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Abstract

Y(OH)j; is the main precursor material to inherit desirable morphologies for Y,05. The Y(OH); and Y,0; are an important
substitution for luminescent matrix and useful in temperature sensing applications. Nanostructured and phase-pure Y,0; is
also used as an essential dispersoid for the oxide dispersion strengthened steels which are candidate materials for future fast
breeder reactors. In the present work, the nanostructured Y(OH); is prepared indigenously by the microwave-hydrothermal
route which is appropriate to provide-uniform heating to the material and the hydrothermal-pressure environment plays a
major role in the growth kinetics of morphology. The synthesis was carried out at various microwave powers of 700 and
800 W to obtain the different morphologies of tubular and rod-like structures, respectively. The morphology is attributed to
the influence of heat-rate on the variation in hydrothermal pressure governed by microwave power. The morphologies remain
the same on calcination 800 °C. As-synthesized powder samples showed hexagonal structure whereas the cubic structure
was observed for those calcined at 800 °C for both morphologies. The hydroxide vacancies lead to form a cubic structure
that has a larger unit cell. The yttrium oxides showed lattice compaction for the rod-like structure but yttrium hydroxides
did not depict any difference in the lattice for the tubular and rod-like morphologies. Likewise, Raman spectroscopy analysis
confirmed the formation of hexagonal and cubic phases for the as-synthesized and calcined nanopowder samples, respectively.
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1 Introduction

The Y(OH); and Y,0; are significant for luminescent matrix
and temperature sensing and catalytic applications [1-4].
The Y(OH)j; is the main precursor material to inherit desira-
ble morphologies for Y,05. The nano-morphologies increase
the scope in the field of nanotechnology [5-8]. Their struc-
tural, optical and electrical properties are made significant
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in engineering and technological fields [9—12]. Importantly,
nanostructured Y,0; dispersoids can occupy a smaller vol-
ume fraction in the metallic alloy matrix. This nanodisper-
sion enhances strengthening properties of oxide dispersion
strengthened (ODS) steels which are candidate materials for
future fast breeder reactors. The Y,0; material gives a wide
range of temperature stability and good dispersion in ODS.
So the challenges lie in the ability to produce optimal nano-
oxide distributions in steel matrix to increase high-temper-
ature stability along with resistance to excessive coarsening
during the service or usage of the ODS steels [13]. These
properties lead to superior high-temperature strength and
irradiation tolerance [14]. The microwave-assisted synthesis
route provides a localized steam atmosphere to the mate-
rial in Teflon autoclave where the nucleation takes place in
liquid to grow homogeneous and stable morphology over a
conventional hydrothermal synthesis due to the typical heat
transfer mechanism involved.

In this study, two microwave powers (700 and 800 W)
were used to create hydrothermal pressure in the synthe-
sis of Y(OH);. Two different morphologies (tube-like and
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rod-like) were obtained for the powers. The powders were
transformed into Y,05 powders on calcination at 800 °C.
The morphologies were investigated by field emission scan-
ning electron microscopy (FE-SEM) and transmission elec-
tron microscopy (TEM) to understand the growth kinetics.
The structural phases were analyzed by X-ray diffraction
(XRD) and Raman spectroscopy.

2 Materials and methods
2.1 Microwave hydrothermal synthesis

The Y(OH); powder samples were obtained by the micro-
wave-hydrothermal route at two microwave powers (700
and 800 W). The synthesis route was followed in a closed
thick-walled Teflon autoclave similar to our earlier synthesis
work [15]. The chemicals used for the growth of Y(OH);
were Y(NO;); (Sigma-Aldrich make, Assay 99.8%) and the
NaOH (SRL make, Assay 98%). The Y,0, samples were
obtained by calcination of the hydroxides, respectively. The
Y(NOj;); was dissolved in demineralized water to get a uni-
form transparent solution. Then, 4 molar NaOH was added
slowly to the chemical solution to reach a pH of 12. Then
the solution was transferred into the Teflon autoclave under
uniform stirring. That had been heated in a microwave oven
for 150 s. The reaction for the synthesis of Y(OH); pow-
der samples was carried out at two microwave powers, 700
and 800 W. The estimated pressure and temperature were
a maximum of 4 MPa and 260 °C [16-18]. The estimated
heating rate is a maximum of 90 °C/min in the autoclave for
the two different powers. The white precipitate was collected
after the hydrothermal reaction and washed with deionized
water. The as-synthesized powder was obtained after dry-
ing at 150 °C. This powder (hexagonal Y(OH);) had been
calcined at 800 °C for 2 h to obtain the phase cubic nano-
structured Y,0;.

2.2 Influence of synthesis conditions

Hydrothermal synthesis takes place at relatively low tem-
peratures and high pressure (in the range of 10—40 atm). The
heat transfer mechanism is very convenient in the micro-
wave-hydrothermal route. The process allows the heating
rate of 90 °C/min (for 90 ml solution) which is sufficiently
higher compared to the rate of conventional hydrothermal
route [19, 20]. The pressure hold time is controlled by the
iterative application of specific microwave power at particu-
lar intervals. There is a strong influence on phase forma-
tion and morphology depending on the microwave power.
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If the synthesis conditions are optimized, this route can give
desirable morphologies [21, 22]. The morphology can be
modified without using any surfactants in this process. This
route also has greater influences in manifesting the aspect
ratio of various-shaped particles. Y(OH); is the main precur-
sor material to inherit various morphologies for cubic-Y,04
which is usually derived by calcination of the hydroxide
[23].

The chemical model is as follows for the synthesis fol-
lowed by calcination:

2Y(NO,), + 6NaOH — 2Y(OH),
—2YOOH + H,0 — Y,0; + H,0

The above equation explains that the as-synthesized
composition (hexagonal-Y(OH);) transforms to mono-
clinic-YOOH at around 200 °C, the residual water content
is expected to be evaporated between 200 and 500 °C, and
cubic-Y,0; is likely to form above 600 °C according to
available literature [24, 25].

2.3 Characterization

The XRD patterns were recorded using an STOE X-ray
diffractometer (STOE, Darmstadt, GmbH) operated in
Bragg—Brentano geometry with Cu-Ka radiation. The dif-
fracted X-ray was detected using a point detector attached
along with a secondary monochromator. The detector made
up of Nal: Tl scintillation crystal connected to a photomulti-
plier tube was used. The XRD patterns were analyzed by the
Fullprof suite program. The micrographs were taken using
FE-SEM (Zeiss sigma-300) and TEM (FEI make Tecnai G2
F30) operated at 200 kV. The Raman spectra of the speci-
mens were recorded using the Raman spectrometer (inVia,
Renishaw) equipped with 3000 grating and thermoelectric
cooled CCD detector using excitation wavelength (4,,.) of
532 nm.

exc

3 Results and discussion
3.1 Morphological investigation

Figure 1 depicts the FE-SEM micrographs of tubular and
rod-like nanostructures of Y(OH); and Y,05. The Y(OH);
powders (Fig. 1a, b) showed tubular and rod-like structures
for the two microwave powers, 700 and 800 W, respectively.
The Y,0; powders (Fig. Ic, d) did not show changes in the
morphology on the calcination of the hydroxides. In other
words, the morphology of the Y,0; powders followed that of
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Fig. 1 SEM micrographs of nanostructures of Y(OH);: tubular (a) and rod-like (c¢) and Y,Os: tubular (b) and rod-like (d)

precursor Y(OH);. Studies on similar structured hydroxides
said that the typical morphology was elongated hexagonal
bipyramid or hexagonal-shaped rods for the hydrothermal
synthesis when the growth was not controlled by surfactants
[26]. There, the surfactant modified the surface thermody-
namics of the material and supported the suitable morphol-
ogy. However, the hydrothermal technique involved other
important parameters to change the growth kinetics to obtain
various morphologies [27, 28]. This was basically due to the
way of introducing high hydrothermal energy to act on the
surface of powder particles. When the hydrothermal pres-
sure was created by microwaves in the autoclave, the thermal
energy would be transferred to the particles from nearby
water molecules. This process might support the formation
of a uniform phase and influence the growth further [29].
Also, the morphology would grow along different crystal
axes depending on the crystal structure of the material, the
concentration of precursors, and hydrothermal pressure.
The pressure would increase with temperature rapidly to
a stable value. The low-pressure range could give spheri-
cal or hexagonal plate morphology for constant precursor

concentration. The longer duration might affect the size of
the particle morphology. The tubular and rod-like structures
would appear in the range of high hydrothermal pressure.
In the present work, the pressure used during the synthesis
had been quite high. The rate of heating was dependent on
the microwave power. That was different for the synthesis of
both the hydroxides (700 and 800 W). So, both the morphol-
ogies (Fig. 1) were different by variation in the growth pro-
cess. That could result in tubular and rod-like for the micro-
wave powers of 700 and 800 W, respectively. A higher rate
of heating could cause a faster increase in pressure where
the duration was not sufficient to form a symmetric tubular
structure and might be a case to stay in rod-like structures by
changing the growth. The morphology (Fig. 1a, c) passed on
to the oxides (Fig. 1b, d) when the hydroxides were calcined.
The growth kinetics play a major role over crystallographic
anisotropy which is attributed to the formation of rod-like
structures [30, 31].

The length of tubes is governed by the hold-time of
hydrothermal-pressure inside the autoclave. This is valid
for the particular pressure range. The growth of tubes was
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Fig.2 a SEM and b TEM
micrograph of tubular morphol-
ogy Y(OH);

like hexagonal hollow rods when the images are zoomed.
So magnified images of the tubular structure were presented
for a better understanding of the tubular morphology. Fig-
ure 2 depicts the SEM and TEM micrograph of tubular mor-
phology Y(OH); in higher magnification, respectively. The
tubular morphology consists of separable tubes in micron-
sized length as shown in the SEM micrograph (Fig. 2a) [32,
33]. The TEM micrograph shows (Fig. 2b) the tubes broken
along the length. It is expected that the pressure is too high
to hold the tubular morphology. The growth mechanism is
achieved to directly obtain rod-like morphology when the
higher microwave power (800 W) is applied. This is attrib-
uted to the microwave power influence on the morphologies
in hydrothermal synthesis.

3.2 XRD analysis

The Rietveld refinement was carried out to extract the
crystallographic information of Y(OH); and Y,0; from
the experimental XRD data. Figure 3 depicts the Rietveld
refined XRD patterns of tubular and rod-like nanostructures
of Y(OH); and Y,0;. The hexagonal phase (space-group
P63/m) was observed for the as-synthesized nanopowder
of tubular and rod-like morphologies [34, 35]. The lattice
parameters were a=6.2718(5) and ¢=3.5472(3) A for the
tubular, and a=6.2709(5) and ¢=3.5466(3) A for the rod-
like morphologies. Here, the parentheses represent the devi-
ation at the last decimal place of lattice parameter values.
A significant change is not observed in the XRD spectra of
both Y(OH); morphologies. This indicates the morphologies
are influenced by the heating rate which is governed by the
microwave power and there is only partial influence on the
crystal structure of Y(OH);. Moreover, the manifestation of
morphologies is related to the structural anisotropy of the
hexagonal phase due to orientation in 1D geometry along
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the c-axis ((110)-orientation) [36]. A minor impurity phase
was observed in a small fraction, left unindexed, which was

intermediate impurity for both the hydroxides. The cubic-
Y,0; phase (space-group Ia-3) was observed for both cal-
cined morphologies [37]. In other words, the Y(OH); sam-
ples were transformed into cubic-Y,05 at 800 °C. The lattice
parameter values are a=10.6083(6) and 10.6035(6) A for
the tubular and rod-like structures, respectively, indicating
lattice compaction in the rod-like structure compared to that
for the tubular. This is attributed to the variation in lattice-
density which is associated with bulk-density [38].

3.3 Raman spectra analysis

Raman spectroscopy was used to characterize the struc-
tural evolution of the hydroxide and oxide phases. Fig-
ure 4 depicts the Raman spectra of tubular and rod-like
nanostructures of Y(OH); and Y,0;. The observed pho-
non modes (Fig. 4a, b) supported the Y(OH); forma-
tion in the given range. The major peaks, observed for
tubular Y(OH); at 316, 403, and 511 cm”! (Fig. 4a, b),
were assigned to A, translatory, E,, translatory, and
E,, liberation modes, respectively, corresponding to
the Raman modes of Y(OH);. The Raman active vibra-
tional modes are 4A,, 2E,,, and 5E,, among the modes
of 4A,+ 3B, +2E,, + 5E,, + 2A, + 4B, +4E,, + 2E,, for
hexagonal structure Y(OH); having space group P63/m
[39, 40]. Similarly, a major peak was observed at 377 cm™!
for tubular samples (Fig. 4¢, d) corresponding to the A,
and T, Raman modes among the expected 22 Raman active
modes 4A, +4E, + 14T, for tubular Y,05 [41-43]. This
is attributed to the transformation of tubular-Y(OH); to
tubular-Y,0; (Fig. 4a, c) in the given range. The property
is observed to be similar for the Raman spectra of rod-
like Y(OH); and Y,O; (Fig. 4b, d). The difference in peak
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Fig.3 Rietveld refined XRD 2
patterns of nanostructures of (d)
Y(OH);: tubular (a) and rod- Q.
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intensity may refer to crystal structures of Y(OH); and
Y,0; for both morphologies. A minor variation of peak
shift and broadening in the bands refers to the porosity
and the average size of each phase having different mor-
phologies and the Y,0; inheriting the morphology from
Y (OH); on calcination.

4 Conclusions

The hydrothermal synthesis was carried out indigenously for
nanostructured Y(OH); at two microwave powers to obtain
the morphologies, tubular and rod-like structure, attributing
to the influence of heat-transfer mechanism on the variation
in hydrothermal pressure governed by microwave power.
The morphologies remained same on calcination but the
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Fig.4 Raman spectra of nanostructures of Y(OH);: tubular (a) and
rod-like (b) and Y,0O;: tubular (c) and rod-like (d)

crystal structure was transformed from hexagonal to cubic
phase where the hydroxide vacancies lead to form a cubic
structure that has a larger unit cell. The structural study was
also supported by Raman spectroscopy. The formation of
hydroxides is a base to obtain various morphologies for the
oxides using various synthesis conditions.
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