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Abstract: Lanthanum(III)-oxide (La,O3) powders were synthesized by a mechanochemically induced
solvent-deficient method using lanthanum nitrate, and ammonium bicarbonate as precursors. The
precursor mixture was calcined for one hour at either 600 or 800 °C. This study included an investigation
of the formation reactions, crystal structure, specific surface area, and optical properties of synthesized
La;Os. The proposed mechanism indicates a complex synthesis with several reactions, some of which
are mechanochemically induced. The size of the La>O; nanocrystallites, as determined by XRD, is
22.15+3.9 nm (by using the Williamson-Hall plot, it is determined that the strain is 1.4x107% and
crystallite size 30.81 nm) while the specific surface is set to 7.04 m?g’!. The direct bandgap value
obtained from reflectance measurement is determined to be 5.37 eV.
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1. INTRODUCTION

Lanthanum-oxide (La;O3) is a white,
scentless, and thermally stable (melting point 2315
°C) rare earth metal oxide. La,O3 is also low-cost,
readily accessible, and insoluble in water.
Therefore, it is employed in organic synthesis as an
efficient heterogeneous catalyst [1]. LaxO; has
numerous applications in different areas, including
ceramic structures and lightweight structural seg-
ments in aerospace and electrochemical appli-
cations such as fuel cells [2]. Furthermore, La,0s is
used for phosphate eradication [3] in biomedical
and water treatment and the high refraction optical
fibers manufacturing [4].

The research on La)O; and other metal
oxides is also significant due to their commercial
and environmental advantages as heterogeneous
catalysts, especially in comparison to homo-

geneous catalysts. Some of these advantages
include facile separation of catalyst from the
mixture, recovery of the catalyst with or without
regeneration, uncomplicated purification of the
recovered methyl esters, reduction of energy
consumption by up to 50 %, and minimization of
overall production expenditure [S]. According to
Zhou et al. [6], nano La,Os catalytic activity was
superior to conventional La,O; catalytic activity
due to its high basic strength, small particle dimen-
sions, and consequently — large specific surface
area.

Up to now, there are reports of different
methods for the La,Os; nanoparticles synthesis
including sol-gel [4], sonochemical [7], solvo-
thermal [8], and hydrothermal [9]. A lately reported
solvent-deficient method [10] was applied in our
research. This method is economic and more
environmentally friendly than other methods due to
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the low consumption of chemicals, rapid synthesis,
easiness, and capacity to synthesize compounds
without the use of traditional solvents. The solvent-
deficient method does not require complicated
apparatus or setups. After the first report by Smith
et al. [10], this method was optimized and applied
for the preparation of binary oxides such as Al,O;
[11], and CeO;[12], and even more complex ones,
such as Bao_ssro_5C00_gFeo,203 [13]

This paper describes the solvent-deficient
synthesis of nano La;O; followed by the chara-
cterization of the samples.

2. EXPERIMENTAL

The chemicals used for the experiment were
ammonium bicarbonate, NHsHCO; (CAS: 1066-
33-7, VWR Chemicals BDH), lanthanum(III)-
nitrate hexahydrate, La(NO3);-6H,O (98+%, CAS:
10277-43-7, Acros Organics). The precursors were
mixed in a mortar for 20 minutes, followed by
rinsing with 100 mL of distilled water. After drying
at room temperature and then in a laboratory oven
at 100 °C, the resulting powder was used for further
analysis and measurements.

The calcination of the precursor powder was
performed in a Nabertherm L3/11/B180 muffle
furnace for one hour at either 600 or 800 °C with a
heating/cooling rate of 10 °C min ™.

The simultaneous TGA/DSC of the
precursor powder was performed using the
NETZSCH STA 449F3 by measuring weight
change (TGA) and differential heat flow (DSC)
from 20 to 1000 °C, with a 10 °C min™' heating rate,
in the air atmosphere.

FTIR spectra of a series of La,O3 samples
calcined at different temperatures are acquired
using a spectrometer IRAffinity-1 (SHIMADZU).
Spectra were collected in the spectral range from
4000 to 500 cm™!, with a resolution of 4 cm™'. The
solid samples were mixed with KBr and com-
pressed into pellets.

The BET-specific surface area of the
calcined powders was determined from N, adsorp-
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tion at 77 K on a Micromeritics, Gemini VII
(multipoint) instrument.

The reflectance spectrum of La,O; was
determined using an Agilent Cary 5000 UV-Vis-
NIR spectrophotometer, equipped with a DRA-
2500 diffuse reflectance accessory. Measurements
were performed in the wavelength range from 200
to 800 nm, with a step of 1 nm and a recording
speed of 600 nm min!. The spectrum of commer-
cial PTFE (polytetrafluoroethylene) was used as
the baseline.

Phase identification of the samples was
conducted with X-ray diffraction (XRD) on a
BRUKER ENDEAVOR DS diffractometer using
DIFRAC.EVA software. The measurements were
performed from 10° to 70° 20 with 0.02° incre-
ments. The crystallite size of the investigated
samples was estimated using Scherrer's equation.
Additionally, the average crystallite size and mic-
rostrain value of the La>O3; samples were estimated
using the Williamson-Hall plot [14].

3. RESULTS AND DISCUSSION

3.1. Nano La,O; preparation and
characterization

Upon grinding at room temperature there is
a mechanically induced reaction between lantha-
num (III)-nitrate hexahydrate, and ammonium
bicarbonate. This reaction results in a semiliquid
mixture with partially dissolved La** ions and
ammonium nitrate. As confirmed by the ab initio
quantum mechanical charge field—molecular
dynamics (QMCF-MD) approach, lanthanum ions
in an aqueous environment are hydrated with three
identified hydration spheres [15]. The water rinsing
is responsible for NH4sNO;3; removal, and the
complex mechanism of LaOHCO; formation in
presence of CO, and OH™ ion is described
elsewhere [16]. Figure 1 shows the TGA/DSC
curves of the precursor powder and Table I lists
measured phase transitions and corresponding
mass losses during TGA/DSC measurement.
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Figure 1. DSC and TGA of the lanthanum(I1l)-nitrate hexahydrate-ammonium bicarbonate precursor mixture heated
to 1000 °C with a 10 °C min~! heating rate. The seven endothermic peaks correspond to the seven reaction stages,
followed by mass reduction

The thermal decomposition of the rinsed and
dried precursor mixture (Figure 1) was chara-
cterized by an endothermic mass change that can be
followed through seven phases, designated as I, II,
I, IV, V, VL, and VIL The first study describing
the basics of the solvent-deficient method
anticipated that rinsed precursors display H,O and
CO; byproducts, confirming dehydration/decar-
bonation reactions occurring. The mass loss
observed during TGA/DSC with associated
endothermic peaks at 84.2 and 119.2 °C (Phase I
and II) in that regard could be associated with the
evaporation of residual water and CO; and the
formation of lanthanum carbonate hydroxide
(LaOHCO:s).

Previous research dealing with the
preparation and characterization of lanthanum
carbonate hydroxide explained the possible exis-
tence of two polymorphs having small but different

amounts of crystalline water molecule bonded to
LaOHCOs [17]. Lee et al. [18] studied orthor-
hombic (0) and hexagonal (h) lanthanum(III)-
hydroxy carbonate (LaOHCOs;) further. They
found that the polymorph of LaOHCO; depended
on the reaction temperature, inorganic salt additive,
species of Ln** dopant, and solvent. The observed
respective values of x for h- and 0-LaOHCO3-xH,O
were estimated to be 0.73 and 0.25. The authors
also noticed that slopes in the followed temperature
range indicated that the rate of the LaOHCO; to
La,O,CO; conversion is much slower for h- than o-
LaCO;0H. The TG slope in our study is of a pattern
similar to the h-LaOHCO;-xH,O, which is an
indicator of sample composition and behavior
within phases III and IV. In that regard, two small
endothermic peaks and continuous mass drop could
be ascribed to water release from the h-
LaOHCO;-n1H>0 molecule.
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Table 1. Phase transition and mass losses during TGA/DSC of the lanthanum(I1l)-nitrate hexahydrate — ammonium
bicarbonate precursor mixture heated to 1000 °C with a 10 °C min™! heating rate
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= T | = A
25°C .
100 La(NOs); - 6H,0 + 3NH4HCO; — 3NH4NOs + This
oC h-LaOHCO;-nH,0 + (7-n)H,0 + 2CO, study
I |842 COz(aq) —» CO2 1 [10]
{1192 |33.6% H0() — H0 1 [10]
I | 229.2 | 1.46% [17]
h-LaOHCO; nH,0 — h-LaOHCO;s + nH,O
IV | 309.2 | 1.95% [17]
V 4392 | 10.7% | 453.76 | 2LaOHCO; — La,O(COs), + 2H,0 1 438.30 | [22,23]
VI | 539.2 | 33% | 369.93 | F220(C0:)2 = La:0:C0O: + CO 1 369.80 | [22,23]
VI | 729.2 | 2.7% | 348.60 | La;0,COs — LayO3 + CO; 1 325.80 | [22,23]

The question of hydroxycarbonate phase
formation and existence was additionally assessed
by Colon et al. [19], who were preparing the CeO»-
La;Os3 catalytic system from nitrate precursors by
applying the sol-gel method. They concluded that
precipitation with water dissolved ammonia from
nitrate solution of rare earth involves the occlusion
of anions such as NH4', NOs; or CO;* and
formation of Ln,(OH)(COs),y molecules. The exist-
ence of the hydroxy carbonate phase, Lax(OH)s.
2x(CO3)x, with x<1, was also suggested by Bernal et
al. [20] when lanthanum hydroxide partially
transformed into hydroxycarbonate under air
atmosphere. Additionally, Kim et al. [21] found out
that the thermal decomposition profile of rare-earth
hydroxy carbonates is influenced by the decom-
position atmosphere and heating rate.

That is why most systematic studies do not
necessarily present specific values according to
which the onset of thermal decomposition, and
therefore trends across the rare earth in general, can
be identified. That is also the case in our study,
where onset temperatures for observed stages
cannot be directly compared to previous results.
Further three endothermic weight loss steps have
respective maximums of 439.2, 539.2, and 729.2.
The observed changes are previously very well
described [22,23] and can be related to LaOH(CO3)
losing water (Phase V) followed by La,O(COs3),
and La;0,CO; releasing carbon dioxide during
respective Phases VI and VII. The joint chemical
reaction should include all the above-proposed
reactions:

La(NOs)3-6H>0 + 3NH4HCO3; — 3NH4NO3 + h-LaOHCO3-nH20 + (7-n)H20 1 + 2CO2 1

h-LaOHCO;-nH,O — h-LaOHCO; + nH,O 1

2LaOHCO3; — La,O(COs3), + 2H,0 1
La,O(COs), — La;0,COs + CO, 1
La,0,CO; — La,03 + CO,2 1
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Further examination of La,Os; synthesis
involved XRD analysis of the material obtained by
annealing the precursor in a furnace up to 600 and
800 °C for one hour with a 10 °C min’!
heating/cooling rate in the air atmosphere. XRD
analysis (Figures 2 and 3) confirmed the presence
of La,Oj3 in the sample calcinated at 800 °C. In the
sample calcinated at 600 °C, the expected
compound was La;0,COs, but because the samples
waited for analysis for two months and due to the
hygroscopic nature of the material, they were
transformed into more stable lanthanum-hydroxide
(La(OH)3). XRD data are provided without data
smoothing or background subtraction.

By using Scherrer's equation crystallite size
is approximated to be 19.61+7.5 and 22.15+£3.9
nm for 600 and 800 °C, respectively. To consider
both the effects of strain and size on peak
broadening, the Williamson-Hall plot was created
based on the Lorentzian function. The strain and
crystallite size were calculated from the slope and
y-intercept, respectively. For the sample calcine-
ted at 600 °C, the strain was 3.7x107* and the
crystallite size was 55.46 nm. In the case of the
sample calcinated at 800 °C, the strain was
1.4x107 and the crystallite size was 30.81 nm.
The crystallite size from the Williamson-Hall plot

MECHANOCHEMICALLY INDUCED SYNTHESIS OF La,O,

is slightly larger than the crystallite size from
Scherrer's formula, but still in the range of
nanoparticles. The crystal structure of La,O3; was
confirmed at 800 °C. La(OH); was detected as the
second phase in the same sample and its formation
is probably a consequence of the hygroscopic
nature of La,Os. According to Fleming et al. [24],
La(OH); is formed from La,O3; promptly after its
exposure to air.

The specific surface area (BET) of the
material calcined at 600 and 800 °C is found to be
4.51, and 7.04 m? g'!, respectively. The specific
surface areas of the samples after calcination are
corresponding well to their crystallite size
determined by using Scherrer's equation. Zhou et
al. [6] have found that the higher specific surface
is favorable for La,Oj3 catalytic activity. The high
specific surface of La,Os is resulting in better
contact with the reactants in the transesterification
reaction. In their research, the respective BET
surface areas of hydrothermally prepared nano
La,Os3, sonochemically prepared nano La,Os, and
commercially available La,O; were 46.0, 28.3,
and 3.3 m? g'!. The BET surface area of La,Os
produced by the solvent-deficient method is 7.04
m? g, indicating a good possibility for its
catalytic activity.
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Figure 2. XRD patterns of as-prepared powders were calcined at 600 °C for one hour.
The formed La(OH); is present at 600°C and the Miller indices (JCPDS 36-1481) are denoted above the pattern.
La(OH)CO3 (JCPDS 26-0815) are denoted by * above the pattern
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Figure 3. XRD patterns of as-prepared powders were calcined at 800 °C for one hour.
The formed La;Os is present at 800 °C and the Miller indices (JCPDS 73-2141) are denoted above the pattern.
La(OH); (JCPDS 36-1481) are denoted by * above the pattern

3.2. FTIR analysis

With increasing calcination temperature,
certain evolution of characteristic bands, which
can be well related to the results of XRD, was
noticeable.

FTIR spectra were recorded to show the
functional groups for samples calcinated at various
temperatures i.e., 200, 500, 600, and 800 °C
(Figure 4).
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Figure 4. FTIR spectra of the lanthanum(Ill)-nitrate hexahydrate — ammonium

bicarbonate precursor mixture heated for one hour at 200, 500, 600, and 800 °C
with a 10 °C min™! heating rate
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Due to its basic properties, La,Os is subject
to reaction with atmospheric water and CO; to
form chemisorbed surface types of species. The
very characteristic appearance of the area between
3000 and 4000 cm™ in samples calcined at 600 and
800 °C was observed. A sharp band at 3606 cm™ is
assigned to the stretching O-H vibrations of
lanthanum hydroxide which is formed by the
ageing of La,0s in the air atmosphere [25]. A wide
band centered around 3440 cm™ together with a
weak band at around 1640 cm™ can be attributed to
the O—H vibration and indicate the presence of

MECHANOCHEMICALLY INDUCED SYNTHESIS OF La,O,

adsorbed water on the sample surface. The
additional band that appeared at 644 cm!
originated from the La-OH deformation [26]. The
broad band centered at 1385 cm™! originated from
adsorbed water molecules. The samples calcined at
lower temperatures also show a characteristic
broad band centered around 3440 cm’'. The
additional band at about 3200 cm™ indicates the
presence of crystalline carbonate in the sample
calcined at 200 °C. By further heating at 400 °C,
the sample released crystalline bonded water, and
the band at 3200 cm™! disappeared.
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Figure 5. UV-VIS diffuse reflectance spectra of La>Oj3 calcined at 800 °C for one hour. The inset shows
the Kubelka Munk function versus energy plot with an estimated value for a direct bandgap of 5.37 eV

It is well known that the optical properties
(including bandgap) of the semiconductor
materials correlate with their catalytic activity [27].
The bandgap of the crystalline La;O; calcined at
800 °C for one hour was examined by the UV-VIS
diffuse reflectance spectra (UV-VIS DRS), as
shown in Figure 5. The value of the direct band-gap
is determined to be about 5.37 e¢V. This is in good
agreement with the values from the literature. Zhao
et al. [28] measured the bandgap of the poorly
crystallized La,O; film to be approximately 5.3
eV. On the other hand, the direct optical
transitions band gap value in La,O3 determined by
Pandey et al. [29] is estimated to be 5.2 eV. The
observed small difference between measured and
literature values could be a result of the La(OH)3

impurities, as well as crystal defects such as
vacancies and interstitials, whose presence is
previously confirmed by the XRD analysis.

4. CONCLUSIONS

Mechanochemically induced synthesis of
nano LayO; is described by a set of chemical
reactions based on TG-DSC and FTIR results.
Chemical transformation is followed from the
mechanochemical reaction at RT and up to
800 °C. The material obtained after one-hour-long
heating at either 600 or 800 °C is inspected by the
means of XRD, revealing a multiphase structure.
Confirmed La(OH); / La(OH)CO; phases at 600
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°C, and La,O3 / La(OH); phases at 800 °C are most
probably the result of two-month-long original
material decay. The observed spontaneous rea-
ctions to more stable lanthanum compounds are a
confirmation of previous findings by several
authors. By using Scherrer's equation, the respe-
ctive crystallite sizes were determined to be
19.6147.5 and 22.15+3.9 nm for 600 and 800 °C.
The strain and crystallite sizes were calculated by
using the Williamson-Hall plot. The strain and
crystallite sizes were 3.7x107* and 55.46 nm for the
material calcined at 600, and 1.4x1073 and 30.81
nm for the material calcined at 800 °C,
respectively. The respective specific surface areas
(BET) of the material calcined at 600 and 800 °C
are found to be 4.51, and 7.04 m*> g’'. The bandgap
of the crystalline La,O; calcined at 800 °C for one
hour is by the UV-VIS diffuse reflectance spectra
(UV-VIS DRS) determined to be about 5.37 eV.
This is in agreement with the literature values.

The described mechanochemically induced
synthesis route presents a fast, efficient and reliable
way to obtain La)Os nanocrystallites. Future
research on La,Oj; solvent-deficient synthesis sho-
uld include XRD, SEM, and TEM analysis.
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MEXAHOXEMMNJCKH UTHAYKOBAHA CUHTE3A Lax03

Caxerak: [IpamkoBu nanranujym(Ill)-okcuga (La,O3) cHHTETH30BaHM Cy MEXaHOXEMH]jCKH
WHIIyKOBAaHOM METOJIOM Y3 HEJOCTaTak pacTBapada KOpUIINemeM JaHTaHW]yM-HUTpaTta U aMOHHjyM
—OukapOonara kao npekypcopa. CMjeria npexkypcopa KalnuHucaHa je jemad cat Ha 600 wiu 800 °C.
OBO HCTpaXHUBaWmE j€ YK/bYYWIO HCIUTHBAaWkE peakuuja (opMuparma, KpHCTaJHE CTPYKTYype,
crielUYHE MOBPIIMHE M ONTHYKHX CBOjcTaBa CHHTeTH30BaHOT La>Os. IpemnoskeHnm MexaHH3aM
yKa3yje Ha CI0KeHY CHHTE3y ca HEKOJMKO PEeakKIija, 0 KOjiuX Cy HeKe MEXaHOXEMH]jCKH HHAYKOBAHE.
Benmunna wanokpuctamHor LayOs, ompehena XRD-om, m3nocm 22,15 £ 3,9 nm (kopumhemeMm
Bmwmjamcon—Xoi rpadukona yrepheno je na je Mukponanpesame 1,4 x 1073 1 BeIMIMHA KPUCTAIIATA
30,81 nm), ook je crmemuduuna noppmmHa Owta 7,04 m?g!. BpHjeaHOCT IMPEKTHOr €HEPTETCKOT
mpoIjjerna godujeHa MjepemeM peduiekcuje Ouma je 5,37 eV.

Kibyune pujeun: La>O;, cHTe3a ca HEIOCTaTKOM pacTBapada, HAHOUYECTHIIE.
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