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ABSTRACT

Nanostructures composed of rare earth oxides, specifically Ho,0; and Nd,0s, exhibit a
range of desirable characteristics. Notably, neodymium oxides are renowned for their
distinctive electrical and optical properties. Consequently, the development of rare earth
oxide nanostructures, encompassing the aforementioned compositions, has emerged as a
prominent area of research. The introductory section provides an overview of recent ad-
vancements pertaining to diverse applications of these nanostructures. Due to the tech-
nological significance of this class of materials, various methods for synthesizing these
rare earth oxides have been introduced. This review provides a comprehensive description
and examination of the synthesis of Ho,0; and Nd,0O; nanostructures through different
techniques. Finally, a comparative analysis is conducted, considering aspects such as
methodology, efficiency, morphology, and grain size of the resulting samples.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

researchers due to their diverse applications in areas such as
sensing, sensing, optics, etc. [1,2] (Fig. 1). These compounds
are represented by the chemical formula M,03;. While previ-

In recent years, oxide materials have found extensive appli-
cations in various fields, including environmental and

ous review articles have explored the properties and applica-
tions of these nano oxide materials, this review aims to

biomedical sciences [1]. Among these oxide materials, the rare

- - - ; provide a fresh perspective on the different effects of these
earth oxide family has garnered significant attention from
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Fig. 1 — Schematic representation showing an overview of
the applications of rare earth metal oxides.

materials on enhancing their performance in various appli-
cations. Research has shown that the efficiency and activity of
nano materials are highly dependent on their morphology and
size. Nano materials with more regular structures and opti-
mized sizes tend to exhibit superior performance in various
applications. Therefore, paying close attention to the
morphological aspects and sizes of nano materials is of
paramount importance. Over the past two decades, significant
advancements have been achieved in the design and syn-
thesis of rare earth (RE) oxides, enabling precise control over
size and various morphologies [3,4]. Rare earth oxides play a
pivotal role across various research domains and scientific
realms, including ceramic industries [5], catalysis, sensors,
optics and magnetics (5) [6], as well as electronics, energy
conversion, and chemical reactivity [3]. Moreover, these
compounds hold considerable promise in medical and
biochemical systems [7], and are fundamental constituents of
solid electrolytes, finding widespread use as additives to
enhance ion conductivity [8]. Notably, among these nano-
materials, rare earth metal oxides such as Ho,0s and Nd,O3
exhibit exceptional optical and electrical properties, rendering
them particularly captivating and promising.

In this section, we delve into the nanostructures of Ho,O5; and
Nd,05, exploring their respective applications. Holmium oxide
(Ho,03) has garnered extensive attention owing to its unique
and exceptional utility in wavelength-calibration instruments,
pyrolysis catalysts, and its high potential for application as a
contrast agent in magnetic resonance imaging (MRI) [9,10]. A
compilation of recent literature elucidating the manifold uses of
Ho,03 and Nd,05 is presented in Table 1 and Table 2. Due to the
light-stimulated degradation of atmospheric pollutants,
aqueous contaminants, and organic pollutants, photocatalysis
has attracted more attention lately [11]. In fact, photocatalytic
technology stands out as a cost-effective and straightforward
method for the elimination of both organic and inorganic pol-
lutants [12]. Ln,O3 nanostructures have found application in

photocatalysis. Mortazavi-Derazkola and Zinatloo-Ajabshir
have conducted investigations into the photocatalytic degra-
dation potential of Ho,03; nanostructures [13,14]. Mortazavi-
Derazkola et al. demonstrated that Ho,Os; nanostructures,
when employed as a photocatalyst, led to a significant degra-
dation of eriochrome black T dye upon minimal exposure to UV
light radiation. In a parallel study, Zinatloo-Ajabshir et al.
investigated the impact of various capping agents on the
morphology, size, and photocatalytic performance of Ho,0s.
The outcomes highlighted the substantial influence of capping
agent selection on the size, shape, and control of photocatalytic
behavior. For the treatment of diverse cancer types, utilizing
radionuclide therapy with nano-sized carriers has emerged as a
promising approach. Kim et al. revealed that holmium (***Ho),
distinguished by its abundant natural isotopic composition of
100 % and a substantial thermal neutron capture cross-section
leading to activation to **°*Ho, was identified as a ‘theranostic’
agent [15]. Kim's investigations further demonstrated that
Mesoporous Carbon Nanoparticles (MCNs) containing non-
radioactive holmium exhibited no cytotoxicity in vitro studies
(using human ovarian cancer cells), underscoring their suit-
ability as non-radioactive therapeutic agents for diverse cancer
treatments. Magneto-optical materials (MOE), encompassing
crystal, glasses, and ceramic, play a pivotal role in applications
such as optical fiber sensors, optical isolators, and Faraday ro-
tator modulators [16]. Among these materials, the high-optical-
quality magneto-optical ceramic have emerged as promising
alternatives to single crystals and glasses, due to attributes such
as high thermal conductivity, thermostability, near-net shaping
capabilities, resistance to heat shocks, larger sizes, and ease of
mass production [17,18]. In the pursuit of minimizing heat
generation resulting from the absorption of magneto-optical
materials in kilowatt laser systems, the development of novel
functional MOEs with low absorption coefficients and high
Verdet constants becomes crucial. The substantial concentra-
tion of rare-earth cations, such as Ho3+, Dy3+, and Tb3+, in
their sesquioxides contributes to a greater Verdet constant
compared to garnet structures [19].

In 2017, Furse et al. reported a groundbreaking discovery
that holmium oxide (Ho,03) ceramics possess the potential
to serve in high-average-power lasers [20]. Transparent
magneto-optical Ho,0; ceramics were subsequently fabri-
cated by Cheng and Lu through vacuum sintering. Cheng
employed self-reactive resultant HoOF as a sintering aid,
while Lu utilized sulfate-exchanged nitrate-type layered rare-
earth hydroxide as a precipitation precursor [21,22]. Magneto-
optical Ho,03 ceramics produced by Cheng et al. exhibited a
Verdet constant of —182 + 8, —46 + 3, and —22 + 2 rad/Tm at
633 nm, 1064 nm, and 1550 nm, respectively. These ceramics
also demonstrated an in-line transmittance of 72.0 % at a
wavelength of 1550 nm. In a similar vein, Lu et al. prepared a
magneto-optical Ho203 ceramic featuring a Verdet constant
of —180, —46, and —20 rad/Tm at 632 nm, 1064 nm, and
1550 nm. Notably, this ceramic exhibited an in-line trans-
mittance of approximately 73 % at a wavelength of 1000 nm.
Their results collectively suggest that Holmium oxide ce-
ramics hold substantial promise for application within high-
power infrared laser systems. Guo's studies marked another
significant milestone as Ho,03 nanomaterials were harnessed
for humidity detection for the first time. Impressively, these
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Table 1 — Different applications of synthesized holmium oxide and neodymium oxide nanoparticles by different methods

along with the details of their synthetic parameters.

Sample Application Method Size (nm) Morphology Temp. Ref
Ho,03 Radiotherapeutic Wet-impregnation 154 Spherical = [15]
Ho,03 Paramagnetic Hydrothermal 50-200 Nanowires 900(°C) [9]
500 Nanosheet
130 Nanoplate
Ho,03 Transparent magneto-optical Vacuum sintering 90 Spherical 1400(°C) [21]
Ho,03 Transparent magneto-optical Precipitation 47 Spherical 1050(°C) [22]
Ho,03 Transparent magneto-optical Pulse electric current sintering 350 Spherical 1100(°C) [20]
Nd,05 Gas sensing Co-precipitation 700 = 600(°C) [37]
Nd,03 Optical properties Thermal decompose 35 + 6 nm = 500(°C) [55]
46 + 4 nm 800(°C)

Table 2 — Photocatalytic application of synthesized holmium oxide and neodymium oxide nanoparticles by different

methods along with the details of their synthetic parameters.

Sample Pollutant Method Precipitator Capping agent Morphology Size (nm) Temp. Ref
Ho,03 Eriochrome black T  Hydrothermal Tepa Schiff base® Spherical 12-35 600(°C)  [13]
Ho,03 Erythrosine Sonochemical Dien Schiff base® Spherical 1454 = [25]
Oleylamine Sphere-like
PVA Spherical
Nd,03 Methylene blue Precipitation Triethylenetetramine Schiff base® Non uniform 10—40 700(°C)  [32]
Titriplex Non uniform
SDBS Spherical
Nd,03 Eriochrome black T Hydrothermal Tepa Schiff base® Rod 26 700(°C)  [33]
Nd,03 Eosin Y Sonochemical  2,2-dimethyl-1, Schiff based Non uniform 15-75 650(°C)  [39]
3-propanediamine Titriplex Non uniform
PVP Spherical

Tepa: tetraethylenepentamine.
Dien: diethylenetriamine.
PVA?® polyvinyl alcohol PVP®: Polyvinylpyrrolidone.

Schiff base®: bis-(2-hydroxy-1-naphthaldehyde)-o-phenylenediamine.

Schiff base ®: bis-(2- hydroxy-1-naphthaldehyde)-4,4'-diaminodiphenylmethan.

Schiff base® bis-(2-hydroxy-1- naphthaldehyde)-propandiamine.

Schiff base: bis-(2- hydroxy-1-naphthaldehyde)-4,4'-methylenedianiline.

nanomaterials exhibited exceptional capabilities in humidity
sensing, spanning from fingertip and body surface humidity to
respiratory sensing. These attributes underscore their poten-
tial in various domains such as human vital sign monitoring,
human activity detection, and moisturizing effectiveness as-
sessments [23]. Recent years have witnessed the emergence of
multiple methodologies for Ho,05; synthesis. Diverse tech-
niques have been introduced to attain Ho,03 with tailored
properties, encompassing the hydrothermal method [9],
thermal decomposition [24], sonochemical processes [25],
electrochemical deposition [26], pulse electric current sinter-
ing technique [19], precipitation [14], and vacuum sintering
[21].

Conversely, neodymium oxide has gained significant
attention due to its potential applications in recent years.
Following cerium and lanthanum, neodymium stands as one
of the most abundant rare earth elements. Characterized by
hexagonal crystals, Nd,0s, a light grayish-blue compound,
finds utility in the synthesis of solid-state lasers. The dichroic
nature of Nd,03 has led to its incorporation in the production
of sunglasses, welding goggles, and other glass-based mate-
rials. Among the array of rare earth oxides, neodymium oxide
(Nd,0s3) has garnered notable recognition owing to its distinct

electrical and optical attributes. Its diverse applications
encompass enhancing luminescent materials, serving as a
catalyst in the automotive industry, functioning as a glass-
polishing agent, UV absorbent, photonic material, gas
sensor, protective coating, and contributing to lung cancer
treatment. These multifarious usages have sparked height-
ened interest in the fabrication of nanocrystalline Nd,O3;
[3,27,28]. Barbora et al. introduced composite membranes of
synthesized Nd,Os/nafion with potential utility in direct
alcohol fuel cells. The Nd,0s/nafion composite membrane
exhibited superior ion exchange capacity, tensile strength,
proton conductivity, oxidation stability, and water uptake
compared to the pure cast nafion membrane. Consequently,
its application in fuel cells becomes feasible [8]. Through the
synthesis of a 1:1 (w/w) electrode composite of graphite and
Nd,O3; nanoparticle grafted graphene (NOGG), Biswasa et al.
demonstrated the potential of the GP/NOGG electrode. This
electrode showcased remarkable sensitivity, selectivity, and
reproducibility. It emerges as a promising electrochemical
sensor for the detection and analysis of Adrenaline (AD) and
Tyrosine (TY) in pharmaceutical and biological samples, dis-
playing excellent recovery rates. The GP/NOGG electrode
holds promise for future clinical diagnoses of AD and TY [29].
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Al-Fakeh et al.'s research revealed that a complex containing
Nd,05; nanoparticles exhibits antioxidant and antibacterial
properties against Staphylococcus aureus and Salmonella typhi-
murium strains. Consequently, this study opens new avenues
for exploration in biomedical applications [30]. In recent years,
considerable emphasis has been placed on the exploration of
environmentally friendly catalysts. Nanoparticles character-
ized by their substantial specific surfaces, minute particle di-
mensions, and pronounced chemical reactivity, have rich role
in catalyst research. Yang et al. conducted an investigation
into the catalytic prowess of nanoscale Nd,03 in the synthesis
of isobutyl acetate [31]. Their findings underscored the po-
tential for a multitude of nanopowders to be harnessed in
various applications, ranging from environmentally benign
catalysts to ceramic materials, thereby optimizing resource
utilization and expediting processes. The work by Yang
further illuminated a direct correlation between diminished
particle size and heightened catalytic activity. Zinatloo-
Ajabshir and Mortazavi-Derazkola delved into the realm of
Nd,05; nanostructures, crafting and evaluating their photo-
catalytic efficacy in the degradation of pollutants. Their
studies encompassed the removal of methylene blue [32],
eriochrome black T dye [33], and methyl orange (MO) from
water [7], signifying the multifaceted potential of these
nanostructures in addressing environmental challenges.
Zinatloo-Ajabshir et al. highlighted the paramount signifi-
cance of parameters such as particle size, shape, and pore
distribution in neodymium oxide for governing its photo-
catalytic performance. Mortazavi-Derazkola et al. demon-
strated that Nd,03 nanoparticles have a good capability for the
removal of methyl orange (MO) and probably other organic
pollutants from aqueous environments. Huang [4] and
Mortazavi-Derazkola [27] further contributed to this area by
investigating the impact of surfactant type and concentration
on the morphology and particle size of Nd,O3. The findings of
Huang were substantiated by Mortazavi-Derazkola, collec-
tively affirming the influential role of surfactants in shaping
neodymium oxide's morphology and particle dimensions.
Numerous methods have been documented for the syn-
thesis of Nd,0s;, encompassing diverse approaches such as
radiofrequency thermal plasma route [34], hydrothermal
method [35], HPMR method [6], microwave irradiation (MWI)
[36], thermal decomposition [5], coprecipitation method [37],
solution combustion [28], green synthesis [38], precipitation
method [32], sonochemical process [39], sol-gel process [40],
and inverse microemulsion technique [41]. In this review, we
delve into an exploration of various synthesis methods aimed
at enhancing the efficiency and efficacy of these compounds
across a spectrum of applications. The objectives of this re-
view encompass the following key points: (i) Investigation of
various synthesis methods for nanoscale holmium oxide
structures. (ii) Examination of different synthesis techniques
for nanoscale neodymium oxide structures. (iii) Comparative
analysis of the morphology and size of nanoscale holmium
oxide structures synthesized through different methods. (iv)
Comparative analysis of the morphology and size of nano-
scale neodymium oxide structures synthesized through
different methods. (v) Concluding the optimal synthesis
approach for neodymium oxide and holmium oxide nanoscale
structures. (vi) Through a comprehensive examination of

these objectives, this review aims to shed light on the diverse
synthesis techniques available for rare earth oxide nano-
structures, enabling researchers and scientists to make
informed decisions in choosing the most suitable methods for
their specific applications.

2. Methods for preparing Ho,0; and Nd,O0-
nanostructures

The synthesis technique characterizes the applications and
properties of material, which depend on their compositions,
morphology, and phase structures. The approaches utilized
for the fabrication of rare earth oxides (Ln,0s, Ln = Ho, Nd) are
elucidated in this review (Fig. 2). The previously mentioned
methods for synthesizing rare earth holmium oxide and
neodymium oxide are detailed in the subsequent section.

2.1. Hydrothermal

Hydrothermal synthesis stands as one of the most frequently
employed techniques for the preparation of nanostructures.
This method appears highly promising due to its convenience
and simplicity, enabling the controlled production of well-
defined crystalline structures by regulating parameters such
as time, pH, and temperature [42,43]. Therefore, in this review,
we examine the synthesis of holmium oxide nanostructures
using the hydrothermal method and the obtained results of
this composition. Mortazavi-Derazkola et al. accomplished
the production of pristine Ho,03 nanostructures through the
thermal conversion of Ho(OH); nanostructures in an air
environment at 600 °C for a duration of 4 h [13]. The Ho(OH)s
nanostructures were synthesized utilizing the hydrothermal
approach. They investigated the effect of different factors on
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Fig. 2 — Schematic representation showing the synthesis
methods of holmium oxide and neodymium oxide of this
review article.
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the morphology and size of the final product, such as capping
agent (bis-(2-hydroxy-1-naphthaldehyde)-o- phenylenedi-
amine Schiff base ligand), temperature (120, 160, 200 °C),
precipitator (NHg, tetraethylenepentamine), and time (12, 16,
20 h). The results of FESEM and TEM analyses showed that the
most optimal combination of holmium hydroxide was ob-
tained under the conditions of 12 h of reaction, a temperature
of 160 °C, using tetraethylenepentamine as a precipitant, and
in the presence of a Schiff base compound. Spherical
morphology and regular structures were the characteristics of
the optimal composition. FESEM results showed that when
NHj; precipitating agent was used, particle-like structures with
high aggregation were obtained. On the other hand, tetrae-
thylenepentamine had steric hindrance influence, which
played a very important role in controlling the shape and size
by preventing the accumulation of holmium hydroxide
nanoparticles. Finally, through the calcination of Ho(OH)s
nanostructures at 600 °C for 4 h, Ho,03 nanostructures with a
size of approximately 12—35 nm were successfully
synthesized.

In a separate investigation, Lee et al. employed the hy-
drothermal method to synthesize paramagnetic Ho,05; nano-
structures by utilizing an aqueous solution of holmiumy(III)
chloride hexahydrate and ammonia solution under autoclave
conditions [9]. At first, they synthesized three different mor-
phologies (nanowires, nano-square sheets, and nanoplates) of
Ho,05; and then investigated their physicochemical proper-
ties, including magnetism. They used different methods to
synthesize three samples (wires, sheets, and plates). X-ray
Diffraction (XRD) outcomes revealed that upon thermal
annealing at 450 °C, all three samples exhibited broad XRD
peaks located at similar positions. Specifically, the XRD pat-
terns of nanowires and nano-square sheets bore a resem-
blance to each other, albeit the pattern of the nanoplates
displayed slight differences. Subsequent to thermal annealing
at 900 °C, all three samples showcased congruent XRD pat-
terns characteristic of the cubic Ho,0O5 crystal phase. Ther-
mogravimetric analysis underscored that nanowires and
nano-square sheets underwent two distinct weight loss
stages, while the nanoplates exhibited three discernible
stages of weight loss. The weight loss observed at 805 °C for
the nanoplates was ascribed to the elimination of H,0. These
findings were confirmed by Fourier Transform Infrared (FT-IR)
spectra. Notably, the FT-IR spectrum of the nanoplates
retained the presence of OH groups subsequent to annealing
at 450 °C; however, these groups disappeared after annealing
at 900 °C. Scanning Electron Microscopy (SEM) results revealed
that the morphologies of nanowires, nanosheets, and nano-
plates were comparable prior to thermal treatment. Never-
theless, after exposure to thermal treatment at 900 °C, these
morphologies exhibited slight shrinkage and distortion. This
phenomenon was attributed to processes of dehydration/
decomplexation and crystal stage transformations that tran-
spire during thermal treatment. In general, in their research,
three different morphologies of holmium oxide nano-
structures were synthesized. After investigating the magnetic
properties of these compounds, it was found that Ho,O3
nanowires, nanosquare sheets, and nanoplates had para-
magnetic behaviors. They concluded that the magnetic and
physicochemical properties of these compounds were

completely dependent on the morphology. Jeon et al. syn-
thesized Nd,O3 with a nanorods structure using the hydro-
thermal method [44]. To prepare Nd(OH)s; nanorods, they
created a mixed solution of Nd(OH); and Nd(III) nitrate hexa-
hydrate, utilizing an appropriate amount of the solution.
Subsequently, 30 % ammonia solution was introduced to
the mixed solution to induce precipitate formation. The re-
action samples were designated as follows: sample A
(20 mL + 5 mL H,0 + 1.0 mL NH4OH), B (20 mL + 15 mL H,.
O + 2.0 mL NH,OH), C (20 mL + 15 mL H,0 + 0.5 mL NH4OH), D
(20mL + 15 mL H,0 + 0.5 mL NH4,OH + 0.5 mL 30 % H,0,), and E
(B solution at 200 °C). The resulting mixture was transferred to
an autoclave and maintained in an oven at 120 °C for 12 h.
Subsequent to cooling to room temperature, the white powder
was subjected to centrifugation and annealed at 350 °C and
900 °C for the synthesis of NdOOH and hexagonal-phase
Nd,0s, respectively. The SEM results exhibited that an in-
crease in pH values and reaction temperatures led to a
decrease in the aspect ratio. The width and length of the as-
prepared sample exhibited increments upon the addition of
H,0, to the solution. Upon annealing at 700 "C, the rod-like
morphology persisted, although the rods became narrower
and shorter due to dehydration. At an annealing temperature
of 900 °C, the rod-like morphology disappeared. To elucidate
the crystal structures of the as-prepared and thermally
annealed samples (350, 700, and 900 °C), X-ray diffraction
crystallography was conducted. The XRD patterns after ther-
mal treatment at 350 °C displayed distinct differences,
attributed to NdOOH. Subsequent thermal annealing at 700 °C
resulted in the emergence of new XRD peaks that surpassed
the intensity of the NAOOH peaks. Subsequent thermal
annealing at 700 °C resulted in the emergence of new XRD
peaks that surpassed the intensity of the NdOOH peaks. Upon
annealing at 900 °C, the crystalline phase of NdOOH vanished,
and the hexagonal phase of Nd,O; became predominant,
corresponding to the newly emerged XRD peaks. Based on the
XRD results, it can be inferred that as the annealing temper-
ature increased, Nd(OH); transformed successively into
NdOOH and then into Nd,O;. The TEM analysis revealed a
drastic alteration in the morphology of the Nd,O; sample
annealed at 900 °C, accompanied by a substantial enhance-
ment in crystallinity. Ultimately, their research demonstrates
that the hydrothermal method can produce nanorods ranging
in diameter from 30 to 70 nm for Nd(OH)s, with lattice spacings
of 0.324 nm, and lattice distances of 0.337 nm for neodymium
oxide nanoparticles.

In another study, Umesh et al. fabricated nanocrystalline
Nd,03; phosphors exhibiting a rod-like structure via the hy-
drothermal method, utilizing Nd(III) nitrate, HNOs;, and
aqueous NaOH as initial materials, all under conditions of
200 ‘C and a duration of 24 h [28]. They successfully synthe-
sized neodymium oxide nanoparticles using both hydrother-
mal and combustion techniques, followed by an investigation
into their structural and optical characteristics. The selected
area electron diffraction patterns (SAED) of the products
exhibited a high degree of crystallinity. The result of XRD
confirmed the formation of a hexagonal structure of Nd,05 at
a calcination temperature of 900 °C for 3 h. Furthermore, the
findings indicated that the particles produced through the
combustion method were predominantly spherical and
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exhibited a size range from 20 to 100 nm. In contrast, the
hydrothermal synthesis of Nd,O; resulted in dumbbell-
shaped nanorods with pointed tips and open ends, with par-
ticle sizes ranging from 25 to 90 nm. The energy band gaps of
both samples were examined, revealing optical energy band
gaps of 5.66 eV for the combustion method and 5.33 eV for the
hydrothermal method. Consequently, it was observed that the
combustion method led to an increased optical bandgap in
neodymium oxide compared to the hydrothermal method. In
conclusion, the low-temperature combustion route emerged
as a safe, straightforward, and rapid method for producing
fine and uniform Nd,O; powders when compared to the
alternative synthesis method.

In another study, Kepinski et al. synthesized Nd(OH); at 180
°C using a hydrothermal methodology. Subsequent calcina-
tion at 500 °C induced the conversion of Nd(OH); into cubic
Nd,0s, exhibiting diverse morphologies [45]. The stability of
Nd,O3 persisted up to 800 °C. The researchers explored the
properties of precursors and their thermal transformation
into neodymium oxide using a comprehensive array of tech-
niques including XRD, TEM, HRTEM, TG, DTA, EGA-MS, FTIR,
and AFM. Kepinski also underscored the pivotal role played by
reaction conditions (pressure, temperature) in shaping the
structure and morphology of the resulting products. The study
demonstrated that the type of neodymium precursor exerted
a decisive influence on the crystal structure (cubic or hexag-
onal) and the morphology of the neodymium oxide.

Zinatloo-Ajabshir et al. synthesized Nd,O3 nanostructures
using the hydrothermal approach, involving the thermal
conversion of nanostructured Nd(OH); in ambient air at 700 °C
for a duration of 4 h [33]. The authors explored the effects of
reaction time (10, 14, and 18 h), Schiff base ligand (bis-(2-
hydroxynaphthaldehyde)-1,2-phenylenediamine), and pre-
cipitator type (NHs, ethylenediemine, triethylenetetramine,
and tetraethylenepentamine) on the morphology and particle

Ln(NO,),.6H,0

Autoclave

Capping agent

° nanomaterials
%e

placed in oven

sizes of Nd,O; using SEM technique. In their study, they
investigated how the choice of precipitating agent affects the
grain size and shape of both neodymium hydroxide and
neodymium oxide. The results obtained through SEM analysis
revealed that ammonia, ethylenediamine, triethylenetetr-
amine, and tetraethylenepentamine led to the formation of
irregular micro/nanostructures, irregular spherical nano-
packets, irregular nanorods/non-uniform spherical nano-
particles, and relatively uniform nanorods, respectively.
Changing the type of precipitant resulted in a reduction in
grain size due to an increase in the spatial barrier effect. With
a greater steric hindrance influence, there was less accumu-
lation of nano-essence, and nucleation occurred instead of
particle growth. Consequently, the most effective precipi-
tating agent in their research turned out to be tetraethylene-
pentamine. Additional conditions were examined, leading to
the conclusion that the most favorable size and morphology
were achieved in the presence of a Schiff base ligand as a
capping agent over a 14-h period. In the FT-IR spectrum of the
nanostructured Nd,O; sample, stretching vibration corre-
sponding to (OH) groups appeared at 3425 cm™?, which was
attributable to the (OH) stretching vibration of the physisorbed
water molecules. Notably, the distinctive peak of Nd,03; ap-
pears at 500 cm ™~ *. The XRD pattern and energy-dispersive X-
ray spectroscopy (EDAX) results confirmed the formation of
pure Nd,O5; nanoparticles at the temperature of 700 °C. The
particle size of the synthesized N4,03; nanoparticles, deter-
mined via TEM analysis, fell within the range of 22—40 nm.
The schematic diagram of rare earth metal oxide nano-
structures is shown in Fig. 3.

2.2. Thermal decomposition

Thermal decomposition, also known as thermolysis, refers to
the chemical breakdown of a substance due to the application

Calcination

Formation of

Fig. 3 — Schematic representation of the synthesis of holmium oxide and neodymium oxide using the hydrothermal method.
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of heat. The decomposition temperature of a substance is the
specific temperature at which the substance undergoes
chemically decomposes. Abdusalyamova et al. synthesized
nanocrystalline powders of holmium oxide by two methods.
Holmium oxide were synthesized using acetate route and
carbamide route. They synthesized holmium oxide nano-
crystalline particles, ranging in size from 6 to 16 nm, using
various precursors (holmium chloride, holmium acetate, and
a holmium complex containing carbamide) at temperatures of
600 and 700 °C [24]. The authors further reported various ob-
servations that were contingent upon the crystallite size effect
on the lattice parameter of holmium oxide. Through the uti-
lization of XRD patterns and Raman spectroscopy, it was
demonstrated that the bcc lattice parameter of the holmium
oxide nanocrystalline materials surpassed that of the well-
crystallized powder. Additionally, transmission electron
microscopy (TEM) images revealed distinct differences in the
structure and morphology of holmium oxide particles
obtained from holmium chloride in comparison to those
synthesized from carbamide and acetate precursors.

In a separate investigation, Mortazavi-Derazkola conduct-
ed the synthesis of holmium oxide ceramic nanostructures
through the thermal decomposition method, carried out at
600 °C for 5 h [10]. This study presented the pioneering
achievement of holmium oxide ceramic nanostructures syn-
thesis, achieved by employing diverse molar ratios of holmi-
um nitrate and Dbis-(2-hydroxy-1-naphthaldehyde)-butane
diamine as Schiff base ligand, in a facile solvent-free reaction.
EDAX pattern and XRD results established the successful
formation of pure Ho,03 nanoparticles at the temperature of
600 °C. The investigation encompassed a comprehensive
exploration of the impact of calcination temperatures at 500,
600, and 700 °C, as well as varying molar ratios of the Schiff
base ligand (L) (ranging from 1:0.5 to 1:4), on the dimensions
and shapes of the holmium oxide nanoparticles. Examination
of the influence of calcination temperature on nanoparticles
formation showed that a temperature of 500 °C proved
insufficient for precursor decomposition and subsequent
nanoparticle generation. On the other hand, as temperatures
escalated to 700 °C, both nanoparticle size and the extent of
aggregation exhibited an increase. Consequently, a calcina-
tion temperature of 600 °C was identified as the optimal con-
dition for nanoparticle formation. The SEM results indicated
that elevating the Schiff base ligand (L) content led to nucle-
ation dominance instead of particle growth, attributed to the
steric hindrance effects of (L). Without the presence of the
Schiff base ligand, the SEM images showed nanoparticles with
a bulk-like structure. This observation suggests that signifi-
cant ligands, as opposed to conventional capping agents, play
a pivotal role in regulating particle size and morphology. The
results of this research demonstrated that the molar ratio of
holmium nitrate and Schiff base ligand and calcination tem-
perature had a significant effect on the particle size and
morphology of the holmium oxide in the range between 20
and 40 nm. Nd,O; nanostructures were synthesized by
Mortazavi-Derazkola et al. utilizing a thermal decomposition
method. The novel precursor [NdL(NO5),|NO3, where L corre-
sponds to bis-(2-hydroxy-1-naphthaldehyde)-ethanediamine
Schiff base compound, was employed in conjunction with
sodium dodecyl sulfate (SDS) as a shape- and size-controlling

agent [27]. In this study, the researchers investigated the ef-
fects of SDS on the morphology and size of synthesized neo-
dymium oxide. The morphological and optical properties of
the obtained nanostructured were characterized using
various techniques including TGA, XRD, EDAX, UV-Vis,
FESEM, TEM, and FTIR. In the FTIR spectrum characteristic
bands of the Nd,03; were observed at 619 and 512 cm™!. XRD
results revealed that at calcination temperatures of 700 and
800 °C, pure hexagonal Nd,03 did not form. However, with an
increase in temperature up to 900 °C, pure hexagonal Nd,O3
was achieved. The purity and chemical composition of the as-
synthesized nanostructured Nd,0; were confirmed with the
EDAX technique, which indicated the presence of Nd and O
elements, thereby confirming the formation of neodymium
oxide nanostructures. The optimization of different molar
ratios of SDS:NdP demonstrated a significant impact on the
morphology and particle size control of the Nd,O;. TEM im-
ages revealed that the as-synthesized Nd,O; nanoparticles
exhibited diameters in the range of 20—55 nm. To investigate
the influence of the neodymium source and SDS on the shape
of Nd,O;, two samples were synthesized: one utilizing
Nd(NOs);-6H,0 in the presence of SDS, and the other
employing NdL(NO3),]NO3 without SDS. SEM imaging indi-
cated that in the absence of [NdL(NOs),]NO; and SDS, the
structures exhibited bulk characteristics and formed highly
agglomerated particle-like structures. In conclusion, the
research team determined that the application of [NAL(NOs),]
NOs3 in conjunction with SDS led to the formation of Nd,O3
nanostructure.

In another study, Mortazavi-Derazkola et al. conducted a
re-synthesis of Nd,O; nanostructures using the thermal
decomposition method [46]. The investigation aimed to assess
the impact of calcination temperature, different molar ratios
of neodymium nitrate as a precursor, and Schiff base ligand as
a precipitant on the shape and particle size of the resulting
Nd,0s. The FT-IR spectra of Schiff base ligand (L), NdA(III)
complex, and Nd,05; nanoparticles were taken. In the FT-IR
spectra, the peaks placed at 3423 cm™?, 1634 cm™', and
504 cm~* were attributed to (OH) stretching, (OH) bending vi-
brations, and the characteristic peak of Nd,Os, respectively.
The presence of physisorbed water molecules related to the
Nd,0; sample was indicated by the (OH) peak. XRD analysis of
Nd,05; was performed at 700, 800, and 900 °C for 5 h. The
outcomes demonstrated that at 700 and 800 °C, the synthesis
of pure hexagonal Nd,O5 did not occur; however, with an in-
crease in calcination temperature to 900 °C, the formation of
pure hexagonal neodymium structure was achieved. The
assessment of purity and composition of the Nd,O3 product
was accomplished through EDAX spectrum analysis, which
confirmed the presence of Nd and O elements. Consequently,
XRD and EDAX results verified the successful fabrication of
cubic hexagonal Nd,O; nanostructures via the thermal
decomposition route. SEM images were captured for Nd(III)
complexes calcined at varying calcination temperature and
molar ratios of (L) Schiff base. Investigation into the effect of
calcination temperature on the shape and particle size of
neodymium oxide nanoparticles revealed that temperatures
of 500, 600, and 700 °C were insufficient for precursor complex
decomposition and subsequent nanoparticle formation. As
the calcination temperature reached 800 'C, agglomerated
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nanoparticles were formed. Further temperature increase to
900 °C resulted in larger particle sizes and aggregate quanti-
ties. Increasing the molar ratio of Nd(NOs);-6H,0 to Schiff
base ligand (L) to 1:4 led to the formation of uniform mulberry-
like nanostructures. The steric hindrance effect of (L) was
observed, as higher (L) correlated with reduced aggregation
between Nd,03; nanoparticles. To investigate the influence of
(L) Schiff base ligand on the shape, one sample was synthe-
sized without using (L) at 900 °C, resulting in the formation of
bulk structures. So, the results of this research showed that
the treatment temperature and the molar ratio of Nd(NOs)s.
-6H,0 to (L) have a significant impact on the morphology and
particle size of Nd,03. Consequently, a calcination tempera-
ture at 900 °C and a molar ratio of 1: 4 were selected as optimal
conditions for synthesizing the Nd,O3; nanostructure. TEM
images of the nanostructured Nd,O; with a 1:4 M ratio
[Nd(NOs)3-6H,0 to (L)] and calcination at 900 °C revealed
quasi-spherical structures with particle sizes ranging from 20
to 50 nm.

In another study, Phuruangrat et al. synthesized neodym-
ium oxide nanorods through thermal decomposition,
employing Nd(OH); as the precursor and subjecting it to
calcination at 550 °C for 2 h [5]. The investigation undertaken
by Phuruangrat encompassed the analysis of structure, puri-
fied phase, and weight loss characteristics of the synthesized
neodymium oxide, utilizing XRD, SEM, TEM, HRTEM, SAED,
and TGA. Thermogravimetric analysis (TGA) revealed that the
weight loss of the Nd(OH); precursor occurred in three distinct
stages. Weight loss within the temperature range of 50—270
°C, 270—430 °C and 430—650 °C was attributed to the decom-
position of adsorbed residual water on the surface of Nd(OH)s,
dehydration of Nd(OH); leading to NdOOH formation, and
further dehydration of NdOOH into a hexagonal Nd,0O5 struc-
ture, respectively. Various phases of Nd,0; were investigated
through XRD analysis. The XRD results indicated that an
escalation in calcination temperature induced heightened
atomic diffusion. SEM observations elucidated that both the
average particle size and the degree of crystallinity increased
with the elevation of calcination temperature. Consequently,
it can be inferred that calcination temperature significantly
influences the average particle size and crystallinity of the
product. TEM findings revealed that when Nd(OH); was
calcined at 450 or 500 °C, the morphology of the resulting
neodymium oxide largely consistent. However, when sub-
jected to calcination at 550 °C for 2 h, the product transformed
into nanoparticles with an average size of 100 nm.

2.3. Co-precipitation

Zinatloo-Ajabshir et al. employed triethylenetetramine as an
innovative precipitant, and Ho(NOs);-6H,0 as a precursor for
holmium, in order to synthesize nanostructures of holmium
oxide through a precipitation method. They also investigated
the impact of various capping agents on the morphology and
size of the resulting holmium oxide nanoparticles [14]. In this
study, Schiff base compound, SDBS, and CTAB were utilized as
capping agents. The result of FESEM images demonstrated that
CTAB is the most desirable capping agent for the preparation of
homogeneous spherical holmium oxide nanoparticles with
small grain size. Furthermore, an experiment was conducted to

synthesize holmium oxide without the Schiff base compound.
FESEM results revealed that in the absence of a capping agent,
irregular nano bundles and less uniformly shaped sphere-like
nanostructures with large grain sizes were produced. The
TEM images indicated that the size of the holmium oxide
sample, synthesized using triethylenetetramine and CTAB, fell
within the range of 18—60 nm. Zhu et al. synthesized Ho,05
nanostructures employing a multi-step precipitation method.
The nanoparticle structures were characterized through TEM,
XRD, and XPS analyses. In this investigation, three distinct se-
ries of solutions were initially prepared; subsequently, the
contents of these solutions were amalgamated, leading to the
formation of a yellow precipitate. To enhance clarity, the
resultant mixture underwent stirring for duration of 3—4 h (A).
Conversely, the combination of holmium (III) oxide and sulfuric
acid was subjected to mixing and stirring, followed by gradual
addition of deionized water. Upon elevating the temperature to
100°, the outcome was a transparent pink solution (B). The ul-
timate step in the Ho,03 synthesis process involved merging
the mixture of the three primary solutions (A) with the solution
obtained from step (B). This amalgamation was stirred for
duration of 2 h and subsequently subjected to centrifugation to
obtain the desired Ho,0;. Remarkably, the holmium oxide
synthesized under an excitation wavelength of 785 nm
exhibited near-infrared fluorescence within the range of
800—1100 nm [47]. R. Michel et al. employed a solution-
coprecipitation method to prepare microsphere nano-
structured Nd,Os; [37]. Initially, a solution containing
Nd(NO3);-6H,0 and formic acid was prepared. Upon exposure
to an environment with a temperature of 26 °C, the emergence
of smoke (NO,) led to the formation of a white precipitate of
neodymium formate. Subsequently, a microwave oven was
utilized to facilitate solvent evaporation. Following this, neo-
dymium formate was subjected to calcination within the
temperature range of 170 °C to 600 °C under atmospheric con-
ditions, resulting in the formation of single-phase Nd,03; pos-
sessing a cubic crystal structure. XRD patterns were obtained at
various calcination temperatures. The XRD results revealed
that the diffraction peak observed at different calcination
temperatures (170, 300, 400, 500, and 600 °C) corresponded to
neodymium formate, the decomposition of neodymium
formate, the initial crystallization of Nd,05, the cubic phase of
Nd,O5 and the single-phase cubic structure of Nd,Os, respec-
tively. SEM results from samples subjected to evaporation at
70 °C and 170 °C indicated that the particle morphology
remained consistent regardless of the evaporation method.
Upon calcination at 400 °C, 500 °C, and 600 °C, the SEM images
displayed particles with polyhedral shapes that were well-
dispersed, nanoparticles of smaller sizes, and spherical
shapes with larger pores, respectively. The presence of larger
pores at 600 °C compared to 500 °C showed nanoparticle coa-
lescence. ATEM image of the sample calcined at 600 °C
demonstrated that the Nd,Os; microspheres exhibited low
density, discernible by lighter spots within the microspheres.
In another study, Zhaorigetu et al. utilized the precipitation
method to synthesize Nd,O5; nanoparticles [48]. This partic-
ular study employed ammonium tartrate [(NH4)2C4H4Og],
neodymium nitrite and distilled water as the initial materials.
Zhaorigetu's research delved into the structural and
morphological characteristics of the nanoparticles through
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techniques such as FT-IR, XRD, SEM, and TEM. The XRD pat-
terns of the neodymium oxides were generated by subjecting
the complex to calcination at different temperatures. The re-
sults illustrated that at heat treatments of 600, 700, and 800 °C,
the structural phase of Nd,O; leads to a pure cubic phase, a
combination of cubic (major phase) and hexagonal (minor
phase), and well-crystallized hexagonal phase, respectively.
TEM images provided insights into the monocrystalline
structure of the Nd,05; powders, which exhibited particle sizes
within the range of 15—20 nm, with an average size of 18 nm.
High-resolution TEM (HRTEM) images revealed a lattice
spacing of 0.341 nm.

In another investigation, Huang et al. reported the synthesis
of Nd,05 nano-powders using ionic liquid surfactant templates
[4]. Huang's investigation focused on the influence of surfactant
type and concentration on the precipitation process. The study
involved the utilization of N-(3-Cocoamidopropyl)-betaine
(CAPB), 1-octyl-3-methylimidazolium chloride ([Cgmim)]Cl), and
1-tetradecyl-3-methylimidazolium chloride ([C14smim]Cl) ionic
liquid (IL) as surfactant and ammonium hydrogen carbonate
(NH,HCOs) as precipitant. Conducting concentration tension
measurements on ILs, it was determined that the zwitterion
surfactant CAPB exhibited lower interfacial tension compared
to the cationic surfactants. Consequently, due to CAPB's ten-
dency to form micelles at lower concentrations, it was selected
as the surfactant for subsequent investigations The SEM results
indicated that the morphology of nanoparticles varied with
different concentrations of CAPB. This study encompassed an
exploration of the morphology, crystallite size, and particle size
of Nd,O5 synthesized using varying concentrations of the CAPB
surfactant. SEM micrographs of Nd,O3; revealed that the mi-
crostructures of all the resultant products bore similarities to
their precursors. However, those products subjected to calci-
nation at 900 °C exhibited superior uniformity and improved
dispersity compared to their precursors. The XRD patterns of
the generated Nd,O; unveiled a hexagonal phase for all the
products. Consequently, it can be inferred that the concentra-
tion of the CAPB surfactant primarily impacts the morphology
of Nd,O;, while the crystalline phase of Nd,O; remains
unaffected.

In another study, Trinh et al. fabricated nanostructures of
Nd,03 including nanoporous and nanospheres via the pre-
cipitation method [3]. Trinh investigated the morphology and
structure of the as-synthesized nanomaterial using X-ray
spectroscopy, EDAX, FTIR, SEM, TEM, and HRTEM. The SEM
images of neodymium oxide nanospheres and neodymium
oxide nanoporous revealed high homogeneity and an irregu-
larly sponge-like structure, respectively. TEM images of Nd,03
nanospheres and Nd,03; nanoporous showed that the particle
size of nanomaterials in both cases was approximately 10 nm.
The elemental components (wt.%) of Nd,05; nanospheres and
Nd,03 nanoporous structures were investigated using EDAX.
The presence of carbon (C) has been attributed to oleic acid
molecules, which act as capping agent on the spherical par-
ticles. Based on XRD results, the diffraction lines of Nd,Os
nanospheres were weaker than those of Nd,O; nanoporous
structures, suggesting that the spherical particles were coated
by amorphous capping agents.

In a separate study, Pingping et al. synthesized Nd,03
nanorods using the precipitation method [49]. Sodium dodecyl

benzene sulfonate (SDBS) micelles were employed as tem-
plates in this study. The researchers investigated the crystal
structure and morphology of Nd,Os; through techniques
including XRD, SEM, HRTEM, FT-IR, and fluorescence spec-
trometry. The EDAX pattern of Nd,O; nanorods showed that
carbon (C) and copper (Cu) peaks originated from the Cu grids,
indicating the presence of only Nd and O present in the
nanorods. XRD pattern of Nd,O; were obtained at different
concentrations of SDBS and after calcination at 600 °C and 800
°C. The XRD results indicated that the Nd,05; nanorods syn-
thesized at 600 and 800 °C exhibited a pure hexagonal phase.
Moreover, enhanced crystallinity was observed in Nd,0s;
nanorods when the SDBS concentration was maintained at
50 mmol/L. TEM images were acquired for Nd,O; nanorods
fabricated within micelles containing different concentra-
tions of SDBS. According to the TEM observations, concen-
trations of SDBS lower than 1 mmol/L led to the formation of
nanorods with a spherical shape and diameters ranging from
20 to 100 nm. As the SDBS concentration exceeded 1 mmol/L,
the rod-like Nd,O; structures elongated and widened.
Furthermore, prolonged reaction times resulted in the for-
mation of even longer micro-rods. Analysis of the emission
spectrum of Nd,03; nanorods at room temperature indicated
their fluorescence properties. The excitation and emission
peaks were measured at 236 nm and 407 nm, respectively.
Fluorescence studies demonstrated that the intensity of
fluorescence emission gradually decreased with increasing
SDBS concentration, suggesting that Nd,O3; nanorods might
exhibit fewer defects at higher SDBS concentrations.

In another investigation, Zinatloo-Ajabshir et al. synthe-
sized Nd,05 nanostructures through a straightforward precip-
itation method [32]. In this study, neodymium nitrate served as
the neodymium source, while triethylenetetramine was uti-
lized as anovel precipitant. The authors investigated the impact
of various capping agents on the particle size and morphology
of Nd,O5; nanostructures. This research group demonstrated
that the choice of capping agent significantly influenced the
morphology and particle size of the Nd,03 nanostructures. Ac-
cording to the FESEM outcomes, SDBS as a capping agent and
triethylenetetramine as a precipitant yielded the most favor-
able results for synthesizing uniformly spherical Nd,03 nano-
particles with fine dimensions. Transmission electron
microscopy (TEM) images of the Nd,O; sample exhibited a
particle size ranging from approximately 10 to 40 nm.

2.4. Sonochemical

Sonochemical synthesis involves employing the principles of
sonochemistry to induce chemical reactions in molecules
through the application of intense ultrasound radiation. In the
context of the present study, holmium nitrate and dieth-
ylenetriamine (dien) were utilized as a novel precipitating
combination in the synthesis of Ho,03; nanostructures. This
innovative method was first explored by Zinatloo-Ajabshir
et al. [25], who introduced variations in the type of capping
agents to optimize the shape and grain size of the resulting
Ho,05; samples. Schiff base, oleylamine, and PVA were all
employed as capping agents in the production of Ho,0s3. To
examine the influence of ultrasound irradiation on the di-
mensions and morphology of Ho,0s, a sample was fabricated
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without undergoing sonication. It is well-established that in a
sonochemical process, elevating the temperature and pres-
sure within the aqueous environment contributes to the for-
mation of particles with uniform and homogeneous
morphology. Notably, in the experiment conducted without
sonication, particles displayed high levels of agglomeration,
resulting in bulky structures. The findings from FE-SEM im-
ages, revealing sizes ranging approximately from 14 to 54 nm,
underscore the pivotal role of PVA as a capping agent in
achieving homogeneity in Ho,03; nanostructures. XRD anal-
ysis unveiled that Ho,O3 products prior to the calcination
phase exhibited an amorphous nature. Following calcination,
distinct diffraction patterns corresponding to cubic holmium
oxide emerged, signifying a crystalline structure.

Zinatloo-Ajabshir et al. synthesized Nd,05 nanostructures
through a sonochemical process using 2,2-dimethyl-1,3-pro-
panediamine as a novel precipitator in the presence of
Nd(NOs);-6H,0 [39]. The researchers thoroughly examined the
impact of varying capping agents on the size and morphology
of these nanostructures, employing techniques such as DRS,
XRD, FT-IR, FESEM, TEM, and EDAX. The preparation of Nd,03
structures was carried out under different conditions. The
preparation of Nd,O3 structures was carried out under diverse
conditions. Analyzing the FESEM micrographs of neodymium
oxide samples in the presence of Schiff base, Titriplex, and
PVP revealed distinct outcomes: irregular plate-like micro-
structures/non-uniform nanobundles for Schiff base, less
uniform micro/nanobundles for Titriplex, and uniform
spherical structures for PVP. The utilization of PVP as the
capping agent appeared to significantly influence the sono-
chemical fabrication of uniform spherical Nd,O; nano-
structures, exhibiting sizes ranging from 15 to 75 nm. To
comprehend the role of ultrasound irradiation on the di-
mensions and configuration of Nd,O3, the reaction was also
conducted without sonication. The outcomes from FESEM
micrographs underscored that neodymium oxide acquired
without sonication displayed irregular microstructures and
bulk formations. The schematic diagram of rare earth metal
oxide nanostructures is shown in Fig. 4.

2.5. Other preparation approaches for Ho,03
nanostructures

2.5.1. Spark plasma sintering (SPS)

The utilization of the pulse electric current sintering tech-
nique, commonly referred to as spark plasma sintering (SPS),
presents distinct advantages due to its implementation of
lower sintering temperatures and higher heating rates
(exceeding 100 °C/min). In comparison with conventional
methods like pressureless vacuum sintering and hot isostatic
pressing (HIP), SPS offers significantly reduced sintering times,
often spanning only several hours. This abbreviated process-
ing time renders the technique particularly advantageous for
assessing dopant effects and expanding the material database
across various substances. An illustrative instance is evident
in the work of Furuse and colleagues, who harnessed the pulse
electric current sintering approach to craft transparent Ho,O3
ceramics. Notably, their study marked the pioneering explo-
ration of Ho,O3 potential as a Faraday rotator within high-
average power lasers [19].

Homogenous
Regular

Heterogeneous
Irregular

Fig. 4 — Schematic representation of the synthesis of
holmium oxide and neodymium oxide using the
sonication method.

In another investigation, Cheng et al. fabricated trans-
parent magneto-optical Ho,O3 ceramics using a vacuum sin-
tering approach [21]. In this method, the self-reactive
resultant HoOF was employed as a sintering aid. FE-SEM mi-
crographs were captured to depict the surface microstruc-
tures of the Ho,03 ceramics that were vacuum-sintered at
temperatures ranging from 1400 °C for 0—16 h and from 1350
to 1500 °C with a constant holding time of 4 h. The FE-SEM
results demonstrated that the average grain size increased
with longer residence time and higher sintering temperature.
To identify the optimal molar ratio (R) of F/Ho>" and sintering
temperature for achieving the desired optical quality in the
sintered bodies, the reaction was conducted at different molar
ratios and temperatures. The outcomes indicated that the
most favorable Ho,03 ceramic sample, exhibiting a relatively
uniform thickness of 6—9 nm and an in-line transmittance of
72.0% at 1550 nm, was obtained with an optimal F/Ho>*molar
ratio of 0.01 and sintering temperature of 1850 °C.

In another investigation, Lu et al. synthesized Ho,03 nano-
particles with a ceramic structure through a precipitation-
assisted route consisting of two stages: precipitation and
calcination. They then evaluated the magneto-optical char-
acteristics of holmium oxide (Ho,0s) ceramics [22]. In this
study, Ho,0; ceramics were synthesized using sulfate-
exchanged nitrate-type layered rare-earth hydroxide as the
precipitation precursor. The ceramics were sintered at a rela-
tively low vacuum temperature of 1700 °C, resulting in an
average particle size of ~48 nm and an inline transmittance of
~73 % at 1000 nm. The researchers observed that the calcina-
tion temperature for the Ho,0; powder significantly influenced
the optical quality of the sintered body. The optimum calci-
nation temperature was found to be 1050 °C.

Hu et al. prepared transparent Ho,O3 ceramics through a
combination of vacuum pre-sintering and the hot isostatic
pressing (HIP) method. Holmium ceramics were synthesized
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using calcined commercial Ho,03; powder with high purity as
the starting material, heated at 1000 °C for 4 h. Vacuum pre-
sintering and HIP were conducted at temperatures of 1250 °C
and 1450 °C, respectively, resulting in holmium ceramics with
an average size of 0.77 pm and a dense structure. The pre-
sintering and HIP processes lasted 2 h and 3 h, respectively.
The study's results highlighted the significant impact of sin-
tering temperature on the morphology and relative density of
Ho,03 ceramics. Furthermore, the presence of compressed
pores in the Ho,03; ceramics was confirmed through an
investigation into the effects of air annealing on the optical
quality of the ceramics [50].

2.5.2.  Electrochemical deposition

For the first time, Shiri et al. prepared Ho,03; nanoparticles
using the electrosynthesis approach as an environmentally
friendly method to create a composite electrode (POAP/H0,05)
for use as a supercapacitor electrode material. Hybrid films
consisting of poly ortho aminophenol (POAP) and Ho,0; were
generated through potentiodynamic deposition from solu-
tions containing ortho aminophenol and Ho,03;. The main
objective of this study was to investigate the POAP/Ho,03
composite and its potential to enhance the cycling ability of
the electrode. XRD results revealed strong and sharp peaks at
20 = 29 °, 34 °, 48.5 °, and 58°, characteristic of Ho,05. Addi-
tionally, EDAX spectrum and SEM image confirmed the suc-
cessful synthesis of electro-synthesized nanoparticles [26].

2.6. Other preparation approaches for Nd,03
nanostructures

2.6.1. Sol-gel

The sol-gel process is a wet-chemical technique employed for
the fabricating both glassy and ceramic materials. In this
method, the sol (or solution) gradually transforms into a gel-
like network containing both a liquid phase and a solid
phase. Yang et al. utilized an additive agent, polyvinyl alcohol,
to fabricate Nd,O3; nanopowders through the sol-gel auto-
combustion method [31]. This study also encompassed the
investigation of XRD, TEM, AFM, and the catalytic esterifica-
tion activity of the as-prepared Nd,03 nanopowders. Yang and
colleagues explored the influence of various factors on the
composition and preparation of the particles, including the
molar ratio of Nd>* to citric acid, the pH value of the reaction
system, and the quantity of the additive factor, polyvinyl
alcohol. The optimal conditions were determined to be 10 %
polyvinyl alcohol relative to Nd(NO3); and a molar ratio of
Nd3+ to citric acid at 1:2. XRD results revealed that an increase
in calcination temperature led to a larger grain size for the
nanoparticles. TEM analysis demonstrated that increasing the
amount of polyvinyl alcohol from 10 % to 20 % resulted in a
growth in the grain size of the nanoparticles, which correlated
well with the XRD patterns. Ultimately, the synthesis of Nd,05
nanopowders with a particle size of 20—30 nm was achieved
under the desirable conditions of a molar ratio of 1: 2 Nd** to
citric acid and 10 % polyvinyl alcohol.

In a separate study, Zawadzki et al. produced neodymium
oxide nanoparticles with different morphologies using the
sol-gel method combined with solvothermal treatment and
simple neodymium salts [40]. To start, they prepared

neodymium salts (nitrate or acetate), which were then dis-
solved using distilled water or alcohol (ethanol, butanol, or
methanol). The resulting solution was introduced into an
autoclave and heated within the temperature range of
140—220 °C for 4—8 h. The formed gel was separated from the
solvent via centrifugation, dried in a vacuum, and subse-
quently heat-treated at temperatures up to 800 °C. This pro-
cess eventually led to the formation of neodymium coatings
on two different substrates (glass slides and stainless steel
plates), achieving a thickness of approximately 5 pm. The XRD
patterns of the samples synthesized under hydrothermal
conditions (T = 140 °C and T = 160 °C, t = 4 h) using neo-
dymium acetate and neodymium nitrate were examined at
various calcination temperatures. The XRD results illustrated
that the pure hexagonal phase of neodymium oxide emerged
after treatment at temperatures exceeding 500 °C. The average
diameter of the as-prepared Nd,Os; particles, estimated
through TEM, was around 8 nm. TEM images revealed that
around and particles began to aggregate at higher
temperatures.

2.6.2. Green synthesis

Lembang et al. employed a green synthesis approach to pro-
duce Nd,O; nanoparticles, utilizing an aqueous extract of
Terminalia catappa leaves (TLE) as a source of weak base and
Nd(NOs); as a precursor [38]. They created a mixed solution
containing Nd(NOs); and TLE in a 5:1 ratio. This mixture was
stirred at 50 °C for 1 h, leading to the formation of a sol and
subsequently a gel. The formed gel underwent drying and
calcination at 600 °C for 2 h. The resultant neodymium oxide
powder exhibited a violet color and had particle sizes ranging
from 40 to 60 nm. The functional groups present in TLE, such
as alkaloids and saponins, played crucial roles in the synthesis
of Nd,O3 nanoparticles.

2.6.3. Combustion

Umesh et al. prepared nanocrystalline Nd,O5; phosphors with
a spherical structure using the combustion method. Umesh
investigated PXRD, SEM, TEM, and Raman spectra, as well as
the photoluminescence spectrum of the as-prepared Nd,O3
phosphors [28]. The PXRD result of the as-formed Nd,Os
combustion product revealed an amorphous Nd,Os; phase
along with neodymium oxide carbonate (Nd,0,COs) peaks.
After calcination at 900 °C for 3 h, the PXRD pattern trans-
formed into the hexagonal phase with A-type Nd,0s. The SEM
micrograph demonstrated that the shape of Nd,0; was
agglomerated, foamy, crispy, and porous. However, after
calcination at 900 °C for 3 h, the shape of the particles became
spherical with smooth surfaces. Nd,O3; powders with spher-
ical structures had particle sizes in the range of 20—100 nm.

2.6.4. Radiofrequency (RF) thermal plasma route

Due to its single-step preparation process and direct route
through vapor phase nucleation and plasma evaporation, the
method is particularly interesting and suitable for high-
melting-point refractory materials like Nd,0s, leading to the
synthesis hexagonal phase. The thermal plasma preparation
of nanopowders via evaporation, quenching, and nucleation
utilizing arc plasma sources or radio frequency (RF) is a well-
definite technique for the mass production of new
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nanomaterials [34]. RF thermal plasma sources at atmo-
spheric pressure are gaining importance in the production of
high-purity nanomaterials for various high-end technological
applications. Dhamale et al. fabricated Nd,O; nanoparticles
using an inductively coupled radiofrequency thermal plasma
route [34]. In their study, the atmospheric pressure RF thermal
plasma reactor exhibited high temperature together and a
sharp temperature gradient. Micron-sized Nd,O; powder,
ranging in sizes from 1 to 25 um, was used as a precursor for
the synthesis of Nd,O5; nanocrystal. The carrier gas, loaded
with micron-size Nd,03 powder, was introduced at the center
of the plasma plume, resulting in the formation of supersat-
urated vapor. As the vapor moved downstream, nucleation
and growth of Nd,Os; particles occurred due to the steep
temperature gradient. Upon reaching a certain temperature
downstream, nucleation ceased, and the particles attained
their final nanometer-scale size. These particles were then
deposited on the inner wall of the plasma torch. The deposited
nanoparticles were collected, analyzed for phase formation,
crystallinity, size distribution, and other characteristics. XRD
spectra of the raw precursor and nanocrystalline of Nd,O3
were acquired and compared with standard spectra. Com-
parison revealed that the precursor particles possessed the
crystal structure of neodymium hydroxide, whereas the syn-
thesized nanocrystalline Nd,O; exhibited the hexagonal
phase of the Nd,03 crystal structure. The XRD results also
indicated that Nd,0; nanoparticles required heat treatment at
temperatures exceeding 900 °C to transition from the cubic to
the hexagonal phase. SEM micrographs showed that the size
of precursor powder particles from 1 to 25 um, while the size of
synthesized nanoparticles was less than 100 nm. TEM image
of the synthesized Nd,0; nanoparticles demonstrated uni-
formity in size and shape.

2.6.5. Hydrogen plasma-metal reaction (HPMR) method

The HPMR technique is a novel vapor deposition process that
is appropriate for industrially producing ultrafine particles
(UFPs) of various metals at a low cost and with high purity. The
driving force for particles production via HPMR was found to
be closely dependent on factors such as the melting points of
metals, the evaporation heat of metals, and the heat of for-
mation for recombination from atoms to molecules of
hydrogen [51-53]. Liu et al. succeeded in directly synthesizing
neodymium oxide nanoparticles using the HPMR method
without the need for oxidation [6]. In fact, Nd hydride nano-
particles were first prepared via the hydrogen plasma-metal
reaction (HPMR) method. Subsequently, Nd oxide nano-
structures were synthesized directly from the passivation of
Nd hydride nanoparticles. The XRD pattern results demon-
strated that the Nd hydride nanoparticles underwent oxida-
tion even during the passivation process, resulting in the
production of very pure Nd,O3; with a cubic structure instead
of the hydride. TEM image revealed that the passivated
nanoparticles of Nd,O3; were almost spherical in shape, with
particle sizes in the range of 5-50 nm.

2.6.6. Inverse microemulsion technique

A reverse microemulsion is defined as a thermodynamically
stable, isotropic dispersion of an aqueous phase within a
continuous oil phase, stabilized by an interfacial layer of

surfactant molecules. Reverse micelles that exist in a micro-
emulsion system, essentially nanometer-aqueous droplets
with specific compositions, are recognized for providing an
excellent medium for synthesizing nanoparticles with uni-
form morphologies and exceptional homogeneity [54]. Que
et al. employed the inverse microemulsion technique to
fabricate neodymium oxide nanocrystals [41]. XRD spectrum
and TEM analysis demonstrated that the neodymium oxide
nanoparticles exhibited a nanocrystalline structure, with
varying sizes ranging from 5 to 60 nm, respectively.

2.6.7. Microwave irradiation (MWI)

MWI techniques, offering rapid and convenient pathways for
nanostructuring, possess a unique capability for large-scale
preparation without being susceptible to thermal gradient
effects. This method enables the acceleration of reactions
through microwave technology, presenting an opportunity to
regulate the particle size and morphology of nanostructures,
ranging from small spherical nuclei to short rods, and even
extended assemblies of nanowires. Panda et al. synthesized
Nd,05; nanorods and investigated the manipulation of the
particle size and morphology in rare earth oxide (M,03, M = Pr,
Nd, Sm, Eu, Gd, Tb, Dy) by altering the relative concentrations
of the organic surfactants and MWI reaction time [36].

3. Conclusion

In this review, we have thoroughly examined the synthesis
methods and morphological control of Holmium Oxide
(Ho,03) and Neodymium Oxide (Nd,Os) nanoparticles. These
two compounds, belonging to the rare earth element family,
play pivotal roles in various industries, including optics,
magnetism, and catalysis. Our study has unveiled significant
insights into the influence of synthesis parameters on the
size, morphology, and properties of these nanoparticles.
Notably, the hydrothermal method has proven to be an
effective choice for Ho,03 synthesis due to its precise control
over temperature, time, and pH. Additionally, the Spark
Plasma Sintering (SPS) method has been optimized for pro-
ducing transparent optical magnetic Ho,05 ceramics. For the
synthesis of Nd,03, we have explored several methods, each
offering distinct advantages. The sol-gel technique, for
instance, provides the benefit of obtaining smaller-sized
nanoparticles. Furthermore, radio frequency (RF) thermal
plasma methods, high-pressure microwave routes, and mi-
crowave radiation methods have shown promise for large-
scale production of economically viable and highly pure
Nd,O3 nanoparticles. In summary, our research highlights the
direct impact of the synthesis method on the shape and dis-
tribution of Ho,03 and Nd,03 nanostructures. These findings
offer valuable guidance for the design and production of new
rare earth oxides tailored to specific industrial applications.
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