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Abstract

In this work, the effects of Fe and Co dopants on the structure, morphol-
ogy, optical band gap and magnetic properties of VO5(A) nanobelts with
rectangular cross-sections are studied. Our samples have been synthesized
by the hydrothermal method and investigated by XRD, FE-SEM, DRS and
VSM analysis, respectively. Our optimized synthesis method leads to new
structural and physical properties of the samples. The XRD results show our
synthesis method could promote the formation of VO4(B) rather than usual
VO5(A) and cause a transition in VO, crystal structure from tetragonal to
monoclinic. Furthermore, expanding the lattice of VO, by dopants indicates
successful substitution of Fe3* and Co?* into the lattice sites of V4. Opti-
cal studies using DRS show dopants can change the optical band gap from
1.13 eV to 1.27 eV. Magnetic measurements using VSM analysis indicate a
superparamagnetic behavior for all samples at room temperature.
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1. Introduction

During the last few decades, scientists have extensively studied physical
properties of transition metal oxide nanostructures and their applications
in optical, electronic and magnetic devices [1, 2]. Vanadium is one of the
most interesting and important transition metals with various oxidation va-
lence from V** to V3T due to partially filled 3d shell [3, 4]. These different
multivalent oxides result in a variety of VOy polymorphs such as monoclinic
VO2(M), rutile VO4(R), tetragonal VO4(A), monoclinic VO4(B), monoclinic
VO4(D), paramontroseite VOo(P) [5, 6]. It is well known that two series
of states can be introduced for vanadium oxides: Magnéli phases (V,Og,-1)
with V3% and V** ions, and Weysely phases (V,O5,_2) with V4T and V5
ions [7]. Some of these structures are mainly stable and others are meta-
stable. Among various vanadium structures, V,0O5 with V° oxidation state
is the most stable one and has been used as a precursor in our synthesis.
In particular, the first four polymorph phases of VO, have attracted a great
interest owing to their unique properties and applications. Among them,
VO3 (A) has been synthesized for the first time by Theobald [8]. According
to his reports, VO5(A) crystal structure had a tetragonal symmetry with-
out any information about its space group. Few decades later, Oka et al.
9] and then Yao et al. [10] attributed the space group P42/ncem(138) to
VO, (A) [5, 11, 12]. It has been found that an intermediate phase VOy(A)
occurs through a thermal transition between VOq(B) with the monoclinic
and VO3 (R) with the tetragonal-rutile structure. It means by changing the
synthesis temperature, a transformation from VOy(B) to VO2(A) and then
to VOo(M/R) happens [13]. There are several methods for preparing VO, (A)
such as sol-gel, hydrothermal synthesis, physical vapor deposition, chemical
vapor deposition, pyrolysis processes and so on. Among them, the hydrother-
mal method has received increasing attention due to its reliable, facile and
low-cost nature. However, the synthesis of VO5(A) is a complicated process,
its morphology depends on the precursors significantly [14, 15, 16]. There are
few reports on hydrothermal method to synthesize VO5(A). Among these,
the following can be mentioned: Liu et al. [11] used a mixed hydrothermal
method and investigated phase-transition and thermochromic properties of
VO3 (A) long nanorods. M. Li et al. [17] reported hydrothermal synthesized



ultra-long VO3 (A) nanobelts and studied their electrical transport and field-
emission properties. Ji et al. [12, 18] synthesized VO5(A) by controlling on
hydrothermal pressure and investigated dopant effect on VO3(A) nanorods.
Zhang et al. [19] studied optical and transition properties of VO5(A) and
Dai et al. [20] prepared nanobelts, nanorods and nanowires by one-step
hydrothermal method and studied their electrochemical properties for using
them as a cathode in Li-ion batteries. Several other researchers have reported
synthesizing VO5(A) by this method but due to the complexity of produc-
tion, researches on VOy(A) are still limited than the other VOy polymorphs
and thus its optical and magnetic properties have not been studied widely
[21]. However, most investigations of VO, have been done on the metal-to-
insulator phase transition (MIT) which leads to sharp changes in electrical
and thermal properties, the main part of this work is devoted to studying
the effects of common magnetic transition metal dopants such as Fe and
Co on VOy(A). To this aim, at first, we have synthesized VOy(A) with the
optimal hydrothermal procedure. Next, using this procedure Vgg7Feq 0302,
V0.07C00.0302 and Vgg4Feq.03C00.0302 are obtained and their magnetic hys-
teresis, optical band gap and crystalline stability are investigated.

2. Experimental section

2.1. Materials

Vanadium Pentoxide (V305), oxalic acid dihydrate (CoHy04.H50), hy-
drogen peroxide (HyOs9, 30wt%), iron(III) nitrate nonahydrate (Fe(NO3)3.9H50),
and cobalt(II) nitrate hexahydrate (Co(NOs).6H20) were received from
Merck Co., Germany. All of the chemical reagents were used without any
further purification.

2.2. Synthesis of VO (A)

VO3 (A) was synthesized by a one-step hydrothermal method using V505
as the vanadium source and a reducing agent of oxalic acid. In a typical
synthesis, 0.45 g of V5,05 and 1.70 g of oxalic acid (1 : 3 in molar ratio)
were dispersed in 70 ml of double distilled water under vigorous magnetic
stirring at 80 °C' for 2 hours to form a clear dark blue solution indicating a
complete reduction of V5 into V4* [12, 18, 22, 23]. After cooling to room
temperature naturally, an appropriate amounts of Fe(NO3)3.9H,O or/and
Co(NO3)2.6H20O were added to the prepared solution. Subsequently, the
well-mixed precursor was transferred into a 110 m/L Teflon-lined-autoclave
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and 3 ml of HyO,, 30 wt% as a strong oxidizer was added exactly up to 75%
of autoclave volume which is responsible as an important factor to achieve the
desired phase. Also, Argon gas was used as the purge for 5 minutes and then
the autoclave was sealed, heated to 245 °C' and kept at that temperature for
24 hours. Then, it was cooled to room temperature in the air. The resulting
precipitates were washed and centrifuged three times at 4000 rpm for 15
minutes with double distilled water. Finally, our product was dried at 80 °C'
for 6 hours and the obtained powder was annealed in 300 °C for 1 hour.

2.3. Characterization

The phase structure of the produced powders was determined using X-
Ray Diffractometer (XRD; Bruker D8 Advance, Germany) using Cu K, radi-
ation (A = 0.15418 nm). The structure and morphology of the products were
examined by a field emission scanning electron microscope (FESEM, SIGMA
VP, ZEISS, Germany ), Energy Dispersive X-ray Spectroscopy (EDS) coupled
to the FESEM was used to determine chemical elements and the homogene-
ity of samples. Furthermore, the spatial distribution of elements in samples
were determined using elemental mapping. Vibration Sample Magnetome-
ter (VSM; Kashan, Iran) was used to investigate the magnetic properties
of our samples. The optical band gap of samples was measured by using
a diffuse reflection spectroscopy (DRS) (Avaspec-2048-TEC, Avantes Co.,
Netherlands).

3. Results and discussion

3.1. Crystalline structures

The XRD patterns of prepared powders under the same hydrothermal
process have been illustrated in Fig. 1. Diffraction peaks in the pattern
as shown in Fig. la, can be indexed into tetragonal VO, since they corre-
spond precisely to the standard JCPDS Card No. 42 — 0876 (space group:
P42/nem(138)) with lattice parameters a = b = 8.450 A, ¢ = 7.686 A and
a = =~=090°[24, 25]. Over the drying procedure in which the shape and
the size of the particles in the sample are formed, most of them have a chance
to orient in preferred crystallographic direction [26]. So, high-intensity peaks
in 20 = 14.92°, 29.92° and 45.51° exhibit the preferential crystalline orien-
tation along the [110], [220] and [330] directions, respectively. Consequently,
based on the results of the X-ray diffraction spectrum, peaks with strong in-
tensities which aligned in the (nn0) family of crystal planes are referred to the
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preferred orientation crystal growth of VO5(A) nanobelt which is synthesized

without any additives as dopants and impurities [27].
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Figure 1: XRD patterns of prepared sample

The other XRD patterns which are related to adding dopants into VO3 (A)
have been presented in Figs. 1.b to 1.d. These figures show a slight red shift
in all of the diffraction peaks and it seems reasonable to assume Fe and Co
dopants lead to expand the lattice of VO, because the ionic radius of V4*+
(0.58 A, coordination number (CN)= 6) is smaller than that of Fe** (0.65 A,



CN = 6) [27, 28] and Co*t (0.75 A, CN = 6). Fig. 2 represents the shift in

(110) plane of doped samples in comparison with the VO,-pristine sample as
the reference peak.

—— VO2-pristin
—+— Fe dopant
—=— Co dopant
—e— Fe/Co dopants

Intensity (a.u.)

1474 1541 1608  16.75
20 (degree)

13.40 14.07

Figure 2: Comparison of (110) peaks in samples

According to the Bragg equation (1) the distance between crystalline
planes, dy, can be calculated by [29]:

2dhk13in9 =nA\ <1>

where \ is the X-ray wavelength, # and n are the angle of incident beam
and integer number, respectively. The obtained results indicate that inter-

planar distance increases by adding dopants. The calculated results have
been shown in Table 1.

Sample 20(°) FWHM (°) dy1o( A)

VOgy-pristine  14.92 0.142 2.989
Fe-doped 14.81 0.113 3.013
Co-doped 14.85 0.093 3.003

Fe/Co-doped 14.87 0.090 3.000

Table 1: Crystalline parameters of the XRD patterns for synthesized samples

On the other hand, full width at half maximum (FWHM) value of the
highest peak at (110) plane in the doped samples undergoes a decrease of
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0.113°, 0.093° and 0.090° for Fe-doped, Co-doped and Fe/Co-doped, respec-
tively, in comparison with 0.142° of VO4(A). This result that FWHM of
VO3 (A) pristine is greater than that of VO, with dopants is an evidence
that the impurity ions successfully incorporate in the lattice of the VO, as
substituent [29, 30, 31]. Furthermore, it is found that the reduction in the
peaks intensity by adding Co into VO5(A) is greater than that of Fe-doped,
which shows that the Co dopant decreases the crystallinity. On the other
hand, our doped synthesized samples promote the VO5(A) to a second phase,
VO, (B) [25]. Since the main basic units of VO3 polymorphs are octahedral
VOg units, so it is worth mentioning that different bond angles between oxy-
gen and vanadium atoms in V — O — V covalent bonds are responsible for
various geometry, structural tension and thermodynamic stability. These
units in VO3 (A) are the same but there are two different types of VOg in
VO3 (B) due to the distortion of vanadium atom from the center of octahe-
dral in compared with regular units of VO4(A). This deviation can make an
open and penetrable framework in the structure of VOq(B). In this regard, by
adding additives in samples bond angles of the regular octahedral unit with
less electronic repulsion in VO5(A) change in such a way that they cause a
kind of distortion in the octahedral basic unit which increase the structural
tension and electronic repulsion and then arise instability in phase structure
25, 32, 33, 34]. Consequently, since VO3(A) is thermodynamically more sta-
ble than VO, (B) due to its higher formation energy [25, 34|, the appearance
of VO5(B) by adding additives in samples reflects the fact that the larger
ionic radii of Fe3* and Co?t than that of V4T lead to the change in bond
angles and the nucleation of VO2(B) [35]. Moreover, adding dopants may
have an influence on the positions of V atoms and it can be led to the for-
mation a new phase by the appearance of the extra peaks in X-ray patterns
which belong to the monoclinic VOo(B) (JCPDS, No. 81 — 2392, C2/m) as
a second phase [31]. These peaks in Fe-doped sample are sharper than that
with Co-doped because the density of Fe in our sample is greater as EDS
analysis shows (Fig. 4). In the last XRD diffraction pattern, Co and Fe
simultaneously doped in VO3(A), the number of peaks assigned to VO4(B)
are more than that of the samples with Fe or Co doped lonely. It may be
attributed to the increase in inter-planar spacing in VO3(A) due to adding
both dopants at the same time with larger ionic radii than that of V4 and
therefore the structure tends to be unstable [15].



3.2. Surface morphology

FESEM images of VO5(A) with and without additives have been illus-
trated in Fig. 3(a, b, c and d) at two different magnifications. As can be seen,
the crystal morphology of VO5(A) is nanobelt. These belts have rectangular
cross-sections with different widths, lengths and thicknesses in nanometer.
It can be found that they have smaller amounts in thicknesses changing ap-
proximately from 20 nm to 150 nm and typical widths about 50 — 450 nm.
FESEM images show the morphology does not change with addition of Fe
or Co as dopants into this structure and formation of VO4(B) as the second
phase, but it is important to note that some agglomerations form especially
by Co/Fe doped and the structure becomes denser.



Figure 3: FESEM images of samples with two different magnifications: 1 pum (Left)
and 200 nm (Right): (a).VO2(A) without any additives, (b).Fe-doped, (c).Co-doped,
(d).Fe/Co-doped.

The surface analysis by EDS spectrum and elemental mapping have been
displayed in Figs. 4 and 5. These analyses indicate that all of the samples
consist of V, O and additives with the homogeneous distributions.
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Figure 4: EDS spectrum of: (a).VOaq-pristine, (b).Fe-doped, (c¢).Co-doped, (d).Fe/Co-
doped.

Figure 5: FESEM mapping of:(a).VOaq-pristine, (b).Fe-doped, (c).Co-doped, (d).Fe/Co-
doped. (The scale bar is 1 um)

3.3. Magnetic properties

The magnetic properties of VO, with and without dopants have been
investigated using vibrating sample magnetometer (VSM) at room tempera-
ture. The hysteresis loops of the samples, magnetization (M) against applied
magnetic field (H), have been plotted in Fig. 6. The field sweeps from —14
to 14 kOe but still saturation does not happen. It is worth mentioning that
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VO,-pristine has been used as a reference sample to compare with doped
samples. Since vanadium is a transition metal with partially filled d orbital,
[Ar] 3d34s?, so due to the existence of unpaired electrons, VO,-pristine has
a paramagnetic behavior [36]. It can be seen VOq-pristine saturates in very
low magnetization, but adding magnetic transition metals such as Fe and Co
can induce a change in magnetization of our samples in which adding Co/Fe
simultaneously into VO, causes larger magnetization than adding Fe and Co
separately. Moreover, all samples indicate a superparamagnetic behavior due
to their negligible remanence magnetization and coercivity.
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Figure 6: Hysteresis loop of as-prepared samples, indicating magnetization (M) against
applied magnetic field (H). (inset: M vs H curve for present samples

All the information about saturated and remanence magnetization and
coercivity have been shown in Table 2.
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Sample Mg (emu/g) H. (Oe) M, (emu/g)

VOs-pristine 0.05 55.17 0.0012
Fe-doped 0.13 37.55 0.0007
Co-doped 0.14 46.08 0.0015

Fe/Co-doped 0.18 31.71 0.0008

Table 2: Saturated magnetization (Mg), Coercivity (H.) and remanence (M, ) of synthe-
sized samples

In detail, in transition metal oxides like VO, with the octahedral units,
2p orbitals of oxygen ligands overlap with metal 3d orbitals and cause to
form partially covalent bonds. But, ty, states contribute to overlap with p
orbitals less than e, states. Hence, the e, states are higher in energy. This
overlap results in the formation of bonding and antibonding states. The
magnetic properties of materials strongly depend on the amounts of splitting
between sub-bands near the fermi level, so the more overlap increases the
more electronic repulsion and thus the strong splitting happens [37, 38]. In
3d magnetic dopants, the amount of the splitting determines the strength
of the ferromagnet which means Co is the stronger ferromagnet than Fe.
Moreover, adding magnetic dopants causes a broadening in impurity states
near the fermi level. It means there are more electrons to hybridize with
d-orbitals of impurity. So the number of unpaired electrons in dopant de-
creases and magnetic moments will be destroyed [38]. As an accepted rule
in semiconductors, heavy 3d impurities which are started from Cr, retain
their uncompensated magnetic moments, although the lighter 3d transition
metals are nonmagnetic [39]. In spite of the fact that the number of mag-
netic moments in Co is less than that in Fe, but the residual uncompensated
magnetic moments in Co is more. Thus the net magnetization is higher in
adding Co [38, 40]. There is a declining trend in coercivity and it may be
attributed to decreasing the belt dimensions. But an unusual enhancing is
seen in Co-doped sample which may be related to the change in the size of
the belts [40].

3.4. Band gap analysis

The other analysis is diffuse reflection spectroscopy (DRS) which mea-
sures the optical band gap, F,, of materials. The optical band gap is an
important quantity in determining the material used for optoelectronic de-
vices and photocatalyst depending upon that the material is an insulator,
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semiconductor or metal. The diffused reflectance spectrum of the sample
powders is analyzed by the Kubelka-Munk theory which is formulated in Eq.
(2) [41]:

=& = LR &)

where F'(R) is the Kubelka-Munk function, R, o and S are the reflectance,
absorption coefficient and scattering factor, respectively. Moreover, due to
an ignorance dependency between scattering factor and wavelength, S can be
considered as a constant and as a result, F'(R) is proportional to « [42, 43].
Thus, the optical band gap is determined by plotting absorption coefficient
against photon energy known as Tauc plot and extrapolating of a straight

line to photon energy axis in plot. According to the following relation (Tauc
plot) [44, 45, 46]:

ahv = k(hv — E,)"/? (3)

where « is the absorption coefficient, h and k are respectively the Planck’s
and an energy-independent constant. Determining the exponent n in Eq. (3)
depends on the four types of transitions: direct- and indirect- with n = 2 and
1/2 for allowed, 2/3 and 1/3 for forbidden transitions, respectively [41, 43].
The direct band gap, n = 2, is found to be the right choice for a straight line
near the absorption edge [47, 48]. It is important to notice that by adding
dopants into VO,, the optical band gap changes. Fig. 7 shows that the
calculated values for VO,-pristine, Fe-doped, Co-doped and Fe/Co-doped
are 1.20, 1.13, 1.17 and 1.27 eV, respectively. To our knowledge this values
for doped VO, (A) have not been reported yet.
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Figure 7: Band gap of VOs-pristine and VO, with dopants.

Based on the molecular orbital diagram of VO3 (A) (see Fig.8) which has
been depicted by Zhang et al. [34], the 3d orbitals of vanadium are split into
two levels due to the octahedral crystal field: higher e, and lower ty, states in
energy. Furthermore, hybridization occurs between V-3d and O-2p orbitals
in such a way that e,- and p-orbitals make o bonding and anti-bonding levels
with strong splitting. Besides, ty, orbitals hybrid with O-p states and make
m and 7" interactions. On the other hand, electronic repulsion due to the
distortion of octahedral units in VO,(A), splits dj| bands into two parts in
which fully occupied band places under the fermi level and upper than the 7
states, whereas the unoccupied part pushes down the empty 7* band near the
fermi-level, as illustrated in Fig. 8. As a result of this splitting, a band gap
is opened between d|| band bellow the fermi level and 7*. In comparison with
VOy(A)-pristine, decreasing band gap in Fe-doped and Co-doped samples is
owing to the introducing intermediate electronic states. They originate from
3d electrons of dopants and their interaction with the host orbitals which
may increase their overlap, broaden the impurity levels and push some of
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sub-bands near the fermi energy like as a donor or acceptor. So, all of these
processes decrease the band gap. On the other hand, due to adding Fe/Co-
doped, instability of the structure increases by the appearance of VO3(B)
which has lower symmetry and higher distortion in VOg units than VOo(A).
The latter mentioned reason shifts the ¢ and 7 bonding; so it can cause the
strong splitting and the bigger band gap for Fe/Co-doped [34, 44, 45, 49].

da]
o a*
Tr.
| m l
|
v 3d L v 3d
L — I o i o i e E
02p 02p
[ |t
™ ™
o o

Figure 8: Electronic states of two polymorphs of VO3 based on Molecular orbital diagram
taken from Zhang et al. work [34]: VO2(A) (left) and VO3(B) (right)

Also, the interesting and important phenomena of optical absorption re-
duction and increment by changing dopants is presented in Fig. 9. A glance
at this figure reveals that due to the band gap modification with dopants,
absorption in visible region increases for Fe/Co-doped and decreases for Co-
and Fe-doped samples comparing with the VOs-pristine. To our knowledge,
band gap and thus absorption variation for doped VOy(A) have not been
reported yet.
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Figure 9: Optical absorption spectrum with respect to the incident photon energy for
different atomic dopants.

4. Conclusions

In summary, the one-step hydrothermal method was successfully used
to synthesis of VOy(A) and then prepared samples were characterized by
structural, optical and magnetic properties. XRD results reveal the fact
that Fe, Co, and their co-dopant can promote the formation of VO3(B) as
a second phase and expanding lattice is in evidence that substitution of
impurities into the host material has been effective. Based on the VSM
results, our samples except VOq-pristine exhibit superparamagnetic behavior
specifically and residual uncompensated magnetic moments of dopants lead
to an increase in magnetization. In addition depending on different dopants,
optical band gap changes correspond to the IR region of electromagnetic
radiation and the samples are recognized to be a semiconductor.
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