Y203 Microprisms with Trilobal Cross Section
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ABSTRACT: Yttrium oxide (Y2O3) microprisms with interesting trilobal cross section were synthesized through a
large-scale and facile hydrothermal method followed by a subsequent heat treatment. The size of the Y203 trilobal
prisms could be modulated from micro- to submicroscale with the increase of pH value. The as-formed products via
the hydrothermal process, monoclinic yttrium oxide hydroxide nitrate, Y4O(OH)9(NO3), could transform to cubic
Y203 with the same morphology after annealing at high temperatures. The formation mechanism for the Y4,O(OH)y-
(NOs3) trilobal prisms has been proposed. Under hydrothermal conditions, the synergistic effect of Y-type aggregates
of primary Y4O(OH)9(NOs3) nanorods and sequent preferential of different crystal planes resulted in the formation

of trilobal prisms.

1. Introduction

One-dimensional (1D) nanostructures, including nano-
rods, nanowires, nanotubes, and nanoprisms have at-
tracted extensive synthetic interests over the past
several years due to their potential applications in a
wide range of fields.!”® More applications and new
functional materials might emerge if shape-controlled
nanocrystals could be achieved with high complexity.57
Yttrium oxide (Y203) is an important engineering mate-
rial in many fields such as optics, optoelectronics,
advanced ceramics, and insulators, as well as high-
efficiency additives for composite materials of high
performance.310

The unique structure, geometric shape, and specific
properties of trilobal fibers have had a high impact on
applications in the textile industry. Trilobal synthetic
or chemical fibers made from many starting materials
are used extensively to manufacture a number of fabrics
with ameliorated properties compared with those of
fabrics from round fibers. The fiber profile plays an
important role in determining the mechanical and
surface properties of fabrics.!1714 For example, G. K.
Tyagil! reported that that both ring and rotor yams
spun with trilobal polyester fibers have lower tenacity,
higher breaking extension, more twist liveliness, lower
work of rupture, and higher flexural rigidity. Further-
more, lower yam-to-metal friction, higher dye pick-up,
and low hairiness can be obtained for blended yams
having polyester fibers of noncircular cross section.
However, to our knowledge, among trilobal inorganic
materials, only trilobal SiC and carbon fiber were
reported, which also were produced by sequent heat
treatment of the as-formed trilobal precursor fibers
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through spinnerets with trilobal holes, which is the
general technology and equipment in the textile indus-
try to make trilobal fibers.15:16 In this contribution, we
demonstrate our first synthesis of Y2O3 microprisms
with trilobal cross section through a large-scale and
facile hydrothermal process followed by subsequent heat
treatment.

2. Experimental Section

In a typical synthesis, 1 mmol of commercial Y203 (99.99%)
was dissolved into 10 mL of diluted nitric acid (20 wt %) under
heating to form a solution. After evaporation, 35 mL of
deionized water was added to form a clear aqueous solution.
Then 25 wt % of ammonia solution (A.R.) was introduced
dropwise to the vigorously stirred solution until pH = 8—11.
After additional agitation for 15 min, the as-obtained colloidal
precipitate was transferred to a 50 mL autoclave, sealed, and
heated at 200 °C for 24 h. The autoclave was then cooled to
room-temperature naturally. The precursors were recovered
by filtration, washing with deionized water for three times,
and drying at 60 °C in air for 4 h. The final products were
retrieved through a heat treatment at 1000 °C in air.

The samples were characterized by powder X-ray diffraction
(XRD) on a Rigaku-Dmax 2500 diffractometer with Cu Ko
radiation (A = 0.154 05 nm) and field emission scanning
electron microscopy (FE-SEM, X130, Philips). TGA-DSC data
were recorded with Thermal Analysis Instrument (SDT 2960,
TA Instruments, New Castle, DE) with the heating rate of 10
°C'min~! in an air flow of 100 mL-min~'.

3. Results and Discussion

The purity and crystallinity of the products were
examined using powder X-ray diffraction (XRD). The
XRD peaks for the as-formed products through the
hydrothermal process (Figure 1) can be indexed to a
monoclinic lattice [space group: P2:/4] of pure yttrium
oxide hydroxide nitrate, Y4O(OH)y(NOs). The calculated
lattice constants, @ = 0.933 nm, b = 1.629 nm, ¢ = 0.362
nm, and S = 100.97°, are in good agreement with those
values (@ = 0.937 nm, b = 1.637 nm, ¢ = 0.362 nm, and
p = 101.17°) from the standard card (JCPDS no. 79-
1352).
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Figure 1. XRD patterns of (a) the as-formed trilobal prisms
and (b) the JCPDS card 79-1352 for YsO(OH)y(NOs).

Figure 2. FESEM images of Y4O(OH)yo(NOs) trilobal prisms:
(A) wide-field; (B) a side view of a single prism; (C) a magnified
image of the cross section (pH = 8).

Figure 2A is a wide-field field emission scanning
electron microscopy (FESEM) image observed from the
as formed precursors (pH = 8), clearly indicating that
the samples are entirely comprised of trilobal prisms
(about 18 um in length and aspect ratio about 5). Figure
3A,B gives the histograms of length and aspect ratio
distribution of these trilobal prisms. The top-right inset
[Figure 2B] presents a magnified view of single prism
along the axial direction. The bottom-right inset [Figure
2C] shows the image of a cross section of single prism.
These insets confirm that the prisms have shapely
trilobal structure. As illustrated in Figure 4, the size of
trilobal prisms can be modulated by changing the
synthetic conditions. When the pH values of the colloids
increased from 8 to 11 with increase in the amount of
ammonia solution, for example, the diameter of trilobal
prisms decreased from micrometer scale to submicrome-
ter scale, as shown in Figure 2A (pH = 8) and in Figure
4A,C (pH = 10 and 11), respectively. It is also worth
mentioning that the mean aspect ratio also increases
as the pH value increases. For instance, a synthesis for
pH = 8 yielded trilobal prisms with a mean aspect ratio
of ~5 [Figure 3B]; whereas a reaction for pH = 10 and
11 resulted in products with a mean aspect ratio of ~7
and ~10 [Figure 4B,D], respectively. This can be at-
tributed to the fact that under high-pH conditions, the
nucleating process occurs faster and more nuclei of
crystal form, giving a high aspect ratio. The phenom-
enon is similar to the connection of pH values with the
diameters of nanorods in the work of Li® and Qian.!”

The growth process of the trilobal prisms through
hydrothermal process was investigated by observing the
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Figure 3. Histogram of (A) length distribution and (B) aspect
ratio of Y4O(OH)o(NOs) trilobal prisms.
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Figure 4. FESEM images of Y,O(OH)y(NOj3) trilobal prisms
synthesized at (A, B) pH = 10 and (C, D) pH = 11.

images of prisms at different stages, as shown in Figure
5. Verified by XRD study, the initial irregular nanosheets
from the hydrothermal solution were determined as a
metastable phase, Yo(OH)5(NO3)-1.5H50 (see Figure 6).
After a phase transformation, the nucleation to form
Y4O(OH)9(NO3) would occur, and there was an intrinsic
tendency to grow into rodlike nanopartilces due to its
anisotropic monoclinic structure, which is similar to the
nucleation and anisotropic growth of La(OH); under
hydrothermal conditions.?17 These nanorods, as seeds,
rapidly self-assembled into arrays with Y-type structure
along their cross-sectional diameter direction through
a direct aggregation growth process, which is probably
because the crystal facets along the cross-sectional
diameter direction match well, offering a low surface
energy. Then the crystal planes along the prism axial
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Figure 5. FESEM images of different growth stages: (A) 2 h, Y2(OH)5(NOs)-1.5H20 nanosheets; (B) 2.5 and (C) 3.5 h, Y,O-

(OH)9(NOg) trilobal prisms.
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Figure 6. XRD patterns of (a) the sample hydrothermally
treated for 2 h and (b) JCPDS no. 49-1107 for Yo(OH)5(NO3)-
1.5H,0.

direction and the extension direction of lamina grew
preferentially, while the crystal plane perpendicular to
the lamina grew relatively slowly. This resulted in
formation of the trilobal-type prisms finally. The process
is illustrated in Scheme 1. The different growing rates
of various crystal planes might associate with their
surface energies.

A strong basic NaOH and a weak basic diethylamine
were also tried under the same experimental conditions,
but for the former, circular microrods were obtained,
which coincides with the Y. D. Li’s report;®> whereas
irregular laminar crystals were the product for the
latter. It is concluded from the above comparison that
NH,* does play an important role in the formation of
trilobal prisms; however, the exact mechanism requires
further systematic and extensive study. Since a high-
resolution transmission electron microscopy (HRTEM)
image was unable to be collected due to the instability
of the Y4,O(OH)9(NO3) under the bombardment of the
electron beam, the as-mentioned crystal planes are
difficult to confirm. This is probably because Y4sO(OH)o-
(NOg) contains many OH~, which are easy to escape at
some forms under high electron beams on a selected
area. To our surprise, the phase transformation and
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Figure 7. XRD patterns of (a) the trilobal prisms after heat
treatment and (b) JCPDS no. 83-0927 for Y,Os.

growth process could finish merely during half an hour
according to the XRD monitoring, indicating that the
nucleation and growth of the trilobal prisms proceed
very fast. During the continuous growth, these prisms
continue to grow up to more uniform prisms and
separate from each other [see Figure 5C].

After subsequent heat treatment, the monoclinic Y4O-
(OH)9(NOs3) transform into cubic Y203, as identified in
Figure 7. Figure 8 shows the thermogravimetric analy-
sis (TGA)—differential scanning calorimetry (DSC) curves
of Y4O(OH)9(NOs3) crystals. It indicates that there are
two weight loss stages: 398 and 511 °C, accompanying
their corresponding endothermic peaks. The weight loss
for the two stages and the total weight loss are 11.29%,
10.13%, and 22.60%, respectively. The measured total
weight loss is in agreement with the calculated value:
23.01%. But considering the complex decomposition of
Y4O(OH)o(NO3) crystals, we are unable to know the
exact decomposition mechanism of Y,O(OH)y(NOs3) crys-
tals. At 914.77 °C, there is a small exothermic peak,
which suggests the perfection of Y203 crystallization.
However, the trilobal prism structure remained even
after a heat treatment at 1000 °C for 2 h. Figure 9

Scheme 1. Schematic Illustration Showing the Formation Mechanism of Y,O(OH)9(NO3) Trilobal Prisms
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Figure 8. TGA—DSC curves of Y4/O(OH)y(NOs) trilobal crys-
tals.
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Figure 9. FESEM images of Y2Oj3 trilobal prisms: (A) wide-
field; (B) a magnified image of the cross section.

exhibits that the length and diameter of the trilobal
prisms are almost as same as those prior to the heat
treatment (the sample in Figure 9 used the sample in
Figure 1 as a precursor for heat treatment). During the
decomposition process, monoclinic Y4,O(OH)q(NOs) gradu-
ally loses some elements and transforms to cubic Y20s.
Although the phase transformation occurs, the forma-
tion of cubic phase does not result in the collapse of
prisms to particles. Moreover, the phase transformation
progresses simultaneously and anisotropically. This
does not lead to shrinkage strain of the prisms, or the
degree of shrinkage in every direction is almost identi-
cal, so the trilobal structure remains. This phenomenon
is similar to some other reports. For example, hexagonal
Y(OH)3 nanorods and nanotubes can be transformed to
cubic Y203 nanorods and nanotubes under high tem-
perature with the same morphology.23

4. Conclusion

In summary, Y9203 microprisms with trilobal cross
section have been prepared via a facile hydrothermal
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process followed by a subsequent heat treatment. These
materials with special structure may be useful for some
specific applications and serve as templates to synthe-
size other nanostructural and functional materials.
Further work including a preparation of other rare earth
oxides with similar prism structure and use of these
prisms as templates to produce other functional and
composite materials is under way.
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