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photoluminescence in V2O5 nanospheres
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Room-temperature photoluminescence (PL) in V2O5 nanospheres with zero-like dimensional structure was

investigated. A large number of V4+ oxidation states in the nanospheres were observed by X-ray

photoelectron spectroscopy (XPS) measurements. The nanospheres revealed high PL intensity compared with

previous studies. In particular, they showed intense ultraviolet (UV) PL near a wavelength of 396 nm (3.13 eV).

The intense UV PL was attributed to the enhanced transition probability due to the large number of V4+ (3d1)

oxidation states. The PL properties showed strong dependencies on the oxidation states and their distribution.
1. Introduction

Vanadium pentoxide (V2O5) is very stable and has notable
applications in chemical sensing, catalysis, Li-ion intercalation,
and visible photoluminescence (PL).1–4 Much effort has been
devoted to improving these promising properties, and the
synthesis of nanostructures has drawnmuch attention. Thin-lm
V2O5 shows visible PL due to band-edge transitions and defects,
but its emission intensity is very weak at room temperature. To
enhance the PL intensity, various nanostructures have been
grown, such as nanorods, nanowires, and nanoparticles.5–7

Previous studies have reported the synthesis of V2O5 nano-
structures and enhanced visible PL. The reported V2O5 nano-
structures show a weak and broad emission centred at �530 nm
(2.34 eV) due to the band edge transition and centred at�710 nm
(1.74 eV), which is attributed tomid-gap states (�1.84 eV) formed
by oxygen defects that occurred during growth.8–10 This result may
be due to their growth structure. Most nanoparticles and nano-
rods are attached to each other, and their growth length is also
short. The attachment and small growth size of the nanoparticles
and nanorods allows them to form many interfaces between
them, and the interfaces can promote the separation of photo-
generated carrier pairs, which reduces the radiative recombina-
tion rate. However, Hu et al. reported intense room-temperature
PL near 700 nm in V2O5 nanorods with a length of �2 mm.9 This
result may indicate that intense room-temperature PL can be
obtained in micro-length nanorods. Therefore, The PL intensity
in V2O5 nanostructures strongly depends on the synthesis
method andmicrostructure. Enhanced PL properties couldmake
V2O5 a promisingmaterial for applications in indicators and light
sources.
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Micro- and nano-sized V2O5 spheres have also been studied
as cathodematerials for Li-ion batteries to achieve high capacity
and high output voltage.11,12 However, other properties have
received less attention, including catalysis, photochromism,
and visible PL in V2O5 with spherical structures. One-
dimensional structures such as nanorods and nanowires show
superior PL properties to two-dimensional structures (thin
lms). The investigation of nanospheres (which have zero-like
dimensional structure) is very important for the development
of optical devices.

We report on the synthesis of V2O5 nanospheres and their PL
properties at room temperature. The microstructure and
oxidation state of the nanospheres were investigated, and PL
measurements were performed at room temperature. Also, the
PL mechanism in the nanospheres was discussed.
2. Experimental section
Preparation of V2O5 nanospheres

V2O5 nanospheres were synthesized by a chemical reaction
method.11 NH4VO3 of 0.234 g was dissolved in distilled water of
90 mL and stirred for 1 h. Then, 1 M HCl solution of 1 mL was
dropped into the solution and stirred for 30 min before adding
hydrazine NH4$H2O of 3 mL, followed by stirring for 10 min at
room temperature. The resulting V(OH)2NH2 nanospheres were
ltered and washed several times with deionized water and then
dried at 80 �C for 6 h. The precursor was dispersed in deionized
water and then spin-coated on a quartz substrate at a speed of
3000 rpm for 1 minute. Finally, to obtain V2O5 nanospheres, the
coated precursor was calcined using a tubular furnace at 350 �C
in air for 2 h.
Structure characterization

The morphology of the nanospheres was investigated using
high-resolution scanning electron microscopy (HR FE-SEM,
Mira LMH, Tescan) and transmission electron microscopy
RSC Adv., 2018, 8, 41317–41322 | 41317
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Fig. 1 (a) SEM image and (b) histogram of V2O5 nanospheres. (c) TEM image of the nanospheres showing the solid sphere structure. (d) High-
resolution TEM image with atomic array of V2O5 observed at center of the nanosphere.
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(TEM, H-8100, Hitachi). The crystal structure was characterized
using an X-ray diffractometer (XRD, DMax 2000, Rigaku) with
Cu Ka radiation, as well as a Raman/PL spectrometer (Horiba-
Jobin Yvon, LabRAM HR) equipped with a He–Ar laser at
a wavelength of 514.5 nm.
Characterization

X-ray photoelectron spectroscopy (XPS) measurements were
performed to investigate the oxidation states of the nano-
spheres. The XPS spectra were recorded with a Thermo-
Scientic MultiLab ESCA 2000 system equipped with a 300 W
Mg Ka source. The C1s, O1s, and V2p core levels were
measured. When tting the V2p and O1s core-level spectra, the
Gaussian width was xed at the instrumental resolution of
0.75 eV. For curve-tting of the V2p peaks, the values of the
spin–orbit splitting and the branching ratios [I(2p3/2)/I(2p1/2)]
were xed at 7.6 eV and 0.5, respectively.

PL measurements were performed at room temperature
using a Raman/PL spectrometer (Horiba-Jobin Yvon, LabRAM
HR) equipped with a He–Cd laser with a wavelength of 325 nm
and a maximum power of 200 mW. Time-resolved PL (TRPL)
measurements were performed using an inverted scanning
confocal microscope (MicroTime-200, Picoquant). A single-
41318 | RSC Adv., 2018, 8, 41317–41322
mode pulsed diode laser (LDH-P-C-375, Picoquant) with
a pulse width of �30 ps was used as an excitation source. The
time-correlated single-photon counting (TCSPC) technique was
used to count the PL photons. TRPL images with dimensions of
200 � 200 pixels were recorded using the time-tagged time-
resolved (TTTR) data acquisition method. The acquisition
time of each pixel was 1 ms.
3. Results and discussion

Fig. 1(a) and (b) show the morphology and a histogram of V2O5

nanospheres obtained from SEM measurements. The size
distribution of the nanospheres was evaluated using the histo-
gram, which has a Gaussian prole. To obtain the size distri-
bution, we used the ImageJ program. The size of individual
nanosphere in SEM image was calculated by using the program.
The SEM image and histogram reveal that the nanospheres have
a diameter of 284 � 22 nm, spherical morphology, and
numerous defects on their surfaces. These defects are due to the
growth feature of a-V2O5 with a layer-by-layer (plate-like) struc-
ture. V2O5 nanospheres grown in this study have a crystal
structure of a-V2O5. Initially, V2O5 is grown to a layer (or plate)
structure. As time passes, the number of layer increases.
Simultaneously, edges of the plate structure are etched by
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) XRD pattern and (b) Raman spectrum of V2O5 nanospheres.
(c) XPS spectrum of the nanospheres. The V2p and O1s core-level
spectra shift toward lower binding energy, and the peak at 532.2 eV
originated from the SiO2 substrate.
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solution. Due to the process, the layer-by-layer structure
changes to sphere structure, and numerous defects are formed
on surface of sphere.13,14

A TEM image of the nanospheres is shown in Fig. 1(c). The
image shows solid sphere structures. Fig. 1(d) shows a high-
resolution TEM image. An atomic array of V2O5 is observed at
the center of the sphere, indicating high crystallinity. On the
surface, the atomic array becomes disordered due to the
etching, implying poor crystallinity and the formation of
numerous defects. In the observed region, a lattice parameter of
b ¼ 3.39 �A for a-V2O5 was obtained from the TEM image
(Fig. 1(d)). The center of the sphere shows a preferential [010]
orientation.

Fig. 2(a) shows the XRD pattern of the nanospheres, where
there is a diffraction peak corresponding to the (001) plane of a-
V2O5 at 20.3� (JCPDS 01-077-2418).8–10 Additional peaks corre-
sponding to the (200), (101), (110), and (301) planes are also
observed. This result indicates that the nanosphere has poly-
crystalline structure. Furthermore, the pattern shows
This journal is © The Royal Society of Chemistry 2018
unidentied peaks. The existence of unidentied peaks implies
that the V2O5 nanosphere includes other phases of vanadium
oxide. The measured Raman spectra are presented in Fig. 2(b).
The spectra reveal the typical Raman-active mode of a-V2O5.15,16

The results in Fig. 2(a) and (b) indicate that the nanospheres
contain the a-V2O5 phase.

Fig. 2(c) shows the XPS spectra of the nanospheres. The V2p
and O1s core-level spectra of the nanospheres shi toward
lower binding energy with the appearance of an additional
oxygen peak at higher binding energy, which are attributed to
the SiO2 substrate. A deconvolution t indicates that the V2p
peak (p3/2) of the nanospheres mainly consists of the V4+

oxidation state (516.1 eV). The energy of the peak is very small
(0.8 eV) compared with the V5+ oxidation state (516.9 eV) cor-
responding to the a-V2O5 phase.17–19 This result implies that the
states are oxidized into a lower oxidation state. Furthermore,
the peak maxima of the O1s core-level spectra shis to lower
energy for the nanospheres. The stoichiometry ratios (Sij) of the
nanospheres are calculated from the XPS spectra using the
following formula: Sij ¼ Ci/Cj ¼ (Ii/ASFi)/(Ij/ASFj), where, Ci and
Cj are the concentrations of the elements, Ii and Ij the back-
ground corrected intensities of the photoelectron emission
lines and ASFi and ASFj the atomic sensitivity factors for
photoionization of the ith and jth elements. For example, ASFO
and ASFV are 2.93 and 9.66, which are supplied with the
instrument.20 The O/V rate of the nanospheres is 3.04, while the
amount of V4+ in the V2p peak is 84%.

Fig. 3(a) presents the PL spectra of phase nanospheres
measured at room temperature. The nanospheres exhibit highly
intense PL with three main peaks. The PL peak centered at
�530 nm (2.34 eV) is due to the band edge transition in V2O5

with a bandgap energy of 2.3–2.4 eV.21,22 Another PL peak
centered at �710 nm (1.74 eV) is attributed to mid-gap states
(�1.84 eV) formed by oxygen defects that occurred during
growth.9,10 The nanospheres show an intense UV PL peak
centered at �396 nm (3.13 eV), which has not been reported
previously. This peak is considered to be due to strong UV
absorption resulting from the large amount of V4+ oxidation
states in the nanospheres (Fig. 2(c)), which can be strongly
excited by UV light with wavelength in the range of 250–
350 nm.23 Meyn et al. investigated the PL properties of V4+-
doped oxides such as Al2O3 and YAlO3 and reported that the UV
light absorption in the oxides can be enhanced by V4+.

The V5+ and V4+ oxidation states have valence-electron
congurations of V 3d0 and V 3d1 in the valence band,24,25

respectively. The binding energy (516.1 eV) of the nanospheres
with a dominant V4+ oxidation state decreases to 0.8 eV, which is
small compared with that of a-V2O5 (516.9 eV) with a dominant
V5+ oxidation state. The 3d1 valence-electron conguration and
the lower binding energy of the V4+ oxidation state can signi-
cantly increase the probability of transition from the valance
band to the V3d t2g and V3d eg conduction bands via UV light
absorption (Fig. 4(h)).24,26 The enhanced transition leads to
intense PL in the nanospheres. Thus, it is considered that the
PL properties of V2O5 nanospheres strongly depend on the
oxidation state.
RSC Adv., 2018, 8, 41317–41322 | 41319
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Fig. 3 (a) Room-temperature PL spectrum in V2O5 nanospheres. (b) PL spectra with distribution of the nanospheres and (Inset) SEM image. (c)
SEM images and (d) PL spectra with respect to spin-coating frequency of the nanospheres.
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Fig. 3(b) reveals the PL spectra with the distribution of the
nanospheres. As shown in the inset of Fig. 3(b), the distribution
of V2O5 nanospheres is not uniform. Therefore, we measured
the PL spectra with different distributions of the nanospheres.
The PL intensities in locations 1 and 2 with an individual
distribution do not change much. However, the intensity at
location 3, which has a cluster distribution, signicantly
decreases over the entire spectral range without variation of the
emission shape. This result is attributed to the reduction of the
absorption due to light scattering in the nanospheres with
a cluster distribution. The result in Fig. 3(b) is conrmed in
Fig. 3(c) and (d). As the spin-coating frequency increases, the
nanosphere distribution changes from clusters to many stacks,
and the PL intensity decreases considerably without variation of
the emission shape.

The TRPL spectra for the three PL peaks of the V2O5 nano-
spheres are shown in Fig. 4(a)–(d). An exponential t was per-
formed using Symphotime-64 soware (Ver. 2.2) with a bi-
exponential decay model, I(t) ¼ P

Aie
�t/si, where I(t) is the

time-dependent PL intensity, A is the amplitude, s is the PL
lifetime, and the ordinal i is 1 or 2 in this study. The lifetimes for
the PL peaks at 396, 530, and 710 nm were obtained from the bi-
exponential decay t.
41320 | RSC Adv., 2018, 8, 41317–41322
As shown in Fig. 4(b)–(d), the TRPL spectra of the three PL
peaks reveal fast decay with a lifetime of less than 1 ns. The fast
component (s1) and slow component (s1) of the lifetimes for the
three PL peaks are 0.6 and 1.90 ns at 396 nm, while they are 0.54
and 3.00 ns at 530 nm and 0.59 and 1.79 ns at 710 nm. This
decay feature of the nanospheres may indicate a lack of non-
radiative channels. Fig. 4(e)–(g) show the TRPL images ob-
tained using the TTTR data acquisition method. The images of
the PL peaks at 396 and 710 nm reveal similar aspects, whereas
the image of the PL peak at 530 nm shows a slow decay feature
compared with those at 396 and 710 nm. The increase of the red
spot in Fig. 4(f) indicates an increase of the slow component in
lifetime.

Fig. 4(h) shows a band diagram for the PL process in the
V2O5 nanospheres. The electronic band structure of V2O5 is
formed by the associated hybridization of the O 2p orbitals
with V 3d orbitals (p–d hybridization) involved in chemical
bonding.24–26 The V 3d state in the conduction band is split into
a low t2g state and a high eg state. In the case of the V4+ (3d1)-
dominant nanospheres, carriers are strongly excited due to the
V4+, and the PL peaks originating from the t2g state and mid-gap
state are highly enhanced. Furthermore, the highly intense UV
PL (�396 nm) is due to carrier recombination in the eg state.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) TRPL spectra in V2O5 nanospheres. The lifetimes for the PL peaks at (b) 396, (c) 530, and (d) 710 nm were obtained from the bi-
exponential decay fit. (e)–(g) TRPL images obtained using the time-tagged time-resolved (TTTR) data acquisition method. (h) Band diagram of
the PL process of V2O5 nanospheres.
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4. Conclusion

The V2O5 nanospheres prepared by a chemical reaction method
showed a large amount of V4+ oxidation states (84%). Further-
more, the nanospheres revealed very high PL intensity. In
particular, the nanospheres showed intense UV PL near 396 nm
(3.13 eV), which was attributed to the enhanced transition
probability in terms of the large amount of the V4+ (3d1)
oxidation states. The PL properties of the nanospheres showed
strong dependencies on the oxidation state and their distribu-
tion on the substrate.
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