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Yttrium orthoferrite nanocrystallites with hexagonal and orthorhombic structures were obtained directly by the
glycine-nitrate synthesis. The nanocrystallites have plate-like morphology and are strongly agglomerated in highly-
porous structures, as was shown by the TEM investigation. The influences of the synthesis conditions on the
yttrium orthoferrite crystallization, its nanocrystallite size and morphology are discussed.
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1. Introduction

Direct solution combustion synthesis of oxide nanoparticles is of great interest currently
because of its rapidity, simplicity and cost effectiveness [1-13]. Nanoparticles obtained by this
method, as a rule, possess comparatively narrow size distribution and high surface area [5-7],
which provides the possibility for its industrial and technical use. In some cases, combustion
products may take on the role of precursors for obtaining new nanostructures of another principal
morphology, structure and surface state [14-16]. This and other factors have led to an increased
number of research efforts having been dedicated to combustion synthesis in recent years.

Yttrium orthoferrite is the one of the most interesting representatives of the complex
oxide multiferroics — materials that are both ferroelectric and magnetic. Previously, this com-
pound had been obtained in a nanostructured state by a number of so-called ‘soft-chemical’
methods [17-23], including combustion methods [24-28]. Despite the successful synthesis of
yttrium orthoferrite nanoparticles from different initial solutions, it should be noted that data
about processes leading to YFeOs; nanosized particle formation as well as about influence of
synthetic conditions on its results are quite limited.

The present paper is an expansion of the investigations which were initiated previ-
ously [26-28] and aims to obtain detailed information about the interrelation between synthetic
conditions, composition, structure, dispersity and properties of yttrium orthoferrite nanoparti-
cles, obtained by glycine-nitrate combustion. This work will accomplish this by analyzing the
phase composition, crystallinity and morphology features of yttrium orthoferrite nanocrystallites
formed under combustion.
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2. Experimental
2.1. Synthesis procedure

Yttrium orthoferrite nanocrystallites were obtained by combustion of a glycine-nitrate
precursor with the glycine to total yttrium and iron nitrates ratio equal to 2.4, 3.0, 3.3, 3.6 and
4.2. This procedure was described in detail previously in work [26].

Glycine H,NCH;COOH (p.a.) was added in the required ratio to a solution of iron (III)
nitrate Fe(NOj3); (pur.) and yttrium nitrate Y(NO3)3 (puriss.), taken in equimolar amounts. The
resulting solution changed the color to dark brown due to the formation of glycine complex
with metal cations. Then, the solution was heated until complete water evaporation and then
self-ignition occurred that resulted in formation of brown fluffy powder.

Then products of glycine-nitrate combustion were calcined at 800 °C for 15 minute to
remove impurities associated with incomplete combustion products, predominantly consisting of
carbon black.

2.2. Characterization of the prepared samples

The elemental composition of the specimens was analyzed by means of scanning elec-
tron microscopy (SEM) using a Hitachi S-570, coupled with Oxford Link Pentafet microprobe
analyzer.

The phase composition of the specimens were controlled by powder X-ray diffraction
(XRD) using a Shimadzu XRD-7000 with monochromatic CuK«a radiation (A = 0.154051 nm).
Qualitative X-Ray analysis was carried out with powder base of the diffraction data PDF2-2012
using, quantitative X-Ray analysis was carried out with using of the Rietveld method [29].
Average crystallite size for spherical nanoparticles was calculated according to Scherer’s for-
mula [30]:

D— 0.9-A 7
S - cos(0)
where \ — X-ray wavelength, 5 — full width at half-maximum, 6 — Bragg angle.

Specific surface areas were determined with Micromeritics ASAP 2020 by the BET
method using nitrogen as the adsorbant. Pycnometric densities were measured with using
Micromeritics AccuPyc 1330 helium pycnometer. Average wall thickness of the pores was
estimated using the formula for an infinite plate of finite thickness, by which in the first
approximation, we described the morphology of the system:
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where h — average wall thickness of the pores,
sample.

Transmission electron microscopy (TEM) image was taken on a JEOL TEM-100CX
transmission electron microscope.

specific surface area and p — density of the

3. Results and discussion

Results of elemental analysis for compositions obtained after glycine-nitrate combustion
showed that molar ratio Fe:Y equels to stoichiometric value for all the samples in the range of
the method error [31] (Table 1).

According to the results of XRD analysis (Fig. 1), the phase composition of the com-
bustion products strongly depends on the G/N ratio of the initial solution.
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TABLE 1. X-ray microanalysis results of the glycine-nitrate combustion products

G/N Fe:Y molar ratio, %
X-ray microanalysis | Synthesis
24 51.0:49.0
3.0 50.4:48.6
33 51.3:48.7 50:50
3.6 49.4:50.6
4.2 50.8:49.2
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F1G. 1. XRD patterns of glycine-nitrate combustion products obtained at different
G/N ratio

As one can observe, samples obtained at a glycine to nitrate ratio equal to 3.6 and 4.2

are X-ray amorphous. However with glycine molar fraction increasing, hexagonal (h-YFeOs)
and orthorhombic yttrium ferrite (o-YFeOs) phase appearaences are observed in XRD patterns
samples. Finaly at a G/N ratio of 2.4, the sample almost completely consists of stable 0-YFeOs

phase.

The possible reasons for the considered system’s behavior were discussed in earlier

works [26,27] as well as the amorphous, hexagonal and orthorhombic phases’ relations to their
synthesis by glycine-nitrate combustion processes.

On the basis of XRD results, quantitative phase and disperse composition of the samples

were obtained (Table 2). Additional data about pycnometric density and specific surface area
are also shown.
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TABLE 2. Phase and disperse compositions, pycnometric density and specific
surface area of glycine-nitrate combustion products

Average crystallite Pyenometric | Specific

G/N Mole fraction, % g y density, surface

S1ze, nim 3 2

g/cm area, m“/g
0-YFeOy | h-YFeOy | *MOTPHOUS | v pe0s | h-YFeO,
phase

2.4 95.4 4.6 0 49+5 <7 5.3544 5.8
3.0 46.3 42.7 11.0 4244 5.0627 27.0
33 12.9 48.3 38.8 31+£3 4.2964 35.0
3.6 0 0 100 - - 3.5366 24.8
4.2 0 0 100 - - 2.9045 14.8

As it is shown in Table 2, the pycnometric density of the samples decreases with an
increasing of amorphous phase mole fraction, which consist of amorphous YFeO3; as well as
of incomplete combustion products and absorbed water [28]. But even for a sample with G/N
ratio of 2.4, its pycnometric density is quite far from X-ray densities for pure hexagonal and
orthorhombic phases — 5.526 and 6.195 g/cm?® respectively. This can be explained by the
presence of closed porosity in the samples which can reach values of 30 % and higher.

The dependence of specific surface area upon the glycine/nitrates ratio is more compli-
cated and has maximum (about 35 m%/g) at G/N ratio equal to 3.3. This may be explained by
decisive contribution of the hexagonal ultradisperse YFeOs phase in total surface area. Thus,
in the G/N ratio range of 2.4 — 3.3 increasing of hexagonal YFeO3; mole fraction causes an
increase in the specific surface area of the sample. It should be noted that for the X-ray
amorphous samples (G/N = 3.6 and 4.2) the observed total surface area decrease with higher
G /N ratio may be due to the fouling of surface and porous structure by incomplete combustion
products under conditions of excess glycine.

Compositions obtained by the glycine-nitrate combustion were then calcined at 800 °C
for 15 minutes, which resulted in its significant weight loss and formation of monophasic
samples of orthorhombic yttrium ferrite for all G/N ratios. Relative weight loss of the samples
and average crystallite sizes of 0-YFeOs depending on glycine to nitrates ratio in initial solution
are shown in Fig. 2.

As one can see, the maximum weight loss after calcination is constant for the sam-
ples with high glycine excess toward its stoichiometric amount and reaches about 20 % for
G/N = 4.2. Weight loss decreases monotonically with a decreasing glycine to nitrate ratio and
for the sample with G/N = 2.4, it is comparable with accuracy of the used method. Thus, it
can be concluded that in the case of a slight glycine deficiency toward reaction stoichiometry,
it is possible to obtain nanocrystalline pure phase of orthorhombic yttrium orthoferrite by direct
glycine-nitrate combustion without the necessity of additional thermal treatment.

Average crystallite size of orthorhombic YFeOg obtained after calcination of combustion
products considerably changes from 30 to 50 nm with G/N ratio change from 4.2 to 2.4.
Wherein this dependence upon G/N has two characteristic ranges — for G/N from 4.2 — 3.3,
calcination of products leads to the formation of relatively smaller nanoparticles than in case
of G/N equal to 3.3 — 2.4. This may be considered as result of presence a carbon skeleton
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F1G. 2. Relative weight loss (a) and average o-YFeOs crystallites size (b) after
calcination of glycine-nitrate combustion products at 800 °C for 15 minutes

in the samples obtained under conditions of glycine excess. This, in turn, leads to spatial
separation of nanoparticles formed under thermal treatment of combustion products and restricts
recrystallization processes. In the absence of a carbon skeleton, active mass transfer is possible
thus leading to a significant increase in the average crystallite size.

To obtain comprehensive information about nanostructure morphology of the obtained
YFeO3, microstructure features and results of crystallization processes TEM analyses of as-
prepared and calcined samples were carried out (Fig. 3).

A significant difference between the morphology and microstructure is observed for the
samples obtained from initial solutions with G/N ratio 2.4, 3.3 and 4.2. With decreased glycine
to nitrate ratio, the pore size and pore wall thickness, on the contrary, increase. Comparing this
information with data about phase and disperse composition of the samples (Table 2) it can be
assumed that spatial restrictions may also affect the result of the glycine-nitrate combustion in
addition to the combustion reaction zone temperature factor [26]. In this case, the phase and
disperse composition of glycine-nitrate combustion products are not only strongly dependent
on reaction temperature, but also on the combustion reaction rate and the amount of evolved
gases, so that all these factors govern final product microstructure. However, as it seen after
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G/N =4.2

GN =42
calcined at 800°C for 15 min

50 nm §

FiG. 3. TEM of glycine-nitrate combustion products as prepared
(G/N =24, 3.3, 4.2) and after heat treatment (G/N = 4.2, calcined 800 °C,
15 min)

the heat treatment, the initial microstructure of the composite is disrupted and orthorhombic
orthoferrite is present as weakly agglomerated nanoparticles with rounded shapes. Apparently,
nanoparticles o-YFeOs are formed on the base of the previous pore walls in the areas with
enhanced congestion of initial substance.

This assumption is also confirmed by matching results of both helium pycnometry
analysis and analysis of nitrogen adsorption with using average wall thickness equation as
described above. Results of these calculations and scheme of morphological and phase changes
depending on the G/N ratio is shown in Fig. 4.

The products of glycine-nitrate combustion have a porous structure and can be charac-
terized by the average wall thickness of pores, which depends on the G/N ratio. The minimum
wall thickness was detected at a glycine/nitrate ratio of about 3.0 — 3.3. If G/N ratio is 4.2 and
2.4, the average wall thicknesses of pores are maximized, but the reasons for this increase in
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F1G. 4. Average wall thickness of the pores in glycine-nitrate combustion prod-
ucts at different G/N ratio and its phase and morphological transformation
scheme

thicknesses are different. In the case of glycine excess (G/N = 3.6 — 4.2), the pore thickness
is comparatively high mainly due to their structure formation from the abundance of unreacted
substances. This leads to significant wall thickening, a reduction in the density of the sample,
the formation of closed porosity and as a result, the foam morphology illustrated in Fig. 4.
Otherwise, in the case of a decreased G/N ratio, in the range of 3.0 — 3.6, at the onset of
crystallization processes, changes in the pore wall thickness and the morphology of the com-
bustion products are observed, presumably due to the reduction of unreacted product amount.
The sample obtained under minimal G/N ratio of 2.4 is characterized by maximal pore wall
thickness due to its high crystallinity and high average crystallite size of YFeOg. In this case, it
is proper to consider nanostructure of the sample as fused plate-like structure, which is shown in
Fig. 3. This assumption can be proved by comparing nanostructure average characteristic sizes
estimated from XRD and TEM (Table 3). Average characteristic size of nanostructure refers to
average wall thickness of the pores (TEM) or average crystallite size estimated from diffraction
line broadening in different crystallographic directions (XRD).

Thus, it was shown a strong influence of unreacted combustion products on the mor-
phology of obtained samples.

4. Conclusion

Nanostructured materials, based on the orthorhombic and hexagonal yttrium orthoferrite
with different phase, disperse and morphological compositions, were obtained by direct glycine
nitrate synthesis. It was shown that the composite morphology is strongly dependent upon
the amount of evolved gases amounts and mass fraction of unreacted combustion products.
Crystallization behavior of composites with different G/N ratio was shown mainly to depend
on the reaction zone temperature as well as on spatial restrictions formed by the morphology
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TABLE 3. Average characteristic sizes of nanostructures (from XRD and TEM)
depending on synthesis conditions

G/N | Phase composition | Nanostructure average characteristic size, nm
XRD

0-YFeO3 h-YFeOj3 TEM
[200] | [002] | [040] | [010] | [004]
4.2 Amorphous phase - - - - - > 40

3.3 | 0-YFeO3 + h-YFeOgs | 2942 | 2942 | 33+£3 | 10£2 | 7+£2 10 - 20
24 0-YFeOg3 46+4 | 46+4 | S1£5 15 -50

4.2% 0-YFeOj3 50£5 | 49£5 | 5145 - - > 50

* — the sample obtained by calcination of combustion products
at 800 °C for 15 minutes

features and that leads to preferred formation of yttrium orthoferrite with amorphous, hexagonal
or orthorhombic structures. As result of this work, a scheme for the morphological changes has
been shown to be dependent upon the glycine to nitrate ratio.
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