Front. Chem. China 2008, 3(2): 182-185
DOI 10.1007/s11458-008-0035-y

RESEARCH ARTICLE

Xiaolan SONG, Xi HE, Haiping YANG, Dayu XU, Nan JIANG, Guanzhou QIU

Kinetics of thermal decomposition of Ce0O, nanocrystalline
precursor prepared by precipitation method

© Higher Education Press and Springer-Verlag 2008

Abstract The thermal decomposition of CeO, nano-
crystalline precursor prepared by chemical precipitation
method was investigated using thermo-gravimetric/dif-
ferential scanning calorimetry (TG/DSC) and X-ray
powder diffraction (XRD). In particular, the differential
thermal analysis curves for the decomposition of CeO,
nanocrystalline precursor were measured at different
heating rates in air by a thermal analyzer (NETZSCH
STA 449C, Germany). The kinetic parameters of the
thermal decomposition of CeO, nanocrystalline pre-
cursor were calculated using the Kissinger method and
the Coats-Redfern method. Results show that the
apparent active energy E of the reaction is 105.51 kJ/
mol, the frequency factor In4 is 3.602 and the reaction
order n is 2. This thermal decomposition process can be
described by the anti-Jander equation and a three-
dimensional diffusion mechanism.

Keywords CeO, nanocrystals, thermal decomposition
kinetics, thermo-gravimetric/differential scanning calori-
metry (TG/DSC)

Cerium oxide is a cheap and widely used rare earth mater-
ial. Due to its superior ability in oxygen conduction and
storage, high temperature oxygen vacancy diffuses. CeO,
can be extensively used in redox reactions and it has
become a prospective automobile tail gas purifier catalysis
material [1,2], hyperthermia oxygen tolerance material
[3.4], pH transducer material [5], solid oxide fuel cell
(SOFC) material [6-8], electrochemistry reaction promot-
ing material [9], chemistry machinery polishing (CMP)
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grinding material [10,11], coating material and doping
agent for inoxidizable and corrosion-resistant metal [12],
etc. CeO, has many potential applications in modern
materials science.

The purpose of this study is to define the most probable
mechanics function f{«), derive the activation energy E,
frequency factor A4, calculate the rate constant k and pre-
sent the expression of reaction rate do/dz from the TA
curves [13]. These parameters serve as the basis for the
description of the surface characteristics of the reaction
process, determination of the thermal stability of new
materials and determination of the reaction mechanism.
In this paper, the differential thermal analysis curves were
measured at different heating rates in air for the decom-
position of the CeO, nanocrystalline precursor, and the
decomposition process of the CeO, nanocrystalline pre-
cursor was studied by self-programming software and
XRD analysis.

1 Experimental

All reactants were of analytical grade. With cerous nitrate
and sal volatile as the raw materials, the mix solution was
prepared by adding the sal volatile liquor into the cerous
nitrate liquor with a molar ratio of 0.1 mol/L, while 2 g
PEG4000 was added into the solution to inhibit hydro-
lyzation. Then, the mixed solution was stirred at 40°C for
10 minutes with a stirring speed of 800 r/min. The pre-
cursor sols were filtered, washed with distilled water and
ethanol, dispersed by ultrasonic bath and dried at 343 K
to get the pure Ce,(COs3)3-H,O powder.

The pyrolytic decomposition of the precursor
Ce»(CO;)3-H,O was analyzed using a thermal analysis
apparatus (NETZSCH STA 499C) produced by
NETZSCH Geritebau GmhH. The TG-DSC curves were
obtained in the temperature range 298-823 K at heating
rates of 3, 5, 10, 15, 20 K/min. The decomposition kinetics
of the CeO, nanocrystalline precursor was studied by self-
programming software and Matlab.
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2 Results and discussion

2.1  The decomposition process of the CeO,
nanocrystalline precursor

Figure 1 shows the TG-DSC curves of the CeO, nano-
crystalline precursor at a heating of 5 K/min. The decom-
position process occurs in two steps. Below 373 K, an
endothermic peak representing the hydrolysis of the pre-
cursor was observed. The theoretical weight loss rate of
this process is 3.77%. Between 523 K and 623 K, there is
an exothermic peak corresponding to the decomposition
of Ce,(CO3); to CeOs,. The theoretical weight loss rate of
this process is 25.22%. So the theoretical weight loss rate
of the pyrolytic decomposition is 28.99%. From the TG
curves, the experimental weight loss is 29.12% giving a
relative error of 0.45%. The pyrolytic decomposition of
the precursor was inferred by TG/DSC curves as follows:

First step:
Cez(C03)3'H20—>C€2(CO3)3—|—H20 (1)

Second step:
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Fig. 1 DSC/TG curves of CeO, nanocrystalline precursor at
5 K/min

Figure 2 shows the DSC curves of the CeO, nanocrystal-
line precursor at different heating rates. As shown in Fig. 2,
the peaks of DSC curves obtained from different heating
rates had the apical temperature hysteresis and the peak area
increases as the heating rates increase. Different decom-
position rates at different heating rates were observed.

Figure 3 shows the XRD patterns of the precursor
powders that calcined at 473 K and 573 K for 1 h. The
results of XRD patterns showed that, Ce,(CO3); was
oxidized to Ce(COs3),. Minute quantities of CeO, were
generated when the sample was calcined at 473 K for
1 h but the sample was totally oxidized when the calcina-
tion was done at 573 K for 1 h. From the XRD data, it
can be concluded that the process of Ce,(COj3);-H,O
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Fig. 2 DSC curves of CeO, nanocrystallite precursor at dif-
ferent heating rates

transformation to CeO, involves the oxidation to
Ce,(CO3),, then the decomposition to CeO,. These results
are consistent with the TG-DSC analysis.

[ * C.O,
. ¥ C(CO;),H,0
= Cu(CO5);HO

300°C 1h
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Fig. 3 XRD patterns of precursor at different temperature

TG-DSC and XRD analysis suggest that the pyrolytic
decomposition of the precursor is composed of the follow-
ing steps: hydrolysis of the precursor below 373 K, oxida-
tion to Ce(CO;3), after calcination at 473 K, then
decomposition to CeO, after calcination at 573 K.

2.2 Thermal decomposition kinetics of the CeO,
nanocrystalline precursor
2.2.1 Differential method

In this paper, the basic non-isothermal kinetic expression
was applied to the thermal decomposition kinetics [14],

da
=k (%) G)
S@)=1-a)" (4)

Equation (3) is the differential equation for dynamics,
and equation (4) is the non-isothermal kinetic expression.
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Using the Arrhenius equation [15],

E
k=Aexp(—ﬁ)

a series of transformations were done on equations (3),
(4), (5) to get the equation by Kissinger [14] below,

(5)

where o is the percent conversion of reaction; A4, the fre-
quency factor; T, the absolute temperature; f3, the heating
rate, E, the activation energy, R, the gas constant (8.314 J-
mol/K) and n, the reaction order.

If the max reaction rate of the decomposition coincides
with the peak of the DSC curves, then «, and 7, the
percent conversion and temperature, are also at their peak
values. From Kissinger’s study, n(1 —o,)" " is independ-
ent of f and the value of this expression is equal to 1.
Equation (6) becomes

(7)

Logarithmic transformation of equation (7) gives us

()

Equation (8) is the Kissinger equation. The peak tem-
perature 7, can be obtained from the DSC curves at dif-
ferent heating rates(Table 1). Linear regression analysis
of In(p/T%,) vs. 1/T,; (Fig. 4) was done to obtain the Ey
from the slope coefficient and A4 from the intercept. The
energy of the endothermic peak Ey is 108.99 kJ/mol and
the correlation coefficient is 0.99416.

_mAR_
T E

E
RT),;’

(i=1234..) (8

Table 1 Peak temperature at different heating rates
Heating rate/K-min™' 3 5 10 15 20
Peak temp./K 512.72 520.13 53321 541.56 550.85

2.2.2 Integration method

The Coats-Redfern [16] integration equation is

G(o) _
T2

AR E

In== - —

In 9)

Table 2 Basic data of DSC during thermal decomposition kinetics

Kinetics of thermal decomposition of CeO, nanocrystalline precursor prepared by precipitation method
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Fig. 4 Fitting lines for Kissinger method

In this equation, « is the percent conversion of the reac-
tion, A4, the frequency factor, 7, the absolute temperature,
p, the heating rate, E, the activation energy, R, the gas
constant (8.314 J-mol/K), n, the reaction order and G(«),
the integration equation of the decomposition mechanics.

With the self-programming software and Matlab
method and using the data in Table 2, regression analysis
G(2)

T2
was performed. The kinetic parameters £ and In 4, the
correlation coefficient r, and the standard deviation of the
fit Q from these calculations are listed in Table 3.

The mechanism of pyrolytic decomposition was pre-
dicted by comparing the result of the Kissinger method
and Coats-Redfern method [17]. The equation which
gave an E the closest which is 108.99 kJ/mol was taken
as the most likely equation for the reaction under study.
According to the data above, the 7™ equation was coin-
cided with the decomposition process of the precursor.
The equation pattern of the decomposition is

of In

| .
Vs. T using the 40 equations from reference [13]

2
G(o)= [(l—koc)%—l} . The process can be described by

the anti-Jander equation and is consistent with a three-
dimensional diffusion mechanism. The integral and dif-
ferential form of the anti-Jander equation are [(1+ )"
— 1> and 3/2((1 + o)**[(1 + )" — 1]7". Using these equa-
tions, values of 102.01 kJ/mol for E, 3.602 for In 4 and 2
for n are obtained.

The calculation was done using the point-by-point
method, so the accumulated error is inevitable. The
decomposition energy was calculated by averaging the
values obtained using the two methods and was found
to be 105.50 kJ/mol.

No. 1 2 3 4 5 6 7 8 9 10 11 12
TIK 5124 548.9 563.9 581.4 593.9 608.9 613.9 618.9 623.9 628.9 633.9 638.9
o 0.0524 0.0126 0.2133 0.3032 0.3831 0.4522 0.5100 0.6349 0.7076 0.7937 0.8564 0.9480
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Table 3 Parameters of values of thermal decomposition kinetics

No. E/kJ-mol™* InA/A-s™! r 0

1 129.22 6.950 9.896 0.356
2 27.37 —1.950 9.779 0.003
3 139.05 7.599 9.857 0.573
4 29.75 —1.779 9.720 0.052
5 148.58 8.165 9.813 0.862
6 135.55 6.909 9.873 0.482
7 102.01 3.602 9.926 0.157
8 194.11 1.251 9.541 3.766
9 126.04 —3.326 9.233 0.027
10 20.09 —2.488 9.437 0.050
11 26.08 —1.866 9.510 0.073
12 35.06 —-0.974 9.569 0.114
13 50.04 0.452 9.618 0.205
14 57.53 1.148 9.633 0.261
15 79.99 3.199 9.659 0.466
16 124.92 7.209 9.683 1.053
17 169.86 11.158 9.694 1.878
18 259.69 18.975 9.704 4.235
19 349.55 26.736 9.709 7.539
20 —20.33 —5.255 6.629 5.916
21 5.68 —4.318 9.564 0.003
22 10.87 —3.617 9.780 0.005
23 21.23 —2.485 9.868 0.012
24 83.42 5.815 9.926 0.111
25 71.88 1.795 9.760 0.261
26 69.36 1.670 9.788 0.213
27 69.36 2.147 9.788 0.213
28 64.59 1.370 9.836 0.141
29 64.59 1.671 9.836 0.141
30 34.93 —1.093 9.787 0.054
31 23.66 —2.172 9.376 0.078
32 15.96 —2.975 8.693 0.083
33 58.43 1.783 7.572 2.581
34 12.06 7.144 9.139 2913
35 24.28 —1.773 6.951 0.640
36 —104.15 —12.770 8.907 2.871
37 —198.45 —20.943 8.817 11.44

38 126.71 8.472 7.820 10.359

3 Conclusions

(1) The pyrolytic decomposition of the precursor is
composed of two steps: hydrolysis of the precursor below
373 K followed by decomposition to CeO, after calcina-
tion at 573 K for 1 h.

(2) The kinetic parameters calculated using the
Kissinger method and the Coats-Redfern method are:
E=105.5 kJ/mol, In4 =3.602, n = 2.

(3) The decomposition of the CeO, nanocrystalline
precursor follows a three-dimensional diffusion mech-
anism, and can be described by the anti-Jander equation.
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