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Peculiarities of LaFeO; nanocrystals formation via glycine-nitrate combustion
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Varying glycine to nitrate ratio in the initial solution the powders based on nanocrystalline LaFeOs were synthesized by solution combustion
synthesis. The powders were studied by X-ray diffractometry, scanning electron microscopy, adsorption analysis and helium pycnometry.
The average crystallite size of the synthesized LaFeO3 nanocrystals ranged from 1842 to 8549 nm, and the specific surface area of the
nanopowders based on them ranged from 8 to 33 m?/g. Based on the results, the influence of redox composition of the reaction solution on the
nature of the combustion processes, as well as the composition, structure and properties of LaFeO3 nanocrystals were analyzed. Here, it was
shown, that the nanopowders have specific microstructure in terms of monocrystalline nanoscale layers of lanthanum orthoferrite, therefore it

is allowed to consider them as a promising base for catalytically and magnetically functional materials.
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1. Introduction

Lanthanum orthoferrite is one of the rare-earth orthoferrites which has perovskite-like structure and crystallizes
within the orthorhombic crystal system (Pbnm space group) [1]. Lanthanum orthoferrite, due to its wide prevalence
in comparison with other rare-earth elements (REE) and its particular property set, is the basis for many functional
materials applied in catalysis, solid-oxide fuel cells, chemical sensors, magnetic and electrode devices etc. [2—
9]. Lately, materials based on LaFeOs are also considered as promising materials to obtain hydrogen by the
photocatalytic decomposition of water under visible light irradiation [10-12]. In this case, the efficiency and the
rate of Hy generation are defined by the value of a specific surface area of photocatalyst and therefore the use of
nanoscale lanthanum orthoferrite powders can be more advantageous relative to coarse-crystalline ones.

Nanocrystals of lanthanum orthoferrite and other rare-earth orthoferrites are conventionally obtained by soft
chemistry methods: sol-gel synthesis [13, 14], hydrothermal synthesis [15-17], thermal treatment of precursors
with different chemical composition [18, 19] and others [20]. In the most cases, the crystallite size and the
specific surface area of successfully obtained LaFeOs3 nanocrystals are about 50 nm and 10 m?/g, correspondingly.
However, to use materials based on lanthanum orthoferrite in real photocatalytic processes the value of crystallite
size should be rather smaller.

Recently, the solution combustion method has been actively developed to obtain nanocrystalline oxides. The
method is based on redox reaction, which occurs during the thermal treatment of solutions containing the respec-
tive metal nitrates and an organic reducing agent, for example, glycine, citric acid, urea, etc. The reaction is
accompanied by enormous heat release which supports the process autonomously after combustion initiation by an
external heating source. As a rule, the result of the reaction is the formation of single-phase oxide nanopowders
with a high specific surface area and small crystallite size. Thus, application of this synthesis approach seems to
be highly reasonable and promising.

However, since the formation of the nanocrystalline oxides under the described conditions is a rather compli-
cated combination of physical-chemical processes, the particular properties of nanopowders, in general, depend on
different factors including the composition of a reaction mixture, material and shape of a reactor, composition of
media, under which the synthesis occurs, etc. The most important factor among them is the redox composition of
the initial solution, which was previously shown [21-23] to define the combustion conditions and temperature in
the reaction zone. Despite much research [10,24,25] being focused on obtaining lanthanum orthoferrite by solution
combustion synthesis, the influence of redox composition on processes of LaFeOs nanocrystal formation has not
been studied in detail. Thus, the theoretical and practical goals of the present paper are the investigation of the
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influence of redox composition on LaFeO3 formation and synthesis of lanthanum orthoferrite nanopowders with a
high specific surface area.

2. Experimental
2.1. Materials synthesis

The compositions based on LaFeO3 were prepared by the solution combustion synthesis. The details of
synthesis procedure have been previously described [26]. As starting materials, lanthanum and iron nitrates and
glycine were used. All starting materials were analytic-grade purity. Lanthanum and iron nitrates were taken in a
stoichiometric ratio according to the following reaction:

3La(NO;)s + 3Fe(NO,)3 + 10C2H5NOy = 3LaFeOs + 14N; + 20CO2 + 25H,0,

while the amount of glycine was varied towards to the total amount of nitrates (G/N) from 0.1 to 1.4. G/N ratio
was calculated as follows:

where ng;,, — moles of glycine, n/y,— and ny,,— — moles of lanthanum and iron nitrates, correspondingly. Nitrates
o 3

of iron and lanthanum and glycine were dissolved in distilled water under a vigorous stirring. Then, the solution
was heated until water evaporation that caused the transition of solution into gel followed by its spontancous
ignition. The product of glycine-nitrate synthesis is foam-like substance, which becomes a brown powder after
milling in a mortar.

2.2. Materials characterization

The prepared samples were characterized by the following techniques. Powder X-ray diffraction (PXRD)
performed on a Rigaku SmartLab 3 diffractometer was used to identify the crystalline phases and estimate the
average crystallite size and the crystallite size distribution. The Scherrer equation was used for crystallite size
calculation. The fundamental parameters approach, which is implemented in standard Rigaku software supplied
to the diffractometer, was used to find the crystallite size distribution. Scanning electron microscopy (SEM) with
energy dispersive X-ray analysis (EDX) performed on a Tescan Vega 3 microscope was employed to characterize
morphology and elemental composition. The specific surface area was measured by Brunauer-Emmett-Teller
(BET) method using No as adsorbed gas on an Micromeritics ASAP 2020 instrument. The density of the samples
was determined with a helium pycnometer (Micrometrics AccuPyc 1330). The thickness of interpore partition was
calculated from pycnometric density and specific surface area data in an approximation of an infinite plate of finite
thickness [27,28] according to the following formula:

2
=5,
where h — average interpore partition, S — specific surface area and p — density of the sample.

3. Results and discussion

According to EDX analysis, the lanthanum to iron ratio in all obtained powders answers to 1:1 ratio given
by synthesis procedure within the method error. The phase composition of the powders evaluated from PXRD
drastically differed, depending on G//N ratio. For instance, when the starting solution contains considerable excess
or shortage of glycine (G/N = 1.2, 1.4 or G/N = 0.1, 0.2) the final solid products are completely or almost
amorphous (Fig. 1). In the case of G/N ratio lying in between these edge points the crystalline phase of LaFeOs
with orthorhombic structure is predominantly found in the final solid products (Fig. 1). Phase analysis is presented
in details in Fig. 2(a). The data demonstrate that as G/N ratio comes closer to the stoichiometric point (G/N =
0.6) the amount of amorphous phase decreases to zero. It is worth noting that at G/N = 0.2, in addition to the
amorphous phase, a trace amount of La(OH)2NOs crystalline phase is present. In the similar system based on
YFeOs, the impurities of nitrate derivatives of REE were also found in the powders obtained by glycine-nitrate
synthesis at non-stoichiometric G/N ratios, but their crystallization did not occur during combustion [29]. In
the case of LaFeO3 system, the formation of La(OH)2NOg is probably explained by a higher temperature in the
reaction zone in comparison to that which can be implemented during synthesis in the YFeO3 system. The higher
temperature, in turn, can be rationalized to be due to the catalytic effect of the formed LaFeOgs on the combustion
process which leads to an acceleration of energy release and even when G/N ratio is far from stoichiometric,
sufficient temperatures are reached in the system to cause the crystallization of lanthanum nitrate derivatives.
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Fi1G. 1. X-ray diffraction patterns of products of LaFeOgs glycine-nitrate synthesis obtained at

different G/N ratios

F1G. 2. Phase composition of glycine-nitrate synthesis products (a) and LaFeO3 average crystal-
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The typical dependence of phase composition on G/N ratio (Fig. 2(a)), as was previously shown for the
similar system [21], is connected with the dependence of temperature on this parameter. The temperature in the
reaction zone is considered to be maximum at the stoichiometric point and decreases both towards the excess and
the shortage of glycine. Therefore the most stable and defect-free crystalline phases are conventionally formed at
the stoichiometric G/N ratio.

This trend is also noted in the dependence of the average crystallite size on the G/N ratio (Fig. 2), as far
as at the stoichiometric point it usually reaches the maximum value and in the considered system the value is
about 85 nm. For comparison, the average crystallite size reaches only about 50 nm in the YFeOgs system. This
considerable difference can also be explained by the catalytic activity of LaFeO3 and higher temperature that
intensify the recrystallization processes in the reaction zone and leads to the growth of the lanthanum orthoferrite
nanocrystals. In other respects, the dependence of the average crystallite size on glycine-nitrate ratio repeats those
known for other systems [21,26]. The samples obtained at G/N ratio of 0.4 and 0.8 have almost the same average
crystallite size of about 55 nm. The powder with the smallest average crystallite size of about 20 nm and mostly
consisting of crystalline LaFeO3 was obtained at G/N = 1.0. At the same time, this sample is characterized by the
narrowest shape of crystallite size distribution among other samples and the size of crystallite majority lies in the
range of 10 — 35 nm (Fig. 3). The broadest crystallite size distribution, as it was expected, belongs to the sample
obtained at stoichiometric G/N ratio and its crystallite size is varied from 50 to 110 nm. The sample obtained
at G/N = 1.2 despite on the smallest size of crystallites is excluded from consideration as it contains an only
trace amount of LaFeOs. Thus, from a practical point of view, the lanthanum orthoferrite nanocrystals obtained at
G/N = 1.0 are the most interesting since they have the smallest crystallite size and the narrowest crystallite size
distribution among the whole set of samples, what meets important requirements for nanopowders using as a basis
for magnetic and electric materials [4,5].
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FIG. 3. Size distribution of LaFeO3 nanocrystals obtained at different G/N ratios

Another practically important parameter of the obtained LaFeOs nanocrystals and compositions on their basis
is the specific surface area. The results of measurements of the specific surface area are shown in Fig. 4(a).
According to the shown data, the samples synthesized at a glycine-nitrate ratio close to the stoichiometric point
(G/N = 0.4 - 0.8) have a relatively low specific surface area of about 10 m*/g, which agrees with data reported
previously [10,24]. At G/N below 0.4, a drastic decrease of the specific surface area to 0.5 m?/g (G/N = 0.1) is
observed, which is related to the replacement of the bulk combustion mode inherent to the stoichiometric reaction
by the smoldering mode. The smoldering mode is characterized by relatively low temperatures in the reaction
zone and low reaction rate that promotes the formation of several by-products (La(OH)2NOs3 and others) in the
reaction and a poorly developed surface for the products. On the contrary, as G/N ratio exceeds stoichiometric
value a dramatic increase of specific surface area to 33 m?/g is observed (G/N = 1.0), which can be explained
by an increase of waste gases and maintaining enough high temperature at the same time. Thus, it was shown the
possibility to increase the specific surface area of nanocrystalline LaFeOg by facile varying of redox composition of
the initial solution, which was previously reached only by additional modification of glycine-nitrate synthesis [25].
Helium pycnometry data provide evidence for the high purity of obtained lanthanum orthoferrite nanocrystals, as
the value of the pycnometric density of samples synthesized at G/N = 0.4 — 1.0 almost matches with the X-ray

density (pfﬁgog = 7.081 g/em?®) of orthorhombic LaFeOs (Fig. 4(b)). However, as in the case of excess of
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nitrates (G/N < 0.4), so in the case of their deficiency (G/N > 1.0) in the reaction mixture, the by-products of
redox reaction such as nitrate and carbonate derivatives of iron and lanthanum reduce the pycnometric densities of
the samples. The agreement between the average crystallite size of LaFeOg and the average thickness of interpore
partition of foam-like samples (Fig. 5) within the limits of experimental error for the broad G/N range of 0.4 —
1.0 (Fig. 2(b) and Fig. 4(c)), as well as similar shape of dependence of these values on G/N argue that interpore
partition is formed by layers of LaFeOs nanocrystals and thickness of the layers is comparable with the average
crystallite size. Herewith, according to SEM data (Fig. 5), the morphology and the microstructure parameters of the
glycine-nitrate synthesis products corroborate conclusions stated above about the influence of the glycine-nitrate
ratio on the formation of nanocrystalline LaFeO3. Thus, the sample obtained at G/N = 0.1 (Fig. 5(a)) is a dense
low-porosity substance of micron size, which has an extremely low specific surface area and a large thickness of
interpore partition. While the sample obtained at stoichiometric G/N ratio (Fig. 5(b)) already has rather developed
porosity structure, but the thickness of interpore partition is still large enough (~100 nm). As opposed to the
previous cases, synthesis at a G/N ratio = 1.0 leads to the formation of the sample with the most developed
porosity and surface (Fig. 5(c)), the major bulk of which is formed by LaFeOs nanocrystals with the size of 20—
25 nm. This peculiar structure of the product of glycine-nitrate synthesis — nanocrystals of lanthanum orthoferrite
— allows one to suppose the successful application of materials based on the nanocrystals for photocatalysis. The
assumption seems to be especially reasonable since successful results have been obtained elsewhere [11]. Finally,
at G/N = 1.4 (Fig. 5(d)), i.e. in a large excess of glycine, the sample obtained was of micron size and with
high porosity and specific surface. However, a considerable part of the sample consists of combustion by-products
(mainly carbonate derivatives of iron and lanthanum), which was confirmed by the extremely low pycnometric
density and the great fraction of the amorphous phase in the composition.
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Thus, in this paper, the possibility of nanocrystalline lanthanum orthoferrite synthesis from glycine and nitrate
precursors was demonstrated. Additionally, it was also shown that by varying the glycine-nitrate composition of
the initial solution, one can vary the selected properties of the obtained nanocrystals. Samples were obtained
based on LaFeO3 nanocrystals with different microstructure and the average crystallite size, ranging from 1842
to 8549 nm, which provided nanopowders with specific surface area values ranging from 8 — 33 m%/g. It was
established that in the broad range of G/N ratio 0.4 — 1.0, high-porosity samples are mainly formed by nano-scale
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F1G. 5. SEM images of glycine-nitrate combustion products obtained at 0.1 (a), 0.6 (b), 1.0 (c)
and 1.4 (d) G/N ratio

single crystal layers of LaFeOs, the thickness of which is comparable with the average crystallite size, making
these nanocrystalline powders promising candidates for catalytic materials.
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