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It is known that optical properties depend on crystalline structures, feature that can significantly affect
materials such as vanadates, since their lamellar structures tend to be irregular. Synthetic methods, such
as hydrothermal annealing, may enhance the understanding of the dependence, once fine crystallization
control is possible. Consequently, a monoclinic phase of Na;Vg016-3H0 1D-nanostructures as nanowires
has been obtained by decomposition of vanadium peroxide in hydrothermal conditions. X-ray diffraction
(XRD), X-ray absorption spectroscopy (XAS) and high-resolution transmission electron microscopy
(HRTEM) were employed to characterize the structure, local-order structure and morphology of the as-
obtained samples. The optical and electronic properties of the samples were studied by photo-
luminescence (PL), UV—Visible diffuse reflectance (DRS) and electron paramagnetic resonance (EPR)
spectroscopies. The nanostructures present a single crystalline nature and emit intense light at room
temperature from 2.4 eV to 3.2 eV, i.e., from 520 nm to 390 nm, which is related to the crystalline nature
of the samples. As the synthesis temperature increased, structural defects (V4* centers) were reduced,
and monocrystalline materials with improved PL from ultraviolet to green light emission could be

obtained.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional nanostructured compounds of alkali-metal
vanadium oxide have attracted the interest of many researchers
due to their several range of applications [1—11]. More specifically,
due to their structural and morphologic characteristics, the
Na,Vg016-nH,0 nanostructures can be potentially applied as anode
materials [7], sensors [5], photocatalysts [8], among others [9—11],
once they have a typical layered structure that permits hydrated
sodium to be located at the interstices between V3Og layers, which
can then be called interstitial hydrated sodium (Na™) [7,8]. For
example, Zhang et al. [5] reported that gas sensing properties to
alcohols and acetones present a better sensitivity when compared
to V,05 compounds. Feng et al. [8] showed that Nay;VgO16-3H20
nanoribbons present a promising photocatalytic activity for
renewable hydrocarbon fuel (CH4) in the presence of water vapor
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under visible-light irradiation.

Due to their interesting properties, these compounds have been
obtained by several methods [1,2,4,9—18]. Nevertheless, our group
previously reported a promising procedure to obtain
Na,Ve016-3H20 nanowires using an environmentally-friendly, one-
step low temperature hydrothermal route [18]. This procedure has
been considered very attractive due to its relative simplicity and the
absence of organic or inorganic additives acting as templates and/
or catalysts to the reaction system, enabling it to be free from un-
desired impurities. However, one aspect often neglected in this
synthetic method is the habilitation of crystallinity control, which
is a key parameter for many properties — specifically for optical
properties, this parameter is very influent, although it has not been
fully studied for sodium vanadates, leading to a lack of information
about this subject.

Therefore, in this present study we report a correlation between
structural and optical properties for the as-obtained
NaVe016-3H20 1D nanostructures. The morphology and struc-
ture of the samples were examined by X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM), X-ray
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absorption near-edge spectroscopy (XANES), and electron para-
magnetic resonance (EPR) spectroscopy. The optical properties of
the samples were also studied by UV—Visible diffuse reflectance
(DRS) and photoluminescence (PL) spectroscopies.

2. Materials and methods

The samples were prepared by hydrothermal conditions at
different treatment temperatures previously described in detail,
see Ref. [18]. As reported earlier, the samples obtained by hydro-
thermal treatment at 200 °C exhibit similar structures to those
treated at 140 °C, both during 24hrs [18]. In this sense, only the
results relative to the sample treated at 140 °C (called SAMO1) and
to the one at 200 °C (called SAMO02), both under extreme condi-
tions, were discussed.

The crystalline structure was determined by X-ray diffraction
(XRD) through a Shimadzu XRD 6100 diffractometer with Cu Ka
radiation in a continuous scan mode (2°/min with a step of 0.02°).

UV—visible diffuse reflectance spectra (DRS) were acquired
employing a Shimadzu UV-2600 UV-VIS spectrophotometer in the
200—800 nm range, recalculated using the Tauc method and then
normalized.3® The band-gap of each sample was calculated by
plotting the absorption coefficient, («hv)?, against the photon en-
ergy, hy, according to the following equation: ahv = A(hy - Eg)m,
where Eg describes the band gap for direct transitions and A is a
constant.>® The band gap energy of the studied samples could be
thus obtained from the plots of [F(Re)hv]? versus photon energy
(hv), as shown in Fig. 2, where Ry, = Rsample/Rreference, and F(Rs,) =
(1-Rw)?/(2Rs) [19].

Photoluminescence spectroscopy (PL) properties of the as-
obtained samples were investigated 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 using the
spectral response of both the monochromators and the detector,
which configures a typical correction spectrum provided by the
manufacturer.

The XANES (X-ray absorption near-edge structure) spectrum
was measured at the V K-edge using the DO8B-XAFS2 beam line at
the Brazilian Synchrotron Light Laboratory (LNLS). The Vanadium
K-edge XANES spectra were collected in transmission mode at
room temperature using a Si (111) channel-cut monochromator
from 40 eV below and 80 eV above the edge with an energy step of
0.3eV near the edge region. XANES spectra of the samples depos-
ited on polymeric membranes were collected with the sample
placed at 90° relative to the X-ray beam. To provide good energy
reproducibility during the XANES data collection, the energy cali-
bration of the monochromator was checked using a V metal foil.

EPR measurements were performed in an EMX Bruker spec-
trometer working at 9.4 GHz (X-band), with standard Bruker
rectangular cavities operating with a microwave power of 1 mW
and 16 scans were collected from samples with the same mass for
comparison. Magnetic external field could vary from 3400 to 3700
Gauss. Resonance field, intensity and peak-to-peak line width, ABy,
were determined from the EPR spectra, and the g-factor was
calculated by the resonance condition equation: g = hv/ugBo, where
h is the Planck constant, v is the microwave frequency, pp is the
Bohr magneton, and By is the resonance magnetic field [20].

The samples were also studied by transmission electron mi-
croscopy (TEM), using a FEI-Tecnai operating at 200 KeV.

3. Results and discussions

In a previous work [18], we reported that the samples obtained
at different temperature treatments reveal similar structural

results, observed by XRD patterns and shown in Fig. 1. The XRD
patterns for these samples, SAM01 and SAMO02, confirm the for-
mation of the NayVg016-3H20 monoclinic phase, with lattice pa-
rameters: a = 12.17 A, b = 3.602 A and c = 7.78 A, with B = 95.03°
(JCPDS file n® 16-0601). Nevertheless, from Fig. 1 we can observe
small peaks at around 20.9 and 27.4° (both peaks identified by *)
not identified before, related to a small quantity of impurity phases.
Additionally, we can note another small peak around 29.7° (deno-
ted as #), related to the dehydrated Na;VgO16, phase (JCPDS file no.
22-1412). The water content and thermal stability of the samples
were checked by thermogravimetric analysis (TGA), not shown
here, and they do not present any significant changes for both
samples, once the water content was considered similar to the one
previously observed by our group and found in literature [17,18].
The DRS spectra of the as-obtained samples are shown in Fig. 2,
which illustrates the absorption spectra obtained from the
Kubelka-Munk equation in order to calculate the band gap of the
samples, Fig. 2b [19]. According to Fig. 2, no significant changes on
the bandgap values could be observed. Such values were estimated
from the intercept of the tangents to the plots equal to 1.94 eV and
1.93 eV for SAMO1 and SAMO02, respectively. These results are quite
similar to the ones reported by Feng et al. [8], clearly demonstrating
that electronic structures of the samples were not significantly
changed by the temperature treatment of hydrothermal synthesis.
Fig. 3a and b presents the PL spectra of SAM01 and SAMO02,
respectively, under several excitation wavelengths (Aexc). It is
interesting to note that the PL spectra of SAMO1 present signifi-
cantly smaller intensity concerning the emission from 2.4 to 3.2eV
compared to those of SAMO02. Indeed, despite several Aex, from
Fig. 3b it can be observed that the SAMO02 samples present a PL with
high intensity and broad emission from 2.4 eV to 3.2 eV at room
temperature, from 520 nm to 390 nm. The observed PL emissions in
this region cannot be related to the band edge transition, since
according to the band gap obtained earlier, see Fig. 2, the as-
synthesized nanostructures have a band gap around 1.9 eV,
which appears to be a significant band emission for SAMOL1. It is
worth noting that the maximum emissions are observed under the
excitation at 390 nm, refer to Fig. 3c, where the emission energies
remains constant, even with different Aexc, refer to Fig. 3b. Recently,
some papers have reported the PL properties of vanadates com-
pounds [21—-25], commonly attributing the PL intensity of vanadate
compounds to defects in crystal structure, such as O vacancy, V
vacancy and/or O interstitial [21,22,26,27]. On the other hand, our
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Fig. 1. XRD patterns of the as-obtained samples SAMO01 and SAMO02.
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Fig. 2. (a) UV—visible diffuse reflectance spectra (DRS) normalized and (b) absorption spectra obtained from Kubelka-Munk equation [19] for the as-synthesized samples.

group previously showed that the emission of visible light at room
temperature regarding V,0s5 nanostructures obtained by hydro-
thermal method could be related to the local order of V atoms of the
studied samples [28].

Over the last years, our group has been applying the XAS
spectroscopy in order to check the local order of the studied sam-
ples obtained in different synthetic conditions, especially in XANES
regions [18,28—32]. Fig. 4 shows the normalized V-K XANES spectra
of the synthesized samples (SAMO1 and SAMO02) compared to the
V,05 orthorhombic crystalline phase employed as a reference
compound. From Fig. 4, it is clear that the main difference among
the XANES spectra is related to variations in oscillations after the
edge. The pre-edge peak is attributed for several papers to the
transition from V 1s to V 3d states forbidden by the dipole selection
rules in centrosymmetric systems, yet allowed in non-
centrosymmetric systems via hybridization between V 3d and O
2p states [29,33—36]. As a matter of fact, several papers associated
the intensity of the pre-edge peak with a strong dependence on the
local structure around vanadium atoms, indicated by the degree of
distortion of the first shell oxygen atoms [29,35—37]. Although the
V,05 orthorhombic phase is composed of VOs octahedral units
[28,29,36] while NayVg016-3H20 is composed of VOg octahedral
units [38], the analysis of the pre-edge peak of these two samples
shows that the local structure around vanadium atoms are quite
similar, see Fig. 4, as reported previously by our group [18]. Fig. 4
also reveals that the energy of the pre-edge peak region and their
respective first derivative in sample SAMO02 are similar to the V,05
orthorhombic phase. As the pre-edge and the main edge energy are
sensitive to variations in the oxidation state of vanadium atoms
[28,31], the oxidation state of vanadium atoms in Na;VgO16-3H,0
nanowires is comparable to the reference compound, i.e., V>, in
good agreement with our previous work. Nevertheless, Zhou et al.
who observed the presence of a mixed valence (V¥ and V°*)in a
NayVg016-3H20 nanostructured compound [17]. In the post-edge
region, the XANES spectra of SAMO1 and SAMO2 reveals some
differences related to the spectrum of the reference compound
(V205 orthorhombic phase) and compared to each other. The dif-
ference with reference compound is expected due to their distinct
crystalline phase, nevertheless, the post-edge region of the XANES
spectra of SAMO1 and SAMO02 were slightly distinct. The SAMO1
spectra had a smooth aspect compared to SAM02, mainly from
around 4490 to 5520eV, which can be related to a greater disorder
around the vanadium atoms [29,33—36].

Besides XANES spectroscopy, in order to further investigate the
occurrence of oxygen vacancies or other defects and explain the PL

origin emissions EPR spectroscopy was applied, (Fig. 5), since the
high sensitivity of this technique permits the determination of low
concentration of paramagnetic centers [39,40]. Resonance field,
intensity, peak-to-peak line width, ABg, all determined from the
EPR spectra, as well as calculated g-factor, were listed in Table 1.

From Table 1, it is to possible observe that the paramagnetic
signal of g = 1.89 decreases in its intensity as the synthesis tem-
perature increases (from 140 °C to 200 °C). Some papers studied
vanadium compounds though EPR technique [20,39—42]. Yablokov
and co-workers [41] observed an EPR signal for g around 1.98,
which was explained by intramolecular electron transfers into
V4 4v°+,04(0CH3)12 compounds, i.e., the transfers of the excess
electron between V4 — V°* states. Additionally, J. Deisenhofer and
collaborators [42] observed a g-factor around 1.87 at room tem-
perature for Sr,VO4 compounds with orthorhombic symmetry due
to two crystallographically inequivalent vanadium sites. D. Gourier
et al. [20] studied the lithium intercalation in V,05 cathodes using
EPR and observed g and g, factors of 1.923 and 1.982, respectively,
which were attributed to an electron-hole defect in LixV,0s, orig-
inated from a local charge compensation of vanadyl vacancies. In
fact, the formation of O™ hole defects in LixV,05 only constitutes a
local charge compensation for vanadyl vacancies. Molochnikov and
co-workers [43] observed a g-factor of 1897 for
Tio.g3Vo.1702.5- nH20 xerogels related to V4 paramagnetic centers.
Then, we can conclude that g-factor of 1.89 in the Na;VgO16-3H20
nanocrystals observed in this work could be related to V4* para-
magnetic centers not well discriminated by XANES spectra prob-
ably due to their low concentration in comparison with V>* ions.
Since the paramagnetic signal of g = 1.89 decreases their intensity
as the synthesis temperature increases (from 140 °C to 200 °C), it is
expected that the V4 paramagnetic centers also decrease. Even
though PL properties of vanadates compounds are commonly
attributed to defects in crystal structure [21,22,26,27], our results
indicated that the higher presence of paramagnetic centers leads to
a decrease in PL intensity, where the defects present in the struc-
ture act as PL quencher [44]. Indeed, the XANES and EPR results
reveal that the sample obtained at higher temperature (SAMO02)
possesses fewer defects in crystal structure.

The HRTEM image of SAMO02, see Fig. 6(a) and (b), reveals the
monocrystalline nature of these samples, where the interplanar
distance calculated is about 1.23 nm, consistent with (100) plane in
the Na;Vg0O16-3H20 monoclinic phase, as observed in XRD patterns.
This fact differs from what was observed earlier for the sample
obtained at 140 °C (SAMO1), since the HRTEM results showed a
polycrystalline nature for such samples [18].
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Fig. 3. (a) and (b) The room-temperature PL spectra for the SAMO1 and SAMO2,
respectively; and (c) peak intensity and position of the maximum PL spectra versus
energy of excitation (Aexc) of the as-synthesized SAMO02.

Despite the fact that Na;Vs016-3H20 obtained under different
hydrothermal temperatures presented expected differences in size,
the PL properties of these samples also appear to be related to the
surface of such structures. The high PL intensity of the samples
obtained at 200 °C (SAMO02) could also be related to their mono-
crystalline nature, since, as reported, the samples obtained at
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Fig. 4. Normalized Vanadium K-edge XANES spectra of reference compound (V505
orthorhombic phase) and the SAMO1 and SAMO2. Inset: An expanded view of the first
derivative of the pre-edge region for the sample SAM02 and reference compound.
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Fig. 5. EPR spectra of the SAMO1 and SAMO02 samples, taken at room temperature.

140 °C (SAMOT1) showed a polycrystalline nature. In this sense, the
higher presence of structural defects observed in SAMO1 can
become centers to capture photo-induced electrons so that the
recombination of photo-induced electrons and holes can be
inhibited [45].

4. Conclusions

In summary, this work aimed to study the structural, spectro-
scopic and electronic properties of the Na;Vg016-3H20 monoclinic
phase composed of nanowires and synthesized by a simple,
environmentally-friendly hydrothermal method. The formed
NayVg016-3H20 at the highest temperature studied could emit
intense light at room temperature from 2.4 eV to 3.2 eV, i.e,, from
520 nm to 390 nm. According to the results, high PL intensities in
the sample synthesized at the highest temperature are related to
the monocrystalline nature and the low concentration of defects,
such as V4* centers. This study might provide a simple route in
order to obtain nanostructures with required properties just by
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Table 1
Values of resonance field, intensity, peak-to-peak line width ABy, and g-factor for
SAMO1 and SAMO2 samples.

Sample Resonance Intensity peak-to-peak line g-factor
field (Gauss) (arb.units) width ABg (Gauss)

SAMO1 3554.1 38025 36.4 1.89

SAMO2 3554.2 10707 453 1.89

| 2311m

o)

Fig. 6. (a) TEM and (b) HRTEM images of the sample obtained at 200 °C for 24 h.

selecting the hydrothermal synthesis conditions and modulating
the photoluminescence emissions.
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