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Abstract

The solid-state reaction method was employed to successfully synthesize a range of compounds, Bi,Si,,,Ge,,V,_ O/,
where 0.1 <x <0.6. The main aim of this investigation is to examine how the structural and optical properties are influenced
by the double substitution on vanadium site. The analyses using room temperature X-ray diffraction (XRD) revealed existence
of a-monoclinic and p-orthorhombic phases in the composition range of 0.1 <x<0.3 and 0.4 <x <0.5, respectively. The o
to B structural transition, as a function of the substitution rate, was further confirmed through Raman and infrared spectros-
copies at room temperature, which both verified the presence of these two distinct phases depending on the composition.
The X-ray diffraction (XRD) analysis, versus temperature, highlighted the « — f§ and f — 7y phase transitions with increasing
the temperature. These phase transitions were confirmed by DTA and Raman investigations as a function of temperature.
Diffuse reflectance spectroscopy showed that the band gap varies around 2.1eV and that the compound with x=0.1 has the

lowest value of 2.08 eV.

Keywords BiSiGeVOx - XRD as a function of temperature - DTA - Raman spectroscopy - Optical properties

1 Introduction

A fascinating class of layered perovskite known as Aurivil-
lius phases [1] has garnered considerable attention due to
their diverse chemical properties [2, 3]. These compounds
feature a unique structure composed of alternating fluorite-
like [Bi,0,]** layers and perovskite-like [A,, ;B,Os,, 1% lay-
ers, forming a regular intergrowth. In our pursuit of novel
and highly active catalytic systems, we have turned our focus
to the bismuth and vanadium-based mixed oxides known
primarily for their exceptional anionic conductivity via oxide
ions. Among these, Bi,V,0,, stands out as a compound with
a significant number of oxygen vacancies, which contributes
to its excellent conductivity.

Depending on the temperature, Bi,V,0,, exhibits three
distinct crystalline phases: the a-monoclinic phase (below
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450 °C), the p-orthorhombic phase (between 450 and 570
°C), and the y-tetragonal phase (above 570 °C) [4, 5]. Nota-
bly, the y-phase, achieved at high temperatures, displays the
highest conductivity surpassing 10! S.cm™' [6-8]. These
various polymorphs can be explained by referencing the
orthorhombic cell, which possesses average dimensions of
a, ~553A, b, ~561A andc, ~1528A [9, 10].

By introducing cations through single or double partial
substitution of vanadium, researchers have successfully
achieved the stabilization of the high-temperature y phase
at room temperature, leading to the development of highly
conductive electrolytes. This exciting advancement has
given rise to a novel class of materials known as BiMeVOx,
derived from the formulation Bi;Me, V, O,,_s (Bismuth
Metal Vanadium Oxide). The BiMeVOx compounds have
garnered significant attention due to their exceptional polar
properties, applications in oxygen-separation membranes,
and impressive ionic conductivity [11-15].

In a previous study [16], we demonstrated that the sub-
stitution of vanadium (VV) with silicon (Si'"Y) in the solid
solution Bi,Si,V, O, ,» (0.0 <x<0.4) resulted in the
stabilization of the y-tetragonal phase of Bi,V,0,,. This
substitution led to notable conductivity values, reaching
approximately 10~ S.cm™! at 300 °C and 10~ S.cm™' at
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600 °C for the composition with x=0.1. Conversely, in the
case of the solid solution BiSiPVOx (0.0 <x <0.5) that we
synthesized in a previous work [17], the double substitu-
tion of vanadium (V") with silicon (Si') and phosphorus
(PY) failed to stabilize the y-tetragonal phase of Bi,V,0;,.
Despite this, the composition with x =0.1 displayed a higher
conductivity of approximately 2.6x 10~ S.cm™! at 600 °C
[17]. Additionally, Yue et al. [18] synthesized the solid solu-
tion Bi,Ge, V|05 5.5 (0.0<x <0.5), where the y-tetragonal
phase of Bi,V,0,; was successfully stabilized at low tem-
peratures. For this particular composition, x=0.35, the con-
ductivity was around 102 S.cm™! at 600 °C.

In addition to their exceptional conduction properties, this
group of compounds has begun in recent years to occupy a
predominant place among the low gap energy photo-cata-
lysts which are of great interest to many researchers. The
compound Bi,V,0; is a semiconductor that can absorb the
sunlight due to its band gap higher than 2 eV. The band gap
energy of Bi,V,0,, reported by Anwar et al. is of 2.86 eV
[19]. Moreover, we have shown, in recent studies [20-22],
that the double substitution of vanadium in Bi,V,0,; leads
to a narrower band gap for all of the studied phases Bi(Si,Co)
VOx, Bi(Si,Cu)VOx, Bi(Cu,Sb)VOx and Bi(Si,P)VOx.

Our work is part of an approach aimed at studying
BiMeVOx obtained by double substitution with elements
from block p of the periodic table. The main objective of this
study is to improve the optical performance of the Bi,V,0,,
phase by creating defects likely to reduce the gap energy of
this material and also to highlight the effect of the nature
of the doping elements chosen on structural properties in
relation to the strength and nature of the bonds within the
material.

In this current investigation, the simultaneous substitu-
tion of vanadium in the mother phase Bi,V,0,, was carried
out using silicon (Si**) and germanium (Ge*h), resulting in
the formation of the solid solution Bi,Si,,,Ge,,,V, O} y/2-
Various analytical techniques, such as X-ray diffraction
(XRD), FTIR, and Raman spectroscopy, were employed to
comprehensively characterize the synthesized BiSiGeVOx
sample. Additionally, analysis involving XRD and Raman
at different temperatures, scanning electron microscopy
(SEM), and diffuse reflectance spectroscopy (DRS) were
conducted. These characterization methods were employed
to gain insights into the structural properties, vibrational
modes, surface morphology, and optical properties of the
BiSiGeVOx solid solution.

2 Experimental
Polycrystalline samples of Bi,Si,,,Ge,,,V, 0, (With

0.1 £x<0.6) were prepared using a conventional solid-
state reaction method. High-purity Bi,05 (99.5%), V,0s
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(99%), Si0, (99.9%), and GeO, (99.998%) were accurately
weighed and ground for 20 min. The resulting mixture was
then heated at 800 °C for 24 h under ambient air conditions
to promote the formation of the desired compounds. Part of
synthesized powder was used to prepare pellets. These were
sintered at 840 °C for 5 h.

To characterize the powder samples, a Rigaku Smart-
Lab SE powder diffractometer was utilized for X-ray dif-
fraction (XRD) analysis. Ko radiation with a copper wave-
length (A=1.54056 A) was employed, and the 20 range
was scanned from 5° to 65° with a step size of 0.02°, and
a scanning speed of 2°/min. Differential thermal analysis
was performed on powdered samples in an air environment,
from 20°C to 800°C at a heating rate of 10°C/min, utiliz-
ing a NETZSCH STA 2500 instrument. Raman scattering
spectra were acquired using a Renishaw Invia Reflex spec-
trometer equipped with a He Laser (632.8 nm). The inci-
dent light was focused on sample using X 50 lens and the
scattered light, collected in the backscattering configuration,
was dispersed with a 1800 lines/mm grating before reaching
the CCD camera. The Linkam THMS600 stage and its tem-
perature controller were employed for temperature-depend-
ent Raman spectra. At each temperature the spectrum was
recorded 10 min after the target temperature is reached. The
infrared study was conducted in transmission mode using
a Fourier transform (FTIR) spectrometer of VERTEX 70
type. Measurements were carried out in the spectral range of
4000 to 400 cm™! on homogeneous KBr pellets with a 2/100
ratio between sample and KBr. We subsequently examined
them under the microscope using the “VEGA3” instrument,
equipped with an advanced energy-dispersive X-ray spec-
troscopy (EDS) analyzer. After sintering the ceramics at
a temperature of 840 °C for 5 h, we conducted a detailed
examination to assess the surface characteristics and iden-
tify the elemental composition present in the samples. We
used diffuse reflectance spectroscopy (DRS) to investigate
the optical properties of the powdered samples at room tem-
perature, in the UV—Visible spectral range (200 to 800 nm)
using a Shimadzu spectrophotometer (UV-3101).

3 Results and Discussion

3.1 X-ray Diffraction and Differential Thermal
Analysis

Figure 1 illustrates the diffractograms obtained for
the Bi,Si,,,Ge, V5,014 (0.1 <x<0.6) powders at
room temperature. These diagrams show the forma-
tion of the BiSiGeVOx solid solution for x <0. For the
Bi,Si,,,Ge,,V,. 0.4 solid solution with a substitution
rate x <0.3 (i.e., substitution rate < 15%), the diffracto-
grams exhibit distinctive features. Indeed, the diagrams
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Fig. 1 X-ray diffractogram of
Bi,SiynGey Vo kO
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display a superstructure peak (indicated by ) at 260 =24.2°
and doublets at 20 =32, 34, 40, 48, and 55°, signature of
the a-monoclinic phase of BiMeVOx with C2/m space
group. In the case of the Bi,Si,,Ge,,,V, 0, solid
solution with a substitution ratio x=0.4 and 0.5, the XRD
diffractograms reveal the existence of superstructure peaks
(indicated by &) at 20 =24.6° and 20 =33.3°, indicating
the formation of the orthorhombic p-type BiMeVOx phase
with Amam space group. However, when the substitution
ratio exceeds this range, as seen in the XRD diffractogram
for x =0.6, additional peaks (indicated by &) appear at
20=20.99° and 27.24°, corresponding to the secondary
phase Bi,Ge;0, [18, 23]. Hence, the solid solution limit
for Bi,Si,,,Ge,, V5,0 4 18 observed at xx~0.6. Note
that the tetragonal y-phase of Bi,V,0,, was not stabilized
throughout the BiSiGeVOx solid solution domain. The
same result was obtained in our previous works on the
BiSiPVOx [17] and BiPVOx [24] solid solutions and in
the BiGeVOx solid solution synthesized by Yue et al. [18].
However, we obtained a y-tetragonal phase in the case
of the mono-substituted silicon solid solution BiSiVOx
only for x =0.35 [16]. The strong covalent character of
the P-O bond, which is not compatible with the disor-
dered structure of the y- form, can explain this behavior
in BiSiPVOx and BiPVOx solid solutions. However, in
the case of BiGeVOx and BiSiGeVOx solid solutions,
the non-stabilization of the y-form is probably due to the
preferential tendency of germanium to adopt a tetrahedral
environment in oxide systems.

30 20(°) 40 50 60

The variations in lattice parameters and crystallite size
with respect to the composition are summarized in Table 1.
To facilitate comparison and enhance clarity, all lattice
parameters have been converted to the orthorhombic mean
cell using the relationshipax 3 a_,, b~ b,, and c = c, for
the a-monoclinic phase. As the value of x increases, the
c-axis parameter generally exhibits an upward trend, while a
and b axes tend to approach each other, and the cell volume
demonstrates fluctuations within the regions corresponding
to the o and P phases. These variations cannot be explained
by the differences in ionic radii between vanadium (0.54 A)
and silicon (0.26 A in 4-coordination and 0.40 A in 6-coor-
dination), and germanium (0.39 A in 4-coordination and
0.53 A in 6-coordination) [25]. The expansion of the crystal
lattice along the ¢ direction indicates a decrease in the inter-
action between the vanadate and the bismuthate layers. Simi-
lar observations have been made in other compounds such
as BiSiVOx [16], BiGeVOx [18, 23], and BiSiGaVOx [26].
The increase in the parameter ¢ can also be explained by a

Table 1 Lattice parameters of the compounds Bi,Si,,Ge,,V, 0,5

X a(A) b(A) c(A) V(A%) BC)
0.1 5.5381 5.6090 15.2947 473.4993 94.708
0.2 5.5387 5.6011 15.2971 473.0968 94.499
0.3 5.5479 5.5908 15.3377 474.5457 94.048
04 5.5562 5.5869 15.3454 476.3509 90

0.5 5.5635 5.5789 15.3523 476.5079 90
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stretching of the octahedral in the perovskite layers because  of the sample with x=0.1 (Fig. 2) shows superstructure
of a ferroelectric displacement of the Si** ions. peaks at 20=24.4 (indicated by ), which characterize the

Figures 2 and 3 show XRD plots as a function of tem-  a-monoclinic phase (C2/m space group). At temperatures
perature for the BiSiGeVOx solid solution with x=0.1  between 450 and 500 °C, the sample shows superstruc-
and 0.4, respectively. For T <450 °C, the XRD diagram  ture peaks at 26 =24.6 and 33.3° (indicated by &), which
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characterize the 3-orthorhombic phase (Amam space group).
Above 500 °C, the sample is completely transformed into the
disordered y-tetragonal phase (I4/mmm space group). For
x=0.4 (Fig. 3), the XRD diagram of the sample shows at
T <450 °C the presence of superstructure peaks at 20=24.6
and 33.3° (indicated by #), which are characteristic of the
B-orthorhombic phase (Amam space group). However, above
450 °C, the sample adopts the y-tetragonal phase (I4/mmm
space group).

The evolution of cell parameters and volume as a func-
tion of temperature for the BiSiGeVOx solid solution with
x=0.1 and 0.4 is illustrated in Figs. 4 and 5, respectively.
For x=0.1 and x=0.4, a cell parameter increases, while
b cell parameter decreases with increasing temperature up
to T=500 °C and 450 °C respectively. Above these tem-
peratures, a and b parameters become equal signature of the
y-tetragonal phase. In addition, ¢ parameter and cell volume
increase progressively with temperature. It should be noted
that ¢ parameter undergoes a sudden increase at the p— vy
phase transition, which can be explained by the movement
of atoms in the crystal lattice linked to this structural transi-
tion [27].

Figure 6 shows the differential thermal analysis curve
for BiSiGeVOx samples with x=0.1 (a-phase) and
x=0.4 (B-phase). The DTA curve for x=0.1 shows two
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endothermic peaks at 454 and 548 °C, representing o« — f3
and p — y phase transitions, respectively. For x=0.4, the
endothermic peak at 490 °C corresponds to the p— vy
phase transition. These results are consistent with those
obtained by XRD analyses.
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Fig.6 DTA curves of Bi,Si,,,;Ge, s V5,04
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3.2 FTIR and Raman Spectroscopy

Figure 7 presents the transmission-mode FTIR spectra of
the BiSiGeVOx system in the range of 4000-400 cm™"'. The
bands located at 1636 cm™! and 3430 cm™' are assigned
to the vibrational modes of the O—H bonds of water mol-
ecules hanging out on the samples. The bands around
613-617 cm™' and 420 cm™' are all attributed to the Bi-O
bond stretching in the octahedral BiOg [28—30]. The band
around 521-518 cm™! is mainly associated with the stretch-
ing vibrations of the Bi-O bond in BiO, octahedral units
[31], as well as the §,; (O-V-0O) deformation of vanadate
ions [32]. The bands around 725-720 cm~' and 829-812
cm™! correspond to the symmetric and asymmetric stretch-
ing vibrations of V-O, bonds (O,: oxygen in apical position)
[29, 32]. Moreover, when comparing the spectra of the sam-
ples crystallizing in the a-monoclinic phase (x <0.3) with
those adopting the p-orthorhombic structure (x > 0.4), it is
evident to see that the bands at 768 cm™, 613-617 cm™,
and 420 cm™! completely disappear in the f-phase [17, 31,
33]. This disappearance can be attributed to the suppres-
sion of phonon modes resulting from a change in symmetry
and then to a structural transition. The diminution of the

mode number strongly suggests an increase of the symmetry,
which is in agreement with o« — p phase transition and the
results obtained above (XRD and DTA).

Raman spectra of the solid solution Bi,Si, ,Ge,, V5,05
(0.1 <£x<0.5) at room temperature are presented in Fig. 8.
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Fig.8 Room temperature Raman spectra of Bi,Si,,Ge, sV, 014
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The Raman spectra of the a-monoclinic phase (samples
with x £0.3) and the B-orthorhombic phase (samples with
x > 0.4) exhibit similar spectral profiles in their respective
compositional domains. The band observed at 156 cm™! is
attributed to the translational modes of the bismuth ions
[3]. Within the spectral range of 200-580 cm™!, the bands
correspond to the bending modes of VOg4 octahedral cou-
pled with bending vibrations of bismuth-oxygen polyhedral
[17, 18, 34]. In the range of 600-870 cm™!, the bands can
be assigned to the symmetric and asymmetric stretching
modes of the V-0 bonds in tetrahedral VO, groups. The
a-BiMeVOx phase of monoclinic type exhibits five bands
at 640, 722, 776, 825, and 860 cm™~! [17, 18, 35], while the
orthorhombic-type f-BiMeVOx phase displays three bands
at 650, 738, and 838-845 cm™. The high wavenumber peak
at 930 cm™! is associated with the stretching vibrations in
V-0-V chains [36]. As the content of silicon and germanium
increases, the intensity of this peak decreases. In the case of
the B-orthorhombic phase, the band at 930 cm™! gradually
shifts to lower frequencies (920 cm™") and merges with the
main band as x increases. This phenomenon is attributed to
the V-O stretching in a chain-like structure [17, 18], and
the decrease in its intensity is due to the introduction of
silicon and germanium into the network which dissociates
the chains.

According to the relationship established by Hardcastle
et al. [37] between Raman stretching frequencies (v in cm™)
and the length of the Vanadium—Oxygen bond, the V-O
bond length was determined based on the strong band in the
Raman spectrum. For the a-monoclinic phase (x <0.3), the
Raman spectrum exhibits two distinct components at 860
cm™! and 825 cm™!, indicating the presence of two types
of V-0 bonds with significantly different lengths [v,, (860
cm™); R=1.6750 A, v, (825 cm™"); R=1.6966 A]. In con-
trast, a single broad component is observed in the spectrum
of the p-orthorhombic phase. This contribution appears at
838 cm™! for x=0.4 and at 845 cm™! for x=0.5. The exist-
ence of a single band suggests the presence of a single type
of V-0 group [v,, (838 cm™"); R=1.688 A, [v,, (845 cm™);
R=1.684 A]. However, this group is likely to be located in
a more disordered environment as suggested by the large
bandwidth [16]. Notably, a greater increase in bond length
is observed for the composition x =0.4, which corresponds
to the o — P phase transition. This observation aligns per-
fectly with the increase in lattice parameters observed when
x transitions from 0.3 to 0.4, as revealed by the XRD results.

In order to study thermal behavior of the different pho-
non modes, temperature-dependent Raman spectra of com-
pounds with x=0.1 and x =0.4 are presented in Figs. 9 and
10, respectively. For both compounds, one can observe that
the Raman bands shift to lower frequencies and broaden
when the temperature is increased, reflecting a standard ther-
mal behavior of the phonons. For the compound with x=0.1
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Fig.9 Raman spectra of Bi,Si; (sGe( o5V 19001095
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Fig. 10 Raman spectra of Bi,Si,Ge;,V, 003

(Fig. 9), the band at 930 cm ™! gradually shifts to 918 cm™" at
temperature 450 °C, signature of « to  phase transition, and
merges with the band at 860 cm™', which is associated to the
transition from P to y phase. On the other hand, for the com-
pound with x=0.4 (Fig. 10), the band at 914 cm™" is char-
acteristic of the p phase. As the temperature is increased,
this band gradually shifts to low frequency and merges with
that located at 855 cm™', at temperature of 500 °C, indicat-
ing that the transition from f to y phase occurs in the tem-
perature range 450 °C—500 °C. These results are in good
agreement with those of the temperature-dependent XRD
and DTA studies.

The variation in the position of the V-O bonding band
as a function of temperature, for x=0.1 and 0.4, is shown
in Fig. 11. The compound with x =0.1, exhibits three linear
regions attributed to the a — f and p — vy phase transitions
around 450°C and 470°C, respectively. The compound with

@ Springer
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Fig. 11 The shift of the Raman v (V-O) band as a function of temperature

x=0.4, shows two linear regions related to the phase transi-
tion p— vy at about 500°C. These results allow us to deter-
mine a temperature-dependent equation such as:

v(T)=v,— kT

where v, represents the frequency at 0°C and k is related to
the degree of anharmonicity.

The values of v, and k deduced from the linear fits are
shown in Table 2. The frequency at 0°C is practically the
same for both compounds. Furthermore, the coefficient value
of the compound with x=0.1 is slightly higher than that of
the compound with x=0.4, of the order of 0.224 and 0.195
ecm™!. °C™!, respectively. It can be noted that the temperature
coefficient varies only slightly despite the transition from a
a-phase (x=0.1) to a -phase (x=0.4).

3.3 SEM

Figure 12 displays SEM micrographs of Bi,Si, ,Ge, ,V, 014
(0.1 <x<0.5) pellets that were sintered at 840 °C for 5 h. The
examined ceramics exhibit distinct and well-defined grains.
Within the samples, residual porosity can be observed mainly

between the grains. However, as the value of x increases, the
ceramics exhibit a significantly lower degree of porosity and
larger grain size with clearly visible grain boundaries. Nota-
bly, small-diameter pores are prominently present at the grain
boundaries for samples with a doping level exceeding 15%,
indicating that ceramics with higher doping level are more
compact. Additionally, for x> 0.3, evidence of the beginning of
fusion can be observed. Consequently, we infer that the melt-
ing temperature of the BiSiGeVOx solid solution decreases
with increasing x. This peculiar microstructure phenomenon
has also been reported in the BiMeVOx system [38, 39].

Table 3 presents the elemental analysis results obtained
through Energy-Dispersive X-ray Spectroscopy (EDS). The
analysis confirms the presence of Bi, V, Si, Ge, C, and O,
which are uniformly distributed in the samples. The per-
centage of carbon atoms has been excluded from the table
as it results from the sputtering process used during sam-
ple preparation for analysis. The atomic percentages of Si
and Ge atoms show an increasing trend as the substitution
rate (x) increases. In contrast, the percentage of V atoms
decreases with increasing x. These findings indicate the suc-
cessful substitution of vanadium by silicon and germanium
in the solid solution.

Table 2 Raman frequency

x=0.1
versus temperature for
BiSiGeVOx u(T) T<450°C
858.5—0.224 x T
x=04
uT) T<450°C

856.6—0.195x T

T>550°C
900.4—0.096 x T

450 °C<T <550 °C
872.6- 0.048 x T

T>500 °C
867.6—0.046 x T
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Fig. 12 SEM micrographs of
Bi,Si ,Ge, )V, Oy ceram-
ics:ax=0.1,bx=0.2,cx=0.4
and d) x=0.5

Table 3 Experimental percentages obtained by EDS (at %) analyses

Element x=0.1 x=0.2 x=0.3 x=0.4 x=0.5
(0} 56.18 55.89 58.61 63.43 66.69
Ge 0.25 0.52 0.90 1.28 2.63
Si 0.65 1.21 2.50 3.61 2.36
Bi 30.48 30.30 27.76 24.34 24.01
A" 12.44 11.48 10.22 7.34 4.31

Fig. 13 UV-vis spectra of BiSi-

3.4 Optical Properties

Figure 13a, represented the diffuse reflectance spectra (DRS)
of BiSiGeVOx in the 400—-800 wavelength range. Direct
band gaps (Eg) were determined by plotting (F(R) hv)? as a
function of hv (1240/A (nm)) and then extrapolating the lin-
ear segment of the graph to the x-axis, as shown in Fig. 13b.
Absorption of visible light occurs at 596 nm, 587 nm and
574 nm for values of x=0.1, 0.3 and 0.4, respectively. The
absorption edge shifts to shorter wavelengths as the substitu-
tion rate increases. The bandgap energies Eg of x=0.1, 0.3,
and 0.4 have been estimated at 2.08, 2.11 eV, and 2.16 eV,
respectively. These results allow us to conclude that both the

GeVOx: a Reflectance versus
wavelength, and b) (F(R)*hv)?
versus energy

Reflectance |%)]

(F(R)*hv) [eV.cm™]

T
400 450 500 550 600

T

Wavelength [nm]|

650

—rTrrfrTrTrTTTT T T
16 18 20 22 24 26 28 3.0 32 34 36
Energy(eV)

700 750 800
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doping element and the stabilized phase have a very signifi-
cant effect on the gap energy, as in the case of BiMeVOx
solid solution [20, 21].

4 Conclusion

The synthesis of the Si-Ge co-doped solid solution
Bi,Si,,Ge,, V5,014 (0.1 <x<0.6) is a key focus of this
study. X-ray diffraction (XRD) analysis reveals the pres-
ence of two distinct phases in different composition ranges.
The o phase, iso-structural of «-Bi,V,0,,, is observed for
compositions ranging from 0.1 to 0.3, while the P phase,
iso-structural of $-Bi,V,0,,, is present in the composition
range of 0.4 to 0.5. Interestingly, the introduction of Si and
Ge cations in this system does not contribute to the stabi-
lization of the y-tetragonal phase. DTA analysis showed
two phase transitions a — 3 and p— v for x=0.1, a single
transition  — vy for x =0.4. To further investigate the phase
transition, FTIR and Raman spectroscopy were performed
at room temperature for various compositions. These vibra-
tional studies provide additional evidence of the phase tran-
sition observed in the XRD analysis. Notably, the Raman
spectra yielded V-O bond values for specific compositions.
For example, at x=0.3, the Raman spectrum exhibited a
band at v,, (860 cm™"), corresponding to a V-0 bond length
of approximately 1.675 A. Similarly, at x=0.4, the Raman
spectrum displayed a band at v, (838 cm™!), corresponding
to a V=0 bond length of around 1.688 A. This suggests that
the P phase possesses relatively larger V-O bonds compared
to the a phase. Overall, the synthesis and characterization
results indicate the presence of distinct phases in the Si-Ge
co-doped solid solution, with variations in the V-O bond
lengths between the o and p phases. The diffuse reflectance
spectroscopy spectra shows bandgap energy of 2.08-2.16
eV for the BiSiGeVOx solid solution, which shows that the
double substitution of vanadium in Bi,V,0; leads to a nar-
rower band gap for a- and - substituted phases compared
to that of the parent compound.
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