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Role of pH in Modulating the Physicochemical
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ABSTRACT

Published: 30.09.2025

Molybdenum trioxide (MoO3) coated with SiO> layered nanoparticles were prepared using Stober process by wet
chemical method with pH adjusted to 9, 10 and 11. The physicochemical properties of Er:MoQO3/SiO2, such as phase
confirmation, quantum confinement, surface morphology, and shape were investigated by X-ray diffraction analysis, field
emission scanning electron microscopy, Raman spectroscopy, FTIR and photoluminescence spectroscopy. The vibrational
behaviour of chemical bonds was analyzed by Fourier transform infrared spectroscopy. The non-stoichiometric composition
and the variation in composition of as prepared samples as well as rare earth ion-doped samples were confirmed by energy
dispersive X-ray analysis. The optical behaviour of the defect-related emissions varied with pH and doping with the
luminescent rare earth element erbium, further illustrated the tunable nature of the optical response. This work emphasizes
upconverting properties of Er-doped MoO3/SiO2 nanoparticles for versatile applications.
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1. INTRODUCTION

Researchers have shown extensive interest in
molybdenum trioxide (MoOs3), a wide band-gap
semiconductor, owing to its remarkable physicochemical
properties. It has been widely employed as a catalyst, gas
sensor, photochromic and electrochromic material, and in
Li-ion batteries (Yang et al. 2020). It has diverse
oxidation states and predominantly exists in two forms.
It can also occur in three polymorphic states, namely,
orthorhombic a-MoOs3, hexagonal MoOs, and monoclinic
B-MoOs, which are known to display multiphoton
absorption. The multiphoton absorption is a process of
strong emission of higher energy photons in the visible
range when excited with lower energy infrared photons.
Several host materials doped with different rare-earth
ions have received special attention as stable candidates
for energy conversion and storage.

MoQOs is an attractive material due to its intense
absorption near the UV region and low phonon energy.
Strong polarization of MO?" ion distorts the symmetry
and enhances the rate of hole—electron recombination,
acting as electron traps. MoO; clusters doped with
luminescent active elements as sensitizers and Er** ions
as activators have shown strong light upconversion due
to efficient energy transfer from sensitizer to activator
ions.

Doping may significantly affect the bandgap
energy and crystalline structure. Moreover, MoO; has

been doped with REs such Er, Yb, and Nd ions in order
to study upconversion emission and find potential uses in
the areas of color displays, near-infrared detectors,
biological diagnostics, laser cooling, and temperature
sensors (Nirmal et al. 2022). The surface area has
increased by integration of SiO, matrix framework since
SiO, is a porous material. Additionally, the chemical
stability has also been increased due to SiO, matrix.

In this work, erbium-doped MoOs/SiO;
nanoparticles were prepared at varying pH (9, 10 and 11)
and their physical and chemical properties were
investigated.

2. SYNTHESIS PROCEURE

The nanoparticles were synthesized by Stober
process. About 1 g of cetyltrimethylammonium bromide
(CTAB) was dissolved in 1:2 ratio (ethanol-to-water) and
stirred continuously for half an hour. To the above
solution, 0.8 mL of tetracthyl orthosilicate (TEOS) was
added dropwise and stirred for 2 hours until a white
precipitate was formed. The white solid was washed well
with ethanol and acetone by centrifuging multiple times,
and dried at 100°C for 12 hours. The obtained SiO,
particles were preserved. To make a composite of MoOs3
and SiO,, 0.3 g of SiO, particles were dissolved in 100
mL of deionized water using sonication process. Then,
the precursors ammonium molybdate tetrahydrate and
erbium acetate were added, followed by the slow addition
of HNO; to the solution. Ammonia, the precipitating
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agent was used to adjust the (pH 9, 10, 11) to get the
desired values. At 85°C, the solution was stirred for 3
hours and left at room temperature for 4 hours to age. The
collected precipitate was centrifuged and cleaned up with
ethanol, acetone repeatedly and dried for 24 hours at
120°C. The dried product was calcined for 3 hours at
500°C. To understand the influence of pH and doping, the
structural and functional properties of the samples were
characterized.
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Fig. 1: XRD pattern of Er doped Mo0Qs/SiO2 nanoparticles at pH
9,10 and 11

Table 1. Structural properties of Er-doped Mo0s/Si0O-

nanoparticles
Samble Crystallite Micro Stacking
P Size (nm) Strain (g) Fault

MoO;SiO
Ol 51.15 0.005233  0.003345

(pH 10)
Er:MoOsSiO; (pH 9) 43.06 0.003219 0.003031
Er:Mo0OsSiO; (pH 10) 40.77 0.002791 0.002692
Er:MoOsSiO; (pH 11) 45.25 0.006832 0.003140

3. RESULTS AND DISCUSSION

3.1 XRD Analysis

The X-ray diffraction pattern of undoped and
erbium-doped MoQ3/Si0, samples is shown in Fig 1. The
orthorhombic phase of MoO; well matched with the
standard data (Nirmal et al. 2022). Further, the peak
intensities of the undoped MoQs/SiO; sample varied
from the erbium-doped MoQOs/SiO, samples, and the
diffraction peaks were shifted noticeably, along with new
peaks. These illustrate the incorporation of Er in the host
MoO; lattice. The intensities of major peaks such as
(110), (040), (021) were observed to increase with
increase in pH, which is attributed to the decrease in
acidic nature of the sample. The samples prepared at pH
9 and 10 displayed sharp peaks that emphasize better

crystallinity. At higher pH 11, broader peaks were
observed due to the poor crystallinity and large crystallite
size (Table 1). High OH" content in pH 11 has introduced
residual hydroxyl defect that led to strain-related
broadening and stacking defect (Bindu and Thomas,
2014; Danks et al. 2016).

3.2 FTIR Spectrum

The FTIR spectrum of the sample Er-doped
MoO3/SiO, in Fig. 2 shows several characteristic
vibrational modes confirming the presence of functional
groups and lattice interactions. The asymmetric
stretching of the carboxylate (COO") group was observed
in the region of 1550-1640 ¢cm’'. The O-H stretching
vibration that highlights the presence of hydroxyl groups
was appeared as a broad absorption band in the 3400—
3600 cm’!. The C-H stretching vibrations of the acetate
methyl group were observed at 2926 cm™'. The bending
vibration of the O—H bond was at 1385 cm’!. Si-O-Si
asymmetric stretching was observed at 1112 cm™.
(McMillan, 1984; Pisciella and Pelino, 2005; Ellerbrock
et al. 2024). A strong band at 866 cm™' is due to Mo-O-
Mo stretching vibrations, which confirm the
orthorhombic structure. Additionally, a peak at 766 cm'!
corresponds to the stretching vibration influenced by Er—
O coordination, while the band at 604 cm™' is attributed
to Er—O-FEr lattice vibrations (Li et al. 2023) The
presence of a low-frequency band in the region of 450—
500 cm! further confirms the Si—O tetrahedral bending
mode (Varkentina ef al. 2015; Liu et al. 2020; Vogel et al.
2016).

Er:MoO,/SiO, pH 11
Er:MoO /Si0, pH 10
—_
=
=
=
g
2 Er:MoO/SiO, pH 9
£
=
MoO/SiO, pH 10
Bl
4000 3000 2000 1000

Wavelength (Cm’™)

Fig. 2: FTIR Spectra of Er-doped Mo0s/Si0O; nanoparticles at
different pH

3.3 Raman Spectroscopy
Raman spectroscopy is an influential tool to

analyze the quantum confinement effect, structural
evolution of nanoparticles and its oxides. Raman spectra
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for the samples (MoO3/SiO, and Er:MoOs/SiO, at
different pH showed prominent change in bands
attributed to the incorporation of dopant Er ions and the
influence of pH. The peaks observed at 133, 163, 294,
333 ecm! for MoO5/SiO; were due to the Mo-O bending
mode (Fig. 3). These peaks were found to decrease in Er:
MoO3/Si0, at pH 9, 10, and 11, which emphasizes
replacement of bigger erbium ions in the lattice of
molybdenum ions. New bands appeared at 400-750 cm’!
in Er:Mo05/SiO; at pH 9, 10, and 11, affirming Si-O-Si
bending/stretching (Nieto ef al. 2024). Two nearby peaks
in the range of 425-462 cm’ were observed in
Er:MoO3/SiO, at pH 9, 10, and 11, which can be
attributed to disordered silicates or mixed silica networks
i.e., misfit dislocation of erbium ions within molybdenum
matrix (Galeener, 1979; McMillan, 1984). Therefore, at
higher pH (9 to 11) Er*" ions replace Mo and Er-O, Er-O-
Er. The bands observed between 520-600 cm™ range
show high energy symmetric and asymmetric M-O
stretching or combination phonon in oxides. The increase
in alkalinity in the prepared samples was observed in the
Raman spectra. The peak shifts notably around 500-600
cm! and sharp peak at 526 cm™ in Er:MoQ5/SiO; at pH
10 attributes to the moderate local distortion whereas, in
Er:MoOs3/SiO; at pH 11 the peak appears broader. This
analysis suggests that the moderate change in the pH
enhances the crystallinity and low distortion in the lattice
arrangement (Dieterle and Mestl, 2002).
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Fig. 3: Raman spectra of Er-doped Mo0s/SiO. nanoparticles
atpH9,10 and 11

3.4 Photoluminescence Spectroscopy

The PL emission spectra of erbium-doped
MoOs/SiO; (pH 9, 10 and 11) nanoparticles were
recorded by the excitation at 330 nm wavelength (Fig. 4).
The presence of erbium was observed in the emission
spectrum by several distinct transitions from visible to
infra-red region 4 F 7/2 4 1 15/2 transition. Weak green

emission appear in the region 520-550 nm corresponding
to the 4 H 11/2 (Rashmi ef al. 2021). Erbium replaces A-
site cations or sits in defect associated sites near Mo-O
clusters with oxygen vacancies, forming Er-O-Mo defect
complexes that strongly influence luminescence (Rashmi
etal.2021; Liuet al. 2019; Hong et al. 2023). This is also
confirmed in Raman spectroscopy. Erbium has lower
charge, substitution of Mo requires charge compensation,
and therefore erbium occupies interstitial voids localized
near non-bridging oxygen. The increase in PL intensity at
pH 9 suggests ideal contact between erbium ions and the
lattice favoring radiative recombination. The silica
matrix is stabilized at pH 9 whereas, structural distortion
occurs at higher pH levels, such as the development of
non-radiative recombination sites like defect clusters,
oxygen vacancies, and Er-Er interactions leading to peak
broadening. Therefore, at lower pH the luminescence
behavior is improved and enhances the radiative
transitions in the molybdenum host. pH 10 and 11 have
high OH- that alter the local environment of erbium ions
attributed to non-radiative decay (Pant ef al. 2020).
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Fig. 4: Photoluminescence spectra of Er-doped MoO3/SiO2
nanoparticles at pH 9, 10 and 11

3.5 The EDAX Spectra

Fig. 5 demonstrates the successful
incorporation of the Er dopant in MoO3/SiO, with the
prominent peaks of Mo, O, Er elements. The chemical
purity of the sample was highlighted by the absence of
redundant peaks.

The EDAX of Er-doped MoOs3 on SiO; reveals
the elemental composition of the material, providing
insight into the successful incorporation of erbium and
other constituents. The spectrum revealed the following
weight percentages: Mo (51.99%), O (36.65%) and Er
(11.37%). These values confirm the stoichiometric nature
of MoOs and the presence of Mo and O (Table 2).
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M Spectrum 6

Fig. 5: EDAX Spectra of Er-doped Mo0Qs/SiO2 nanoparticles at
pPH9,10and 11

Table 2. Elemental composition of Er:Mo0./SiO,

nanoparticles
Element S,li%;tl Line Wt% ;Ygtn‘l/; Atf,’/‘:‘ic
(o) EDS K series 36.65 1.42 78.97
Mo EDS L series 51.99 1.66 18.68
Er EDS L series 11.37 2.04 2.34
Total 100.00 100.00

Erbium, a rare earth dopant with notable optical
and electronic properties, was found to constitute 11.37
wt% and 2.34 atomic%, indicating effective doping.
Although its atomic percentage is relatively small
compared to Mo and O, Er plays a decisive role as a
functional additive. The obtained data suggest consistent
elemental distribution. The minimum error indicates high
reliability in the compositional analysis (Newbury, 2014;
Scimeca et al. 2018; Duma et al. 2022; Garrido-Garcia et
al. 2024).

The EDAX spectrum accompanies the
elemental composition, confirming the presence of Mo,
O, Er and no impurities were detected. This alignment of
structural and elemental data shows the successful
integration of Er within the MoO3/SiO,. Dense
agglomeration was seen in the morphology of Mo, O, Er
particles. The obtained structure influences functional
properties such as catalytic activity and absorption
efficiency, making it suitable for various applications

3.6 FESEM Analysis

Shape, size and surface morphology of
MoO5/SiO; nanoparticles was demonstrated by FESEM.
Fig. 6 shows the images of Er:MoQ3/SiO; nanoparticles
of pH 9,10 and 11. It was observed that at pH 10 Er:
MoOs5/SiO; nanoparticles had fine crystalline, uniform
hexagon-like structure with a grain size about few nm.
Image also shows irregular shaped structures leading to
agglomeration. Similar agglomeration in MoO;
nanoparticles was noticed by  Chithambararaj et al.
(2011). This confirms that in pH 10 the SiO, layer was
coated well around the host material causing
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agglomeration whereas in pH 9 the structure of the host
particle was clearly exposed.
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Fig. 6: FESEM image of Er doped Mo0s/Si0Oz nanoparticles at
pH 10

4. CONCLUSION

The Er-doped MoO3/SiO, nanoparticles were
effectively synthesized by wet chemical method. The
impact of change in pH in their structural and optical
properties of the synthesized nanoparticles was examined
by various characterization techniques. The change in pH
did not bring out change in crystalline phase but it
disturbed the crystallite size. The dopants occupy the
interstitial sites in the host lattice. The chemical bonds
were examined with FTIR analysis. The morphology of
the synthesized samples was studied by typical FE-SEM
image. Furthermore, the EDAX spectrum revealed the
composition of the final compound and emphasizes that
they are uniformly distributed throughout. The
luminescent behavior of the nanoparticles studied by PL
suggests that the material can find use in opto-electronic
applications.
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