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Abstract. This paper report the synthesis, characterization and magnetic evaluation of 
Ce0.6Pr0.4O2 system using a chemical route that involves the combustion of citrate species. The 
precursors were characterized by Fourier transform infrared spectroscopy (FTIR), to identify, 
the main vibrational bands associated with the organic material after combustion process. The 
structural analysis by X-ray diffraction (XRD) revealed the obtaining of an Fm-3m (225) cubic 
phase with a particle size around 10nm. Finally, the measurement of the magnetization as a 
function of applied magnetic field and of susceptibility showed a perfect paramagnetic 
behaviour. 

1.  Introduction 
With the progress of technology, there are new challenges for the development of advanced ceramic 
materials, in which the rare earth elements have shown unusual and interesting properties for a wide 
application field. In this context, the cerium is particularly one of the most important and abundant 
elements in nature and just as praseodymium are the only elements of this group that are stable in two 
oxidation states Ce4+, Ce3+, Pr4+ and Pr3+. The CeO2 and Pr6O11, are the most common oxides of these 
elements and their importance focuses on the possibility to participate in redox reactions and the 
storage capacity and controlled release of oxygen through the conversion between the main oxidation 
states respectively. The oxygen vacancies that arise from this conversion can be chemically 
manipulated by the combination of the two compounds originating materials with electronic, 
structural, mechanical, optical, catalytic and magnetic properties for technological applications. Some 
of the most important properties of these oxides have focused on the field of catalysis and 
photocatalysis [1,2], in development of oxygen sensors and biomaterials [3,4], and design of 
components for solid oxide fuel cells SOFC [5,6]. Commonly these materials are prepared by solid 
state reaction, however the low homogeneity of products and the restricted kinetic associated with the 
synthesis process and the loss of textural, surface and morphological properties, make the current trend 
is to use alternative routes leading to a better control of composition, structure and purity of phase at 
nanometric scale. In this sense, the combustion method is one of the most viable for its simplicity, 
speed and economy, reason why, present work pretend to show the advantage of combustion process 
in the obtaining of nanostructured oxides based on Ce0.6Pr0.4O2 system [7–9]. 

2.  Experimental 
Stoichiometric amounts of Ce(NO3)3.6H2O (99.9%), Pr(NO3)3.6H2O (99.9%) and citric acid 
monohydrated (99.9%) were used in the preparation of the Ce0.6Pr0.4O2 system, by the combustion 
method. The oxide was synthesized starting from solutions of nitrates of Ce3+ and Pr3+, (Previously 
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validated [10]), using a glass reactor equipped with magnetic stirring (150rpm), temperature control 
and reflux, as described elsewhere [11]. Once adjusted the corresponding dissolutions, the citric acid 
was added in a molar ratio 1:0.5, with respect to the total concentration of cations. The system was 
kept under reflux at 140°C for 12 hours until formation of a viscous liquid, which was then heated at 
200°C under air flux in an oven until complete solvent evaporation and treated at 310ºC to initiate the 
combustion process. The precursor formed was treated at 500°C to remove the remaining carbon 
under oxygen flow for 2 hours. 

The metal-organic precursor was analysed by infrared spectroscopy FTIR, using a Shimadzu FTIR 
prestige-21 equipment in ATR configuration (attenuated total reflectance), in order to assess the 
formation of citrate complexes and allow the verification of the effectiveness of the synthesis process 
and the chemical composition. The crystalline structure of the solid after calcination of precursor, was 
evaluated by X-ray diffraction (XRD), on a PANalytical X’Pert PRO MPD diffractometer, equipped 
with Ultra-Fast X´celerator detector and Bragg-Brentano configuration, using Cu Kα radiation 
(λ=1.54186Å) between 20º and 90°. The measurements were developed with a voltage of 40kV and a 
current of 20 mA in all cases. The crystallite size was calculated using the highest diffraction signals 
by the Debye-Scherrer equation, taking the value of half peak width set by a Lorentzian function and 
using a constant of 0.89 as reference [12]. The magnetization hysteresis (M-H) loop and zero field 
cooling (ZFC) studies, of the Ce0.6Pr0.4O2 system, was carried out by using a vibrating sample 
magnetometer VersaLab (VSM). The magnetization measurements were performed at several 
magnetic fields (500Oe–5000Oe), and the magnetic hysteresis measurements were done at different 
temperatures (100 and 300K) [13]. 

3.  Results and discussion 
FTIR spectrum of the Ce0.6Pr0.4O2 precursor before and after combustion process is shown in Figure 1. 
 

 
Figure 1. Infrared spectrum of the Ce0.6Pr0.4O2 precursor 
before and after the combustion process. 

 
The spectrum of precursor before combustion process, shown characteristic absorption bands 

associated with a polymeric citrate complex, which confirms the formation of coordination 
compounds between metals and citrate species as reported previously by Wahba [14]. The intense 
absorption band at 3431cm-1 is attributed for (O-H) vibration modes of the water molecules 
coordinated to the complex. The band stretching at 3241cm-1 is assigned for vibrational mode of (N-H) 
bond, which is associated with the addition of ammonia to dissolution for pH adjustment. The weak 
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band observed at 2360cm-1 is associated with the presence of CO2, which it is occluded in the materials 
during the synthesis [15]. The band located at 1653cm-1 is related with the asymmetric deformation 
mode of carboxyl group of mono-dentate coordination compounds and the bands attributed the 
symmetric stretching at 1418 and 1312cm-1 for the respective (COOH) groups, corresponds to a strong 
stretch mode associated to bidentate coordination compounds [16,17]. 

The absorption bands observed at 1041cm-1 corresponds the stretching modes of the (CO) bonding 
associated with acetals and primary alcohols, as well as bends out of plane of (C-H) bond [18]. The 
absorption peaks in the region 900–500cm-1 are associated with the bond of the metal cations with 
oxygen atoms. The characteristic band at around 580cm-1 is assigned for the symmetric stretching 
vibration of Ce-O-Ce, Ce-O-Pr or Pr-O-Pr [19–21]. While, there is still presence of absorption bands 
related to symmetrical and asymmetrical deformations of the groups (COOH) and a band to lower 
frequencies corresponding to the vibrational modes of the links C-O associated acetals and primary 
aliphatic alcohols. So, the intense band at 580cm-1, indicate that the cerium and praseodymium cations 
are tightly bound with oxygen [22], which implies that synthesis process has a significant decrease in 
terms of time and efficiency. 

Structural identification of Ce0.6Pr0.4O2 system was determined using XRD as shown in Figure 2. 
XRD patterns reveal the formation of a single phase with cubic structure type fluorite and space group 
Fm-3m (225) with a lattice constant a=0.5411nm, according with the reference compound of CeO2, 
ICDD code 00-034-0394. 
 

 
Figure 2. X-ray diffraction pattern of Ce0.6Pr0.4O2 system. 

 
According to XRD data, the crystallite size (D) was to be about 10 nm and was calculated using the 

Scherrer formula: 
 

𝐷 =	 $.&'(
)*+,-

     (1) 
 

Where λ was the X-ray wavelength, β was the width of the peak highest intensity considered in the 
calculation and θ was the Bragg diffraction angle of the main reflection (1 1 1) [23]. 

The broadening of the peaks is due to the incorporation of Pr to cerium oxide structure, which leads 
to an increase in the solids density and heterogeneity in the structural composition at nanoscopic level 
[24]. These phenomena are due to the ionic radius of Pr3+ (1.126Å), which is much larger than Ce4+ and 
Ce3+ (1.034Å) cations. However, the Pr4+ (0.96Å) radius is slightly smaller than that for Ce4+ (0.97Å) 
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[25–27], therefore the difference of ionic radius cause a change in the Ce–O bond length and in the 
crystal size of the sample [28]. 

Figure 3 shows the experimental data of the magnetization (M), as a function of applied magnetic 
field (H) for Ce0.6Pr0.4O2 system measured at 100 and 300K. The sample exhibits a perfect 
paramagnetic behaviour at 100 and 300 K since the magnetization is reversible and has a linear curve. 
 

  
Figure 3. Magnetization (M) of Ce0.6Pr0.4O2 
system as a function of the applied magnetic 
field (H) at 100 and 300K. 

Figure 4. Magnetic susceptibility as a function of 
temperature for Ce0.6Pr0.4O2 in the magnetic fields 
100, 500, 1000 and 5000Oe. 

 
The temperature dependence of the magnetic susceptibility for Ce0.6Pr0.4O2 was performed at four 

magnetic fields (100, 500, 1000 and 5000Oe) as shown in Figure 4. All ZFC curves present a 
paramagnetic behaviour, with increased susceptibility when a temperature decreases. The behaviour 
that presents the sample is due to the incorporation of praseodymium in the fluorite structure of cerium 
oxide. The Pr4+ and Pr3+ ions have net magnetic moments that make them paramagnetic [29]. In the 
same way, the paramagnetic component also comes from the Ce3+ ions due to the one unpaired 
electron in a 4f orbital [30]. Furthermore, the diamagnetic behaviour of Ce4+ ions not present in 
measures magnetization vs applied field and the ZFC curves, so is at low proportion [31]. 

4.  Conclusions 
The Ce0.6Pr0.4O2 system, was prepared by the combustion method, obtaining material at the nanometric 
order. The FT-IR analysis of metal-organic precursors, allowed evaluate the main absorption bands 
related with the formation of polymeric complexes between metal cations and citrate species. The 
structural characterization evaluated by X-ray diffraction, confirms obtaining an oxide with structure 
fluorite type according to the reference compound. The crystal size of sample was 10nm, using the 
Debye–Scherrer equation. The magnetic response produced by Ce0.6Pr0.4O2 system was attributed to 
paramagnetic behaviour due to Ce3+, Pr3+ y Pr4+ ions have a net magnetic moment. 
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