the SAM0O1 and SAMO2 con-
tained at room temperature, respectively, 1.0 and
0.5 mol of water, where the higher water content is
related to adsorbed water (Avansi et al. 2009).
Nevertheless, the expanded view in Fig. 3b clearly
shows a shift on the V-O, (699 cm_l) and V=0,
bonds (993 cm™!) vibrations bonds. In both cases,
these bands were, respectively, shifted to around 693
and 989 cm™'. These shifts to lower values indicate
an increase in V-0, and V=0, bond-length. Accord-
ing to Mansour et al. (2003b), the V-O bond-lenght is
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strongly related to the hybridization degree and conse-
quently to the VO5 square pyramid local structure.

To verify the effect of morphology change on
the local order structure of the samples, the X-ray
absorption spectroscopy (XAS) technique was
employed. Figure 4a and b shows the normalized
XANES spectra of the as-obtained SAMO1 and
SAMO2 samples and the micropowder V,0s5 with
orthorhombic phase, used as a reference compound.
It is important notice that the XANES spectra were
taken with the samples oriented at a 90° angle to the
X-ray beam and X-ray polarization effects were not
considered. XANES spectra of the as-obtained sam-
ples are quite similar to the V,Os reference com-
pound, Fig. 4a, with some differences being observed
in the pre-edge region, peak A (Fig. 4b). The pre-
edge peak is a product of the transition from V
1s states to V 3d states (Mansour et al. 2003a, b;
Stizza et al. 1989). This transition, however, is
forbidden by the dipole selection rules in centrosym-
metric systems, although it is allowed in noncentro-
symmetric systems via hybridization between the V
3d and O 2p states (Mansour et al. 2002, 2003a, b;
Stizza et al. 1989). The intensity of this pre-edge peak
showed a strong dependence on the local structure
around vanadium atoms, indicated by the degree of
distortion of the first oxygen atoms, which influenced
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Fig. 3 a and b Micro-Raman spectra of the precursor and as-
prepared samples, SAMO1 (180 °C for 24 h) and SAMO02
(200 °C for 24 h). Inset in a: coordination of vanadium with
oxygen in V,0s5 orthorhombic phase (Stizza et al. 1989)

the degree of hybridization between the O 2p and V
3d orbitals (Mansour et al. 2003a; Stizza et al. 1989).
According to previous works (Mansour et al. 2002;
Avansi et al. 2009), the degree of hybridization
increase as the V=0 distance decreased. As can be
observed from Fig. 4b and Table 1, the intensity of
the pre-edge peak A decreases as the temperature of
synthesis increases and it is lower than that of the
V,0s5 reference compound. A decrease in the pre-
edge peak intensity suggests an increase in the
vanadyl (V=0) distance, which decreases the degree
of distortion of the local structure, increasing the
local symmetry of the structure within the VOs
square pyramid (Mansour et al. 2003a). This obser-
vation is in good agreement with Raman results. On
the other hand, the lower intensity of the pre-edge
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Fig. 4 a Normalized Vanadium K-edge XANES spectra and
b the expanded view of the pre-edge region of normalized
XANES of reference compounds (V,05 orthorhombic phase)
and the as-obtained SAMO1 and SAMO2 samples

peak on the XANES spectra of SAMOl1 when
compared to SAMO2 and reference compound shows
that the local structure of vanadium atoms in the
nanostructured samples has a higher degree of
symmetry within the VOs square pyramid when
obtained at higher temperatures.

The edge energy, E.qqe, like the pre-edge peak
energy in the SAMOI and SAMO2 samples are
similar to that of the V,0s orthorhombic phase,
Table 1. The energy of the inflection point at the
onset of the pre-edge peak or the main edge is also
sensitive to variations in the oxidation state of
vanadium (Mansour et al. 2002; Avansi et al.
2009). As can be observed from the results presented
in Table 1, the energy position of the pre-edge peak
and the vanadium edge of studied samples are quite
similar to orthorhombic V,05 phase. This indicates
that the oxidation state of vanadium atoms in the
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Table 1 Energy position and intensity of pre-edge and edge
features of studied samples and orthorhombic V,05 reference
compound

Sample Eie (€V) IR (intensity) % (eV)
SAMOI 5481.7 0.40 5470.5
SAMO2 5481.9 0.36 5470.5
V5,05 (reference) 5481.4 0.54 5470.5

* Energy measured at half-height of the normalized XANES
spectra

® Intensity of pre-edge peak
¢ Energy of pre-edge peak

samples under study was similar to the vanadium
atoms in the reference compound, i.e., V>*. From this
result, the reduced intensity of the pre-edge peak for
the as-obtained samples cannot be attributed to the
presence of V in other oxidation state.

To confirm the agreement between XANES and
Raman results, quantitative results about the local
structure around vanadium atoms were obtained from
the analysis on the EXAFS region of the XAS
spectra. The experimental V K-edge EXAFS signals
7(k)K' and their respective Fourier Transforms (FT)
for samples SAMOl and SAMO2 and reference
compound are shown in Fig. 5a and b.

Variations in V local structure are clearly depicted
in the FT shown in Fig. 5b, which displays the radial
structure functions for the central absorbing vana-
dium atom. It is noteworthy since the structure below
1A may arise from atomic XAFS and/or multielec-
tron excitations, and it does not usually correspond to
real coordination spheres (Mansour et al. 2003b;
Giorgetti et al. 2000; Stizza et al. 1989).

The experimental data present three main well-
defined peaks, at 1.47, 2.70, and 3.25 A because of
mainly single scattered contribution from coordina-
tion spheres of V-O (1st coordination sphere), V-V
(2nd sphere) and V-V (3rd sphere), respectively
(Mansour et al. 2003b; Giorgetti et al. 2000; Stizza
et al. 1989). Since the structure of the third peak
contains contributions from a large number of
overlapping single as well as multiple-scattered
contributions from other paths, the analysis is focused
on the first and second coordination spheres. The
reference structural parameters used for fitting the
reference compound (V,05 orthorhombic phase) has
a square pyramidal coordination with an apical
vanadyl bond (VOs) at a distance of 1.586 A and 4
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Fig. 5 a Experimental uncorrected FT curve of reference
compound (V,05), SAMO1 and SAMO02 EXAFS spectrum. The
curves are obtained in the 3.5-14 A~! k-space using a Hanning
window; b experimental V K-edge EXAFS signals (k)K" for
the reference compound (V,0s), SAMO1 and SAMO2 samples

V-0 bonds at 1.781, 1.878, and 2.022 A, which form
square pyramid basis. The 2nd coordination sphere
has V-V bond at 3.019 A and V-O bond at 2.787 A
(Mansour et al. 2003b; Giorgetti et al. 2000; Stizza
et al. 1989).

The best-fitting results for all analyzed samples are
reported in Table 2. The good quality could be
observed in Fig. 6a and b and by R-factor obtained in
this procedure. The fitting procedure outputs three
main parameters: distance displacement from theo-
retical values (AR, in A), Debye—Waller factors (02),
and coordination number (CN) related to the V-O
and V-V interaction. Two fitting parameters, AE, and
S5, were obtained from the best-fitting for the
reference compound and fixed for studied samples.
AE, has been found to be little displaced
(0.5 £ 2.1 eV) regarding the edge inflection point,
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and S3 values were obtained as 1.1 + 0.1 and
0.8 £ 0.2 for the first and second shell, respectively.

The amplitude of V-O and V-V correlations on
FT for SAMO1 and SAMO2 are higher than the
reference compound, suggesting reduction on the
structural disorder degree. Analyzing the Table 2, it
is clear that the average V-O distances (AR) for the
as-obtained samples shifted from reference com-
pound (V,05 orthorhombic phase) to higher values,
in good agreement with XANES and Raman results.
As reported by Mansour et al. (2002), the local order
of V-0 coordination sphere directly depends on V-O
distance. In this sense, both samples show a decrease
in ¢ when compared to reference compound, and
SAMO2 has higher symmetry than SAMO1. Concern-
ing the first coordination shell around the V atoms,
similar coordination numbers (CN) are observed. In
fact, for SAMO2 a decrease was observed, neverthe-
less, considering the uncertainty involved, the dimen-
sions of the nanostructures and the fact that the
differences in EXAFS spectra were observed for k <
6 A™' this could not be considered. The second
coordination sphere (V-V), which represents the V-V
distance within the edge-sharing square pyramids,
also presents an increase in average distance with a
small increase in o> and similar CN for both samples.

In fact, the higher local symmetry clearly depends
on synthesis conditions, which could be related to
morphology. However, the hydration state of the
samples cannot be related to this difference, since the
early reports (Petkov et al. 2002) related the water
molecule to O around 2.787 A which is not at the
distances analyzed here.

Recently, some papers reported the PL properties
of V,05 and vanadate compounds (Yan et al. 2009;
Wang et al. 2007; Pol et al. 2009; Teramura et al.
2008; Nakajima et al. 2010). Figure 7a shows PL
spectra of the as-obtained samples and V,05 micro-
metric precursor powder, as shown in Fig. 2c. The
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54
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--------- fitting
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(b) ¢

Rex(@)(A™)
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Fig. 6 Comparison between filtered experimental EXAFS
data and fits for the as-obtained samples a SAMOI and
b SAMO02

maximum emissions are observed under the excita-
tion at 510 nm (around 2.43 eV). One sees from
Fig. 7a that the nanostructured (SAMO1 and SAMO02)
and microstructured V,0s5 samples may emit visible
light at room temperature showing a PL with broad
emission at 540-830 nm (around 2.3-1.5eV).
According to the literature, other interesting effect
in PL spectra is the possible presence of sharp peaks

Table 2 EXAFS best-fitting results for the as-obtained SAMO1 and SAMO02 samples, with R-factor equal to 0.002 and 0.003,

respectively

Sample 1st shell (V-0) 2nd shell (V-V)

CN AR (A) ¢ (A) CN AR (A) > (A)
Reference 5 0.018 £ 0.011 0.004 =+ 0.001 4 0.024 £ 0.017 0.005 =+ 0.002
SAMO1 498 + 1.25 0.029 =+ 0.015 0.003 =+ 0.001 384 14 0.029 + 0.015 0.006 = 0.002
SAMO2 430 + 1.02 0.032 £ 0.016 0.001 =+ 0.001 41+ 13 0.027 =+ 0.007 0.006 = 0.002
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from the V=0 vanadyl group vibration involved in
the tetrahedral coordination, more prominent under
low temperature (Zhang et al. 1998). Since any sharp
structure is observed around the peak, we conclude
that the oxygen in the V=0 bond in studied samples
is stable at room temperature. As indicated by
Fig. 7b, the PL spectrum can be fitted by two
Gaussian peaks centered at 1.88 and 2.08 eV, which
correspond to 660 and 596 nm, respectively. The
observed visible light emissions cannot be related by
the band edge transition where according to some
previous papers V,0s nanostructures have a bandgap
around 2.3-2.5 eV, i.e., around 500-540 nm (Yan
et al. 2009; Beke et al. 2008; Wang et al. 2007).

(a) = SAMO02
o SAMO1
»  reference compound

xexcz51 Onm

Intensity (a.u.)

p— . . .
15 16 17 18 19 20 21 22 23
Energy (eV)

—_
O
'

Intensity (a.u.)

Energy (eV)

Fig. 7 a The room temperature PL spectra of the as-
synthesized SAMO1 and SAMO2 nanostructures and V,Os
microstructures; b PL spectra of SAMO1 deconvoluted
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As observed in Fig. 7a, the emission energies
remain constant, even with different morphologies
and sizes, indicating that the observed visible light
emission is not related to these parameters. In fact, the
main difference is the PL intensity of the visible light
emission, where for V,05 compounds are commonly
attributed to defects, such as oxygen vacancies (Diaz-
Guerra and Piqueras 2008; Wang et al. 2007; Hu et al.
2009; Yan et al. 2009). Nevertheless, EXAFS results
confirm that studied samples exhibit a similar coor-
dination number, i.e., any significant change concern-
ing the first coordination shell around the V atoms can
be observed. Since the dependence of local order with
photoluminescence properties has been reported for
several nanostructures, like for titanates and vanadates
(Nakajima et al. 2010; Motta et al. 2009; Moreira et al.
2009; Longo et al. 2008; Zhang et al. 1998), the
difference in PL intensity may be related to the local
order for V-0 sphere, as observed in Raman and XAS
results.

Conclusion

This paper demonstrates an accurate characterization
of the local structure of 1D V,0Os5-nH,O nanostruc-
tures, in orthorhombic phase, by a combination of
spectroscopy techniques. The as-obtained V,05 1D
nanostructures present a higher local order of V-O
coordination sphere than similar microstructures,
where this local order depends on morphology of
the as-obtained nanomaterials. The results also dem-
onstrate that the V,05-nH,O could emit visible light
at room temperature, which the PL properties are
directly related to local order of V-O coordination
sphere.
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