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Abstract

Nd,O3 was synthesized by calcining Nd,(C,04)3 - 10H,0 in air. The precursor and its calcined products were characterized by thermo-
gravimetry and differential scanning calorimetry, Fourier transform infrared spectroscopy, X-ray powder diffraction, and scanning electron
microscopy. The results showed that high-crystallized Nd,O3 with hexagonal structure was obtained when the precursor was calcined at 1223 K
in air for 2 h. The crystallite size of Nd,O5 synthesized at 1223 K for 2 h was about 48 nm. The thermal decomposition of the precursor in air
experienced three steps, which are first, the dehydration of 10 crystal water molecules; then, the decomposition of Nd,(C,04); into Nd,O,COs5;
and last, the decomposition of Nd,O,COj; into hexagonal Nd,O;. Based on the KAS equation, the values of the activation energies associated

with the thermal decomposition of Nd,(C,04)3¢10H,O were determined.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Rare earth oxides have many unique properties, such as high
mechanical strength, oxygen ion conductivity, oxygen storage
capacity, strong UV adsorption, excellent catalysis and lumines-
cence. Therefore, rare earth oxides have been widely used in
various fields [1-3]. Among rare earth oxides, neodymium oxide
(Nd,05) is kind of very important and has been widely used in
photonic applications [4], luminescent and thermoluminescent
materials [5,6], protective coatings [7,8], thin films [9], and
catalysis [10,11]. The quality of Nd,O; powders was highly
dependent on the synthesis method and conditions, which
determine particle size and morphology of Nd,O; associated
with its performances. Preparations of high-quality samples with
superfine particle size and/or dopant have generally been
considered to improve the performances of Nd,O3 [10,11].

To date, various methods of synthesizing Nd,O5; have been
developed, including the microemulsion method [1,2], solvother-
mal synthesis [7], tartrate route [8], the sol-gel method [4,10], the
precipitation method [12], the hydrothermal method [13—15],
microwave-assisted synthesis [16], combustion process [17], the
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template method [18], and thermal decomposition of oxalate
[19-21]. In the synthesis of Nd,O3, it was found that crystallite
diameter and morphology of Nd,Os associated with its perfor-
mances were highly dependent on the synthesis method and
conditions. For instance, Yang et al. [10] synthesized single-phase
Nd,O5 powders with a particle size of 20-30 nm by the sol-gel
auto-combustion method using Nd(NO3);, citric acid, and poly-
vinyl alcohol as the starting materials. Phuruangrat et al. [14]
obtained pure hexagonal Nd,O5; nanorods with about 40 nm in
diameter and 100-200 nm long by microwave-assisted hydro-
thermal reaction, followed by calcination at 773 K for 2 h. Qu
et al. [18] obtained Nd,O5 nanowires by sol-gel process assisted
with porous anodic aluminum oxide as a template. Most
researchers attempt to obtain Nd,O3 powders with high perfor-
mance at the lowest possible cost. However, many methods of
synthesizing Nd,O3 are complex processes with high cost, so it is
not easy to prepare the product on a large scale. Therefore, new
synthesis methods for hexagonal Nd,O5 are needed to be studied
and innovated further. Besides, kinetics research of thermal
process of Nd,O5 precursor still has fewer reports in comparison
with synthesis of Nd,O;.

This study aimed to prepare monoclinic Nd,(C>04)3210H,O
via solid-state reaction at low heating temperatures using Nd
(NO3);-5.2H,0 and Na,C,0, as raw materials and to study
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phase evolution and the kinetics of thermal decomposition of
Nd»(C504)310H,0. The kinetics of thermal decomposition of
Ndy(C504)310H,0 was studied using TG-DSC technique. Non-
isothermal kinetics of thermal decomposition of Ndy(CyOy)se
10H,O was interpreted by the Kissinger—Akahira—Sunose (KAS)
equation [22-27]. The kinetic parameters (E,, A) and mechanisms
of thermal decomposition of Nd(C,04)3210H,O were discussed.

2. Experimental
2.1. Reagent and apparatus

All the chemicals were of reagent-grade purity (purity >
99.9%). TG/DSC measurements were taken using a Netzsch
Sta 409 PC/PG thermogravimetric analyzer under a continuous
flow of air (40 mL min") and sample mass was around 13 mg.
X-ray powder diffraction (XRD) was performed using a Rigaku
D/Max 2500 V diffractometer equipped with a graphite mono-
chromator and a Cu target. The radiation applied was Cu Ko
(4=0.15406 nm), operated at 40 kV and 50 mA. The XRD scans
were made from 5° to 70° in 20 with a step size of 0.02°. FT-IR
spectra of the precursor and its calcined products were recorded
on a Nexus 470 FT-IR instrument. The morphologies of the
synthesis products were observed using an S-3400 scanning
electron microscope (SEM).

2.2. Preparation of Nd>,Oj3

The Nd,(C,04)3¢10H,0O samples were prepared by solid-
state reaction at low heating temperatures [22,23] using Nd
(NO3);-5.2H,0 and Na,C,0, as starting materials. In a
typical synthesis, Nd(NO;3);-5.2H,O0 (25.00 g), Na,C,04
(12.45 g), and surfactant polyethylene glycol (PEG)-400
(4.0 mL, 50 vol.%) were placed in a mortar, and the mixture
was thoroughly ground by hand with a rubbing mallet for
40 min. The grinding velocity was about 210 cycles/min, and
the strength applied was moderate. The reactant mixture
gradually became damp, and then a paste was formed quickly.
The reaction mixture was kept at 303 K for 1 h. The mixture
was washed with deionized water to remove soluble inorganic
salts until C,O3~ ion could not be visually detected with a
0.5 mol L™! CaCl, solution. The solid was then washed with a
small amount of anhydrous ethanol and dried at 343 K for 8 h.
The resulting material was subsequently determined to be
Ndy(C;04)3210H,0. Hexagonal Nd,O; was obtained via
calcining Nd,(C504)3210H,0 at 1223 K in air for 2 h.

3. Method of determining kinetic parameters and
mechanism functions

3.1. Determination of activation energy by the KAS equation

Activation energy of thermal decomposition of the solid
compound can be obtained by the KAS equation:
P E, AE,
In == ——+1n
T2 RT Rg(a)

(D

where f is the heating rate (K min~— h, T is the reaction
temperature (K) in TG curve, E, is the activation energy
(kI mol ') of thermal decomposition, R is the gas constant
(8.314 x 1073 kI mol "' K~ 1), A is the pre-exponential factor,
and « is called conversion degree.
The conversion degree (@) can be expressed as Eq. (2):
a= mi; — my (2)
mi —ms

where m;, my and m, are the initial, final and current sample
masses at the moment ¢, respectively. The g(a) is a function of
a and reveals the mechanism of reaction. The plots of In(8/T%)
vs. 1/T corresponding to different values of @ can be obtained
by a linear regression of the least-square method. Thus,
reaction activation energy E, can be obtained from linear
slope (—EJ/R, Eq. (1)).

3.2. Determination of most probable mechanism functions

The following equation was used to estimate the most correct
reaction mechanism of thermal decomposition of Ndy(C;0,)se
10H,0, i.e., g(a) function [28-31]:

AE, e *

R +n x2
where x=E/(RT), h(x) = (x*+ 18x> +86x> +96x) / (x* +20x +
120x% 4-240x4120), and g is the heating rate (K min™"). The
conversions a corresponding to multiple rates at the same
temperature are put into the left of Eq. (3), combined with 31
types of mechanism functions [29,30,32], the slope k and
correlation coefficient 7> are obtained from the plot of In g(a)
vs. In . The probable mechanism function is that for which the
value of the slope k is near —1.00000 and correlation
coefficient 7 is better.

In g(a) = |In + Inh(x)| — Inp 3)

3.3. Calculation of pre-exponential factor A

The pre-exponential factor was estimated from the following
equation [33]:

E E
A= ﬁg(a) L. a
RT? RT pax

max

(4)

where A is the pre-exponential factor (s~ '), /8 is the heating rate
(K min™"), g(a) is the most probable mechanism function deter-
mined by Eq. (3), E, is the activation energy (kJ mol ™) of thermal
decomposition, R is the gas constant (8.314 x 107> kJ mol '
K™ "), and T,y is the most rapid decomposition temperature (i.c.,
peak temperature in DTG curve, K).

4. Results and discussion
4.1. TG/DTG/DSC analysis of the precursor

Fig. 1 shows the TG/DTG/DSC curves of the precursor at
four heating rates of 5, 10, 15, and 20 K min ! from ambient
temperature to 1237 K. The TG/DTG/DSC curves show that
thermal process of Nd,(C,04)3210H,0 below 1250 K occurs
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Fig. 1. TG/DTG/DSC curves of Nd,(C>04)3210H,0 at different heating rates in air.

in three well-defined steps. For heating rate of 10 K min ', the

first step starts at 336 K, ends at 642 K, which can be attributed
to dehydration of the 10 crystal water molecules from
Nd»(C,0,4)3¢10H,0O (mass loss: observed, 24.56%; theoretical,
24.59%). The second decomposition step starts at 642 K, ends
at 873 K, attributed to reaction of Nd,(C,0,); with 1.50,
molecules into Nd,O,COs, and of the five CO, molecules
(mass loss: observed, 23.09%; theoretical, 23.48%). The third
decomposition step starts at 873 K, ends at 1042 K, attributed
to decomposition of Nd,O,COj; into Nd,Os3, and of the one
CO, molecule (mass loss: observed, 6.03%; theoretical,
6.01%).

4.2. IR spectroscopic analysis of Nd>(C»,04)3210H,0 and its
calcined samples

The FT-IR spectra of Nd,(C>04)3¢10H,O and its calcined
samples are shown in Fig. 2. The Nd,(C,0,4)3210H,0 exhibits
a broad band at about 3364 cm™' that can be assigned to
symmetric and asymmetric stretching modes of water mole-
cules [34-36]. The bending mode of water expected around
1608 cm™" overlaps with the intense oxalate band which is
around 1616 cm™! [22,23,37]. The bands at 1313 and
798 cm™ ' can be assigned to either the appearance of new
Nd-OC,05 bonds and/or to the combinations of OH group
vibration and lattice modes [37-39]. The weak band at about
1471 cm ™! is attributed to Vasy (C=0) from absorption CO,
[22]. With the increase of the calcination temperature, the
bands at about 3364, 1608, 1313, and 798 cm ™! become weak
and/or disappear. The bands at about 3364, 1607, 1313, and
798 cm ! disappeared when Nd,(C,0,4);¢10H,0 was calcined
over 1123 K, implying that Nd,(C,04)3¢10H,O finishes the
dehydration and decomposition of C,05~. The spectrum of
the calcined sample at 1223 K is in agreement with that of
Nd,O;5 from literature [15].

4.3. XRD analysis of Nd»(C>0,)3210H,0 and its calcined
products

Fig. 3 shows the XRD patterns of Nd»(C50,)3¢10H,O and its
calcined samples. From Fig. 3, the results show that Nd,
(C504)3¢10H,0 is a crystalline compound, all the diffraction

1223 K
[1223K
1123 K
X | 933K T\
g | 873K v J
C
& |773K W |
£ | 623K YT
c \/_,\r—"—v\..
S | 573K
'_

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm 1)

Fig. 2. FT-IR spectra of Nd»(C,0,)3210H,0 and its calcined samples.

peaks in the pattern of sample obtained at 343 K were in
agreement  with  those of monoclinic  Ndy(Cy04)ze
10H,O, with space group P21/c(14) and the following cell
parameters: a=1.1191 nm, »=0.9612 nm, c=1.0257 nm,
a=p=90°, y=114.4°, density=2.42 gcm >, from PDF card
20-0764, which indicates that the sample obtained at 343 K is
Ndz(C204)3°10H20. When Ndz(C204)3'10H20 was calcined at
773 and 873 K for 2 h, characteristic diffraction peaks of single
phase Nd,0,COj; with hexagonal structure in the patterns of two
samples appeared. With the increase of the calcination tempera-
ture, the characteristic diffraction peaks of Nd,O,CO;3 become
weak and/or disappear. When Nd,(C>04);¢10H,O was calcined
at 1223 K for 2 h, a new diffraction pattern with strong intensity
and smoothed baseline was observed, which indicates that the
calcined product had a high degree of crystallinity. Except for a
weak diffraction peak of unknown compound at 16.1° for 26, all
other diffraction peaks in the pattern were in agreement with
those of hexagonal Nd,O5; with space group P-3m1(164) and the
following cell parameters: a=b=0.383 nm, ¢=0.5999 nm,
a=p=90° y=120°, density=7.333gcm_3, from PDF card
41-1089, which indicates that the sample obtained at 1223 K was
hexagonal Nd,O;.

According to the Scherrer formula [40]: D= KA/(f cos 0),
where D is crystallite diameter, K=0.89 (the Scherrer con-
stant), A=0.15406 nm (wavelength of the X-ray used), f is the
width of line at the half-maximum intensity, and 6 is the
corresponding angle. The resulting crystallite sizes of the
products from calcining precursor at 973, 1123, and 1223 K
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Fig. 3. XRD patterns of Nd,(C,04)3¢10H,0 and its calcined samples at different temperatures for 2 h.

in air for 2 h were 48.5, 29.2, and 48.1 nm, respectively. The
crystallinity of hexagonal Nd,O5 can be calculated via MDI
Jade 5.0 software; the results showed that crystallinities of
hexagonal Nd,O; obtained at 973, 1123, and 1223 K were
58.3%, 53.7%, and 93.8%, respectively.

4.4. SEM analyses of Nd»(C>0,)3210H,0 and its calcined
samples

The morphology of Nd,(C,04)310H,O and its calcined
samples are shown in Fig. 4. From Fig. 4a, it can be seen that
Nd,(C5,04)3210H,0O sample is composed of platelets and
contains particles having a distribution of small particles
(50-250 nm) and large particles (from 250 nm to 1.0 pm).
From Fig. 4b—d, the calcined samples obtained at 773, 873,
and 973 K are split into approximately spherical particles, and
particles sizes are between 50 and 250 nm. With the increase
of the calcination temperature, the calcined sample particles
are aggregated into larger irregular particles. Fig. 4e and f
show the SEM micrographs of samples obtained at 1123 and
1223 K, respectively. It can be seen that the morphology of
two samples became irregular shapes, there was a strong soft
agglomeration phenomenon among the particles. Average
particle diameters of samples obtained at 1123 and 1223 K
are about 300 and 1 pm, respectively. The average crystallite
sizes of the calcined samples determined by X-ray diffraction
were significantly smaller than the values determined by SEM.
This can be attributed to the fact that the values observed by
the SEM technique have the size of the secondary particles,
which were composed of several or many crystallites by soft
reunion, and the X-ray line broadening analysis disclosed only
the size of a single crystallite.

4.5. Kinetics of thermal decomposition of Nd>(C>0,)310H>0

In accordance with TG/DTG/DSC, IR, and XRD analyses of
the precursor and its calcined products mentioned above,
thermal decomposition of the precursor below 1223 K consists
of three steps, which can be expressed as follows.

Ndz(C204)3 - 10H,O (S)—>Nd2(C204)3(S) + 10H,0 (s) (5)

Nd»(C204)5 (s) + 1.50,(g) »Nd,0,CO3(h) 4+ 5COa(g) (6)

Nd,0,CO;5(h) > Nd2 O3 (h) + COx(g) (7)

According to non-isothermal method, the basic data of @ and
T were collected from the TG curves of thermal decomposition
of Nd,(C»04)3210H,O at four heating rates (5, 10, 15, and
20 K min ™). According to Eq. (1), the isoconversional
calculation procedure of KAS equation was used. The corre-
sponding KAS lines for different decomposition steps were
obtained at different conversion degrees a and different
heating rates f at first, and then reaction activation energy E,
can be obtained from linear slope (—E./R). The results are
shown in Fig. 5. From Fig. 5, the average values of the
activation energy associated with thermal decomposition of
Nd,(C504)3210H,0 were 67.94 + 143.31, 135.49 + 13.16, and
453.42 4+ 4478 kI mol~ ' for the first, second, and third
thermal decomposition steps, respectively.

The activation energy changes of the step 1 with a are
higher than 10%, and those of steps 2 and 3 with a are lower
than 10%, so we draw a conclusion that dehydration of the ten
crystal water molecules from Nd,(C,04)3210H,0 could be
multi-step reaction mechanisms (step 1); and reaction of
Nd,(C,04)3 with 1.50, molecules into Nd,O,CO3 and CO,
(step 2), decomposition of Nd,O,CO;5 into Nd,O3; and CO,
(step 3), are simple reaction mechanisms [29,41-43]. The
activation energy of step 3 is higher than those of steps 1 and
2, which implies that the step 3 of thermal decomposition of
Nd,(C,04)3210H,O may be interpreted as a “slow” stage,
while other steps may be interpreted as “fast” stages.

Fig. 6 shows the curves of a vs. reaction time (¢) and da/dt
vs. reaction time (¢) for steps 2 and 3. From Fig. 6, steps 2 and
3 are sigmoidal model (sometimes also called autocatalytic)
[33,43], which represents the process of steps 2 and 3 whose
initial and final stages demonstrate the accelerating and
decelerating behavior, respectively, so that the process rate
reaches its maximum at some values of the extent of conver-
sion. The results show that rates for steps 2 and 3 reach its
maximum at 5.23 and 12.38 min, respectively.

We randomly choose several temperatures which corre-
spond to conversions 0.10 < a < 0.90 at first, then conversions
corresponding to temperature for =5, 10, 15, and 20 K min '
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Fig. 4. SEM micrographs of Nd,(C,0,)3210H,O and its calcined samples:(a) 343 K, (b) 773 K, (c) 873 K, (d) 973 K, (e) 1123 K, and (f) 1223 K.

1 *
500 ************
*kk Ak
*t****************
400 -
f —m—step 1
Q —v—step 2
E 300 —*—step 3
<
w® 200 A /..-
n
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvﬁvv
100 - "
.-lllllll-lllllllllll-.-llll"
0

02 03 04 05 06 07 08 09
a

Fig. 5. The dependence of E, on «a at different thermal decomposition steps.

were put into 31 types of mechanism functions [29,30,32]. The
slope k, correlation coefficient r2, and intercept B of linear
regression of In g(a) vs. In f were obtained. The two
mechanism functions of better correlation coefficient > were

determined to be probable mechanism functions at first, and then
several temperatures were randomly chosen to calculate the
slope k, correlation coefficient *, and intercept B of the two
probable mechanism functions by the same method. Mechan-
ism function in which the value of & is the closest to —1.00000
and the correlation coefficient r* is higher is chosen as
mechanism function of thermal decomposition of Nd,(C>0O4)3e
10H,0. The results showed that probable mechanism function
integral forms of thermal decomposition of Nd,(C,04)ze
10H,O for steps 2 and 3 were determined to be g(a)=
[In(1-a)]*? for step 2 and g(a)=—In(1-a) for step 3. Rate-
determining mechanisms for steps 2 and 3 are assumed random
nucleation and its subsequent growth.

The pre-exponential factor was obtained from Eq. (4),
inserting the most probable mechanism function g(a), B, E,,
R, and T, values. The results showed that the pre-
exponential factors (A) of thermal decomposition of
Nd,(C504)3210H,0 for steps 2 and 3 were determined to be
8.75 x 107 and 9.97 x 10** s~ ', respectively.
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Fig. 7. Comparison of model results (solid line) with the experimental data
(dash line) of the thermal decomposition of Nd,(C,04)3¢10H,0 for steps 2 and
3 at different heating rates.

In order to prove the validity of the kinetic mechanisms for
steps 2 and 3 of thermal decomposition of Nd,(C,04)3210H,0,
the comparisons were drawn between experimental data and
results of the kinetic mechanism for every heating rate. The
results are shown in Fig. 7. It can be found that the model-
predicted plots were in agreement with the experimental plots,
indicating that the mechanism functions for steps 2 and 3 of
thermal decomposition of Nd,(C,04)3210H,0 are reliable.

5. Conclusions

We have successfully synthesized hexagonal Nd,O; via
calcining Nd,(C,04)3¢10H,0 in air. XRD analysis suggests
that high-crystallized Nd,O3 with hexagonal structure can be
obtained via calcining Nd,(C504)3¢10H,0 at 1223 K in air for
2 h. The crystallite size of Nd,O3 synthesized at 1223 K for 2 h
was about 48 nm. The thermal decomposition of Nd,(C,0,)3e
10H,O in air experienced three steps, which involve the
dehydration of the 10 crystal water molecules at first, then the
reaction of Nd»(C,04); with O, into Nd,O,CO3, and lastly the
decomposition of Nd,O,CO; into hexagonal Nd,Os. The average
values of activation energy associated with the thermal decom-
position of Ndy(C504)3210H,O were determined to be
67.94 + 14331, 135.49 + 13.16, and 453.42 +44.78 kJ mol ~
for the first, second, and third thermal decomposition steps,
respectively. Thermal decomposition of Nd,(C,04)3¢10H,O for
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step 1 could be multi-step reaction mechanisms, and those for
steps 2 and 3 were simple reaction mechanisms.
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