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Incorporation of doped ions with different ionic radius (like Zr**) or valence state (like
Eu®*) into Ce0, structure leads to sufficient modification of the processes of oxygen
transport due to formation of additional oxygen vacancies (O,). These vacancies can form
complexes with doped ions (RE-O,-RE) or cerium ions (Ce3+—Ov—Ce3+) determining the
oxygen mobility in these structures. In the paper the formation of oxygen vacancies in
ceria (CeO, ) and ceria-zirconia (CeO,~Zr0,) nanocrystals was studied by conventional
spectroscopic techniques. Ratio between intensities of 5D0 - 7F1 and 5D0 — 7F2 spectral
lines of Eu®* ions was used for determination of the content of oxygen vacancies and their
location within ceria-zirconia nanocrystal. It was shown that while high-temperature treat-
ment of 50 nm ceria nanocrystal in reducing atmosphere leads only to slight change of the
content of oxygen vacancies which are formed preferably near its surface, incorporation of
20 % of zirconium ions is manifested in almost tenfold increase of the content of oxygen
vacancies as compared to CeO,_, nanocrystal, and these vacancies are formed within whole
nanoparticle.
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BeegeHre IIPUMECHBIX MOHOB, OTIMYAIOLMXCA 110 MOHHOMY paguycy (mampumep, Zrét),
WY HeHBOBAJEGHTHBIX MOHOB (Hampumep, EuS*) B erpyrrypy CeO, npupogur K MopuduKa-
IAY IPOILECCOB TPAHCIOPTA KUCJIOPOAA 34 CUeT 00pa30oBAHUS JOIOJHUTEIBHBIX KHACAOPOLHBIX
Bakancuit (O,). OTH BaKaHCUM MOTYT OOPA3OBLIBATL KOMILIEKCHl € TIPHMECHBIMU HMOHAMU
(RE-O -RE) mnmm momamu mnepus (Ce3+—Ov—Ce3+), onpefensasa TOABUMKHOCTL KUCJIOPOJA B
9TUX CTPYKTypax. MceiemoBano o0pasoBaHue KUCJIOPOAHBIX BaKaHCH B HaHOKpPHCTALIAX
oxcupna nepus (CeO, ) u cmemaHHBIX Nepuii-nuprornesslx okcugos (Ce0,~Zr0,) ¢ ncmons-
30BAHVEM CTAHTAPTHBIX CIEKTPOCKOIIMUYECKHX MeTomoB. COOTHOIIEGHME HHTEHCHBHOCTEH
CIIEKTPAJBbHBIX JUHUN 5D0 - 7F1 u 5D0 - 7F2 nonoB Eu®* wmemonpsosamocs I oIIpemeJe-
HUS COMeprKaHusa KUCAOPOLHLIX BAKAHCUN U UX PACIOJOKEHHs B HAHOKPHUCTALJIAX CMeIIaH-
HBIX OKCHIOB. IIoKaszaHOo, UTO BLICOKOTEMIIEPATYypPHasA 06paboTKa HAHOKPUCTAJNJIOB OKCHUA
nepuda (50 HM) B BocCTaHOBUTENLHON aTMoc(epe IPUBOAUT JUIIL K HE3HAUUTEJLHOMY U3Me-
HEHUIO COAepPyKaHus KUCJIOPOAHLIX BAKAHCUI, KOTOopbhle (JOPMUPYIOTCA B OCHOBHOM BOIM3U
ero IOBEepPXHOCTU, ToTga Kak BBemenne 20 % MOHOB NUPKOHUA IPUBOAUT K YBEIUYEHUIO
COIEPMAaHNA KUCJIOPOAHBIX BakaHcuil moutu B 10 pas mo cpaBHEHHMIO ¢ HAHOKPHUCTAJNJIAMU
CeO,_,, 1 JaHHBIe BAaKAHCHH OOPABYIOTCA HE TONBKO BOIM3H IIOBEPXHOCTH, HO U IO BCEMY
00 beMy HAHOUACTUIILI.
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Hocrmigxenasa (GopMyBaHHS KHCHEBHMX BAaKAHCiH y HaHOKpHCTAJAaX 3MINIAHUX IHepiii-
MUPKOHICBUX OKCHAIB 3a JOMOMOTOK CHEKTPOCKOMIYHMX MeTOdiB. O.M.Oxpywro,
B.B.Ceminvro, I1.0.Maxcumuyx, I1.I.Becnanosa, 10.B.Manwkin.

Beegenns mgoMimmKoBuX ioHiB, 110 Bipi3sHAIOTHCA 3a iOHHUM pagiycoMm (HampukJIan, Zr4+)
abo HeisoBaseHTHHMX ioHIB (HampuKIam, Eud") y crpyrTypy CeO, mpussogute 10 MoM(Di-
Karil npoiiecis TpaHCIOPTY KHCHIO 34 PAXYHOK YTBOPEHHS AOJATKOBMX KMCHEBMX BaKAaHCIN
(0,). LIi Bakramcii MoxyTh yTBOPIOBATH KOMILIEKCH 3 ZoMimkosumu ionamu (RE-O ~RE) a6o
iomamMu 1epiro (Ce3+—Ov—Ce3+), BUBHAYAIOUN PYXJWUBICTL KUCHIO Y IUX CTPYyKTypax. Ho-
Ci3KeHO yTBOPeHHA KICHEBUX BaKaHCiH y HaHOKpucranax okcupy nepito (CeO,_,) i smimra-
Hux nepili-nupkoniesnx orcupis (Ce0,~ZrO,) 3 BHKOPHCTAHHAM CTAHJAPTHHUX CIIEKTDPO-
cxomiuaux wmeroxiB. CHiBBigHOIIEHHA IHTEHCHBHOCTEH CIEKTPANbHUX JIiHill 5D0 - 7F1 i
5D0 —F 5 lomiB Eud* BuxopmcToByBasOCS I BH3HAUEHHS BMICTYy KHCHEBMX BaKaHCif i ix
pOSTANTyBaHHS y HAHOKPHCTAAaX 3Mimanmx oKcuiiB. IlokasaHo, 1110 BUCOKOTEMIIEpaTypHa 06-
pobKa HAHOKPUCTAJiB oKcumy Iepiio (50 HM) y BimHOBMIOBANBLHIlT aTMocdepi MPUBBOAUTEL JUIIIe
0 He3HAYHOI 3MiHUW BMiCTy KMCHEBMX BaKaHCiil, AKi (QOPMYIOTLCSA B OCHOBHOMY MTOOIM3Y HOTO
moBepxHi, Toai Ak BeegeHus 20 % ioHIB UPKOHIIO MPUBOAUTEL A0 301ILIIEHHA BMICTY KHCHEBUX
BaKaHciit maitike y 10 pasis y nopisuanni s sanoxkpucranamu CeO,_, i ni Baxkancii yTBOpoOIOTE-

cd He TiMbKM TTOOMM3Yy MOBEPXHi, ajie i B3IOBIK BCHOTO 00’€My HAHOUACTUHKM.

1. Introduction

Oxygen mobility is a key parameter in
development of effective ionic conductors
and catalytic materials based on cerium
oxide (CeO,) micro- and nanocrystals [1-3].
Recently the role of oxygen mobility in the
formation of antioxidant properties of ceria
nanocrystals was determined [4]. Oxygen
mobility, in turn, is determined by content
of oxygen vacancies, and by their ability to
form associates with doped or regular
(Ce**) ions [5]. Oxygen vacancies in ceria
structure can be formed by additional dop-
ing of ceria by non-isovalent ions or by ions
with smaller ionic radius, as well as by high
temperature treatment in reducing atmos-
phere [6—8]. Incorporation of trivalent (for
instance, rare-earth) ion instead of Ce?*
leads to formation of oxygen vacancies re-
quired for compensation of excess negative
charge. Relative position of oxygen vacan-
cies and rare-earth (RE) ions in RE-doped
ceria nanocrystal was investigated recently
in [9, 10]. In [5] it was deduced that for
ions with radius smaller than radius of
Gd3* ion oxygen vacancy is localized prefer-
entially in the NN (nearest-neighbor) posi-
tion to RE ion, while for ions with radius
bigger than radius of Gd3* (such as Eu3*
ions) vacancy is repelled to NNN (next to
nearest-neighbor) position. Our own studies
[11] confirmed this prediction showing that
in Eu3*-doped ceria nanocrystals most part
of Eud* ions preserve O,, symmetry.

Mixed ceria-zirconia (CeO,—ZrO,) have
recently attracted a lot of attention as
promising material for development of cata-
lytic supports for noble-metal catalysts [12].
High oxygen storage capacity of ceria-zir-
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conia powders allows them to absorb and
release high concentrations of oxygen dur-
ing operation cycle. These materials are
widely used now for three-way catalysis in
automotive converters enabling to eliminate
simultaneously carbon oxide, nitric oxide and
unburned hydrocarbons [13]. Replacing of the
part of Ce** ions by Zr** ones (up to 40 %)
leads to sufficient increase of oxygen storage
capacity of ceria-based materials. Smaller size
of Zr** jon as compared to Ce** one leads to
distort ion of the local surrounding of doped
ion decreasing thereby oxygen vacancy forma-
tion energy, and, in this way, making possi-
ble formation of oxygen vacancies as on the
surface, so in the volume of material [14].

In this paper the peculiarities of oxygen
vacancies formation in mixed ceria-zirconia
nanocrystals were studied using the lumi-
nescence of doped Eu3* ions. The ratio be-
tween intensities of 5Dy — "F; and
5Dy — "F, luminescence bands of Eu3* ion
was used as probe of the content and rela-
tive location of oxygen vacancies in ceria-
zirconia nanocrystals at different zirconium
content in ceria structure.

2. Experimental

CeO,Eud* (0.2, 2, 5 and 10 at.%)
nanocrystals were obtained by Pechini
method. Cerium oxide CeO, (Sigma-Aldrich)
was dissolved in the mixture of nitric acid
(HNO3) and hydrogen peroxide (in 1:1 vol-
ume ratio); europium oxide Eu,O5 (Sigma-
Aldrich) was dissolved in the nitric acid .The
solution of 0.75 g of citric acid and 1 ml of
ethylene glycol was added to 20 ml of ce-
rium nitrate Ce(NO3z); (¢ = 1 mol/1) solution
and 40 pl of europium nitrate Eu(NO3); (¢ =

Functional materials, 25, 3, 2018
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Fig. 1. Luminescence spectra of CeOz:Eu3+ (0.2 at.%) nanocrystals treated in oxidizing

(a) and reducing (b) atmospheres.

1 mol/1) solution. The resulting mixt ure
was treated at 80°C during 10 h and then
hydrolyzed by means of 10 mass. % NHj
water solution. The precipitate was dried at
120°C during 5 h and then dehydrated at
250°C during 4 h CeO,Eu3* nanocrystals
were annealed during 2 h in oxidative (air)
and reducing (hydrogen) atmospheres at
1000°C.

Ceo_gzr0_102:EU3+ and Ceo_szro_zoz:EU3+
(C=0.2 at.%) nanocrystals were obtained
by mixing zirconium sulfate Zr(SO,),, am-
monium cerium(IV) nitrate (NH,),Ce(NO3)g
and europium chloride EuCl; water solu-
tions in stoichiometric proportions at room
temperature at addition of polyethylenegly-
col-octyl-phenylate (OP-10) surfactant etha-
nol solution. Then 10 wt.% ammonia water
solution was added to the resulting mixture
until pH = 7-8. After that the mixture was
heated up to 80-90°C and left at this tem-
perature during few hours and then treated
in oxidative atmosphere (air) at 500°C dur-
ing 24 h and at 1050°C during 5 h. Ce,_
XZrXOZZEu3+ nanocrystals were annealed dur-
ing 2 h in reducing (hydrogen) atmosphere
at 1000°C.

Luminescence spectra were obtained
using spectrofluorimeter based on the grat-
ing monochromator, luminescence was ex-
cited by He-Cd laser with A, = 825 nm.
The luminescence of samples was detected
by R9110 Hamamatsu photomultiplier tube.
Investigations were carried out at 300 K.

3. Results and discussions

Luminescence spectra of Eu3*-doped ceria
nanocrystals (C = 0.2 at.%) after heat
treatment in oxidizing and reducing atmos-
pheres are shown in the Fig. 1 (a and b,
respectively). The spectra of the samples
treated in oxidizing atmosphere consist of a
number of narrow lines in the red region of
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the spectrum. These lines can be ascribed to
different 4f-4f transitions of Eu3* ions.
Eu3* ion substitutes Ce** ion in the ceria
structure, and its lower positive charge is
stabilized by formation of additional oxygen
vacancies. The ratio between intensities of
5Dy — "F; and 5Dy — "F, luminescence
bands of Eu3* ions allows obtaining the in-
formation about oxygen vacancies formed in
order to compensate its exc essive charge.
This fact is determined by high sensitivity
of electro-dipole 5D0—>7F2 transition of
Eu3* ion to presence or absence of inversion
center of symmetry. Contrary to 5Dy — “F,
transition, intensity of magneto-dipole
5D0 - 7F1 transition of Eu3* ion is practi-
cally independent on the symmetry of cat-
ionic center. So the ratio between intensi-
ties of Dy — "F; and Dy — 7F, transitions
provides information about local symmetry
of Eud* surrounding and its change during
heat treatment. In the luminescence spec-
trum of Eu3*-doped ceria nanocrystals
treated in oxidizing atmosphere (Fig. la)
the intensity of 5D0—>7F1 luminescence
band is eight times higher than the inten-
sity of 5Dy — 7F, luminescence band. So,
for the most part of Eu3* ions charge com-
pensation occurs by formation of oxygen va-
cancies beyond the first coordination sphere
of Eud* ion preserving the inversion center
of symmetry for these ions.

Luminescence spectrum of Eu3*-doped
ceria nanocrystals after treatment in reduc-
ing atmosphere is shown in the Fig. 1b.
Contrary to the spectrum of the samples
treated in oxidizing atmosphere, this spec-
trum consists of the wide band with maxi-
mum about 415 nm, and narrow Eu3* tran-
sitions on its background. The assignment
of the wide luminescence band for undoped
CeO,_, nanocrystals was discussed in our
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Fig. 2. Luminescence spectra of CeOz:Eu3+ nanocrystals: (a) with different Eu3* concentrations (0.2,
2, 5 and 10 at.%), and (b) CeOZ:Eu3+ (0.2 at.%) nanocrystals treated in different atmospheres.
5D0 - 7F1 transition is shown only, all spectra are normalized on the intensity of 5D0 - 7F2

transition.

previous papers [6, 7]. Combination of time-
resolved luminescence measurements with
study of excitation spectra using synchro-
tron radiation confirmed that this band is
formed by 5d — 4f transitions of Ce3* ions
[6]. Transfer of the part of Ce?* ions to
Ce3* ions requires corresponding number of
oxygen vacancies for charge compensation
(one oxygen vacancy for two Ce3* ions), so
this band was not observed for ceria
nanocrystals treated in oxidizing atmos-
phere where formation of oxygen vacancies
is suppressed.

In the Fig. 2a luminescence spectra of
Eu3*-doped ceria nanocrystals with different
Eu3* concentration are shown. All spectra
are normalized to the intensity of
5D0 - 7F2 transitions, so only 5D0 - 7F1
spectral lines are shown. Decrease of the
intensity of 5D0 - 7F1 transition should be
assigned to the increase of the number of
Eu3* with distorted surrounding (lacking in-
version center of symmetry). Introduction
of two Eu3* ions instead of Ce** ones into
stoichiometric CeO, lattice leads to forma-
tion of one oxygen vacancy required for
compensation of excess negative charge. So,
the concentration of oxygen vacancies
should be proportional to concentration of
Eu3* ions and particular change of
5D0 - 7F1 intensity can be assigned to par-
ticular vacancy concentration. Increase of
Eu3* concentration from 0.2 at.% to
10 at.% leads to decrease of intensity of
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5Dy — 7F1 spectral line. So the number of
Eug+ centers with O, symmetry also de-
creases with increase of Eu3* concentration.
For instance, increase of Eu3* concentration
from 0.2 at.% to 2 at. % of Eud* ions cor-
responding to increase of the content of
oxygen vacancies from 0.05 % to 0.5 %
leads to more than two-fold decrease of the
5D, — "F; spectral line intensity.

Influence of heat treatment atmosphere
on the processes of formation of oxygen va-
cancies can be deduced from the change of
5D0 - 7F1 relative intensity as well. In the
Fig. 2b luminescence spectra of Eu3*-doped
ceria nanocrystals treated in oxidative (air)
and reducing (hydrogen) atmospheres are
shown. As in Fig. 2a, all spectra are nor-
malized to the intensity of 5D0 - 7F2 tran-
sition, so only 5D0—> 7F1 spectral line is
shown. As can be seen, change of treatment
atmosphere form oxidative to reducing
leads to almost negligible change of
5Dy — "F; spectral line intensity. So, ac-
cording to these results, the content of oxy-
gen vacancies in ceria nanocrystals treated
in oxidative and reducing atmospheres
should be almost the same. This conclusion
is, however, in some contradiction with the
strong difference between the spectra of
Eud*-doped ceria nanocrystals treated in
oxidative and reducing atmospheres, as for-
mation of detectable Ce3* luminescence
band in the spectra of ceria treated in re-
ducing atmosphere requires relatively high

Functional materials, 25, 3, 2018
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concentrations of oxygen vacancies. How-
ever, it should be noted that the concentra-
tion of oxygen vacancies determined by
relative intensity of 5Dy — "F; lumines-
cence can be underestimated as oxygen va-
cancies during heat treatment in reducing
atmosphere should form preferably near the
surface of nanoparticle, so the change of
the symmetry induced by formation of these
vacancies can only partially be felt by Eu3*
ions, so real concentration of oxygen vacan-
cies in ceria nanocrystals treated in reduc-
ing atmosphere can be few times more.
Incorporation of Zr** ions instead of Ce4*
ones should lead to increase of the number
of oxygen vacancies. According to [12], for
an intermediate composition such as
Ce( 5Zrg 505, a significant distortion of oxy-
gen sublattice around zirconium ions leads
to increase of Zr—O distances for two of
eight oxygen ions surrounding Zr#* ion
(0.26 nm as compared to 0.2312 nm for Ce-O
bond in pure CeO,). The longer Zr-O dis-
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Fig. 3. (a) Luminescence spectra of
Ceg gZry 4O, Eu* (0.2 at.%) and

CeO.BZrO.ZOZ:Euy’ (0.2 at.%) nanocrystals,
and the same spectra normalized on the in-
tensity of 5D0 - 7F2 transition (b) and
5D0 - 7F1 transition (¢). In (b) and (c)
5D0 —F ; transition is shown only.

tances for some oxygen ions and the conse-
quent weakness of the bond decreases the
energy of oxygen vacancies formation. This
fact is confirmed by easier oxygen diffusion
in these materials, and, so by improved cata-
lytic properties [15, 16]. The process of for-
mation of oxygen vacancies in mixed ceria-
zirconia nanocrystals can be studied using
5Dy — "F1/°Dy — "F, ratio of Eu* ions as
well. In the Fig. 3a the luminescence spec-
tra of Eu3*-doped ceria-zirconia nanocrys-
tals with different zirconium content after
treatment in reducing atmosphere are
shown. As one can see, all the spectra con-
sist of the wide 5d — 4f Ce3* luminescence
band which maximum is red-shifted at in-
crease of zirconium content (from 415 nm
for pure ceria nanocrystals to 440 nm for
Ceq8Zr9205), and narrow Eud* transitions.
Increase of zirconium content from 0 to
20 % leads to 3-fold increase of intensity of
Ce3* luminescence band and twofold de-
crease of relative intensity of ®Dy — "F,
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transition of Eu3* ions (see Fig. 8b). Also
the width of 5D0 —F 1 spectral line increases
in three times as compared to the with of this
line for pure ceria nanocrystals.

All these effects can be undoubtedly as-
cribed to increase of the content of oxygen
vacancies in the ceria structure. As was
mentioned before, formation of two Ce3*
ions due to Ce** — Ce3* transition in CeO,
structure require one oxygen vacancy for
charge compensation, so increase of Ced*
luminescence band intensity is a reliable
sign of increase of the content of oxygen
vacancies during zirconium incorporation to
ceria structure. The change of the content
of oxygen vacancies can be estimated from
the change of relative 5D0 - 7F1 lumines-
cence intensity (Fig. 3b). According to Fig.
2a twofold decrease of °Dy — "F; lumines-
cence intensity corresponds to increase of
Eu3* concentration from 0.2 at.% to 2 at.%
(corresponding to increase of the content of
oxygen vacancies from 0.05 % to 0.5 %).
So, the same tenfold increase of the content
of oxygen vacancies should observed at in-
corporation of 20 % of zirconium ions.
Even taking into account the fact that this
method underestimates the content of oxy-
gen vacancies formed during treatment in
reducing atmosphere, the effect of doping
by zirconium ions on the concentration of
oxygen vacancies in ceria is evident. The
strong difference between negligible change
of %Dy — TF; luminescence intensity at
treatment atmosphere variation (Fig. 2b)
and sufficient decrease of 5D0 - 7F1 lumi-
nescence intensity at zirconium incorpora-
tion confirms the suggestion that in ceria-
zirconia in contrast to pure ceria nanoparti-
cles, oxygen vacancies are formed not only
near nanocrystal surface, but within whole
nanoparticle enabling deep-seated Eu3* ions
to feel the change in their concentration.

4. Conclusions

The processes of formation of oxygen va-
cancies in mixed ceria-zirconia nanocrystals
were studied wusing the intensity of
5Dy — "F, transition of doped Eu3* ions. In
contrast to ceria nanocrystals treated in re-
ducing atmosphere, for which oxygen va-
cancies are formed ©preferably near
nanocrystal surface, and almost do not lead
to the change of symmetry of surrounding
of Eu3* doped ions, formation of oxygen
vacancies within whole nanoparticle was
shown for mixed ceria-zirconia nanocrys-
tals, so the influence of these vacancies on
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the 5Dy — "F,/°D, — "F, ratio of doped
Eu3* ions is sufficient. Overall, change of
20 % of Ce** cations to Zr** ones leads to
two-fold decrease of ®Dy — "F; intensity
corresponding to tenfold increase of the
content of oxygen vacancies that should
lead to higher oxygen mobility in mixed
ceria-zirconia nanocrystals.

The publication contains the results of
studies conducted by President’s of Ukraine
grant for competitive projects ®@75/29864
"Development of redox-active materials
based on oxide nanocrystals with cations
with variable valence for control of the level
of reactive oxygen species in he living cell”
of the State Fund for Fundamental Re-
search.
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