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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 Ce202CO3 traces

Decomposition of Ce,O,COj3 at the GBs/surfaces gives an excess of oxygen vacancies
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Abstract

Four batches of cerium oxide powders (with nandeilje size of 6.9 nm - 572 nm) were
prepared from four precursor nanopowders by themegiomposition of Ce-propionate and
annealing in air between 250°C — 1200°C for 16 mi240 min. Ceria formation reactions,
structure, vibrational, luminiscence and magnetiapprties were investigated by differential
scanning calorimetry, x-ray diffraction, electron icoscopy, infrared spectroscopy,
photoluminescence and SQUID. All the samples ekhibom temperature ferromagnetism,
RTFM, (with coercivity,H,, of 8 Oe - 121 Oe and saturation magnetizafity of up to 6.7*10
emu/g) and a broad defect-related photolumines¢dPiceemission in the visible range. The
samples derived from the same precursor skigyroportional to the peak area of defect-related
PL emission whereas this is not valid for the samplerived from the different precursors. An
improvement of ferromagnetism and intensity of defelated PL emission was observed when
annealing the products in which nanocrystallingureroxide coexists with Ce - oxicarbonate
traces, Cg,CO;. The experimental results were explained based tloa following
considerations: room temperature ferromagnetismindisced by the defective ceria with high

concentration of oxygen vacancies generated by ndposition of Ce-propionate; oxygen
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vacancies of the starting precursor nanopowdersdcoe redistributed (at the surfaces/grain
boundaries, GBs) upon heating under conditions phatote an inert local environment; the
decomposition of CG&,CO; residues can provide an excess of oxygen vacaratiethe

nanoparticles surfaces or GBs, which can inducerdrance ferromagnetism; surfaces/GBs
rather than bulk defects appear responsible forNRFRhis can explain the (often reported in

literature) inconsistency between oxygen vacanmesentration ani¥ls.

Keywords: Cerium oxide nanopowders; Ce — propionate,Jg€0;; ferromagnetism;

photoluminescence

1 Introduction

Room temperature ferromagnetism (RTFM) shown bydoped and transition metal
(TM) doped Ce@[1- 3] (an otherwise nonmagnetic insulating oxXidp, good transparency to
the visible light and because its face centeredcdillorite crystal structure matches intimately
to silicon, makes ceria a potential candidate fee un future (semiconductor) spintronics,
magnetooptic, magnetoelectronic and other advamoadifunctional devices [5, 6]. The
ferromagnetism in cerium oxide, as in general intdimagnetic oxides, DMOs, is associated
with surface and bulk intrinsic defects such asv@eancies, mixed C#Ce* pairs, oxygen
interstitials, etc., but mostly with oxygen vacesc[2,7-12] . It was recognized that the number
of point and/or extended defects such as grain denies, surfaces, etc. and related long range
ferromagnetic ordering strongly depends on the odshand conditions of sample preparation.
However, the role of a certain type of defect irdenagnetism as well as the origin of the
ferromagnetism itself in un-doped ceria still rensaan open question. In the magnetic polaron
impurity-band BMP model [12] the shallow donor ¢tens form bound magnetic polarons that
overlap resulting in a spin-split impurity band. &@e transfer from the impurity band to
unoccupied 8 states at the Fermi level {Eof dopant ions is responsible for long-range
ferromagnetic order. Oxygen vacancies, specificsilgly occupied vacancies™(Eenters), are
the most known defects that can prowidg/pe conduction and thus the shallow donors. Stah
al [11] demonstrated that in TM (e.g. Co) doped &d€romagnetism is intimately linked to the
oxygen vacancies, capable to mediate the long raagpeling among the Ce, as well as among

the magnetic impurity spins, even in the absenceiradrant carriers [11]. Their first principle



calculations based on the density functional th¢DiyT), prove that the oxygen vacancies can
pull thed andf orbitals of Ce closer to the Fermi level to causexchange splitting [11]. In the
frame of this theory, the F-center ferromagnetichexge (FCE) mechanism (a sub category of
BMP theory) was applied to explain the FM in magnelielectrics/insulators such as GeO
However, it is believed that the ferromagnetic g associated with ‘Fcenters could not
appear in un-doped ceria with low density of thesaters, because they are localized and the F-
electron orbital is too large [11,12]. The giarbital paramagnetism model [13 - 15] where the
ferromagnetic response is field induced and origsidrom coherent mesoscopic conduction
(surface) currents refers to the mesoscopic quasiatter (nanoparticle surface, thin films, a
thin active surface area of single crystals, etnd could explain the occurrence of
ferromagnetism in undoped cerium oxide [13]; howevkis model deals with anhysteretic
magnetization curves. Concerning the charge trafsfeomagnetism model, the defects such as
twin boundaries, grain boundaries, surfaces of pariwles, etc.,, are associated with an
extended defect band [16,17]. Electron transfeg. (gom the defects, adsorbate species, (TM)
dopants) to the defect states could rise the Fézwel in the local density of states. At a
sufficiently high density of states, the Stonetesia N(E- )>1/1 (where (N(E ) is the density of
states at the Fermi level, and | is the Stoner amxgh parameter) can be fulfiled and
spontaneous spin-splitting brings about the on&rocomagnetism. It is considered that such
charge transfer cannot occur to any significanemrixin undoped materials [17] because the
density of states at defects is too small to satis$ Stoner criterion.

Nevertheless, there are studies which have denadedtthat a high concentration of
oxygen vacancies and/or high density of statescaea with these defects can induce RTFM in
undoped Ce®Q|[8, 14, 18]. Singhal et. al. [2] associated feragmetism in bulk nondoped CgO
with a high density of oxygen vacancies inducecbyealing in vacuum - the high density 6f F
centers reduces the F-electron orbital which iciafuo mediate the magnetic coupling. The
hybrid functional method shows that kineticallyldéaoxygen-vacancy clusters, linearly ordered
in the(111) direction [19], in the bulk CefQcould induce much more dispersive gap states with
the weakened electron localization compared wighcdise of a single vacancy [18]; the electron
localization at oxygen vacancy sites (and Ce ioas3pciated with this ordering, could enhance
the ferromagnetism and its stability [18] in un-ddpCeQ.

Concerning the relationship betwedvis and defects such as oxygen vacancies



(particularly, revealed by photoluminescence PL sneaments) the experimental observations
of different laboratories have shown contradictoegults [2, 9, 20] — ferromagnetism was
consistent or inconsistent with the presence ofneies. As an example, from magnetids)(
and photoluminescence measurementsdtial [20] have concluded that oxygen vacancies do
not mediate the ferromagnetism in the Ge@nopatrticles.

Finding new sources for defects/oxygen vacancie<&") of (nano)ceria is important
for potential use not only in spintronics but alsomany other applications. The easy of
transition between C& and C&" oxidation states or high catalytic activity allaiwe use of
(nano)ceria and Cegzontaining materials (along with more commonlydiseetal oxides [e.qg.
21, 22] and oxide matrices incorporating magneénoparticles [e.g. 23, 24]) in platforms of
various relevant compounds and applications: ifolgyp and biomedicine (in multi-bioenzyme
mimetic activities, as antioxidant, in therapy) J[2%oxicology [25, 26, 27, 28], textile
engineering application [e.g. 29], sensing devi8&s 31, 23, 24], energy conversion systems
(e.g. solid oxide fuel cells, SOFC) [32], etc. Téxellent catalytic activity of nanoceria, Ce(lll)-
and nanoceria- containing frameworks combined walous microstructure (or an exceptional
large specific surface area) and/or with intrinsic extrinsic magnetic properties provide
opportunities for widespread applications in mutitional devices especially in the
development of new generation sensing tools [3B,3&(11l) paramagnetic complexes (e.g. Ce -
MOF, metal oxide frameworks) or nanoceria functlaea with extrinsic species/nanoparticles
having a strong and stable magnetic response cdevaoped (1) as new magnetic resonance
imaging, MRI, contrast agents [33] acting as respanagents (for indication of the pH, redox
states, enzymatic activities, etc.), theranostigents and targeted agents; (2) in magnetic
responsive positioning [30] for use in drug deliv@r cancer treatment, carcinogenic molecules
sequestration, pollution control, in miniaturizedolpe with sensing capabilities toward e.g.
aromatic amines, etc. and (3) in magnetic inducsanng adsorption (MISA) [34, 30] for
efficient remove of toxic metals from polluted emriments, controlled release of adsorbed
species from different types of adsorbents, etc.

The aim of this work is to correlate the defecttest (associated with the defect-related
PL emission in the visible range as well as rewikale differential scanning calorimetry, DSC,
Fourier transform infrared spectroscopy, FTIR, addray diffraction, XRD, measurements)

with the ferromagnetism found for the first time un-doped ceria nanopowders produced by



thermal decomposition of Ce-propionate and by aimga air. Three sources for defects that
can provide a large number of oxygen vacanciessftief states) potential to induce or
enhance ferromagnetism in un-doped cerium oxideeweund and analyzed: (1) defects
generated during decomposition of Ce-propionate;of¥gen vacancies survived/redistributed
(at the surfaces/GBs) upon heating from the stghecursor; (3) oxygen vacancies provided in
excess by decomposition of Ce - oxycarbonate residuln addition, this study provides an
explanation for the inconsistency frequently repdin literature betweels and the intensity of
defect-related PL emission or oxygen vacanciess-iticonsistency for the ceria nanopowders
prepared in air arises from the fact that the sed&GBs rather than lattice defects are
responsible for higMs.

2 Experimental

Cerium oxide powders were fabricated by a sol-gelcgss. Cerium (Ill) acetate
sesquihydrate ((C4#€£0,);Cel.5H,0, Alfa Aesar, 99.9%) was dissolved in propioniadac
(CH3CH,COOH, Merck, >99%). The methanol was added irethanol:propionic acid (with a
1:2 ratio) and this mixture was maintained for salvé&ours under stirring at 60°C until an
homogeneous sol was produced; the gel was obtaitedfurther stirring at 80°C. The gel has
been dried at 120°C in air and resulted in the ysar powder P (hereinafter referred to as
initial precursor powder P or Ce-propionate). Fauecursor nanopowders A, B, C and D
(hereinafter referred to as starting precursorprecursor (nano)powders A, B, C and D) were
prepared by calcination of the Ce-propionate fo@ 12n, 60 min, 150 min and 180 min at
250°C, 400°C, 460°C and 500°C, respectively intaie; A, B and C precursors were processed
under continuous mixing. Annealing of the precursanopowders A, B, C and D in air and
under the oxygen flux at different temperatureD¢43- 1200°C) for different durations (10 min
— 480 min) resulted in four batches of samples:AA, A2), (B, B1, B2), (C, C1,C2) and (D,
D1, D2). The annealing conditions are given in €dhl

Thermal analysis was performed using TG/DSC in 3AEAM Setsys Evolution 18
equipment. The initial precursor powder P / Ce-mpate (33.21 mg weight) was measured in
dry air atmosphere between 25°C and 1000°C at tinhgeate of 5°C /min with a temperature
precision higher than 0.01 °C. The structure ofuce oxide powders was investigated by X-ray

diffraction (XRD) performed on a Bruker D8 Advanchkffractometer in Bragg—Brentano



geometry using Cu K radiation (wavelength 1.5406 A). The data wereuaeq at room
temperature, with a step-scan interval of 0.048.02° and a step time of 1.0 s. The XRD data
were processed by Rietveld whole powder pattetinditusing the Bruker-TOPAS software and
the fundamental parameter approach (FPA). The &otransform infrared (FTIR) spectroscopy
measurements were carried out with a Perkin Eln¥rSpectrum spectrometer, in attenuated
total reflection mode (Pike-MIRacle diamond headld mm in diameter). The analyses were
performed within the spectral range 4000-500"crith a 4 cni resolution and 64 scans per
experiment. The microstructures of the powders vebiacterized by a FEI Quanta Inspect F
scanning electron microscope (SEM). Room tempezafdhotoluminescence (PL) spectra
excited at 295nm have been recorded using a Johion YFluorolog Fluoroamax 4P
spectrophotometer. For a correct comparison allsdmaples have been measured in the same
conditions. Magnetization measurements of powdereperformed using a Quantum Design
MPMS-5S SQUID magnetometer at room temperatureamdpplied magnetic field of up to
24500 Oe.

3 Resultsand discussions

The DSC, TG and DTG curves recorded on precursadpo P upon heating are shown
in Fig.1. The Fourier transform infrared spectrgsc¢FTIR) spectra of the initial precursor P,
starting precursor A and samples Al, B1, D1 anda@lshown in Fig. 2. The spectrum of the
precursor powder P was identified as propionat€€@#{COQO); [35,36]. Fig. 3 shows the XRD
patterns assigned to the fluorite face centeredcathucture (space grodgm3mb) phase for all
samples of sets A, B, C and D. The lattice constanid the crystallites size evaluated from
Rietveld fitting of the XRD patterns are listedtive Table 1. As expected, the average grain size
increases with the annealing temperature, fromranometers for the A, B, C and D starting
precursors and exceeding 500 nm for samples arthaatE150°C for longer times (e.g. sample
A2). The decrease of lattice constant with the alng temperature (it ranges between 5.4160 A
and 5.4107A, Table 1) is consistent with the inseeaf grain size in CeChanopowders [37,
38]. SEM micrographs for nanopowders A, B1 and D& shown in Figs. 4a, 4b and 4c,
respectively. The dimensions of smallest nanogesdtidistinguished by SEM are comparable
with the crystallite size determined from XRD patte(Table 1).



3.1 The formation of defective cerium oxide by thermedainposition of Ce-propionate. The
conditions for coexistence of nanocrystaline cara Ce,0,COs.

Thermal analysis (DSC/TG/DTG) correlated with FTdRd XRD analysis allowed the
interpretation of the thermal decomposition reawti@f Ce propionate. The FTIR spectrum
recorded on the initial precursor P (Fig. 2) shales vibrational bands characteristic for rare-
earth propionates at 1548 ¢nil290, 1076, 898, and 813 Cii85, 39, 40]; the C=0 stretching
vibration at 1710 cfcharacteristic for the COGunctional group of the propionic acid initial
reactant [39] is not observed. The analysis of TRIDXRD and FTIR measurements indicates
that the Ce-propionate powder undergoes decompuositifour stages upon heating.

The first region between 25°C and about 230°C cdaddascribed to the dehydration
process of the hydrates:

Ce(GHsCOO) - H,O — Ce(GHsCOO) + H,O (@H)

The dehydration process is accompanied by a steyags loss of 1.4% registered at 97°C in TG
and is consistent with the presence of an endoibgreak in DSC (Fig. 1). Some@ loss was
delayed to higher temperatures consistent withstee of mass loss in TG curve at 225°C which
might be due to trapping of,B inside the powder particles and released whercahgoound
melted. The total mass loss at 237°C (end of thesruss step), amounts to 5.1%, which is quite
close to the 4.8% expected for the release of on® Hnolecule from a formal
Ce(GHsCOOQO)- H,O starting composition [36, 41].

At the second stage the anhydrous GEECOOY); is fused [36] in association with the
endothermic peak observed in the DSC trace at dr@88°C (Fig. 1). The melting process was
visually observed during the preparation of thecpreor nanopowders A, B and C (from the
precursor P) on the hot plate under continuousngixi

Upon further heating of the fused propionate aprisé and complex exothermic effect
registered in the DSC curve between 245°C and 34BR{ 1) is accompanied by a significant
mass loss in two steps. The rate of mass losgahsated from the DTG curve (top-right inset of
Fig. 1), is changing from a relatively slow regifnem 250°C to 302°C, to a fast rate up to about
340°C. The change in the rate of mass los at 3@R2a0 visible in TG curve and is highlighted
by vertical dashed line in the main panel of Fig. At 302°C, the total weight loss of
approximately 24% is close to theoretical expectetifor the formation of an intermediate
Ce0(C,HsCOO), phase as reported as well for the thermal decoto®f lanthanide- and Y-



propionates [35, 36, 41]. This means that anhydsidpionate Ce(&1sCOO); is decomposed to
Ce0,CO; (confirmed by FTIR analysis below) through the,@E,HsCOO), intermediate
compound by release of 3-pentanone and carbond#ipsimilarly to other reports on related
compounds [35,36,40]:

2 Ce(GHsCOO) — Ce0(CHsCO0), + CG;HsCOGHs + CO, (2)
and
Ce,0(CHsCO0), —» Ce0,CO; + 2GHsCOGHs + CO, 3)

The decomposition of the anhydrous cerium prop®reatd the formation of G8,CO; are
confirmed by the FTIR spectra of the precursor A aample B1 shown in Fig. 2. A weakening
and disappearance of the propionate peaks at 1#38nt at 813 cihcorresponding to wCH
andyCHo,, respectively, is observed similarly to a reparttbe decomposition of Y propionate
[35]. The peaks at about 1525 ¢rmand 850 crif, remaining after the decomposition of cerium
propionate, were associated with the antisymmetnid symmetric vibrational mods of GO
[40,42] of the CgD,CO; [35 and references therein].

Above 340°C the sample weight continues to decrepge 1000°C but with a lower rate
(top-left inset of Fig. 1). The mass loss in tl@mperature range is ascribed to the final stage of
thermal decomposition of @&,CO; to CeQ. By analogy to ref. [36] for Ce this decompositio
takes place as follows:

Ce0,CO; + 1/2G — 2CeQ + CO (4)

This decomposition reaction is supported by theebse of the oxycarbonate peak intensity in
the FTIR spectra of D1 (annealed at 615°C for 1%6) end Al (annealed at 1020°C for 10 min)
samples (Fig. 2).

The total mass loss for CeCformation starting from Ce@sCOQ) - H,O is
theoretically 54%, whereas the observed value i$%2at 1000C. This difference is related to
the presence of residue of undecompose®&E0; (see FTIR curves for D1 and Al in Fig. 2).
This implies that the decomposition of 0eCO; in air would still take place when heating the
powder to higher temperatures and/or longer duratitn virtue of the equation (4) the process
of the decomposition of Ce-oxicarbonate tracesnduannealing can influence significantly the
concentration of surfaces and GBs oxygen vacancipsrtant for ferromagnetism as will be
discussed in next subsection. Carbonaceous resateegsually observed in the products after

decomposition of propionates in inert atmosphebe 43, 43]. Previous studies of the rare earth-



propionates annealed in inert atmosphere have shtvat during decomposition of
oxycarbonates the weight decreases continuouslytaipthe temperature at which the
decomposition to oxide is complete (up to 1350°CYepropionate decomposition in Ar [35]).
For the [La(CHs;CH,COOQO) - (H.0);] - 3.5HO the TG curve presents a plateau after the
complete LaO(CGs), oxycarbonate transformation into lanthanum oxi@@].[ In the present
case the above described process gOgeO; decomposition is not completed upon continuous
heating to 1000°C in air a6/min rate, as also seen from the amount of massitoTG shown

in the inset of Fig. 1.

As seen from Fig. 3 and Table 1, all the sampleslding the A precursor prepared at
the lowest temperature 250°C) show ceria phase flithrite face centered cubic structure.
Accordingly, a band in the spectral range of 5006 cm' assigned to Ce - O vibrational mode
of cerium oxide [e.g. 44] is observed for all saaspin FTIR (Fig. 2). For the nanopowders
treated at lower temperatures, up to 1020°C°, eéslhetor precursor A and sample B1, the Ce —
O band is wider with lower intensity and its avergmpsition is shifted to higher wavenumbers
(0670 cm') as compared to the more oxidized sample C1 (4ehes 1150°C for 120 min)
where it was observed at 550 ¢nThe relationship between the wavenumbegnd the average

length of Ce - O bond, can be written as [45]:
_ 1/2
p= -1 (Z) 5)

2 \u
f== (6)
wherec is the speed of lightf is force constant of Ce — O bond ani$ the reduced mass of Ce
— O molecule. In virtue of equations (5) and (&) #tbove mentioned blue shift can be associated
with the presence of defects of oxygen vacancies iy the ceria annealed up to 1020°C (see A,
B1, D1 and Al in Fig. 2). The creation of oxygertamacies will result in the decrease of force
constant and the increase of average length of @ebend. This is in agreement with the
obviously higher lattice parameter of samples A &idcompared to that of more oxidized
sample C1 as determined from XRD patterns (Fig.adle 1). As the A precursor (prepared at
the lowest temperature, 250°C °C) shows the ceraxmde phase in both XRD and FTIR
measurements, this indicates that ceria with & higmber defects (hereinafter referred to as

defective ceria) was formed during the decompasistage of Ce-propionate at 245— 340°C



(Fig. 1) after its melting [43]. Taking into accduthat the defective ceria formed during the
thermal decomposition of Ce-oxycarbonate is oxydeficient, the total mass loss in TG for
cerium oxide formation should be even larger thd#%5This gives additional confirmation that
the lower value of 52.1% observed at 1000°C is edus/ the presence of residual,OgCOs
and that the process of the oxycarbonate deconnmosibuld still take place in the ceria powder
upon annealing at higher temperatures and/or lodgeations. Higher heating rates, as in the
case of samples described in the next subsectiofigble 1) which were heated at a rate of
10°C/min, could delay the decomposition of oxycarben@aaces to even higher temperatures.
By heating the defective ceria in air the local @yponate decomposition is expected to occur
simultaneously with the global oxidation processCaf* to Cé€*. This is confirmed by the fact
that the samples still containing traces of,@€0;, e.g. D1 annealed at 615 and Al
annealed at 102Q@ (Fig. 2), have their lattice parameter relaxednpared to that of
stoichiometric ceria (Table 1). In other words, grecess of local oxygen depletion, e.g. at the
GBs and surfaces, may take place simultaneously thé global oxidation process, as will be
discussed in more details in the next subsection.

Unlike the initial precursor P (Ce-propionate) tREIR spectra for the A, B1 and D1
samples exhibit a broad band centered at 3335 ammresponding to the vibrations of weakly
bound (adsorbed) water interacting with its envinent via hydrogen bonding and to vibrations
of hydrogen-bonded OH groups. The appearance sfldhind is most probably related to the
cerium oxide formation when its nanosized graing.(B, Table 1) having a high effective

surface area were exposed to ambient atmosphere.

3.2Room temperature photoluminescence and ferromegmet

In Figs. 5a and 5b are depicted tevs. H curves measured at room temperature for
products of batches A and B, and C and D, respsygtifhe upper insets display the curves after
subtracting the paramagnetic signal whereas therlangets show the enlarged region close to
the origin. The data extracted from the Figs. 5arélisted in Table 1. In Fig. 5a tMevsH
curve for Ce - propionate (sample P) is also giv@erpropionate shows a strong paramagnetic
response. The un-doped ceria exhibits room temperdrromagnetism withl. between 8 Oe
and 121 Oe and/ls of up to 6.7x10 emu/g. All four A, B, C and D precursor nanopoveder
prepared directly from the Ce-propionate show feagnetism withMs = 0.21*10°, 2.3*10°,

10



0.29*10° and 4.6 *1G emu/g andH. = 82, 83, 42 and 27 Oe, respectively.

The photoluminescence spectra recorded on the sanma@m the A and B batches are
shown in Figs. 6a and 6b, respectively. All thecsqaeof samples of batches A, B, C and D show
two emission bands: a relatively sharp UV emissientered at about 378 nm (3.25 eV, insets of
Figs. 6a and 6b) accompanied by another broad lo@matied in the visible region between 400
nm and 550 nm. The intensity and the integrated afedefect-related PL peaks in the visible
light emission for all samples are listed in thél€al. The UV emission is ascribed to the 2p-4f
energy gap (the transition from the 4f band touwalence band) of stoichiometric Cg{26]. As
the energy levels of defect states in the ceriurdeoare located within the band gap, the broad
visible photoluminescence (corresponding to a brdetribution of electronic energy levels
between 2.4 and 3.16 eV, insets of Figs. 6a andsGaltributable to the defects in ceria. The
defects in this work were primarily associated wittygen vacancies (or &eoxidation states
since they are charge-balanced by oxygen vacaffies88]) because upon annealing in air (or
in oxygen flow) with increasing temperature/time ttefective ceria (described in the previous
subsection) behaves commonly to a reduced ceriude @nnealed under oxidative conditions.
Indeed, as can be seen from Figs. 5 and Tabletlieisamples annealed in air at temperatures
above 1000°C and/or for long durations the intgresiea of the defect related PL peak
diminishes. At the same time, the ferromagnetioaiglecreases or disappears (A2, C1, C2 and
D2 in Table 1) which is direct evidence that theserved ferromagnetism is related to defects
(oxygen vacancies) in the cerium oxide. Furtherdence of this is given by the PL
measurements on the B2 sample annealed in oxygeosphere at 1050°C for 180 min that
shows a severe decrease of both the defect - ddftepeak (Fig. 6a) and of the ferromagnetic
signal (Table 1). The weakening of both ferromagnetand defect - related PL emission is
caused by the oxygen vacancies removal fronwmth@e volumenf the sample when annealing in
oxidative conditions at high temperatures and liomgs. The reduction of oxygen vacancies (the
oxidation process) in the defective ceria is sumubby the results of XRD (Fig. 3) and FTIR
(Fig. 2) measurements already discussed in thequ®subsection. By annealing the starting
precursor C in air at high temperature, 1150°C, @O absorption band in FTIR become
sharper, it narrows towards lower wavenumbers, fE&70 cmi® (precursor A) to 550 cih
(sample C1). The global process of oxidation of'Ge Cé" is also confirmed by the overall

decrease of the lattice constant with increasingperature (Fig. 3, Table 1). All these
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experimental facts strongly support that the feagnetism was induced by defective ceria
formed during the decomposition reactions of Cepnoate.

As will be demonstrated hereinafter, the factorshsas the oxidative decomposition of
carbonaceous residues and the development of Grietan retain/redistribute or enhance the
(local) defect concentration and ferromagnetismnuipeating. Indeed, in the samples exhibiting
sizable ferromagnetism, > f0emu/g, (Fig. 5, Table 1) along with relativelydnse defect-
related PL emission (Fig. 6), the cerium oxide dstsxwith CeO,CQO; traces (Fig. 2). First of
all, the presence of carbonaceous residues deti@ethe propionate decomposition process or
the annealing process (in air) occurred somehowlaignto the same kind of experiments
performed in inert atmosphere. In other words, éhpocesses took place in conditions that
stimulate the production of vacancies. An analogmesxistence of the oxycarbonate and oxides
was reported for the thermal decomposition of Ypproate to ¥Os [35] in inert atmosphere
(the formation of ¥Os; was noticed at higher temperatures, than for darihe present study,
above 600°C as a result of decomposition of oxymaates). Secondary, the use in this study a
relatively large initial masses (200 — 300 mg) fbermal annealing stimulated the oxygen
depletion inside the sample (more acute for powtlEaswere not mixed during annealing (e.g.
precursor D) and/or at the bottom of the produgigyticularly due to the oxidative
decomposition of propionate [43] and other carbontaining species. In addition the gas
transport is more difficult through higher powdeaqgtities [43].

As already discussed, the overall trend upon amgeah air at higher temperatures
and/or longer durations is the decrease of thengitte of defect-related PL emission ait.
However, we have observed that the defect relatedmission and the ferromagnetism remain
unchanged or even increase after certain condimbrasnealing (Figs. 5, 6 and Table 1). The
intensity (area) of defect-related PL emissione@ased by a factor of about 1.75 (1.72) &hd
increased from 0.21 emu/g to 1.4 emu/g when thee&yrsor was annealed at 1020°C for short
time, 10 min (sample Al) (Figs. 5a, 6a and Tablerhe same behavior was observed for the B
precursor annealed at 430°C for 90 min (sample BB):intensity (area) of defect - related PL
emission has increased with a factor of about (1697) andVis increased from 2.3 to 6.7 emu/g
(Figs. 5a, 6a and Table 1). The FTIR spectra sth@npresence of G8,CO; (the spectrum for
B is similar to those for A and B1 shown in the.R2{ for all these four samples, A, Al, B and

B1. The main differences which were found betwe®lfprepared at 250°C ) and Al (annealed

12



at 1020°C) as well as between B (prepared at 40@id Bl (annealed at 430°C) are the
crystallite size and lattice constant (Fig. 3, Eab). The increase of crystallites in A1 (from 7.4
nm to 75 nm) and in B1 (from 6.9 nm to 7.5 nm)ssaxiated with GB development in these two
nanopowders annealed at higher temperatures cothpatte the started precursors A and B. A
confirmation is given by the SEM micrographs of grecursor A (prepared at 250°C) (Fig. 4a)
and sample B1 (annealed at 430°C) (Fig. 4b) witmmarable crystallite size: the relatively
isolated nanoparticles in the initial aggregatesdprsor A) tend to fuse together when annealing
at higher temperatures (sample B1) to create GB&s dvolution of the microstructure is very
evident in the SEM imeges taken from different nethareas of sample D1 anealed at’6lfor
150 min — it can be seen how the isolated nanapestifirst evolve into the nanocrystals
separated by GBs within the grains (main paneliaset of Fig. 4c) and then avolve into biger
cristals (main panel of Fig. 4¢c). Once the GBstdtadevelop during annealing of A1 and B1
samples the incorporation of the oxygen from the iaside the sample is more difficult
compared with the A and B starting precursors. ldetice sintering of nanoparticles and the
development of GBs could inducdazal oxygen depletion or the conservation/redistrilbutod

a large number of oxygen vacancies from the defectieria of the starting precursors,
contributing in this way to the increase . The higher ability of GBs to adsorb/trap the
impurities (here vacancies) than the free surfawes reported by others [47]. The
ferromagnetism generated by defects such as oxygeancies at free surfaces of oxides is
frequently reported [8, 14, 18]. However, the tat@lubility of impurity elements (e.g. transition
metal atoms) at GBs of fine grained oxide sampkeg.(ZnO) is much higher than at the
surfaces: GBs can adsorb up to 10 monolayersnobfidransition metals whereas free surfaces
adsorb only 2-4 monolayers [47-49]. Concerningdbeservation and redistribution of oxygen
vacancies from the starting precursors, sample Bthiwed by annealing of precursor A at
102C°C for 10 min presents an evidence of this. The deferelated photoluminescence or
vacancies concentration of sample A1 enhancedantidty whereas the lattice constant, on the
contrary, relaxed to the value of 5.4107(1) A (asnpared to 5.4128(5) A of the starting
precursor A) characteristic for stoichiometric eeffrig. 5a, Table 1). This contradiction implies
that GBs (surfaces) rather than lattice vacandiegesponsible for enhancédl of A1 sample
(this aspect will be discussed in more details inafeer in this work). An explanation is that

during heating at 102C the oxygen vacancies migrated from the grainrimtéowards GBs
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where they were trapped.

Thelocal oxygen depletion inside the sample, describedhénprevious paragraph, will
be more powerful if the development of GB networktlee sintering of nanoparticles begins
before the decomposition of &&CO; (or other species containing C) to cerium oxide is
completed. This is well visible for samples Al dddl. The grain size has increased (i.e. the
GBs network has developed) from 10.4 nm to 13 nrerwthe D precursor was annealed at
615°C (sample D1) and from 7.4 nm to 75 nm whenAl@ecursor was annealed at 1020 °C
(sample Al). At the same time, the intensitiethefabsorption bands in FTIR associated to Ce-
oxicarbonate decreased considerably for D1 andFAd. ). Nevertheless, residual £LeCOs
traces being still present in coarser grained AH @i implies that decomposition of
oxycarbonate to cerium oxide occurred at the bekteeloped GB network compared with the
starting precursor nanopowders A and B (Fig. 4).aksady emphasized, the decomposition
reaction or annealing with the carbonaceous resithfebehind is a signature of the almost inert
local environment ([43] and references therein). ilportant recent founding is that in inert

atmosphere some Ce alkanoates decompose wi©®; first to CeOs which is then oxidized

to CeQ[50]:
Ce0.,L0; » Ce03 + CG (7)
Ce0Os;+ % Q — 2CeQ (8)

In the present case of annealing in air the stglofi CeOs is improbable. Instead, the XRD and
FTIR analyses indicate that £»2CO; decomposes to cerium oxide between two stoichioenet
forms CeO3; and CeQ@: partially to near stoichiometric Cg@nd partially to Ce@y (wherex is
the vacancy concentration) with higher nonstoicleosn An important feature of ceria is that
the fluorite crystal structure can survive at vbigh vacancy concentrations, K72-x < 2 (see
e.g. [51] and references therein]. A careful insjppacof the Ce — O band (inset of Fig. 2) reveal
that the above described blue shift with decreaseanmealing temperature is in fact the
development of a new component corresponding toce®5vibrational frequency besides that
at 550 crit. The Ce — O band found at the highest waveler&fB, cni', could be associated
with the surface phonon modes generated when theleragth of the incident radiation is higher
than the particle size [52, 53]. The interactionetéctromagnetic radiation with the particles

depends as well on the state of aggregation ofystals [53]. Thus, the 595 €nband relates
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to the absorption by the surface states at lowasssi In virtue of equations (5) and (6) and the
discussions therein this surfaces states in higbhstoichiometric cerium oxide, Ce@ could

be identified with the oxygen vacancies. 595dmnd is well visible for the powders with the
smallest grain size (A and Bl in Fig. 2) and cqroeslingly with the higher lattice parameter
(Table 1). With increasing annealing temperatuge385 crit band intensity decrease (D1 and
Al in Fig. 2) until it disappears for the well okddd sample (C1 in Fig. 2). In this way, when
annealing in air C& can originate directly from the decomposition o&@,CO; residues
whereas the local Geto Cé* oxidation is slow at the GBs and at the nanoparsarfaces (in
the specific conditions e. g. inside the powdeket there not mixed during annealing). Thus,
extra oxygen vacancies were produced at the GBs by ¢gendposition of CG£,CO; traces.
This could be a reason for the increased aredefact-related PL luminescence (Fig. 6) and
improvement of ferromagnetism (Fig. 5) in the skwpAl and B1, compared with A and B
starting powder precursors. In addition, as shbemeinbefore, because of the short annealing
at quite high temperature, 1020°C, without contusumixing, followed by a high cooling rate
from this temperature, a large amount of oxygeramaies was retained from the defective ceria
of starting precursor A at the GBs in sample Ahother example of residues influence on the
sample properties is an observed delay effect efgfain growth: the D2 sample, annealed at
1020°C for 150 min in air, shows 93 nm nanocryss&#gs as compared to B2 sample, annealed
in similar conditions at 1050°C for 180 min but oxygen atmosphere, shows 256 nm
nanocrystals size (Table 1). In air the carbonaseesidues decomposition rate was lower than
in oxygen atmosphere and therefore their presehtieeaGBs inhibited the grain growth. The
understanding of the processes occurring at thaces/GBs upon annealing of ceria prepared
by chemical route is very important not only ferrbmagnetism and its use in spintronics [5,
6]) but also for many other applications, e.g foe performance of superconductors for which
Ce( serves as one of the most suitable template &stiperconducting layers ([43, 54-56] and
references therein).

For the samples belonging to the same batch trensity/area of defect-related PL
emission correlates with the ferromagnetic propsr{irable 1). This is obvious from Fig. 7, for
the samples derived from the same starting precuAsp B, C or D) showing thatMs is
proportional to the area of defect-related PL pé&dwever, this behavior cannot be generalized

to the samples belonging to different batches &sithalso visible in the same Fig. 7. This
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inconsistency is often reported in literature. Tisizvery evident for the A, B, C and D starting
precursors themselves, which all show nanocrysiaks < 10.4 nm and higher lattice constants
compared with the stoichiometric ceria of sampteated at high temperatures (e.g. A2, B2, C1,
C2 and D2 in Table 1). The FTIR spectra of all feamples are similar (and similar to that for A
shown in Fig. 2) showing Ce-O bands_B70 cni* assigned to the defective ceria as noticed in
previous subsection beside the characteristigO&&0; bands. Nonetheless, ferromagnetic
properties (e.gMs) and their relationship with the intensity of defeelated PL emission are
very different for these four products (Figs. Sar&d Table 1). For example, in the C precursor
the ferromagnetismMg) is much weaker as compared to B and D precuratereas the
difference in the intensity/area of defect-relaR®idemission is less significant and inconsistent
with the Ms values:Ms for the C sample is only 0.29*2Gemu/g compared with 2.3*f0emu/g

for B and 4.6*10 emu/g for D. The observed discrepancy can b&imatl in the simplest way
as caused by the differences in heal density of defects, at the surfaces of nanopa#giol at
the GBs in aggregates/grains. In turn, the locahsdge of defects is dependent on the
decomposition degree of carbonaceous specieg),C6s, or related production degree of
vacancies in excess. As already discussed, thecsurfoncentration of oxygen vacancies
(defects) would be higher when the process of dmgean air is interrupted before the process
of the decomposition of carbonaceous species hapleted (or saturated). In other words, the
surface concentration of oxygen vacancies depemdghe rate of decomposition of the
carbonaceous species at the moment of interrupticennealing process. The decomposition
rate should be higher at higher temperature batsis dependent on the annealing time, (local)
partial oxygen pressure and other parameters tbrrdine the kinetics of the combustion
process [41]. The annealing of the D precursor paaformed at the highest temperature (at 500
°C for 240 min) among all four precursors presumarg advanced development of the GB
network. Most important is that the precursor D wescessed without mixing during annealing
which together with the development of GBs impleedestricted access of oxygen inside the
sample/aggregates. In turn, a relatively inert emrment inside the sample delayed the
decomposition of carbon-containing species. Hetieprocess of excess production of oxygen
vacancies (at the nanoparticles surface or at ¢éidyndeveloped GBSs) still continues when the
annealing is interrupted. The same is valid focpreor nanopowder B annealed by continuous

mixing but at lower temperature and shorter dura{®00°C for 60 min). An excess of oxygen
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vacancies at the nanopatrticles surface and at B S consistent with high values of thk
observed for both B and D precursors (Table 1).dynLi et al [9] reported a similar
relationship between RTFM and the reduction degfabe surface of Cefhanoparticles when
hydrogen was used as reducing agent (see also. [AZ]¥or the precursor nanopowder A,
annealed at significantly lower temperature, 250B¢,continuous mixing for 120 min, the
decomposition rate of carbonaceous species waesldwe excess defects at the nanoparticles
surface were produced with lower rate and, in &oditwere removed by the prolonged
annealing in air, which is consistent with lowetues ofMg observed for A precursor compared
with the B and D precursors. On the other hand, thtensity of defect-related
photoluminescence (associated with both surface/@®kbulk defects) of the A precursor do
not differ significantly from that of the B precors(Fig. 6, Table 1). Finally, the annealing of the
nanopowder precursor C was performed by continuoisng (and thereby by increased
exposure of the particles surface to the ambieggex) at relatively high temperature and for
long duration (460°C for 150 min). In these corati, the carbon-containing compounds have
burned with high rate, however during the longemealing time the excess of defect states at
the nanoparticles surface has been removed asidoA tsample. As a consequence, a Mw
value (0.29 emu/g) was observed in the C samplen évit shows a global concentration of
defects (intensity/area of the defect-related Phkpehigher than that of precursor B with
superiorM; value of 2.3 emu/g (Table 1).

Therefore, the precursors B and D / A and C shah/low Ms values primarily because
the annealing was interrupted in the process oflyotion/removing of oxygen vacancies
resulting from the consumption of carbonaceousdies, i.e. C£,CO;, at the nanoparticle
surface or at the GBs in aggregates/grains. Théfemces in the reduction degree of the
surface of nanoparticles for different startingqumsors, the fact that thds of nanosized cerium
oxide prepared in air is more susceptible to modifons of the concentration of surface and
GBs defects rather than to bulk/lattice densitydefects and that both surfaces/GBs and bulk
vacancies make a contribution to PL emission inviséle range could be the reasons of the
inconsistency between the saturation magnetizatimmhthe defect - related photoluminescence
signal when all the samples belonging to differleaiiches are considered. In other words, the
inconsistency betweells and the intensity of defect-related PL emissioroxygen vacancies

arises from the fact that the surfaces/GBs rattan tattice defects are responsible for High
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(In this context, note the universal behavior tbke photoluminescence and of the intrinsic RT
ferromagnetic order induced by the surfaces or -sedaces disordering/defects when
comparing the results of nanosized ceria systehexiun this work as well as reported by others
[e.g. 58] with the one of the most studied oxid&sO, in very different forms and preparation
conditions, e.g metal ion implanted ZnO crystdl59, 60 ], un-doped ZnO nanopowders
prepared by hydrothermal rout [61], un-doped Zni@ fims [62], gas ion implanted ZnO single
crystals [63], etc.). Sample Al, discussed herdorbe obtained by annealing of precursor A at
102C°C for 10 min, presents strong evidence that thtases/GBs rather than lattice vacancies
are responsible for enhanceds. the defect - related photoluminescence or vaeanc
concentration along witMs enhanced substantially whereas the lattice consiarthe contrary,
relaxed to the value characteristic for stoichiameteria (Figs. 5a and 6a, Table 1). The defects
such as oxygen vacancies on the surfaces and aGBw are more exposed and their
concentration is more sensitive to the modificagiohthe local environment during annealing in
air than the bulk defects. Finely, it is eviderdittthe nature of the relationship between he
and defect-related PL (Fig. 7) is primarily drivey the quality of starting precursors (A, B, C
and D) prepared directly through the thermal deamsitjpn of Ce - propionate.

4 Conclusions

In summary, RTFM and a broad defect-related phatolescence PL emission were
observed for the first time in cerium oxide nanopevs successfully prepared by means of Ce-
propionate decomposition and annealing in air. vAprovement of the intensity of defect-related
PL emission and of ferromagnetism was obtainedpf@ducts in which the nanocrystaline
cerium oxide coexists with Ce-oxycarbonate tra¢es. the samples prepared from the same
starting precursor thbls is proportional to the intensity of defect-related emission whereas
inconsistency between these two parameters is\dbséor the samples prepared from different
precursors. Three sources of defects, and thulseoferromagnetism in un-doped cerium oxide
were identified. (1) The high concentration of ae¢fstates (e.g. oxygen vacancies), produced
during thermal decomposition of Ce-propionate ahiirecursor. (2) Oxygen vacancies from the
defective ceria of the precursors can survive/tatige under annealing conditions that promote
an inertlocal environment: annealing without continuous mixirvghen the sintering of

nanoparticles begins (e.g. in the presence of GBsjort annealing time, annealing in large
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masses, high cooling rate, etc.. (3) DecompositbrnCe0,CO; residues to cerium oxide
provides an excess of oxygen vacancies at the GBs the nanoparticles surfaces resulting in
the enhancement of ferromagnetism. The differemtdbe reduction degree of the surface of
nanopatrticles for different samples, the fact Mabf nanosized ceria is more susceptible to the
modification of the concentration of surface andBBs defects rather than to bulk density of
defects and that PL emission in the visible raimgiides the influence of both surfaces/GBs
and lattice oxygen vacancies can explain the instarecy between the saturation magnetization
and the intensity alefect-related photoluminescence signal.

The three sources for defects/oxygen vacanciesamograined Cefidentified in this
work deserve further investigations for potentisé wf related RTFM in spintronics. However,
these findings along with other results of the préstudy are essential for use of nanoceria in
other important applications as follows:

- Our SQUID measurements reveal that preparedignstiudy Ce - propionate have a strong
paramagnetic signal. Paramagnetic complexes aeet@lhodify their behavior upon interaction
with (bio/macro)molecules in the specific microgoviment, e.g. via interaction with a
biomarker. Thus, Ce(lll) propionate paramagneticmplexes or Ce(lll) complexes
functionalized by propionate ligands (Ce-MOFs) dohke developed as magnetic resonance
imaging (MRI) contrast agents. Ce(lll) complexes #re agents that may produce MRI contrast
through the mechanisms such as PARACEST and PARABkhat have attracted recent
interest. Ce-MOFs being functionalized by extringiagnetic species to prepare porous Ce-
magnetic framework composite, Ce-MFCs, and beingosed to a DC or AC external
magnetic field may be used in (miniaturized) segsiavices.

- The nano-sized grains in A, B, B1, C and D powdiErming the frameworks with high
porosity and thus with large surface area, the haghivity (enhanced lattice parameter
determined by XRD), the high degree of crystalfiras well as the potential for postsynthetic
modification makes nanoceria frameworks (eventudligctionalized by extrinsic magnetic
species) promising candidates for applicationsddeed in Introduction) that involve the high
catalytic activity, e.g. for biosensing applicason

- The results of our study on the decompositiorCefpropionate indicates the possibility to
obtain the ceria nanocrystals coated with Ce-cat®mas new approach for ceria - carbonate

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

Fig. 1 DSC and TG curves for precursor P (Ce-propionafBpp-left inset: detail of the TG
curve between 300C and 1000C. Top-right inset: DTG curve.

Fig. 2 FTIR spectra of samples A, B1, D1, A1 and C1l.elndetail of the FTIR spectra near Ce
— O band. The curves are shifted upward for clarity

Fig. 3 X-ray diffraction patterns for cerium oxide protwiof batch A, B, C and D. The most
intense (111) reflection was normalised to unity & of the samples. The curves are shifted
upward for clarity.

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

Fig. 5 M vs.H curves measured at room temperature for ceriumteopioducts of batches (a) A
and B, and (b) C and D. Upper inskt:vs. H curves after subtracting the paramagnetic signal.
Lower inset:M vs. H curves at the origin. For the sake of clarity theve for the C1 sample is
not shown. In Fig. 5a thié vsH curve for Ce - propionate (sample P) is also given

Fig. 6 Room temperature luminescence spectra excite@5in2 for cerium oxide powders of
(a) batch A and (b) batch B.

Fig. 7 Ms variation with the increase of area of defect latesl PL peak for cerium oxide
products of batches A, B, C and D.

Table Captions
Table 1 Preparation conditions, XRD results, magnetic peters and photoluminescence data
for cerium oxide products of batches A, B, C andlbe digit in parentheses is associated with

the error on the last digit of the experimentalreal
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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.

Sample | Preparation conditions Magnetic Defect - related | Crystallite | Lattice
parameters PL emission size constant
Annealing | Annealing Mg Hc | Intensity | Area (nm) (A)
temperature time (102 | (Oe) | (a u) (au)
(°0) (min) | emu/g)

Batch A (starting precursor A and the samples A1 and A2 derived from the precursor A)
A® 250 120 0.21 82 453 36470 7.4(7) 5.4128(5)
A1° 1020 10 14 104 877 69531 75 (2) 5.4107(2)
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)
B® 400 60 2.3 106 505 43375 6.9(5) 5.4147(4)
Bl 430 90 6.7 121 854 63708 7.5(6) 5.4160(5)
B2° 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® 460 150 0.29 42 598 63944 8.3(6) 5.4143(4)
Cl 1150 120 0.19 23 485 35426 | 466(2) 5.4110(9)
c2° 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)

2 Continuous mixing; ® Rapid cooling; ‘Annealed in oxygen atmosphere




