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Cerium oxide nanopowders were produced by decomposition of Ce-propionate 

All samples show RTFM and a broad defect-related photoluminescence emission  

Sources for defects/oxygen vacancies potential to induce RTFM were identified  

RTFM was improved by annealing the nanoceria containing Ce2O2CO3 traces 

Decomposition of Ce2O2CO3 at the GBs/surfaces gives an excess of oxygen vacancies 
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Abstract   

Four batches of cerium oxide powders (with nanocrystallite size of 6.9 nm - 572 nm) were 

prepared from four precursor nanopowders by thermal decomposition of Ce-propionate and 

annealing in air between 250°C – 1200°C   for 10 min – 240 min.  Ceria formation reactions,  

structure, vibrational, luminiscence and magnetic properties were investigated by differential 

scanning calorimetry, x-ray diffraction, electron microscopy, infrared spectroscopy, 

photoluminescence and SQUID. All the samples exhibit room temperature ferromagnetism, 

RTFM, (with coercivity, Hc, of 8 Oe - 121 Oe and saturation magnetization, Ms, of up to 6.7*10-3 

emu/g) and a broad defect-related photoluminescence, PL, emission in the visible range. The 

samples derived from the same precursor show Ms proportional to the peak area of defect-related 

PL emission whereas this is not valid for the samples derived from the different precursors. An 

improvement of ferromagnetism and intensity of defect-related PL emission was observed when 

annealing the products in which nanocrystalline cerium oxide coexists with Ce - oxicarbonate 

traces, Ce2O2CO3. The experimental results were explained based on the following 

considerations: room temperature ferromagnetism was induced by the defective ceria with high 

concentration of oxygen vacancies generated by decomposition of  Ce-propionate; oxygen 
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vacancies of the starting precursor nanopowders could be redistributed (at the surfaces/grain 

boundaries, GBs) upon heating under conditions that promote an inert local environment; the 

decomposition of Ce2O2CO3 residues can provide an excess of oxygen vacancies at the 

nanoparticles surfaces or GBs, which can induce or enhance ferromagnetism; surfaces/GBs 

rather than bulk defects appear responsible for RTFM – this can explain the (often reported in 

literature) inconsistency between oxygen vacancies concentration and Ms.   

 

Keywords:  Cerium oxide nanopowders; Ce – propionate; Ce2O2CO3; ferromagnetism; 

photoluminescence 

 

 1 Introduction  

Room temperature ferromagnetism (RTFM) shown by un-doped and transition metal 

(TM) doped CeO2 [1- 3] (an otherwise nonmagnetic insulating oxide [4]), good transparency to 

the visible light and because its face centered cubic fluorite crystal structure matches intimately 

to silicon, makes ceria a potential candidate for use in future (semiconductor) spintronics,  

magnetooptic, magnetoelectronic and other advanced multifunctional devices [5, 6].  The 

ferromagnetism in cerium oxide, as in general in dilute magnetic oxides, DMOs, is associated 

with surface and bulk intrinsic defects such as Ce vacancies,  mixed Ce3+/Ce4+ pairs, oxygen 

interstitials, etc.,  but mostly with oxygen vacancies [2,7-12] . It was recognized that the number 

of point and/or extended defects such as grain boundaries, surfaces, etc. and related long range 

ferromagnetic ordering strongly depends on the methods and conditions of sample preparation.  

However, the role of a certain type of defect in ferromagnetism as well as the origin of the 

ferromagnetism itself in un-doped ceria still remains an open question. In the magnetic polaron 

impurity-band BMP model [12] the shallow donor electrons form bound magnetic polarons that 

overlap resulting in a spin-split impurity band. Charge transfer from the impurity band to 

unoccupied 3d states at the Fermi level (EF) of dopant ions is responsible for long-range 

ferromagnetic order. Oxygen vacancies, specifically singly occupied vacancies (F+ centers), are 

the most known defects that can provide n-type conduction and thus the shallow donors. Shah et 

al [11] demonstrated that in TM (e.g. Co) doped CeO2, ferromagnetism is intimately linked to the 

oxygen vacancies, capable to mediate the long range coupling among the Ce, as well as among 

the magnetic impurity spins, even in the absence of itinerant carriers [11]. Their first principle 
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calculations based on the density functional theory (DFT), prove that the oxygen vacancies can 

pull the d and f orbitals of Ce closer to the Fermi level to cause an exchange splitting [11]. In the 

frame of this theory, the F-center ferromagnetic exchange (FCE) mechanism (a sub category of 

BMP theory) was applied to explain the FM in magnetic dielectrics/insulators such as CeO2. 

However, it is believed that the ferromagnetic ordering associated with F+ centers could not 

appear in un-doped ceria with low density of these centers, because they are localized and the F-

electron orbital is too large [11,12].  The giant orbital paramagnetism model [13 - 15] where the 

ferromagnetic response is field induced and originates from coherent mesoscopic conduction 

(surface) currents refers to the mesoscopic quasi-2D matter (nanoparticle surface, thin films, a 

thin active surface area of single crystals, etc.) and could explain the occurrence of 

ferromagnetism in undoped cerium oxide [13]; however, this model deals with anhysteretic 

magnetization curves. Concerning the charge transfer ferromagnetism model, the defects such as 

twin boundaries, grain boundaries, surfaces of nanoparticles, etc., are associated with an 

extended defect band [16,17]. Electron transfer (e.g. from the defects, adsorbate species, (TM) 

dopants) to the defect states could rise the Fermi level in the local density of states. At a 

sufficiently high density of states, the Stoner criteria N(EF )>1/I (where (N(EF ) is the density of 

states at the Fermi level, and I is the Stoner exchange parameter) can be fulfilled  and 

spontaneous spin-splitting brings about the onset of ferromagnetism.  It is considered that such 

charge transfer cannot occur to any significant extent in undoped materials [17] because the 

density of states at defects is too small to satisfy the Stoner criterion. 

Nevertheless, there are studies which have demonstrated that a high concentration of 

oxygen vacancies and/or high density of states associated with these defects can induce RTFM in 

undoped CeO2 [8, 14, 18]. Singhal et. al. [2] associated ferromagnetism in bulk nondoped CeO2 

with a high density of oxygen vacancies induced by annealing in vacuum - the high density of F+ 

centers reduces the F-electron orbital which is crucial to mediate the magnetic coupling. The 

hybrid functional method shows that kinetically stable oxygen-vacancy clusters, linearly ordered 

in the ⟨111⟩ direction [19], in the bulk CeO2 could induce much more dispersive gap states with 

the weakened electron localization compared with the case of a single vacancy [18]; the electron 

localization at oxygen vacancy sites (and Ce ions), associated with this ordering, could enhance 

the ferromagnetism and its stability [18] in un-doped CeO2.   

Concerning the relationship between Ms and defects such as oxygen vacancies 
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(particularly, revealed by photoluminescence PL measurements) the experimental observations 

of different laboratories have shown contradictory results [2, 9, 20] – ferromagnetism was    

consistent or inconsistent with the presence of vacancies. As an example, from magnetic (Ms) 

and photoluminescence measurements Liu et al [20] have concluded that oxygen vacancies do 

not mediate the ferromagnetism in the CeO2 nanoparticles.  

Finding new sources for defects/oxygen vacancies (or Ce3+) of (nano)ceria is important 

for potential use not only in spintronics but also in many other applications.   The easy of 

transition between Ce4+ and Ce3+ oxidation states or high catalytic activity allow the use of 

(nano)ceria and CeO2-containing materials (along with more commonly used metal oxides [e.g. 

21,  22] and oxide matrices incorporating magnetic nanoparticles [e.g. 23, 24]) in platforms of 

various relevant compounds and applications: in biology and biomedicine (in multi-bioenzyme 

mimetic activities, as antioxidant, in therapy) [25], toxicology [25, 26, 27, 28], textile 

engineering application [e.g. 29], sensing devices [30, 31, 23, 24], energy conversion systems 

(e.g. solid oxide fuel cells, SOFC) [32], etc. The excellent catalytic activity of nanoceria, Ce(III)- 

and nanoceria- containing frameworks combined with porous microstructure (or an exceptional 

large specific surface area) and/or with intrinsic or extrinsic magnetic properties provide 

opportunities for widespread applications in multifunctional devices especially in the 

development of new generation sensing tools [33, 30]. Ce(III) paramagnetic complexes (e.g. Ce - 

MOF, metal oxide frameworks) or nanoceria functionalized with extrinsic species/nanoparticles 

having a strong and stable magnetic response can be developed  (1)  as  new magnetic resonance 

imaging, MRI, contrast agents [33] acting as responsive agents (for indication of the pH, redox 

states, enzymatic activities, etc.), theranostics agents and targeted agents; (2) in magnetic 

responsive positioning [30] for use in drug delivery for cancer treatment, carcinogenic molecules 

sequestration, pollution control, in miniaturized probe with sensing capabilities toward e.g. 

aromatic amines, etc. and (3) in magnetic induction swing adsorption (MISA) [34, 30] for 

efficient remove of toxic metals from polluted environments, controlled release of adsorbed 

species from different types of adsorbents, etc. 

The aim of this work is to correlate the defects states (associated with the defect-related 

PL emission in the visible range as well as revealed by differential scanning calorimetry, DSC, 

Fourier transform infrared spectroscopy, FTIR, and  X-ray diffraction, XRD, measurements) 

with the ferromagnetism found for the first time in un-doped ceria nanopowders produced by 
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thermal decomposition of Ce-propionate and by annealing in air.  Three sources for defects that 

can provide a large number of oxygen vacancies (density of states) potential to induce or 

enhance ferromagnetism in un-doped cerium oxide were found and analyzed: (1) defects 

generated during decomposition of Ce-propionate; (2) oxygen vacancies survived/redistributed 

(at the surfaces/GBs) upon heating from the starting precursor; (3) oxygen vacancies provided in 

excess by decomposition of Ce - oxycarbonate residues.  In addition, this study provides an 

explanation for the inconsistency frequently reported in literature between Ms and the intensity of 

defect-related PL emission or oxygen vacancies – this inconsistency for the ceria nanopowders 

prepared in air arises from the fact that the surfaces/GBs rather than lattice defects are 

responsible for high Ms.   

  

2 Experimental 

Cerium oxide powders were fabricated by a sol-gel process. Cerium (III) acetate 

sesquihydrate ((CH3CO2)3Ce⋅1.5H2O, Alfa Aesar, 99.9%) was dissolved in propionic acid 

(CH3CH2COOH, Merck, >99%).  The  methanol was added in a methanol:propionic acid (with a 

1:2 ratio) and this mixture was maintained for several hours under stirring at 60°C  until an 

homogeneous sol was produced; the gel was obtained after further stirring at 80°C. The gel has 

been dried at 120°C in air and resulted in the precursor powder P (hereinafter referred to as 

initial precursor powder P or Ce-propionate). Four precursor nanopowders A, B, C and D 

(hereinafter referred to as starting precursors or precursor (nano)powders A, B, C and D) were 

prepared by calcination of the Ce-propionate for 120 min, 60 min, 150 min and 180 min at 

250°C, 400°C, 460°C and 500°C, respectively in air; the A, B and C precursors  were processed  

under continuous mixing. Annealing of the precursor nanopowders A, B, C and D in air and 

under the oxygen flux at different temperatures (430°C - 1200°C) for different durations (10 min 

– 480 min) resulted in four batches of samples: (A, A1, A2), (B, B1, B2), (C, C1,C2)  and (D, 

D1, D2). The annealing conditions are given in Table 1.  

Thermal analysis was performed using TG/DSC in a SETARAM Setsys Evolution 18 

equipment. The initial precursor powder P / Ce-propionate (33.21 mg weight) was measured in 

dry air atmosphere between 25°C and 1000°C at a heating rate of 5°C /min with a temperature 

precision higher than 0.01 °C.  The structure of cerium oxide powders was investigated by X-ray 

diffraction (XRD) performed on a Bruker D8 Advance diffractometer in Bragg–Brentano 
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geometry using Cu Kα1 radiation (wavelength 1.5406 Å). The data were acquired at room 

temperature, with a step-scan interval of 0.04° - 0.02° and a step time of 1.0 s. The XRD data 

were processed by Rietveld whole powder pattern fitting using the Bruker-TOPAS software and 

the fundamental parameter approach (FPA). The Fourier transform infrared (FTIR) spectroscopy 

measurements were carried out with a Perkin Elmer BX Spectrum spectrometer, in attenuated 

total reflection mode (Pike-MIRacle diamond head of 1.8 mm in diameter). The analyses were 

performed within the spectral range 4000-500 cm-1 with a 4 cm-1 resolution and 64 scans per 

experiment. The microstructures of the powders were characterized by a FEI Quanta Inspect F 

scanning electron microscope (SEM). Room temperature Photoluminescence (PL) spectra 

excited at 295nm have been recorded using a Jobin Yvon Fluorolog Fluoroamax 4P 

spectrophotometer. For a correct comparison all the samples have been measured in the same 

conditions. Magnetization measurements of powders were performed using a Quantum Design 

MPMS-5S SQUID magnetometer at room temperature and an applied magnetic field of up to 

24500 Oe.  

 

 3 Results and discussions  

The DSC, TG and DTG curves recorded on precursor powder P upon heating are shown 

in Fig.1. The Fourier transform infrared spectroscopy (FTIR) spectra of the initial precursor P, 

starting precursor A and samples A1, B1, D1 and C1 are shown in Fig. 2. The spectrum of the 

precursor powder P was identified as propionate Ce(C2H5COO)3 [35,36].  Fig. 3 shows the XRD 

patterns assigned to the fluorite face centered cubic structure (space group Fm3m5) phase for all 

samples of sets A, B, C and D. The lattice constants and the crystallites size evaluated from 

Rietveld fitting of the XRD patterns are listed in the Table 1. As expected, the average grain size 

increases with the annealing temperature, from few nanometers for the A, B, C and D starting 

precursors and exceeding 500 nm for samples annealed at 1150°C for longer times (e.g. sample 

A2). The decrease of lattice constant with the annealing temperature (it ranges between 5.4160 A 

and 5.4107A, Table 1) is consistent with the increase of grain size in CeO2 nanopowders [37, 

38]. SEM micrographs for nanopowders A, B1 and D1 are shown in Figs. 4a, 4b and 4c, 

respectively. The dimensions of smallest nanoparticles distinguished by SEM are comparable 

with the crystallite size determined from XRD patterns (Table 1).  
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3.1 The formation of defective cerium oxide by thermal decomposition of Ce-propionate. The 

conditions for coexistence of nanocrystaline ceria and Ce2O2CO3.     

Thermal analysis (DSC/TG/DTG) correlated with FTIR and XRD analysis allowed the 

interpretation of the thermal decomposition reactions of Ce propionate. The FTIR spectrum 

recorded on the initial precursor P (Fig. 2) shows the vibrational bands characteristic for rare-

earth propionates at 1548 cm-1, 1290, 1076, 898, and 813 cm-1 [35, 39, 40];  the C=O stretching 

vibration at 1710 cm-1 characteristic for the COO- functional group of the propionic acid initial 

reactant [39] is not observed. The analysis of TG/DSC, XRD and FTIR measurements indicates 

that the Ce-propionate powder undergoes decomposition in four stages upon heating.  

The first region between 25°C and about 230°C could be ascribed to the dehydration 

process of the hydrates:    

Ce(C2H5COO)3 ⋅ H2O → Ce(C2H5COO)3 + H2O          (1) 

The dehydration process is accompanied by a step in mass loss of 1.4% registered at 97°C in TG 

and is consistent with the presence of an endothermic peak in DSC (Fig. 1).  Some H2O loss was 

delayed to higher temperatures consistent with the step of mass loss in TG curve at 225°C which 

might be due to trapping of H2O inside the powder particles and released when the compound 

melted. The total mass loss at 237°C (end of the mass loss step), amounts to 5.1%, which is quite 

close to the 4.8% expected for the release of one H2O molecule from a formal 

Ce(C2H5COO)3·H2O starting composition [36, 41].  

At the second stage the anhydrous Ce(C2H5COO)3 is fused [36] in association with the 

endothermic peak observed in the DSC trace at around 233°C (Fig. 1). The melting process was 

visually observed during the preparation of the precursor nanopowders A, B and C (from the 

precursor P) on the hot plate under continuous mixing.  

Upon further heating of the fused propionate an intense and complex exothermic effect 

registered in the DSC curve between 245°C and 340°C (Fig. 1) is accompanied by a significant 

mass loss in two steps.  The rate of mass loss as evaluated from the DTG curve (top-right inset of 

Fig. 1), is changing from a relatively slow regime from 250°C to 302°C, to a fast rate up to about 

340°C. The change in the rate of mass los at 302°C is also visible in TG curve and is highlighted 

by vertical dashed line in the main panel of Fig. 1. At 302°C, the total weight loss of 

approximately 24% is close to theoretical expectations for the formation of an intermediate 

Ce2O(C2H5COO)4 phase as reported as well for the thermal decomposition of lanthanide- and Y-
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propionates [35, 36, 41]. This means that anhydride propionate Ce(C2H5COO)3 is decomposed to 

Ce2O2CO3 (confirmed by FTIR analysis below) through the Ce2O(C2H5COO)4 intermediate 

compound by release of 3-pentanone and carbon dioxide, similarly to other reports on related 

compounds [35,36,40]:   

2 Ce(C2H5COO)3 → Ce2O(C2H5COO)4 + C2H5COC2H5 + CO2       (2) 

and  

Ce2O(C2H5COO)4 → Ce2O2CO3 + 2C2H5COC2H5 + CO2              (3) 

The decomposition of the anhydrous cerium propionate and the formation of Ce2O2CO3 are 

confirmed by the FTIR spectra of the precursor A and sample B1 shown in Fig. 2. A weakening 

and disappearance of the propionate peaks at 1290 cm-1and at 813 cm-1 corresponding to wCH2 

and γCH2, respectively, is observed similarly to a report on the decomposition of Y propionate 

[35]. The peaks at about 1525 cm-1 and 850 cm-1, remaining after the decomposition of cerium 

propionate, were associated with the antisymmetric and symmetric vibrational mods of CO3
2- 

[40,42] of the Ce2O2CO3 [35 and references therein].  

Above 340°C the sample weight continues to decrease up to 1000°C but with a lower rate 

(top-left inset of Fig. 1). The mass loss in this temperature range is ascribed to the final stage of 

thermal decomposition of Ce2O2CO3 to CeO2.  By analogy to ref. [36] for Ce this decomposition 

takes place as follows:   

Ce2O2CO3 + 1/2O2 → 2CeO2 + CO2           (4)  

This decomposition reaction is supported by the decrease of the oxycarbonate peak intensity in 

the FTIR spectra of D1 (annealed at 615°C for 150 min) and A1 (annealed at 1020°C for 10 min) 

samples (Fig. 2).  

The total mass loss for CeO2 formation starting from Ce(C2H5COO)3 ⋅ H2O is 

theoretically 54%, whereas the observed value is 52.1% at 1000°C. This difference is related to 

the presence of residue of undecomposed Ce2O2CO3 (see FTIR curves for D1 and A1 in Fig. 2).  

This implies that the decomposition of Ce2O2CO3 in air would still take place when heating the 

powder to higher temperatures and/or longer durations. In virtue of the equation (4) the process 

of the decomposition of Ce-oxicarbonate traces during annealing can influence significantly the 

concentration of surfaces and GBs oxygen vacancies important for ferromagnetism as will be 

discussed in next subsection. Carbonaceous residues are usually observed in the products after 

decomposition of propionates in inert atmosphere [35, 41, 43]. Previous studies of the rare earth-
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propionates annealed in inert atmosphere have shown that during decomposition of 

oxycarbonates the weight decreases continuously up to the temperature at which the 

decomposition to oxide is complete (up to 1350°C for Y-propionate decomposition in Ar [35]). 

For the [La2(CH3CH2COO)6 ⋅ (H2O)3] ⋅ 3.5H2O the TG curve presents a plateau after the 

complete La2O(CO3)2 oxycarbonate transformation into lanthanum oxide [39]. In the present 

case the above described process of Ce2O2CO3 decomposition is not completed upon continuous 

heating to 1000°C in air at 5°C/min rate, as also seen from the amount of mass loss in TG shown 

in the inset of Fig. 1. 

As seen from Fig. 3 and Table 1, all the samples (including the A precursor prepared at 

the lowest temperature 250°C) show ceria phase with fluorite face centered cubic structure. 

Accordingly, a band in the spectral range of 500 – 600 cm-1 assigned to Ce - O vibrational mode 

of cerium oxide [e.g. 44] is observed for all samples in FTIR (Fig. 2).  For the nanopowders 

treated at lower temperatures, up to 1020°C°, especially for precursor A and sample B1, the Ce – 

O band is wider with lower intensity and its average position is shifted to higher wavenumbers 

(∼570 cm-1) as compared to the more oxidized sample C1 (annealed at 1150°C for 120 min) 

where it was observed at 550 cm-1. The relationship between the wavenumber, ν�, and the average 

length of Ce - O bond, r, can be written as [45]: 

   ν = �
�π� 	



µ
�
�/�

                                                                                             (5)   

 


 = ��
��                                                                                                           (6) 

    
where c is the speed of light,  f is force constant of  Ce – O bond and µ is the reduced mass of Ce 

– O molecule. In virtue of equations (5) and (6) the above mentioned blue shift can be associated 

with the presence of defects of oxygen vacancies type in the ceria annealed up to 1020°C (see A, 

B1, D1 and A1 in Fig. 2). The creation of oxygen vacancies will result in the decrease of force 

constant and the increase of average length of Ce – O bond. This is in agreement with the 

obviously higher lattice parameter of samples A and B1 compared to that of more oxidized 

sample C1 as determined from XRD patterns (Fig. 3, Table 1). As the A precursor (prepared at 

the lowest temperature, 250°C °C) shows the cerium oxide phase in both XRD and FTIR 

measurements, this indicates that  ceria with a high number defects (hereinafter referred to as 

defective ceria) was formed during the decomposition stage of Ce-propionate at 245– 340°C 
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(Fig. 1) after its melting [43]. Taking into account that the defective ceria formed during the 

thermal decomposition of Ce-oxycarbonate is oxygen deficient, the total mass loss in TG for 

cerium oxide formation should be even larger than 54%. This gives additional confirmation that 

the lower value of 52.1% observed at 1000°C is caused by the presence of residual Ce2O2CO3 

and that the process of the oxycarbonate decomposition could still take place in the ceria powder 

upon annealing at higher temperatures and/or longer durations. Higher heating rates, as in the 

case of samples described in the next subsection (in Table 1) which were heated at a rate of 

10°C/min, could delay the decomposition of oxycarbonate traces to even higher temperatures.  

By heating the defective ceria in air the local oxycarbonate decomposition is expected to occur 

simultaneously with the global oxidation process of Ce3+ to Ce4+. This is confirmed by the fact 

that the samples still containing traces of Ce2O2CO3, e.g. D1 annealed at 615°C  and A1 

annealed at 1020°C (Fig. 2), have their lattice parameter relaxed compared to that of 

stoichiometric ceria (Table 1). In other words, the process of local oxygen depletion, e.g. at the 

GBs and surfaces, may take place simultaneously with the global oxidation process, as will be 

discussed in more details in the next subsection.  

Unlike the initial precursor P (Ce-propionate) the FTIR spectra for the A, B1 and D1 

samples exhibit a broad band centered at 3335 cm-1 corresponding to the vibrations of weakly 

bound (adsorbed) water interacting with its environment via hydrogen bonding and to vibrations 

of hydrogen-bonded OH groups. The appearance of this band is most probably related to the 

cerium oxide formation when its nanosized grains (Fig. 4, Table 1) having a high effective 

surface area were exposed to ambient atmosphere.  

 

3.2 Room temperature photoluminescence and ferromagnetism 

In Figs. 5a and 5b are depicted the M vs. H curves measured at room temperature for 

products of batches A and B, and C and D, respectively. The upper insets display the curves after 

subtracting the paramagnetic signal whereas the lower insets show the enlarged region close to 

the origin. The data extracted from the Figs. 5a, b are listed in Table 1.  In Fig. 5a the M vs H 

curve for Ce - propionate (sample P) is also given. Ce-propionate shows a strong paramagnetic 

response. The un-doped ceria exhibits room temperature ferromagnetism with Hc between 8 Oe 

and 121 Oe and Ms of up to 6.7x10-3 emu/g. All four A, B, C and D precursor nanopowders 

prepared directly from the Ce-propionate show ferromagnetism with Ms = 0.21*10-3, 2.3*10-3, 
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0.29*10-3 and 4.6 *10-3 emu/g and Hc = 82, 83, 42 and 27 Oe, respectively.     

The photoluminescence spectra recorded on the samples from the A and B batches are 

shown in Figs. 6a and 6b, respectively. All the spectra of samples of batches A, B, C and D show 

two emission bands: a relatively sharp UV emission centered at about 378 nm (3.25 eV, insets of 

Figs. 6a and 6b) accompanied by another broad band located in the visible region between 400 

nm and 550 nm. The intensity and the integrated area of defect-related PL peaks in the visible 

light emission for all samples are listed in the Table 1. The UV emission is ascribed to the 2p-4f 

energy gap (the transition from the 4f band to the valence band) of stoichiometric CeO2 [46]. As 

the energy levels of defect states in the cerium oxide are located within the band gap, the broad 

visible photoluminescence (corresponding to a broad distribution of electronic energy levels 

between 2.4 and 3.16 eV, insets of Figs. 6a and 6b) is attributable to the defects in ceria.  The 

defects in this work were primarily associated with oxygen vacancies (or Ce3+ oxidation states 

since they are charge-balanced by oxygen vacancies [37, 38]) because upon annealing in air (or 

in oxygen flow) with increasing temperature/time the defective ceria (described in the previous 

subsection) behaves commonly to a reduced cerium oxide annealed under oxidative conditions. 

Indeed, as can be seen from Figs. 5 and Table 1 in the samples annealed in air at temperatures 

above 1000°C and/or for long durations the intensity/area of the defect related PL peak 

diminishes. At the same time, the ferromagnetic signal decreases or disappears (A2, C1, C2 and 

D2 in Table 1) which is direct evidence that the observed ferromagnetism is related to defects 

(oxygen vacancies) in the cerium oxide. Further evidence of this is given by the PL 

measurements on the B2 sample annealed in oxygen atmosphere at 1050°C for 180 min that 

shows a severe decrease of both the defect - related PL peak (Fig. 6a) and of the ferromagnetic 

signal (Table 1). The weakening of both ferromagnetism and defect - related PL emission is 

caused by the oxygen vacancies removal from the whole volume of the sample when annealing in 

oxidative conditions at high temperatures and long times. The reduction of oxygen vacancies (the 

oxidation process) in the defective ceria is supported by the results of XRD (Fig. 3) and FTIR 

(Fig. 2) measurements already discussed in the previous subsection. By annealing the starting 

precursor C in air at high temperature, 1150°C, the Ce-O absorption band in FTIR become 

sharper, it narrows towards lower wavenumbers, from ∼570 cm-1 (precursor A) to 550 cm-1 

(sample C1). The global process of oxidation of Ce3+ to Ce4+ is also confirmed by the overall 

decrease of the lattice constant with increasing temperature (Fig. 3, Table 1).   All these 
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experimental facts strongly support that the ferromagnetism was induced by defective ceria 

formed during the decomposition reactions of Ce-propionate.  

As will be demonstrated hereinafter, the factors such as the oxidative decomposition of 

carbonaceous residues and the development of GB network can retain/redistribute or enhance the 

(local) defect concentration and ferromagnetism upon heating. Indeed, in the samples exhibiting 

sizable ferromagnetism, > 10-4 emu/g, (Fig. 5, Table 1) along with relatively intense defect-

related PL emission (Fig. 6), the cerium oxide coexists with Ce2O2CO3 traces (Fig. 2).  First of 

all, the presence of carbonaceous residues denotes that the propionate decomposition process or 

the annealing process (in air) occurred somehow similarly to the same kind of experiments 

performed in inert atmosphere. In other words, these processes took place in conditions that 

stimulate the production of vacancies. An analogous coexistence of the oxycarbonate and oxides 

was reported for the thermal decomposition of Y-propionate to Y2O3 [35] in inert atmosphere 

(the formation of Y2O3 was noticed at higher temperatures, than for ceria in the present study, 

above 600°C as a result of decomposition of oxycarbonates). Secondary, the use in this study a 

relatively large initial masses (200 – 300 mg) for thermal annealing stimulated the oxygen 

depletion inside the sample (more acute for powders that were not mixed during annealing (e.g. 

precursor D) and/or at the bottom of the products) particularly due to the oxidative 

decomposition of propionate [43] and other carbon containing species. In addition the gas 

transport is more difficult through higher powder quantities [43].  

As already discussed, the overall trend upon annealing in air at higher temperatures 

and/or longer durations is the decrease of the intensity of defect-related PL emission and Ms. 

However,  we have observed that the defect related PL emission and the ferromagnetism remain 

unchanged or even increase after certain conditions of annealing (Figs. 5, 6 and Table 1). The 

intensity (area) of defect-related PL emission increased by a factor of about 1.75 (1.72) and Ms 

increased from 0.21 emu/g to 1.4 emu/g when the A precursor was annealed at 1020°C for short 

time, 10 min (sample A1) (Figs. 5a, 6a and Table 1). The same behavior was observed for the B 

precursor annealed at 430°C for 90 min (sample B1): the intensity (area) of defect - related PL 

emission has increased with a factor of about 1.69 (1.47) and Ms increased from 2.3 to 6.7 emu/g 

(Figs. 5a, 6a and Table 1).  The FTIR spectra show the presence of Ce2O2CO3 (the spectrum for 

B is similar to those for A and B1 shown in the Fig. 2) for all these four samples, A, A1, B and 

B1. The main differences which were found between  A (prepared at 250°C ) and A1 (annealed 
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at 1020°C) as well as between  B (prepared at 400°C) and B1 (annealed at 430°C) are the 

crystallite size and lattice constant (Fig. 3, Table 1). The increase of crystallites in A1 (from 7.4 

nm to 75 nm) and in B1 (from 6.9 nm to 7.5 nm) is associated with GB development in these two 

nanopowders annealed at higher temperatures compared with the started precursors A and B.  A 

confirmation is given by the SEM micrographs of the precursor A (prepared at 250°C) (Fig. 4a) 

and sample B1 (annealed at 430°C) (Fig. 4b) with comparable crystallite size: the relatively 

isolated nanoparticles in the initial aggregates (precursor A) tend to fuse together when annealing 

at higher temperatures (sample B1) to create GBs. This evolution of the microstructure  is very 

evident in the SEM imeges taken from different  scaned areas of sample D1 anealed at 615°C for 

150 min – it can be seen how the isolated nanoparticles first evolve into the nanocrystals 

separated by GBs  within the grains (main panel and inset of Fig. 4c) and then avolve into biger 

cristals (main panel of Fig. 4c). Once the GBs start to develop during annealing of A1 and B1 

samples the incorporation of the oxygen from the air inside the sample is more difficult 

compared with the A and B starting precursors. Hence, the sintering of nanoparticles and the 

development of GBs could induce a local oxygen depletion or the conservation/redistribution of 

a large number of oxygen vacancies from the defective ceria of the starting precursors, 

contributing in this way to the increase of Ms. The higher ability of GBs to adsorb/trap the 

impurities (here vacancies) than the free surfaces was reported by others [47]. The 

ferromagnetism generated by defects such as oxygen vacancies at free surfaces of oxides is 

frequently reported [8, 14, 18]. However, the total solubility of impurity elements (e.g. transition 

metal atoms) at GBs of fine grained oxide samples (e.g. ZnO) is much higher than at the 

surfaces:  GBs can adsorb up to 10 monolayers of ion of transition metals whereas free surfaces 

adsorb only 2-4 monolayers [47-49]. Concerning the conservation and redistribution of oxygen 

vacancies from the starting precursors, sample A1 obtained by annealing of precursor A at 

1020°C for 10 min presents an evidence of this. The defect - related photoluminescence or 

vacancies concentration of sample A1 enhanced substantially whereas the lattice constant, on the 

contrary, relaxed to the value of 5.4107(1) Å (as compared to 5.4128(5) Å of the starting 

precursor A) characteristic for stoichiometric ceria (Fig. 5a, Table 1). This contradiction implies 

that GBs (surfaces) rather than lattice vacancies are responsible for enhanced Ms of A1 sample 

(this aspect will be discussed in more details hereinafter in this work). An explanation is that 

during heating at 1020°C the oxygen vacancies migrated from the grain interior towards GBs 
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where they were trapped.  

The local oxygen depletion inside the sample, described in the previous paragraph, will 

be more powerful if the development of GB network or the sintering of nanoparticles begins 

before the decomposition of Ce2O2CO3 (or other species containing C) to cerium oxide is 

completed. This is well visible for samples A1 and D1.  The grain size has increased (i.e. the 

GBs network has developed) from 10.4 nm to 13 nm when the D precursor was annealed at 

615°C (sample D1) and from 7.4 nm to 75 nm when the A precursor was annealed at 1020 °C 

(sample A1).  At the same time, the intensities of the absorption bands in FTIR associated to Ce-

oxicarbonate decreased considerably for D1 and A1 (Fig. 2). Nevertheless, residual Ce2O2CO3 

traces being still present in coarser grained A1 and D1 implies that decomposition of 

oxycarbonate to cerium oxide occurred at the better developed GB network compared with the 

starting precursor nanopowders A and B (Fig. 4). As already emphasized, the decomposition 

reaction or annealing with the carbonaceous residues left behind is a signature of the almost inert 

local environment ([43] and references therein). An important recent founding is that in inert 

atmosphere some Ce alkanoates decompose via Ce2O2CO3 first to Ce2O3 which is then oxidized 

to CeO2 [50]: 

Ce2O2CO3 � Ce2O3 + CO2           (7) 

Ce2O3 + ½ O2 � 2CeO2           (8) 

In the present case of annealing in air the stability of Ce2O3 is improbable. Instead, the XRD and 

FTIR analyses indicate that Ce2O2CO3 decomposes to cerium oxide between two stoichiometric 

forms Ce2O3 and CeO2: partially to near stoichiometric CeO2 and partially to CeO2-x (where x is 

the vacancy concentration) with higher nonstoichiometry. An important feature of ceria is that 

the fluorite crystal structure can survive at very high vacancy concentrations, 1.7 ≤ 2-x ≤ 2 (see 

e.g. [51] and references therein]. A careful inspection of the Ce – O band (inset of Fig. 2) reveal 

that the above described blue shift with decrease of annealing temperature is in fact the 

development of a new component corresponding to 595 cm-1 vibrational frequency besides that 

at 550 cm-1. The Ce – O band found at the highest wavelength, 595 cm-1, could be associated 

with the surface phonon modes generated when the wavelength of the incident radiation is higher 

than the particle size [52, 53]. The interaction of electromagnetic radiation with the particles 

depends as well on the state of aggregation of the crystals [53].  Thus, the 595 cm-1 band relates 
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to the absorption by the surface states at lower sizes.  In virtue of equations (5) and (6) and the 

discussions therein this surfaces states in highly nonstoichiometric cerium oxide, CeO2-x, could 

be identified with the oxygen vacancies. 595 cm-1 band is well visible for the powders with the 

smallest grain size (A and B1 in Fig. 2) and correspondingly with the higher lattice parameter 

(Table 1). With increasing annealing temperature the 595 cm-1 band intensity decrease (D1 and 

A1 in Fig. 2) until it disappears for the well oxidized sample (C1 in Fig. 2). In this way, when 

annealing in air Ce3+ can originate directly from the decomposition of Ce2O2CO3 residues 

whereas the local Ce3+ to Ce4+ oxidation is slow at the GBs and at the nanoparticle surfaces (in 

the specific conditions e. g. inside the powders that were not mixed during annealing). Thus, 

extra oxygen vacancies were produced at the GBs by the decomposition of Ce2O2CO3 traces. 

This  could be a reason for the  increased area of defect-related PL luminescence (Fig. 6) and 

improvement of ferromagnetism (Fig. 5) in  the samples A1 and B1, compared with A and B 

starting powder precursors.  In addition, as  shown hereinbefore,  because of the short annealing 

at quite high temperature, 1020°C, without continuous mixing, followed by a high cooling rate 

from this temperature, a large amount of oxygen vacancies was retained from the defective ceria 

of starting precursor A at the GBs in  sample A1. Another example of residues influence on the 

sample properties is an observed delay effect of the grain growth: the D2 sample, annealed at 

1020°C for 150 min in air, shows 93 nm nanocrystals size as compared to B2 sample, annealed 

in similar conditions at 1050°C for 180 min but in oxygen atmosphere, shows 256 nm 

nanocrystals size (Table 1). In air the carbonaceous residues decomposition rate was lower than 

in oxygen atmosphere and therefore their presence at the GBs inhibited the grain growth. The 

understanding of the processes occurring at the surfaces/GBs upon annealing of ceria prepared 

by chemical route is very important  not only for ferromagnetism and its use  in  spintronics [5, 

6]) but also for many other applications, e.g for the performance of superconductors for which 

CeO2 serves as one of the most suitable template for the superconducting layers ([43, 54-56] and 

references therein).  

For the samples belonging to the same batch the intensity/area of defect-related PL 

emission correlates with the ferromagnetic properties (Table 1). This is obvious from Fig. 7, for 

the samples derived from the same starting precursor (A, B, C or D) showing that Ms is 

proportional to the area of defect-related PL peak. However, this behavior cannot be generalized 

to the samples belonging to different batches as this is also visible in the same Fig. 7. This 
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inconsistency is often reported in literature. This is very evident for the A, B, C and D starting 

precursors themselves, which all show nanocrystals size < 10.4 nm and higher lattice constants 

compared with the stoichiometric ceria of samples treated at high temperatures (e.g. A2, B2, C1, 

C2 and D2 in Table 1). The FTIR spectra of all four samples are similar (and similar to that for A 

shown in  Fig. 2) showing Ce-O bands at ∼570 cm-1 assigned to the defective ceria as noticed in 

previous subsection beside the characteristic Ce2O2CO3 bands.  Nonetheless, ferromagnetic 

properties (e.g. Ms) and their relationship with the intensity of defect-related PL emission are 

very different for these four products (Figs. 5, 6 and Table 1). For example, in the C precursor 

the ferromagnetism (Ms) is much weaker as compared to B and D precursors whereas the 

difference in the intensity/area of defect-related PL emission is less significant and inconsistent 

with the Ms values: Ms for the C sample is only 0.29*10-3 emu/g compared with 2.3*10-3 emu/g 

for B and 4.6*10-3 emu/g for D.   The observed discrepancy can be explained in the simplest way 

as caused by the differences in the local density of defects, at the surfaces of nanoparticles or at 

the GBs in aggregates/grains. In turn, the local density of defects is dependent on the 

decomposition degree of carbonaceous species, Ce2O2CO3, or related production degree of 

vacancies in excess. As already discussed, the surface concentration of oxygen vacancies 

(defects) would be higher when the process of annealing in air is interrupted before the process 

of the decomposition of carbonaceous species has completed (or saturated). In other words, the 

surface concentration of oxygen vacancies depends on the rate of decomposition of the 

carbonaceous species at the moment of interruption of annealing process. The decomposition 

rate should be higher at higher temperature but is also dependent on the annealing time, (local) 

partial oxygen pressure and other parameters that determine the kinetics of the combustion 

process [41]. The annealing of the D precursor was performed at the highest temperature (at 500 

°C for 240 min) among all four precursors presuming an advanced development of the GB 

network. Most important is that the precursor D was processed without mixing during annealing 

which together with the development of GBs implied a restricted access of oxygen inside the 

sample/aggregates. In turn, a relatively inert environment inside the sample delayed the 

decomposition of carbon-containing species. Hence, the process of excess production of oxygen 

vacancies (at the nanoparticles surface or at the newly developed GBs) still continues when the 

annealing is interrupted. The same is valid for precursor nanopowder B annealed by continuous 

mixing but at lower temperature and shorter duration (400°C for 60 min).  An excess of oxygen 
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vacancies at the nanoparticles surface and at the GBs, is consistent with high values of the Ms 

observed for both B and D precursors (Table 1). Mingjie Li et al [9] reported a similar 

relationship between RTFM and the reduction degree of the surface of CeO2 nanoparticles when 

hydrogen was used as reducing agent (see also [57]). As for the precursor nanopowder A, 

annealed at significantly lower temperature, 250°C, by continuous mixing for 120 min, the 

decomposition rate of carbonaceous species was slower. The excess defects at the nanoparticles 

surface were produced with lower rate and, in addition, were removed by the prolonged 

annealing in air, which is consistent with lower values of Ms observed for A precursor compared 

with the B and D precursors. On the other hand, the intensity of defect-related 

photoluminescence (associated with both surface/GBs and bulk defects) of the A precursor do 

not differ significantly from that of the B precursor (Fig. 6, Table 1). Finally, the annealing of the 

nanopowder precursor C was performed by continuous mixing (and thereby by increased 

exposure of the particles surface to the ambient oxygen) at relatively high temperature and for 

long duration (460°C for 150 min). In these conditions, the carbon-containing compounds have 

burned with high rate, however  during the longer annealing time the excess of defect states at 

the nanoparticles surface has been removed as for the A sample. As a consequence, a low Ms 

value (0.29 emu/g) was observed in the C sample, even if it shows a global concentration of 

defects (intensity/area of the defect-related PL peak) higher than that of precursor B with 

superior Ms value of 2.3 emu/g (Table 1). 

Therefore, the precursors B and D / A and C show high/low Ms values primarily because 

the annealing was interrupted in the process of production/removing of oxygen vacancies 

resulting from the consumption of carbonaceous residues, i.e. Ce2O2CO3, at the nanoparticle 

surface or at the GBs in aggregates/grains. These differences in the reduction degree of the 

surface of nanoparticles for different starting precursors, the fact that the Ms of nanosized cerium 

oxide prepared in air is more susceptible to modifications of the concentration of surface and 

GBs defects rather than to bulk/lattice density of defects and that both surfaces/GBs and bulk 

vacancies make a contribution to PL emission in the visible range could be the reasons of the 

inconsistency between the saturation magnetization and the defect - related photoluminescence 

signal  when all the samples belonging to different batches are considered. In other words, the 

inconsistency between Ms and the intensity of defect-related PL emission or oxygen vacancies 

arises from the fact that the surfaces/GBs rather than lattice defects are responsible for high Ms.    
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(In this context, note the universal behavior  of  the photoluminescence and of the intrinsic RT 

ferromagnetic order induced by the surfaces or near-surfaces disordering/defects when 

comparing the results of nanosized ceria system studied in this work as well as reported by others 

[e.g. 58] with the one of the most studied oxides, ZnO, in very different forms and preparation 

conditions, e.g  metal ion implanted ZnO crystals  [59, 60 ], un-doped ZnO  nanopowders 

prepared by hydrothermal rout [61], un-doped ZnO thin films [62], gas ion implanted ZnO single 

crystals [63], etc.). Sample A1, discussed hereinbefore, obtained by annealing of precursor A at 

1020°C for 10 min, presents strong evidence that the surfaces/GBs rather than lattice vacancies 

are responsible for enhanced Ms:  the defect - related photoluminescence or vacancies 

concentration along with Ms enhanced substantially whereas the lattice constant, on the contrary, 

relaxed to the value characteristic for stoichiometric ceria (Figs. 5a and 6a, Table 1). The defects 

such as oxygen vacancies on the surfaces and at the GBs are more exposed and their 

concentration is more sensitive to the modifications of the local environment during annealing in 

air than the bulk defects. Finely, it is evident that the nature of the relationship between the Ms 

and defect-related PL (Fig. 7) is primarily driven by the quality of starting precursors (A, B, C 

and D) prepared directly through the thermal decomposition of Ce - propionate. 

  

4  Conclusions   

In summary, RTFM and a broad defect-related photoluminescence PL emission were 

observed for the first time in cerium oxide nanopowders successfully prepared by means of Ce-

propionate decomposition and annealing in air. An improvement of the intensity of defect-related 

PL emission and of ferromagnetism was obtained for products in which the nanocrystaline 

cerium oxide coexists with Ce-oxycarbonate traces. For the samples prepared from the same 

starting precursor the Ms is proportional to the intensity of defect-related PL emission whereas 

inconsistency between these two parameters is observed for the samples prepared from different 

precursors. Three sources of defects, and thus of the ferromagnetism in un-doped cerium oxide 

were identified. (1) The high concentration of defect states (e.g. oxygen vacancies), produced 

during thermal decomposition of Ce-propionate initial precursor.  (2) Oxygen vacancies from the 

defective ceria of the precursors can survive/redistribute under annealing conditions that promote 

an inert local environment:  annealing without continuous mixing, when the sintering of 

nanoparticles begins (e.g. in the presence of GBs),   short annealing time, annealing in large 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

masses, high cooling rate, etc.. (3) Decomposition of Ce2O2CO3 residues to cerium oxide 

provides an excess of oxygen vacancies at the GBs or at the nanoparticles surfaces resulting in 

the enhancement of ferromagnetism. The differences in the reduction degree of the surface of 

nanoparticles for different samples,  the fact that Ms of nanosized ceria is more susceptible to the 

modification of the concentration of surface and/or GBs defects rather than to bulk density of 

defects and that  PL emission in the visible range includes the influence of both surfaces/GBs 

and lattice oxygen vacancies can explain the inconsistency between the saturation magnetization 

and the intensity of defect-related photoluminescence signal.  

The three sources for defects/oxygen vacancies in nanograined CeO2 identified in this 

work deserve further investigations for potential use of related RTFM in spintronics. However, 

these findings along with other results of the present study are essential for use of nanoceria in 

other important applications as follows:  

- Our SQUID measurements reveal that prepared in this study Ce - propionate have a strong 

paramagnetic signal. Paramagnetic complexes are able to modify their behavior upon interaction 

with (bio/macro)molecules in the specific microenvironment, e.g. via interaction with a 

biomarker. Thus, Ce(III) propionate paramagnetic complexes or Ce(III) complexes 

functionalized by propionate ligands (Ce-MOFs) could be developed  as   magnetic resonance 

imaging (MRI) contrast agents. Ce(III) complexes are the agents that may produce MRI contrast 

through the mechanisms such as PARACEST and  PARASHIFT that have attracted recent 

interest. Ce-MOFs being functionalized by extrinsic magnetic species to prepare  porous Ce-

magnetic framework composite, Ce-MFCs, and being exposed to a DC  or AC  external 

magnetic field may be used in (miniaturized) sensing devices.  

- The nano-sized grains in A, B, B1, C and D powders forming the frameworks with high 

porosity and thus with large surface area, the high activity (enhanced lattice parameter 

determined by XRD), the high degree of crystallinity as well as the potential for postsynthetic 

modification makes nanoceria frameworks (eventually functionalized by extrinsic magnetic 

species)  promising candidates for applications (described in Introduction) that involve the high 

catalytic activity, e.g. for biosensing applications.  

- The results of our study on the decomposition of Ce-propionate indicates the possibility to 

obtain the ceria nanocrystals coated with Ce-carbonate as new approach for ceria - carbonate 

nanocomposite electrolyte for low temperature solid oxide fuel cells (LT-SOFC). 
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Figure Captions  

Fig. 1 DSC and TG curves for precursor P (Ce-propionate).  Top-left inset: detail of the TG 

curve between 300° C and 1000°C.  Top-right inset: DTG curve. 

Fig. 2 FTIR spectra of samples A, B1, D1, A1 and C1.  Inset: detail of the FTIR spectra near Ce 

– O band. The curves are shifted upward for clarity. 

Fig. 3 X-ray diffraction patterns for cerium oxide products of batch A, B, C and D. The most 

intense (111) reflection was normalised to unity for all of the samples. The curves are shifted 

upward for clarity. 

Fig. 4 SEM micrographs for (a) starting precursor A, (b) sample B1 and (c) sample D1. 

Fig. 5 M vs. H curves measured at room temperature for cerium oxide products of batches (a) A 

and B, and (b) C and D. Upper inset: M vs. H curves after subtracting the paramagnetic signal. 

Lower inset: M vs. H curves at the origin. For the sake of clarity the curve for the C1 sample is 

not shown. In Fig. 5a the M vs H curve for Ce - propionate (sample P) is also given. 

Fig. 6 Room temperature luminescence spectra excited at 295nm for cerium oxide powders of 

(a) batch A and (b) batch B. 

Fig. 7 Ms variation with the increase of area of defect – related PL peak for cerium oxide 

products of batches A, B, C and D. 

 

Table Captions 

Table 1 Preparation conditions, XRD results, magnetic parameters and photoluminescence data 

for cerium oxide products of batches A, B, C and D. The digit in parentheses is associated with 

the error on the last digit of the experimental value.   
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Fig. 4 
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Fig. 5a 
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Fig 5b 
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Fig. 6b 
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Table 1 Preparation conditions, XRD results, magnetic parameters and photoluminescence data 

for cerium oxide products of batches A, B, C and D. The digit in parentheses is associated with 

the error of the last digit of the experimental value.  

 

a Continuous mixing;  b Rapid cooling;  cAnnealed in oxygen atmosphere  
 

Sample Preparation conditions Magnetic 
parameters 

Defect - related 
PL emission 

Crystallite 
size  
(nm) 

Lattice 
constant 

(A) Annealing 
temperature 

(°C) 

Annealing 
time 
(min) 

Ms 

(10-3 
emu/g) 

Hc 

(Oe) 
Intensity 

(a. u.) 
Area 
(a. u.) 

 
Batch A (starting precursor A and the samples A1 and A2 derived from the precursor A) 

Aa 250 120 0.21 82 453 36470 7.4(7) 5.4128(5) 
A1b 1020 10 1.4 104 877 69531 75 (2) 5.4107(1) 
A2 1150 120 - - 580 42808 572(22) 5.4109(1) 

 
Batch B (starting precursor B and the samples B1 and B2 derived from the precursor B) 

Ba 400 60 2.3 106 505 43375 6.9(5) 5.4147(4) 
B1 430 90 6.7 121 854 63708 7.5(6) 5.4160(5) 
B2c 1050 180 - - 240 20793 256(3) 5.4108(1) 

 
Batch C (starting precursor C and the samples C1 and C2 derived from the precursor C) 

C a 460 150 0.29 42 598 63944 8.3(6) 5.4143(4) 
C1 1150 120 0.19 23 485 35426 466(2) 5.4110(9) 

 C2 b 1200 20 0.01 8 426 34375 314(9) 5.4109(2) 
 

Batch D (starting precursor D and the samples D1 and D2 derived from the precursor D) 
D 500 240 4.6 27 763 74472 10.4(7) 5.4144(3) 

D1 615 150 0.94 51 548 44023 13(1) 5.4110(2) 
D2 1020 150 0.05 54 375 31097 93(8) 5.4110(3) 


