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In this study, various compositions of NdyxV20s.nH,0 with "x" ranging from 0 to 0.6 mol%
were prepared. These nanocrystalline layers were synthesized via the sol-gel route. We
investigated the intercalation effect of Nd+3 ions on the microstructure, vibrational, and
optical behavior of V,0s.nH,0 thin films using high-resolution X-ray diffraction (XRD),
Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, and photolumines-
cence (PL) spectroscopy. XRD analysis revealed an orthorhombic structure with a pre-
ferred (001) orientation. Increasing neodymium content resulted in a decrease in crystallite
size from 8.06 nm to 4.21 nm, with a corresponding increase in interlayer spacing from
1.09 nm to 1.32 nm, indicating successful intercalation of Nd+3 ions. FTIR spectroscopy
verified the incorporation of Nd*3 ions by detecting shifts in the V=0 stretching mode and
the appearance of new peaks. Raman spectra analysis illustrated significant variations in
the vibrational modes, including peak shifts, intensity variations, and the appearance of
new peaks, specifically at higher Nd concentrations. Room temperature PL spectra analy-
sis displayed three main emission peaks around 338 nm, 532 nm, and 720 nm, ascribed to
defect states and band edge transitions in V20s.nH,0.
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1. Introduction

The driving force behind the research on the intercala-
tion of rare earth elements (REE) in vanadium pentoxide
xerogel (V20s.nH,0) is to investigate the effects of REEs
on the crystalline structure and optical characteristics of
V,0s.nH20. In modern daily life, optically transparent
electronics are an essential part of modern technology.
Recently, vanadium pentoxide (V20s) thin-layer films
have gained worldwide considerable interest because of
their useful charge-carrying, catalytic and electrochemi-
cal attributes and behavior. Since 2011, continuous re-
ports have highlighted the potential of 2D sheet material
V05 for use in visible light applications without modifi-
cations [1].

Vanadium pentoxide is a semiconductor known for its
high oxidizing properties, long-term chemical stability,
and low toxicity, making it a preferred material for ex-
cellent photocatalysts [2]. Its unique optical characteris-
tics enable it to absorb and reflect light within specific
spectral bands, making it useful for optical devices and
sensors. Its unique optical characteristics enable it to ab-
sorb and reflect light within specific spectral bands, mak-
ing it useful for optical devices and sensors. The charac-
teristics of vanadium pentoxide optical fibers have been
widely studied [3]. In the field of material science, vana-
dium oxide compounds have gained significant attention
because of their ability to tailor material characteristics
based on oxidation states (V2*, V3, V* and V°*), with
V05 being the most stable compound [4, 5].

Aldebert (1983) described the remarkable structure of
vanadium pentoxide sol-gel, V20s.nH;0, as a host ma-
terial with a layered structure composed of fibers and rib-
bons, with water molecules intercalating between its lay-
ers[6]. T. Yaoand Y. Oka in 1997 showed that vanadium
pentoxide, V»0s, exhibits a lamellar structure (see Figs.
1 and 2) [7]. Its deformed orthorhombic structure, resem-
bling a flat sheet, is considered the key determinant of its
distinctive optical behavior. It also offers a promising
starting point for various combinations produced by dop-
ing elements, which fundamentally alter the structural
and optical properties [8]. V20s xerogel exhibits a lay-
ered structure similar to clay, but with weaker interlayer
electrostatic forces due to the presence of dissociable
H20 molecules and cations, making it more flexible for
intercalation [9].

Doping V205 with additional elements can modify the
material’s electronic structure and band gap, thereby ex-
erting an influence on its optical properties [10]. REEs
are among the most interesting elements that intercalate
into V205 xerogel because of their strong 4f intra-shell
emission [11]. Rare-earth elements (lanthanides), and
their doped materials are vital for modern technology,
valuable for up-conversion, solar energy, lasers, optical
amplifiers, and smart sensors [12, 13].

Neodymium (Nd), a prominent Rare Earth Element
(REE) and the third most abundant lanthanide following
cerium and lanthanum, exhibits an electronic structure
characterized by the [Xe] 4f # 6s? electron configuration
and possesses an atomic radius of 181 pm [14].

Applications of neodymium include the production of
high-strength magnets and laser crystals like Nd:YAG.
[15].

Neodymium metal, along with iron and boron, forms
very powerful permanent magnets that are cheaper,
lighter and stronger making them widely used in elec-
tronic gadgets [16]. A series of Nd-doped V20s thin films
with varying compositions were synthesized to study the
influence of Nd®* ions on the nano-structural and optical
behavior of V,0s.nH,0 [14]. The physical properties of
a material, such as refractive index, extinction coeffi-
cient, homogeneity, density, hardness, internal stress,
and crystal structure, are significantly affected by the
chosen preparation and deposition methods [17]. Tech-
niques like pulsed laser deposition, vacuum evaporation,
solid-state synthesis, and gas-phase methods each offer
distinct advantages, allowing for tailored properties to
meet specific application requirements [18].

A novel sol-gel-based material synthesis is introduced
in this research with the aim of achieving high crystallin-
ity, reduces particle size, and controls product dimen-
sionality without post-thermal treatment. This method
significantly reduces impurities and enhances homoge-
neity, producing uniformly sized nanometer-sized parti-
cles [19]. It is suitable for preparing thin films for optical
property analysis. Figure 3 illustrates how neodymium
nitride, after dissolving in distilled water, intercalates
into the vanadium pentoxide layers through the sol—gel
process.

In the current research, we focus on the intercalation of
neodymium nitride into the V20s layers during the sol—
gel process. We aim to study the effects of neodymium
on structural and photoluminescence properties of vana-
dium pentoxide xerogel, with potential for significant
technological applications.

2. Materials and Methods

2.1 Raw Materials

o Neodymium (IIl) nitrate [Nd (NOs)s], crystalline,
highly water-soluble (suitable for low pH applica-
tions 99.9%)

Vanadium pentoxide (V20s), 99.9% purity
Hydrogen peroxide (H202), 17.5% solution

Distilled water

Pyrex substrates

2.2 Synthesis of NdxV20s.nH20 Thin Films

e V20s5.nH20 Preparation:

At room temperature, 1.04 g of V,05 was added to a
mixture of 60 mL of 17.5% hydrogen peroxide and
20 mL of distilled water. After one hour of magnetic
stirring, the solution was heated to 60°C while main-
taining constant stirring and a pH range of 3-4, re-
sulting in a brown suspension.

e Neodymium Incorporation:
To ensure precise Nd doping, the required amount of
[Nd(NO3)3] was dissolved in 20 mL of distilled water
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and gradually added to the V,O5 gel with a burette, ad-
justing the concentration (x) as needed.

Chemical Reactions:

These equations represent the reactions that occur during
the synthesis process:

Nd (NO3)s(s) — Nd**(aq) + 3NO;~(aq)

V,05-nH,0 + XNd* — NdxV,0s-nH,0

2.3 Film Deposition

The resulting sol gel was deposited onto Pyrex substrates
using either dip and flow-coating techniques. Subsequent
to deposition, the films were air-dried spontaneously to
achieve the desired orientation of the layered plane.

2.4 Characterization

The synthesized films were characterized using various

techniques:

e A PANalytical X’Pert Pro MRD X-ray diffractome-
ter, equipped with a CuKa radiation source (A =

I I'115A
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Fig.1 A structural model of the V205
xerogel, presented by Aldpert et al. [5].

3. Experimental Results and Analysis

3.1 X-ray Diffraction Analysis of Thin Films

XRD measurements were performed to investigate the
crystal structure and size of crystallites in NdxV20s.nH20
thin films (where x = 0, 0.02, 0.2, 0.4 and 0.6 mol. %)
prepared by the sol-gel procedure under room tempera-
ture (Fig. 4). XRD analysis of the prepared samples re-
vealed a crystalline nature with prominent peaks at (001),
(003), (004), and (005), confirming a well-defined pre-
ferred orientation. The obtained results show excellent
agreement with the standard JCPDS data (card no: 40-
1296), with no remarkable peaks of impurity phases de-
tected. This indicates that the structure of the host mate-
rial remains unaffected, with no secondary phases as Nd
or Nd>Os were detected. The un-doped sample exhibited
a strong c-axis orientation, with the most intense XRD
peak at 20 = 8.07° (d spacing = 1.09 nm) corresponding
to the (001) plane. This confirms that vanadium pentox-
ide xerogel ribbons are stacked in a one-dimensional
manner, oriented perpendicular to the substrate, with va-
nadium-oxygen layers consisting of interconnected fi-
bers and water molecules.

1.5406 A), was used to obtain XRD spectra. Data col-
lection was conducted in the 26 range of 4°-90° with
a step increment of 0.02°.

e The film thicknesses (d) were measured using an op-
tical interference technique with a ZYGO-Maxim In-
terferometer microscope, and the results are pre-
sented in Table 1.

e The FT/IR Spectrometer (Nicolet iS50) was em-
ployed to measure the infrared spectra in the range of
400-4000 cm-1, providing insight into the vibrational
characteristics of the functional groups in the sam-
ples.

e Using the Xplora Plus Raman microscope and a 10x
magnification objective, Raman scattering studies
were conducted at room temperature in air, employ-
ing a 532 nm wavelength for excitation.

e A Spectrofluorophotometer RF-5301PC, equipped
with a 150 W Xenon lamp and a 240 nm wavelength,
was used for room temperature PL measurements on
all samples.

Fig.2 A structural model of the V205
xerogel, presented by Yao et al. [7].
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Fig.3 Ilustration of Nd intercalation within the layered
structure of (V20s.nH20) nanocrystalline films (adapted
from Surayya Mukhtar, 2014).

The observed shift in the Bragg angle to lower values
(approximately 1°) with increasing Nd** content can be
ascribed to the lattice strain generated by the disparity in
ionic radii between the Nd3* and V" ions. The intercala-
tion of Nd** ions is evidenced by a slight increase in the
interlayer spacing (doo1) as shown in Fig. 5 [20, 21]. The
observed XRD data, including peak shifts and changes in
interlayer spacing, may be indicative of a structural rear-
rangement where a loss of intercalated water results in
increased attractive interactions between the positively
charged ions and the negatively charged V.05 layers,
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possibly due to enhanced polarization forces [22]. At
higher dopant concentrations (0.4 and 0.6 mol. %), a
small peak (002) reflection at 26 =12.05" was detected,
corresponding to neodymium oxide (Nd.0s), indicating
the incorporation of Nd®* ions into the V,Os lattice. The
data suggests that as Nd concentration increases, the dif-
fraction peak area of the (002) planes also slightly in-
creases, indicating Nd®* ion intercalation within the in-
terlayer, while a decrease in water content or adsorbed
water is observed [23].

Increasing Nd** content causes diffraction peak broad-
ening, reflecting reduced crystallite size as shown in ta-
ble 1, which aligns with Debye-Scherrer’s equation [24,
25]:

D =kA /(B cos 0) 1)

Internal stress increases, leading to lattice distortion
and consequently inhibiting the growth of V,Os crystal-
lites [26].

Figure 6 presents a W-H plot, a graphical tool used to
distinguish between crystallite size and strain effects on
peak broadening in the XRD profiles of NdyxV.0s.nH,O
thin films.

In the W-H plot, the average crystalline size and the
strain created throughout the preparation procedures are
calculated using the formula:

B cosd =Ac /D + 2 € sinf 2)

with c, the correction factor, is assumed to be unity, and
€ denoting the strain. [27]. The origin of strain is related
to lattice “misfit” and to the film/substrate interface as
well which in turn depends upon the growing condition
of the film [24]. The estimation of micro-strain within the
films is achieved by analyzing the slope of the linear
curve in Fig. 6, as dictated by the relationship outlined in
Eq. 2. Thin film dislocation density (9) is given by [28]:

§ = n/D? 3)

with n taken as 1. The obtained results are summarized
in Table 1 and presented in Fig. 5. Scherrer equation is
based on a Gaussian distribution of crystallite sizes,
whereas the Williamson-Hall Plot method accounts for
strain factors that can influence peak broadening in dif-
fraction spectra, resulting in varied crystallite size calcu-
lations.

3.2 FT-IR Spectroscopic Investigation

FTIR spectroscopy is instrumental in detecting func-
tional groups and chemical bonds by studying molecular
vibrations within the NdyV>0s.nH,0 system. FTIR trans-
mittance spectra of VV,05 xerogels, as reported in recent
literature, display characteristic absorption bands due to
V=0 and V-0 vibrations and intercalated water.

FTIR spectra of NdxV20s.nH>0 thin films (where 0 < x
< 0.6 mol. %) synthesized by the sol gel procedure under
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Fig. 4: XRD Spectra of Nanocrystalline NdyxV-0s.nH,0O
(x=0, 0.02, 0.2, 0.4 and 0.6 mol. %) Obtained at Room
Temperature.
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Fig.5: Lattice constant (doo1) and crystallite size (D) de-
rived from XRD analysis of sol-gel- synthesized
NdxV205-nH,0 nanostructures.

normal conditions are depicted in Fig. 7. The
NdxV20s.nH,0 system exhibited a series of vibrational
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bands at 520, 682, 763, 917, 1006, 1404, 1616, 2927.9,
2958, and 3398 cm™. The 520 cm* band is characteristic
of edge-sharing V-O stretching, while the 764 cm™* and
918 cm™ bands likely correspond to VO, tetrahedral and
VOs pyramid bond stretching, respectively [29]. The
band at 1006 cm is assigned to the V=0 stretching vi-
bration of the vanadyl group [30].

The 1006 cm™ peak in Nd-doped V,Os spectra is ob-
served to shift towards higher wavenumbers compared to
pure V2Os, indicating the incorporation of Nd3* ions
within the lattice, their proximity to oxygen atoms, and a
distortion of the V=0 bond [31]. Furthermore, a shift of
the 682 cm™ band towards lower wavenumbers is ob-
served, which may be associated with a change in the va-
lence state of vanadium from V>* to V#*[21]. New peaks
at 1830 cm™ and 2367 cm™ observed in Nd-doped V;0s
spectra indicate altered V=0 stretching. This suggests
Nd ion intercalation, modifying the force constant and
influencing O-H (hydroxyl group) vibrational modes
[32].

3.3 Raman Spectra Analysis

Raman spectroscopy is an effective tool for explaining
the effects of structural order and disorder in the
NdxV20s.nH,O  system. Raman  spectra  of
NdxV20s.nH20, where x = (0, 0.2, 0.4, 0.6 mol. %), are
depicted in Fig. 8. For all samples, Raman band detected
around 155 cm™! aligns with those documented in the lit-
erature at approximately 148 cm for crystalline V;0s
[33]. The shifting observed from 148 cm™* in crystalline
to 155 cm™ in V205 gel confirms that all prepared sam-
ples are a perfect gel with a less crystalline structure. Ra-
man spectrum of pure V.05 exhibits several characteris-
tic peaks that provide insights into the structural features
of the material. The main Raman peak at low-frequency
located at approximately 155 cm®, a fingerprint of
[VOs]-[VOs] vibrations (literature: ~148 cm™) arising
from lattice-bending, providing strong evidence for the
well-ordered layered structure of V;0s.

The peak at 266 cm™ is attributed to V=0 (terminal
oxygen) bending vibrations [1]. The Peaks positioned at
~325, and 403 cm! are attributed to V3—Oc (triply coor-
dinated oxygen) and V—0Og—V bending vibrations, re-
spectively. Furthermore, the peak around 706 cm™ is as-
sociated with V,—Og (doubly coordinated oxygen)
stretching, characteristic of corner-sharing oxygen atoms
between two pyramids. The high-frequency Raman peak
observed at approximately 1005 cm is characteristic of
the stretching vibration of the vanadyl oxygen (V=0)
bond, as reported in the literature [34]. Finally, the band
at 947 cm, aligning with literature values (934 cm™) for
amorphous V,Os, is typically associated with V4*=0
bonds [35].

Raman spectra of Nd-doped V.0s.nH,O samples
show slight variations compared to pure V,Os These var-
iations are indicated by shifts in peak positions, altera-
tions in peak intensities, splitting of the peaks, and the
appearance of new peaks. The low - frequency vibration
band observed at 155 cm for pure V205 and low con-
centration Nd-doped samples (0, 0.2% and 0.4%)

appears to be narrow and sharp, suggesting a three-di-
mensional and along range order for low concentration
of Nd ions in the prepared samples. In contrast, with in-
creasing doing ratio up to 0.6% of Nd®*3 ions a splitting
of bands is observed in the rage (120 - 160 cm™) and
(650 — 710 cm'?), which may be attributed to lattice dis-
tortion and strain caused by the doping of Nd*3 ions with
ionic radius larger than V*° between the layers of V,0s.

The size mismatch and variation of bonding properties
of Nd*3 ions compared to V*° ions may result in sym-
metry breaking of the V,Os lattice, leading to splitting or
multiple peaks observed in this wavenumber region [36].
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Fig. 6: Graphical representation of size-strain behavior
following Eq. (2).
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Fig.7: FTIR spectra of NdyxV20s.nH,0 thin films show-
ing transmittance trends as a function of Nd concentra-
tion (x= (0, 0.02, 0.2, 0.4, 0.6 mol. %).
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Table 1: A Comprehensive Overview of X-ray Structural Data for NdxV20s.nH,0 Thin Films, including Interlayer Spacing
(doo1), Particle Size (D), Micro-strain (), and Dislocation Density ().

X D (nm) D (nm) door (nm) o c d
(mol%) Scher.equ. W-H method (nm?x107?) (nm)
0 8.06 5.87 1.09 3.13 0.063 285
0.02 4.98 4.35 1.17 4.06 0.141 469
0.2 8.66 9.87 1.08 1.33 0.063 355
0.4 421 3.46 1.32 5.18 0.194 269
0.6 4.39 2.78 1.26 4.63 0.129 284

Additionally, new peaks are observed with a high con-
centration of Nd-doped samples (such as 0.6% Nd ions)
at around 98 cm,130 cm?, 226 cm, 303 cm™ and 667
cm L. the appearance of new peaks for Nd-doped V,Osin
the Raman spectra, particularly at high concentrations,
may be related to a new Raman-active modes induced by
Nd®* ions that are introduced between V,Os layers and
change the local symmetry of the V,Oj5 lattice, resulting
in new modes that can be recorded as new peaks in the
Raman spectrum.

The combination of FTIR and Raman analyses reveals
compelling evidence that Nd3* doping induces signifi-
cant structural modifications in V20s, including lattice
distortions and the formation of mixed valence oxide
species (VOy), resulting in a lower work function and re-
duced electron-hole recombination, leading to improved
photocatalytic efficiency in methylene blue dye degrada-
tion [32]. Furthermore, alterations in Raman peak inten-
sities for Nd-doped samples are observed in the Raman
Spectrum. This alterations in intensities may result from
modifications in the polarizability of the vanadium-oxy-
gen bonds or changes in the long-range and short-range
ordering of the V05 lattice structure caused by the dop-
ing of Nd*® ions. Similar effects observed with Mn, Ni,
and Fe on the layered structure of the V.05 lattice [32,
37, 38] support this conclusion. The significant effects of
Nd*® doping on Raman spectra, including shifts in Ra-
man modes and crystal lattice disorder, are similar to the
results observed with Nd*3 doping on uranium dioxide
reported by Lee et al. (2024), which studied how the in-
corporation of neodymium (Nd3*) ions impacts the crys-
talline structure and electrochemical responses of ura-
nium dioxide (UO,), a material with vital role in nuclear
applications [39].

XRD, FTIR, and Raman analyses collectively indicate
that Nd** doping induces structural and chemical
changes in the V205 lattice. XRD displays new diffrac-
tion peaks and changes in Bragg angles, indicating sec-
ondary phases and Nd** intercalation. In accordance with
the structural changes observed in XRD, FTIR confirms
novel absorption bands and shifts in V=0 stretching
modes. Raman spectra display shifts and new peaks, re-
sulting in changes in vibrational modes and crystallinity,
confirming dopant-induced changes that aligns with
XRD and FTIR results.

3.4 Photoluminescence Response and Interpretation
The room temperature photoluminescence (PL) spectra
of pure V05 and Ndy.V20s.nH>0 thin films (where x =
0, 0.4, 0.6 mol.%) are displayed in Fig.18, using an exci-
tation wavelength of 240 nm. A highly intense emission

peak observed around 480 nm for all samples may be at-
tributed to the glass substrate used for the deposition of
thin films.
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Fig.8 Raman spectrum of the NdyxV»0s.nH,O system
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Fig.9: Room-temperature PL spectra of Nd-doped V205
for different Nd concentrations.
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The obtained PL spectra reveal three main peaks rec-
orded for all samples, differing in intensity with varying
ratios of Nd*3 ions. The (PL) peak observed at around
532 nm (corresponding to 2.34 eV) is ascribed to the
band-edge transition in V,0s, associated to the band gap
energy of V,0s, which falls within the range of 2.3t0 2.4
(eV) [32,38,40]. The PL spectra (Figure 9) show defect-
related emissions at 338 nm (attributed to V** centers)
[40] and 720 nm (oxygen defects) [32], which are known
to enhance photocatalytic activity by providing active
sites for redox reactions, as observed in similar
V,0sbased systems [2, 11]. According to these studies,
the resulting UV emission may be attributed to electron-
hole recombination at these sites, indicating the presence
of V+* centres (Vanadium in a lower oxidation state) as

reported in [40]. The photoluminescence (PL) spectra of
the undoped V,0s samples are significantly influenced
by the doping of Nd*3 ions, as evidenced by changes in
the intensity of emission peaks and the appearance of a
new peaks. The photoluminescence (PL) spectra of the
undoped V.0s samples are significantly influenced by
the doping of Nd*3 ions, as evidenced by changes in the
intensity of emission peaks and the appearance of a new
peaks.

For the high concentration of Nd-doped V.05 (0.6%
mol.), additional emission peaks are observed cantered
around 290 nm and 679 nm. These new peaks may be
related to intra-4f transitions of Nd®* ions. The origin of
the visible emissions i.e. the red emissions has been as-
sociated with the recombination process of electrons in
the shallow defect levels with the photo -excited holes in
the valence band, arising from the *ler2 — 2Hua2 transition
[31, 41].

4. Conclusion
Neodymium-doped  vanadium  pentoxide (Nd:
V,0s.nH,0) thin films were synthesized using the sol-
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spacing from 1.09 nm to 1.32 nm. Fourier-transform in-
frared (FTIR) and Raman spectroscopy validated these
changes, displaying shifts in vibrational modes and new
peaks at higher Nd concentrations, indicating structural
and chemical modifications. Optical analysis revealed
two band gaps: an indirect forbidden transition (Eopi, I =
1/3) ranging from 0.288 to 0.331 eV and a direct forbid-
den transition (Eopz, r = 3/2) from 2.25 to 2.41 eV, sug-
gesting multiple conduction mechanisms. Photolumines-
cence (PL) spectra exhibited emission peaks at 338 nm,
532 nm, and 720 nm due to defect states and band-edge
transitions, with the 720 nm red emission linked to elec-
tron-hole recombination, and Nd®*specific intra-4f emis-
sions at 290 nm and 679 nm at higher doping levels.
These properties enable applications in photocatalysis
for methylene blue degradation in water purification, op-
toelectronics (photodetectors and LEDs), chromogenic
smart windows, photonic devices (lasers and up-conver-
sion phosphors), optical/chemical sensors, and energy
storage (supercapacitors and batteries), offering signifi-
cant potential for technological advancements.
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