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Coprecipitations of Ce(lll) nitrates and Ca chlorides have been performed in basic mediun~at pH
12 using NaOH, KHO,, and HF as fluorinating agent. Powders have been annealed under air 4 600
during 12 h. Oxides and oxyfluorides with CgCa0O,-x and Ce-,CaO,-«—y2Fy, formulas have been
obtained. The Ce/Ca and F/Ca atomic ratios have been determined by elemental analysis (microprobe
analysis and F titration with specific electrode), leading one to conclude that the higher is the Ca content,
the higher is the F rate. The F/Ca atomic ratio is always lower than 1, but the F content strongly increases
with the Ca rate, demonstrating the affinity of fluorine for Ca atoms. XRD data analysis confirmed that
Ce—Ca-based oxides and oxyfluorides crystallize with the fluorite-type structure f@m) and the
a-cell parameter follows Vegard's law both for oxide and for oxyfluoride series. The solubility limit has
been estimated to correspond to a Ca/Ce atomic ratio between 0.35 and 0.40 thanks to an accurate XRD
analysis using monochromatic Cy,Kadiation, which allows one to detect the occurrence of,Qafees.
Taking into account the +Ce bond distance in tetrahedral coordination (bond valence modefGe
2.50 A; average bond distances inGE€a0,-x—y,Fy: Ce/Ca-O/F = 2.35 A), the low value of the F/Ca
atomic ratio is governed by steric effects and constrains present in the network. Finally, an accurate
EELS analysis on isolated particles (120 nm) with Cg 7:Ca »40; 67 0.17COMposition confirms the value
of the Ca/Ce average atomic ratio, and prelimindfy MAS NMR investigations show the occurrence
of various FCa-,Ceg, environments (&< n < 0.4). TEM analysis reveals that particle size is around 10
nm, which corresponds to the coherent domain/crystallite size determined by XRD analysis taking into
account a ThompserCox—Hasting function for the X-ray diffraction lines shape. Finally, the
CeCa0,« and Ce_,CaO, «yoFy series exhibit interesting UV-shielding properties with a decrease
of the optical band gap with Ca content in the oxide series, whereas the band gap varies inversely with
Ca and F content in the oxyfluoride series. This tendency has been interpreted considering the difference
in the Cé" electropositive character in these two systems.

Introduction at the frontier between UV and visible range. Because of
their high refractive index in the visible range, that is, around
2.75-2.45 for TiGY and Ce@ compounds, synthesis of
nanosized particles is necessary to ensure UV-shielding
properties with a sufficient transparency. In addition, most
of these oxides exhibit high photocatalytic or oxidation

Titanium dioxide (TiQ), zinc oxide (ZnO), and cerium
dioxide (CeQ) exhibit optical band gap associated with the
charge-transferband at3:3.25, 3.4,and 3.2 eV, respectivély,
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catalytic activity, leading to the generation of reactive oxygen
species and the degradation of various orgahi€sThe
substitution of various cations for €eor Ti*" has been

widely investigated either to enhance or to reduce the

photocatalytic or oxidation catalytic activity.?> Ca*
substitution for C&" ions in CeQ led to nanosized particles
with a clear reduction of the oxidation catalytic activity of
cerialt
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Experimental Methods

1. Preparation of Ce-Ca-Based Oxides and Oxyfluorides.
The Ce-Ca-based oxides and oxyfluorides were prepared by
coprecipitation performed in basic medium at pH 2. The starting
materials are Ce(lll) nitrates and Ca chlorides. Yamashita &t al.
have already explored this route but only in the case of Ca
based oxides. In our case, the pH, which is a key parameter, was
adjusted taking into account the respective domain of precipitation

The Ce/Ca coprecipitation process was carried out from of hydroxides, and this route was also applied to oxyfluorides with

chloride precursors at neutral or basic pH, followed by
oxidation with HO0,.'? Ce_«Ca,-x compositions with
particle sizes around -510 nm exhibit UV-shielding
properties with a slight reduction of the optical band gap
as compared to the undoped oxideYamashita et al?
suggested that the maximum solubility limit of CaO into
CeQ is equal to or less than 30 mol %, corresponding to
the formula Cg/Ca 3017 Particle sizes decrease with

a fitted stirring duration.

The Ce-Ca-based oxides synthesis consists of a simultaneous
addition in deionized water at around 46 of Ce(NQ); + CaCk
aqueous solutions dna 4 M sodium hydroxide solution. After
adjusting the pH at values higher than 12, thet'Ciens were
oxidized into Cé* ions using hydrogen peroxide (30%). Next, the
mixture was stirred during 3 or 20 h. In the case of the preparation
of oxyfluorides, after the stirring step, the solution containing-Ce
Ca hydroxides was added to a basic fluorinated solution$d&)

Ca content, whereas strain parameters increase in goochrepared from HF (40%) and NaOH solutions with a precursor ratio

agreement with the occurrence of oxygen vacanciesom

equal to F/Ca= 2. This mixture was stirred during 1 h, the pH

T = 600 °C, the strain parameters decrease up to the being under control all along the maturation of particles. The

formation of CaO atT = 800 °C, and the particle size
strongly increases in this temperature rahg®loreover,
electronic properties of GeCaO,— oxides based on O K
and Ce ly-edges of XANES spectra and calculated density
of state$’ reveal the reduction of 2p (O} 4f (Ce) elec-
tronic transition energy with Ca doping with a cation charge

redistribution where the Ca atoms become more electro-
positive than in CaO, while the Ce atoms are less electro-

positive than those in CeOTo reduce the refractive index
in visible range and the electronic polarizability as well as
the oxidation catalytic activity associated with the generation
of oxygen species, Fions have been substituted fo?O
anions as C4 ions for Cé* cations. Moreover, Ce{and
Cak, compounds adopt the same fluorite-type structure with
almost identical cell parameters equal to 5.41 (g§&&nd
5.46 A (Cak),'° respectively. Coprecipitations in highly basic
and fluorinated medium have been attempted (pH2).
XRD, chemical analysist®c NMR, and TEM/EELS mea-

precipitate was collected after centrifugation and several washings
with deionized water (pH= 6—7). Next, the as-recovered precipi-
tates were dried at 100C during one night and finally annealed
under air at 600C during 12 h. Crystalline compounds with pale
yellow coloration were obtained.

2. Elemental Analysis.The Ce/Ca atomic ratio in the E€a-
based oxides and oxyfluorides was determined by wavelength
dispersive spectrometry (WDS) using a CECAMA SX 630 micro-
probe. The samples were pressed into disks to get a planar surface
and so improve the response of the signal. The fluorine content
was quantified by F titration with specific electrode at Analysis
Central Service (SCA-CNRS, Vernaison, France). To determine
the carbon content in the compounds; I@—N—S microanalysis
was performed on a Thermoelectron flash EA 1112 apparatus.

3. Magnetic Measurements.The magnetic susceptibilitieg
were determined on a Superconducting Quantum Interference
Device (SQUID) magnetometer. The magnetizatibM = y*H)
was determined om130-150 mg of powdered sample in the
temperature range-4300 K with an applied fieldKl) of 4 T.

4. Thermal Behavior. Thermogravimetry analyses (TGA) were

surements have been carried out for an accurate characterizaserformed to identify the outgassed species and to study the thermal

tion of Ce_.Ca0O,« and Ce ,CaO, - yFy compounds.
Finally, the UV-shielding properties in both systems will

stability of oxides and particularly the oxyfluorides. Two kinds of
experiments were undertaken. To reveal the nature of various

be discussed. However, no photocatalytic and oxidation species formed during the thermal analysis, a thermogravimetry
catalytic activity measurements have been performed on thesenalysis coupled with mass spectrometry (TGA-SM) was performed

series.
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on an oxyfluoride. The measurements were carried out using a
Netzsch thermoanalyzer STA 409C skimmer on-39 mg of the
sample with a constant purge gas flow of 70 mL/min nitrogen and
a constant heating rate of I'@/min up to 850°C. Second, to
compare the total weight loss, only TGA experiments were
conducted on other oxyfluorides using a SETARAM MTB 10-8
apparatus with a constant purge gas flow of nitrogen and a heating
rate of 3°C/min up to 800°C.

5. X-ray Diffraction. The compounds were characterized by
X-ray powder diffraction using a Philips PW 1050 diffractometer
in a Bragg-Brentano geometry with Cu Kradiation (K, =
1.54059 A and K, = 1.54441 A). The intensity data were collected
at room temperature over & 2ange of 5-110° with 0.02 steps
and integration time of 10 s. For some samples, a more accurate
study was performed using monochromated Gur&diation (K,
= 1.54059 A). In this case, diffractograms were recorded on a
PANalytical X'Pert Pro with Ge(111) incident beam monochro-
mator. Data were collected over a range of-120° with 0.017
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Table 1. Elemental Analysis of Ce-Ca-Based Oxides (Microprobe
Analysis)

Table 3. Room-Temperature Magnetic Susceptibility of
Cep.9iNap 0187, Cen.75Ca0 250175 and Cey.75Cap.2601.640.17
Compositions and CeSn,07, CeF;, and Ce(, as References

Ca/Ce precursor Ca/Ce final Na/Ce final
sample atomic ratio atomic ratio atomic ratio compositions xm (emu/mol)
o1 0 0 0.094(1) 0O1: Ce&.9iNag.od1.87 11x10*
02 0.04 0.053(1) 0.033(5) 06: Ce75Ca. 20175 1.3x 10
03 0.11 0.081(5) 0.018(4) F5: Ce.7sCa.201.67F1.17 1.2x 10
04 0.20 0.207(4) 0 CeSn07 3.1x10°3
05 0.28 0.273(4) 0 CeR 21x 103
06 0.39 0.33(1) 0 CeQ?® 0.6x 104
o7 0.54 0.414(4) 0 CeQ (Alfa Products) 0.5< 104

Table 2. Elemental Analysis of Ce-Ca-Based Oxyfluorides
(Microprobe Analysis for Cations and Titration of F ~ lons by
Specific Electrode)

800 cnt! on a Cary spectrophotometer at room temperature to
illustrate the UV-shielding properties of such compounds.

CalCe precursor Cal/Ce final Na/Ce final F/Ce final . .
sample  atomic ratio atomic ratio atomic ratio  atomic ratio Results and Discussion

F1 0.04 0051(2)  0.035(6) <0.01 1. Elemental Analysis.The compositions of GeCa-based

F2 0.11 0.094(3) 0.013(2) 0.02(1) ) i . .

E3 0.18 0.156(6) 0 0.03(1) oxides (Oi samples) and oxyfluorides (Fi samples) are
F4 0.28 0.252(5) 0 0.09(1) reported in Tables 1 and 2, respectively, where the Ca/Ce,
Eg 8-22 8-3‘1%% 8 ggigg Na/Ce, and F/Ce atomic ratios are given. The Ca/Ce
F7a 0.54 0.40(3) 0 0.52(1) precursor atomic ratios are also listed. In oxides as well as

in oxyfluorides, the Ca/Ce atomic ratios determined on the
final powder are generally lower than those of the Ca/Ce

steps. The lattice parameters and the crystallite sizes were deterPrecursor. This feature illustrates the importance of the pH

@ Mixture containing Ce-xCaO,—x-y2Fy and Cak.

mined by profile matching (Le B&R fit) using the Thompson
Cox—Hastingd! function with the Fullpro¥ program package.
6. %F NMR. TheF MAS NMR spectra were recorded on an

during the synthesis. Indeed, to improve thé'Gaubstitution
for Ce*" ions, the pH must be as high as possible because
of the solubility constant of respective hydroxides. The

Avance 300 Bruker spectrometer (7 T) with a Larmor frequency precipitation of Ca(OH)begins indeed at pH higher than
of 282.2 MHz for®®F, using a high-speed CP MAS probe with a 11.5. Moreover, it is not excluded that washing with
2.5 mm rotor. The external reference chosen for isotropic chemical dejonized water at pH= 6—7 leads to the elimination of

shift determination was ¢ (discCsFs vs CFCh = —164.2 ppm).  Cz* jons due to the high solubility of Gaions under pH
Spectra were acquired using a single pulse sequencs),(fbllowed =7

by the free induction decay acquisition. The delay between two The E/Ca atomic ratio in Table 2 increases with the

isiti 1s. F h a delay, th titativity of th . o : -
acquisiions was » . £ such a geiay, the quantiativity of e o jce atomic ratio in good agreement with the affinity of

spectra was checked. The discrimination of isotropic peaks from . .
spinning sidebands was achieved by recording spectra at spinningﬂuorlne for calcium atoms. Yet whereas the F/Ca precursor

frequencies equal to 20 and 25 kHz. The spectra were reconstructedtomic r‘_”‘tio is equal to 2, the F/Ca atomic'relltio in the final
using the Dmfit softwaré3 product is always lower than 1. However, it is not the case

7. Transmission Electron Microscopy (TEM).To examine the ~ Of sample F7, which was defined on the basis of an accurate
size and the morphology of particles, transmission electron XRD analysis as a mixture of CeCa-based oxyfluoride and
microscopy (TEM) pictures were recorded using a microscope Cak, discussed in a following section.

TECNAI F20 equipped with a field emission gun, operating at 200  Otherwise, coming from NaOH addition, Ndons have

kV with a point resolution of 0.24 nm. The powder in toluene peen detected in samples with the lowest Ca contents, so
suspension was placed on a copper mesh grid and dried in air. Thehat the (Cat- Na)/Ce atomic ratio is always lower than 0.10.
pictures were realized in bright field. It can be thus considered in a first step that alkaline and

8. Electron Energy Loss SpectroscopyMoreover, to explore  g|kaline-earth cations are substituted forCeations. In a
accurately the composition homogeneity of each grain, elec_tron recent®Na NMR study, which will be published later, on
ehergy loss spectroscopy (EELS). spectra were rec.orded W!th 4such Ce-based compounds adopting fluorite-type structure,
Philips CM20 microscope operating at 200 kV with a point .

the recorded spectra present characteristic features of elec-

resolution of 0.27 nm. The analyses were performed from the =~ = | . - X . T
calcium Lo s-edge, fluorine and oxygen K-edges, and ceriugsM tric field gradient and isotropic chemical shift distributions

edge after subtracting the background. The samples were crushe&?symmetry of th? qen_tral line and broa_dening of the spinning
in an agate mortar and dispersed on a copper grid covered by aside bands). This is in agreement with the occurrence of

holey carbon film.

9. Diffuse Reflectance Spectroscopiffuse reflectance mea-
surements were carried out in the BVisible range from 200 to

(20) Le Bail, A.; Loug, D. J. Appl. Crystallogr.1978 11, 50-55.

(21) Thompson, P.; Cox, D. E.; Hastings, J.JBAppl. Crystallogr1987,
20, 79-83.

(22) Carjaval, J. R. FULLPROF Program, Rietveld Pattern Matching
Analysis of Powder Patterns, ILL, Grenoble, 1990.

(23) Massiot, D.; Fayon, F.; Capron, M.; King, |.; Le Cah&; Alonso,
B.; Durand, J. O.; Bujoli, B.; Gan, Z.; Hoatson, Bagn. Reson. Chem
2002 40, 70-76.

Na" disordered environments with various numbers of
0% and F anions at different distances surroundingNa
cations.

In the oxyfluoride series, two samples F6 and F7 have
the same Ca/Ce atomic ratio (0.40), but the F/Ce atomic ratio
is higher for F7 (0.52), leading to a mixture of €&e
oxyfluorides and Cafas previously mentioned. In the case
of F6, the F/Ce atomic ratio is equal to 0.34, and Laks
not detected as in the other oxyfluorides with lower Ca
contents. This difference illustrates the importance of the
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Figure 1. Variation of magnetic susceptibilities versus temperature @f/&&y 2501 6740.17 (M), Cé 75Ca 250175 (@), Cay.9iNap 0157 (4), and Cek (V¥)

(with thermal variation of the inverse susceptibility).

duration of the maturation of the oxyhydroxides: 3 h for F7
and 20 h for F6. In the former conditions, for high Ca
content, the CH ions are probably not homogeneously
distributed into the network. So, the introduction of fluorine

ions in the mixture leads to the segregation of Ca atoms and

finally to the formation of Caf: In the latter conditions, the
duration of the oxide maturation induced indeed a better
homogeneity of C& ions into the network of ceria. AsF
ions were introduced into the €&e matrix, the formation

of CaF, was avoided, leading to C&Ce oxyfluorides with
high Ca/Ce and F/Ce atomic ratios.

2. Ce Valence State in CgCaO,-x Oxides and in
Ce1xCaOyx—yFy Oxyfluorides Identified by Magnetic
Measurements.To confirm the Ce valence state in €e
Ca-based oxides and oxyfluorides after the coprecipita-
tion and the thermal treatment at 680G under air, mag-

netic measurements were carried out oy §ag 0dO1.57
Cey75Ca.2801.75 and Ce7sCa 2901 .670.17 COMpounds. The
thermal dependence of the molar magnetic susceptibility of
these compounds and that of Geffe presented in Figure

1. In Table 3, molar susceptibilities at 300 K of these samples
after diamagnetic corrections are listed as well as those of
CeSn0,,%* Ceks, commercial Ce@from Alfa Products, and
CeQ, data reported in the literatufeln CeR; and CeSn.0;,
compounds, cerium ions are totally in trivalent state, whereas
they are totally in tetravalent state in Ce’he magnetic
susceptibility of cerium trifluoride follows a CurieWeiss

(24) Tolla, B.; Demourgues, A.; Isnard, O.; Menetrier, M.; Pouchard, M.;
Rabardel, L.; Seguelong, T. Mater. Chem1999 9, 3131-3136.

(25) Ratnasamy, P.; Srinivas, D.; Satyanarayana, C. V. V.; Manikandan,
P.; Kumaran, R. S. S.; Sachin, M.; Shetti, V. N.Catal.2004 221,
455-465.
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Figure 2. TGA-MS analysis of CgrsCa 2601.6740.17 composition fn = 44, 45: CQ, m= 18, 17: HO, OH, andm = 19: F).

law versus the temperature (100K T < 300 K) with a attributed to HO departure occurs below = 150 °C,
theoretical effective magnetic moment equal to 2.54Ce and the second one is observed around 450 and@%hd

atom (2.43ug/Ce atom for the experimental value). G&® is attributed to HF and CQdepartures. HF loss starts
assumed to be diamagnetic; its magnetic susceptibility is from 600°C and CQ starts from 450C. The departure of
equal to 0.6x 104 emu/mol and is almost 50 times lower carbon dioxide suggests the presence of carbonate species
than those of Cefand CgSnO; compounds. Figure 1 shows into the sample associated with“Ceand C&" ions as it has

that the Ce-Ca-based oxides and oxyfluorides have ap- been already reportéd@?®After gas chromatography analysis,
proximately the same thermal dependence of the magneticthe C content was estimated in this sample around 1.6
susceptibility with the same order of magnitude. The wt %.

comparison of their magnetic susceptibilities with paramag-  Only TGA analyses were performed ongG€a 101 sd .03

netic and diamagnetic references in Table 3 but also in Figure Ce, giCay »d01 74007, and C@7:Ca.2¢01 50,24 COMpOSitions

1 reveals that the Cé content is so low that it cannot be  and are presented in Figure 3. The two regions mentioned
determined. Moreover, tHéF MAS NMR study, mentioned  just before were also observed for these three compounds,
in the solubility limit section, confirms also the absence of and it appears that the total weight loss observed at’800
any dipolar broadening between fluorine ions ané‘Gens, increases with the Ca content: 3.9, 5.2, and 7.8 wt % for
leading one to consider that the majority of cerium ions are compounds with the molar ratio Ca/Ge 0.15, 0.25, and

in the tetravalent state. Therefore, as the cerium are (.41, respectively. Whereas the water loss seems to be always
considered only in tetravalent state in-G@a-based oxides  petween 2 and 3 wt %, the HF and ¢@tes increase
and oxyfluorides, the following formula can be proposed for strongly with the Ca content. This feature is in good
thesesystems: €eCa0, «forthe oxides and Ge,Ca0-x-y2Fy agreement with the increase of the Ca content into these

for the oxyfluorides. compositions associated with the presence of carbonate and
3. Thermal Behavior. Thermogravimetry analysis coupled  fluoride ions.

with mass spectrometry TGA-MS was performed on

CQ3-75ca3-_2501-67'_:0-17 compound  as Shown_ n F'Q“re 2. (26) Wolf, D.; Heber, M.; Graert, W.; Muhler, M.J. Catal.2001, 199,
Two main regions were detected. The first weight loss 92-106.
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4. Structural Analysis of Ce xCaO,xand Ce.xCaOzx-yoFy = = z = =
Compositions.For each sample, a powder X-ray diffraction 8 = = 2 =
analysis was carried out to determine the cell parameter A~
evolution and to control the phase purity. Figure 4 shows [
the diffractograms of GgiNay.0d01.87 Cen.s7Ca.1801.860.03, ’/ \ :

Cey.75Ca 2501 67F0.17, and Cg.71Ca 240159024 COMpoOSsitions. i N e S IV
The position and intensity of diffraction peaks are in good & :
agreement with a cubic symmetry with tfen3m space IV AN R S N ¢
group related to fluorite-type structure. This structure can

be described (Figure 5) as a fcc array of cerium ions in cubic A b
symmetry with oxygens occupying all of the tetrahedral sites. — | — — T
Figure 4 reveals a shift to loweB2/alues of the diffraction !

lines for increasing Ca/Ce atomic ratios. This feature is due

to the increase of the cell parameters resulting from tie Ca

substitution for C&" ions and as a consequence of the larger J\_/\
ionic radius for C&" as compared to C& 1.12 and 0.97 N a

A, respectively, for 8-fold coordination number. Tlae —————T————7——— T

lattice parameters are listed in Table 4 and range from 5.4077 5 50 . 70 [ 8

(1) A for Ca/Ce= 0 and F/Ce= 0 to 5.4217 (4) A for Ca/ e bower X dif 2‘:‘“ s of @ e adre

Ce=0.41 and F/Ce= 0.34. These values are approximately ~'9ure @. Towder Aray difiraction patierns of (a) s&lNao.od)1e7

between the cell parameters of Ge(3.41 A)® and Cah S?nfgcégﬁlgagéd:uoa (c) Ce.75Cay.2801.640.17 and (d) Cg71Ca 240159 0.24

(5.46 A)1° The evolution of the lattice parameters with the

Ca atomic content in oxides and oxyfluorides is illustrated Hastings function is often used to refine profiles with broad

in Figures 6 and 7, respectively. The lattice parameters anddiffraction peaks because it is the more appropriate model

the error bars were determined from the refinement asfor line broadening analysis where the Lorentzian and

explained further. Both for oxides and for oxyfluorides the Gaussian contributions for crystallite size and for microstrains

curves follow Vegard's law, thus confirming that &dave are weighted?® So, in this case, the peak shape is simulated

been substituted for Geions. by the pseudo-Voigt function, which is a linear combination
In addition, the higher is the Ca content, the broader are of a Gaussian and a Lorentzian function (Table 5).

the diffraction lines of the XRD patterns as shown in Figure  In the case of isotropic contributions, the line broadening

4. Indeed, the peaks of the §gCay 2601 5d0.24 compound i defined by two expressions:

are twice broader than those of the G®lay odO1 .57 COM-

pound. The broadness of diffraction peaks results from two ~ Hg” = (U + DST)*tan’ 6 + V*tan  + W + IG/cos 0

contributions: crystallite size and microstrains. So the

crystallite size is very small{20 nm) and decreases as the

Ca/Ce atomic ratio rises as reported in Table 4. dtadtice

parameters and. crystallite sizes were determined by a Where He and H. are the fwhm's of the Gaussian and

profile matching using the ThompseiCox—Hastings func- Lorentzian profile components of the pseudo-Voigt function,

tion (function 7 in Fullprof package). The ThompseGox—

H, = X*tan 8 + Y/cos6

(28) Rodriguez-Carvajal, J.; Roisnel, T. Line broadening analysis using
Fullprof. Materials Science Forum (European Powder Diffraction
(27) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767. Conference; EPDICS8, Uppsala, 2002).
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sa15.] bars (see Figures 6 and 7) are deduced from the standard

| deviation.
2 5416 The stabilization of C& and F ions into the Ce-based
= oxides adopting a fluorite-type structure with nanosized

5.414 R . .
] particles can then be explained. In many cases, alkaline or

5412 i alkaline earth as well as fluorine are generally excellent
] sintering agents, which contribute to the particle growth. In

5.410
1 . the Ce-,Ca0,-x and Ce-,Ca0,ypFy series, the particle
5408 Tg size does not increase and remains around 10 nm. The
5.406 “-——r—F——+—F+——1——1—+—1——1——1—— electronegativity, formal charge, and ionic radius are indeed
000 005 010 015 020 025 030 035 040 045 quite different for C&" and C&" ions from those of &

Ca/ Ce atomic ratio and F anions. C& cations are constrained to be 6-fold
Figure 6. Dependence of the lattice parameter on the Ca atomic content coordinated to oxvagen as in Céé)gvhereas CH ions prefer
in Ce—Ca-based oxides. . . yg . . p .
the cubic coordination as in Ce@ading to the stabilization
respectivelyU, V, andW describe the instrumental profile.  of anionic vacancies and the formation of defects as well as
The Gaussian instrumental contribution follows Caglioti's dislocations. Moreover, the O coordination number varies
law:® from 6 in CaO to 4 in Ce@ whereas the F coordination
) , number changes from 4 in Cafo 2 in CeR* and the
Hinsc = U*an®6 + Vitan 6 + W cation—anion bond distances can vary on a large scale from
] o 2.20 to 2.50 A depending on the nature of ions. Such
where U, V, and W are defined by refining in the same \aiations can explain the stabilization of such compositions

conditions a reference sample such as 4 aBth large and the occurrence of strong constrains in the network
coherent diffraction domain&G/cos 6 andY/cosé represent maintaining nanosized particles.

the Gaussian and Lorentzian contributions, respectively, from Figure 8 shows the evolution of strains with the atomic
isotropic crystallite size, andSTtan ¢ and X*tan 6 ratio Ca/Ce for the CeCa-based oxides and oxyfluorides.
represent the Gaussian and Lorentzian contributions, respeCtpe strain parameters were determined from the profile
tively, from microstrain _e_ffects. The profile m{:\tching data matching using the Thompset€ox—Hastings function. For
and experimental conditions for data collection are sum- ce_ca-based oxides and oxyfluorides, the strains are given
marized in Table 5. S only by the Lorentzian contributionX*tan 6. A recent study
The refinement of oxide as well as oxyfluoride diffrac- by Rodriguez et &7 has shown that the €asubstitution
tograms has shown that line broadening is not due to thefo, cet+ jons in Ce_,Ca0,_« nanoparticles prepared by

Gaussian contribution of microstrair3§Ttan 6 = 0). The  microemulsion method induced stress into the lattice due to
profile matching of diffractograms leads to the determination e gifferences between &eand Ca+ ion features like size

of lattice parametera and crystallite sizes: (see Table 4).  charge, and usual coordination number. Next, it has been
The crystallite sizes vary from 16 to 7 nm and decrease whengemonstrated that the strains into the lattice increase with
the Ca/Ce atomic ratio rises but are of the same order ofhe Ca content and are consequently attributed to oxygen
magnitude for oxides and oxyfluorides for a same Ca/Ce \acancies. This trend is also observed for. Q@a0,_, and

atomic ratio. The estimated standard deviations CO”eCtedCel_XC@Oz_x_y/ZFy compounds prepared by coprecipitation
with the Berar’s facto¥ are given in parentheses. The error

(31) Ganguly, R.; Siruguri, V.; Gopalakrishnan, 1. K.; Yakhmi, J. ).
(29) Caglioti, G.; Paoletti, A.; Ricci, F. Mucl. Instrum. Method4958 Phys.: Condens. Matte200Q 12, 1683-1689.

3, 223-228. (32) Schmidt, R.; Miler, B. G. Z. Anorg. Allg. Chem1999 625 605—
(30) Baar, J. L.; Lelann, HJ. Appl. Crystallogr.1991, 24, 1-5. 608.
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Table 4. Lattice Parametersa and Crystallite Size . Determined from Powder XRD Diffractograms of Ce—Ca-Based Oxides and Oxyfluorides

[ sample @ a(d 7c (Nm) sample F a(d) 7c (nm)
1 Ce.91Nag 0d01.87 5.4077(1) 15 CeoLa.0Nao.0901.91F0.00 5.4097(1) 15
2 Cey.9Ca.0Na0.0801.01 5.4096(1) 16 Ceo1Ca 09N @0.0101.900.02 5.4109(2) 9
3 Cey.91Ca.0MN@.001.00 5.4122(2) 11 CesCan 1401.8d0.03 5.4138(2) 10
4 CesCa.101.83 5.4144(2) 10 CesilCan.2001.770.07 5.4162(2) 9
5 Cey.78Ca.2101.79 5.4171(2) 9 Ce7:Ca.2:01.670.17 5.4201(3) 9
6 Ce 7:Ca.201.75 5.4183(3) 7 Ce71Ca 2401 5d0.24 5.4217(4) 7
7 Ce71Ca.21.71 5.4204(3) 7 Ce xCa0z-—x—y2Fy + Cak 5.4213(3) 9

Table 5. Profile Matching Data and Experimental Conditions for
Data Collection

symmetry cubic

space group Fm3m

radiation Cu K, (4 = 1.5418 A) graphite
monochromator

peak shape function pseudo-Voigt function using the
Thompson-Cox—Hastings formulas

He?= (U + DS®) tarf 0 + Vtan6 +
W+ IG/cog 6 H. = Xtan6 + Y/cosf

11-5< 26 <110

fwhm function

reflections collected-
26 range (deg)

parameters used in
refinement

13

in basic medium. Indeed, Figure 8 illustrates that the

strains into the structure are more important for compounds

with high Ca content. Moreover, the comparison between
Ce—Ca-based oxides and oxyfluorides with the same
Cal/Ce atomic ratio and almost the same crystallite size

reveals that the fluorination of the oxides seems to reduce

the strains into the network (comparison of sampleg-£e
Ca 280175 and Ce@75Ca 260164017 as well as samples
Cey.71Ca.201.71 and Cg.71Ca201.5d0.24). As it has been
developed in the previous paragraph, thé Gaubstitution

for Ce** leads to the creation of oxygen vacancies into the
lattice. These vacancies contribute to the strain formation.

prevents the formation of CaFA simple ionic model without
anionic vacancies shows that the ionic ratio

rcation!ranions: \/:_3 -1 0)
corresponds to the theoretical limit of a cubic close-packed
of cations in which anions occupy tetrahedral holes. The
cationic radii in oxygen environment, which are present in
majority in a cubic coordination without anionic vacancies,
arercg+ = 0.97 A andrcg+ = 1.12 A (ShannotY), and the
0?" radius in 4-fold coordination in fluorite-type structure
is ro> = 1.38 A. The (i) expression thus becomes

Xl T (L= X) Tt

=v3-1 (il
l oo

leading tox = 0.73 for the limit composition. In these
conditions, the corresponding compositiony&€a »/01.73

is very close to the as-preparedG££a 240171 compound.
Considering now a & ionic radius of 1.40 A, which is
the common value used for such anions,xalimit value
equal to 0.64 is obtained, corresponding to the following
Ceay 6L 360164 COMposition. It is then difficult to conclude
about the Ca limit of solubility. Finally, one should have to

The number of vacancies and consequently the strainspomt out when the Ca/Ce precursor content increases up to

increase when the Ca/Ce atomic ratio rises and decreas

when these anionic vacancies are partially filled with fluorine
atoms.

5. CaF; Observation and Solubility Limit of Ca?" and
F~ lons into Ceria. Because of the important width
of diffraction peaks and the very close cell parameters of
CeQ and Cak (5.41 and 5.46 A, respectively), an XRD
analysis with monochromatic CugKradiation is necessary
to detect the presence of GahR the sample. An example is
proposed for a sample whose elemental analysis has give
29 mol % C&" and 36 mol % F (sample F7). It is
interesting to notice that the Caphase cannot be identified
when the XRD data are recorded using Cy End Cu K,
radiations (Figure 9), whereas Galan be detected
when the XRD data are obtained without Cy,Kadiation
(Figure 10).

In the same manner, a diffractogram without the Gy K
radiation was recorded for @aCa »dO1.sd0.24 COMposition,
confirming the absence of calcium fluoride (Figure 10). This
study reveals that the limit of solubility corresponds to a
Ca/Ce atomic ratio around 0.40 for both oxyfluoride and
oxide series.

As it has been previously mentioned foreGE€a 2dO1 540,24
composition (sample F6), a long maturation of particles of
oxyhydroxides (20 h as comparenl3 h for the sample F7)

é]., a mixture of Ce_xCaO,—y oxide and CaCgis obtained.

Moreover, in Ce-Ca-based oxides, the presence of'Gans
leads to the creation of oxygen vacancies, antt @ad C&"
cations can adopt various coordination numbers, probably
between 6 and 8. On a steric point of view, the occurrence
of oxygen vacancies contributes also to reduce the Ca limit
of solubility.

In the case of fluorinated compounds, theiénic radius
in a tetrahedral coordination is always lower than one of
02~ ion: rr = 1.31 A?7 In CaR, considering a cubic

Ttlose-packed array withcz+ = 1.12 A, arr = 1.25 A

is found, whereas in CeQwith rcg+ = 0.97 A, are> =

1.38 A is deduced. Next, the Bubstitution for @ should
increase the Ca solubility limit, thanks on one hand to the
theoretical reduction of global anionic radius but also because
of the decrease of the number of anionic vacancies. It is
then reasonable to consider that the Ca solubility limit
is close to 0.3 corresponding both toG8a 30,7 and to

Cey 7Ca 301 59025 limit compositions.

Furthermore, to conclude definitively about the presence
of CaF, as mentioned by powder XRD analysis as well as
the large content of fluorine ions and their introduction into
the vicinity of calcium and cerium 1V ion$?F NMR study
has been undertaken on two samples, F@ {Ce 2401 5d0.29)
and F7 (Ce xCaO,-x-yoFy + Cak). Figure 11 shows the
F MAS NMR spectra of these two samples. Four broad
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Figure 10. Powder X-ray diffraction pattern of (a) @eCay.2d01.5d0.24
and (b) Ce-xCaO2-x-y2Fy + Cak samples obtained with monochromated
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Figure 9. Powder X-ray diffraction pattern of Ge.CaOz—x-y2Fy + Cak a
sample obtained with Cu Kradiations (K, and K,). V Pt

peaks are observed, for F6 and F7. The values and the
relative intensities are gathered in Table 6. Thigsgvalues 5... (PPM)
are nearer to th&F dis, value in Cak (58 ppn#) than those _ Iso

Figure 11. 1%F MAS NMR spectra of (a) F6: GeiCa 240159024 and

i i\
in Cek, (360_400_ ppl’ﬁ )'.They may b.e _related _tO GaCe (b) F7: Ce-xCaOz—x-yoFy + Cak, samples at 25 kHz. The arrow points
tetrahedron fluorine environments wixtincreasing from 0 out the resonance attributed to GaF

to 3 with 1°F s, (Table 6). From these results, it appears

that the main fluorine environment, in these two samples, is between fluorine ions and €eions, confirming that the
FC&aCe; tetrahedron, and those of F{#o not exist around  cerium is only in tetravalent state in the €€a-based
fluorine ions. Moreover, for F7, there is a weak additional oxyfluorides.

peak at 59 ppm in good agreement with the presence of a . . .
small quantity of Cafimpurity identified also by XRD. The 6', _TEM and EELS.AnaIy5|s. Partlcle ,S'Ze and Com-
position of Nanoparticles. The particle size and the mor-

dependence of th®F NMR data on the compositions will . o .
be discussed in detail in a forthcoming paper. Moreover, the phology were studied by transmission electron microscopy

19F MAS NMR spectra do not exhibit any dipolar broadening (TEM) 0n C&.76Ca.2601.6#047 (sample F5). The morphology
is not homogeneous, whereas the particle sizes are quite

identical. Figure 12 shows particles of about 10 nm, which

300 200 100 0 -100

(33) Bureau, B.; Silly, G.; Buzard.-Y.; Emery, JChem. Phys1999 249,

3 89-104. g is similar to the crystallite size determined by XRD analysis.
34) Legein, C.; Fayon, F.; Martineau, C.; Body, M.; BuzakeY.; Massiot, : :
D.. Durand, E.; Tressaud, A.: Demourgues, A.dfe O.. Boulard. The images lead one to conclude that the particles are

B. Inorg. Chem 200§ 45, 10636-10641. monocrystalline.
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Figure 13. EELS spectra showing the CesM, Ca Ly 3, O, and F K-edges
of Cey.75Ca 2601.670.17 COMposition recorded on two single grains.

100 (a)
0] U
80} i
;\; ]
~ 70 4
c
o |
g 60
@ ]
® 50
by ] ===+ Ceg53Cag.1701.53
3 40
£ | Y/ A — Cey.79Ca92101.79
T 304
] — Cey75Ca92501.75
20
10]
i * L 1 . A 0 v T T T T T T T ¥ T T T v T v 1
' " 4 i o A a2 i 48 | o L 300 350 400 450 500 550 600 650 700
, o e s b ST ' : L wavelength (nm)
Figure 12. High-resolution TEM images (200 kV) of Ge&Ca 2501 640.17
composition, agglomerated particles (top), and single particle (bottom). 100 - (b)
90
Table 6.diso (ppm) and Relative Intensities (%) As Deduced from so-
NMR Spectrum Simulations and Fluorine Environments for 9 1
Samples F6 and F7 = 704
H J
F6 (Ce.7:1Ca. 20159024 F7 (Ca-xCaOz-x—y2Fy + Cak) § 60+
intensity Jiso intensity T s0- _—
diso(£1)  (£0.5) (1) (£0.5) envionment @ ] ; Ceo47Ca0.1301.56F0.03
40 4 I
63.5 12.9 63 15.3 Ga £ ] Y £ Ceo.50Ca0.2001.77F0.07
1135 28.3 114 23.3 Gae T 304
150.5 47.8 152 44.1 G&e J Ce0.75C30.2501.67F0.17
179 11.0 180 15.0 Cage 204
59 1.3 Cak 0]
Energy electron-loss spectroscopy (EELS) experiments 0
were performed on isolated particles ofeG£a 2501 670.17 300 35 400 450 500 550 600 650 700
Figure 13 illustrates EELS spectra realized on two isolated wavelength (nm)

particles showing that the four elements have been detectedkigyre 14. Uv-visible diffuse reflectance spectra of €€a-based (a)
even if the K edge is very low because the F/O atomic oxides and (b) oxyfluorides.

ratio is close to 0.1. The Ca/Ce average atomic ratio was

evaluated on isolated nanoparticles to 0.30 with a standardhomogeneity at the nanoparticle level in both oxide and
deviation of 0.04. This value corresponds to the ratio deducedOoxyfluoride systems.

from microprobe analysis: Ca/Ge0.342(8). Furthermore, In the Ce_CaO,xy2Fy series, the F content varies but
EELS analysis on isolated nanoparticles of @€a 2:01 75 the F/Ca atomic ratio is always lower than 1. On the basis
oxide reveals also the quite good homogeneity of the oxide of a random distribution of cations and anions in cubic close-
with a molar ratio Ca/Ce= 0.29 and a standard deviation of packed array and considering that 5 2-fold coordinated
0.04. EELS experiments have confirmed the good Ca/Ceto Cé&" in CeR, and 4-fold coordinated to Gain Cak, it
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is clear that F ions have probably a strong preference for and the band gap energy varies conversely to the trend
C&" ions in tetrahedral coordination. As the fons are observed in the oxide series. For:C&€a0,x-yF, com-
4-fold coordinated to Ga/Ce*" cations in Ce ,CaOz x—y2Fy positions, C&" ions because of their strong preference for
compounds with a F/Ca atomic ratio always lower than 1, F~ ions occupy probably 8-fold coordinated sites with a large
the F ions will be predominantly surrounded by two®a  amount of fluorine surrounding €acations, leaving Cée
and two Cé' cations. This point will be discussed in a ions with a lower coordination number and fluorine in its
forthcoming paper. vicinity. Next, C&" and F ions constrain C¥ cations to

7. UV-Shielding Properties. The diffuse reflectance  be more electropositive than in CgQeading to stabilize
spectra of various oxides, &Ca 170183 C&.7¢Ca 210179 more the 2p(O) valence band with regard to the 4f(Ce) level.
and Cg7Ca 201,75 and oxyfluorides, Cgs/Cay 1901 s 0.03 The higher are the Ca and F contents in this series, the more
CeysdCa.2d01.7F0.0n and Ce7Cay 401 67017 are given in pronounced is the ionic character of-©@® chemical bond-
Figure 14a,b. One has to point out the interesting UV- ing, leading to an increasing of the optical band gap. It has
shielding properties of these compounds with absorption edgebeen thus demonstrated how a high electropositive cation
around 400 nm and lower refractive index and high transpar- such as C& and a high electronegative anion such as F
ency in visible range in the case of £e&a0, «ynFy are able to tune the 2p(G} 4f(Ce) CTB energy or the band

compositions taking into account the Gladstemale rela- gap energy in CeCa-based oxides.
tionship withn(CeQ) = 2.50,n(Ca0)= 1.80, andh(CaR) Finally, one should have to point out that the optical
= 1.50 atd = 550 nm. absorption properties of the system containing both,@a

In the oxide series, the absorption edge relative to the C&1-xCaO2-x-y2Fy compounds have not been investigated.
charge-transfer band (CTB, 2p (©) 4f (Ce)) shifts to the Only pure phas_es corresponding to specific compositions
lowest energies as the Ca content increases. On the contrary)ave been studied.
in the oxyfluoride series, the absorption edge moves to the )
highest energies as the Ca content raises. However, in a Conclusion
previous paragraph, it has been demonstrated that the fluorine  New Cq_,Ca0,-,_2F, compositions have been prepared
content in the oxyfluoride series follows the Ca amount and from coprecipitation of CeCa salts in basic fluorinated
the higher is the fluorine content, the higher is the optical medium (pH> 12). Magnetic measurements lead one to
band gap associated with the 2p (©)4f (Ce) CTB. The  conclude about the absence of*Cgaramagnetic species,
comparison of the optical band gap in Geliorite and in \yhereas TGA measurements allow one to show the affinity
SrCeQ-perovskite equal to 3.1 (400 nm) and 3.5 €V (360 of these compounds with water and carbonates, which
nm), respectively, clearly shows that this evolution is increases together with Ca content. The occurrence of
governed by the CeO chemical bonding, that is, the vegard's law for Ce Ca0, xand Ce ,CaOs . y:2F, series
coordination number and the €@ bond distances. INCeO  gnd the appearance of GaEad one to conclude about the
fluorite, the Cé* ions are 8-fold coordinated to oxygen atoms  go|upility limit corresponding to 30% of Gaions both for
and Ce-O = 2.34 A, whereas in perovskite SrCe@e* oxides and for oxyfluorides. Size particles are around 10 nm,
ions are 6-fold coordinated to oxygen atoms and-Oe=  and accurate EELS measurements demonstrate the rather
2.25 A, with an increase of the CTB energy. Such a trend is good homogeneity in chemical composition of nanosized
associated with the destabilization of 4f (Ce) band and to particles.9F NMR investigations show the occurrence of
the strong stabilization of 2p (O) band as both coordination various fluorine environments depending on the nature of
number and CeO bond distances decrease. cations (C&"/Ca*) and will be discussed in a forthcoming

In the oxide series, the progressive introduction of'Ca paper.
cations into the network contributes to increase the oxygen The presence of Gaions in CeQ fluorite network allows
vacancy rate, and thus reduces the average cationic coordinathe creation of oxygen vacancies whose rate can be reduced
tion number. On the other hand, the higher is the Ca content,by the presence of Fons substituting & ions with a lower
the higher is thea-cell parameter relating to the expansion charge and a higher electronegativity. Moreover, thé Ca
of the framework and the average bond distances. Next, it substitution in both these oxide and oxyfluoride series leads
is reasonable to consider that in the oxide series; Cations to an expansion of the unit cell and of the average Ce{Ca)
tend to occupy 6-fold coordinated sites as in CaO where O(F) bond distances, despite the formation of oxygen
Ca—0 bond distances lie around 2.40 A, leaving Ceations ~ vacancies, with respect to the larger ionic size of‘Gans
with higher coordination number than €aations and large  in 8-fold coordination. Furthermore, the preference o#'Ca
Ce-0O bond distances. In other terms, in ;CE€a0,« ions for F anions seems to be clear because of the high
oxides, C&" cations force C¥ cations to become less electronegativity and the tetrahedral coordination ofifF
electropositive than in CeOby adopting a coordination  Caf,. Next, considering that F/Ca atomic ratio is always
number smaller than 8 and larger bond distances. Thus, ininferior to 1 for high Ca contents, the F&& sites have to
the oxide series, the higher is the Ca content, the lesspe considered as the main environment for &ions as
electropositive are the Cecations, leading to the reduction  shown by preliminary!®c NMR results. Moreover, the F
of the energy of 2p (O)~ 4f (Ce) CTB. amount increases with increasing Ca content, illustrating the

In the oxyfluoride series, considering the same amount of strong affinity of fluorine for Ca atoms.

C&" ions, the number of anionic vacancies is smaller because On the basis of an ionic model with a cubic close-packed
of the presence of fluorine ions substituting fof~Qons, array of cations with anions in tetrahedral holes and taking



Ce—Ca-Based Oxyfluorides with UV-Shielding Properties Chem. Mater., Vol. 19, No. 21, Z1@1

into account the respective ionic radii, the theoretical CeG, with an increase of the CeO bond lengths and a
solubility limit has been evaluated around 30% mol Ca. In reduction of the band gap. In the case of oxyfluorides, the
the case of oxyfluoride series, the high stability of g presence of both Ca and F ions constrains C& ions to

the limiting factor for the incorporation of €aand F ions  become more electropositive than in Ge@h an increasing

into the matrix. of the optical band gap.
Finally, the UV absorption properties show a reduction

of the optical band gap as Ca content increases in the _ _ _
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