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Abstract:

A series of Ce,Ba0,., (5sx<0.20) nanometric powders were synthesized by self-
propagating room temperature synthesis. XRD and Raman scattering measurements were
used to characterize the samples at room temperature. All the samples are solid solutions
with fluorite type structure with an average crystallite size about 5 nm. The redshift and
asymmetric broadening of the Raman F,; mode can be well explained with combined
confinement and strain effects because of the nanocrystalline powders nature. The
appearance of the additional peaks at /7560 cm™* and /7600 cm, are attributed to extrinsic
and intrinsic O* vacancies in ceria lattice. Raman spectra of temperature treated
Cep goBag 2005 sample revealed the instability of this system.
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1. Introduction

Cerium dioxide is of interest because of its npldtiapplications such as catalysis in
vehicle emissions-control systems [1], high storagepacitors [2], for high Tc
superconducting structures [3], and for optical icewv [4]. Recently, ceria based solid
solutions have gained an increasing amount of tattendue to their potential use as
electrolyte material in solid oxide fuel cells [EOFCs). Optimization of SOFCs, to operate
at reduced temperatures can be performed with uskectrolyte materials, which have high
ionic conductivity at moderate temperatures.

Monodisperse cerium nanoparticles have higherciotonductivities than bulk
material, due to the properties related to themos&ructured nature. Nanosized ceria doped
with oxides of di- or trivalent metals exhibits higonic conductivity at intermediate
temperatures (400-70tC) and is a promising candidate for electrolyte S®Fnaterials.
Whenever the C& ions are replaced with di- or trivalent rare eadhs large density of
oxygen vacancies are formed in ceria lattice enihgnthe ionic conductivity of these
materials[6,7]. The ionic conductivity significantly depends on tlomic radius and the
concentration of the dopant too [8,9].

In the present work we described briefly the SRRIthod as a possible method for
preparing Ba-doped ceria nanopowders. To the destiroknowledge this method is for the
first time used to synthesize the(Ba,0,., (5sx<0.20) solid solutions. The influence of
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doping and heating treatment on the Raman spedtrdoped ceria powders is also
investigated. Raman spectroscopy at room temperatas used to identify and distinguish
the presence of oxygen vacancies introduced inta &gtice with doping from the intrinsic

vacancies that originate from nonstoichiometryaped samples.

2. Experiment

The solid solutions of Ba doped Ce&amples were prepared by a self-propagating
room temperature synthesis (SPRT) using metaltegirand sodium hydroxide as the starting
materials. The synthesis involves hand-mixing stgrmaterials in alumina mortar for 5-7
minutes until the mixture got light brown. Afteribg exposed to air for 3h, the mixture was
suspended in water. Rinsing out of reaction bypco@aNQ) was performed by centrifuge
Centurion 1020D at 3500 rpm. This procedure wafopeed 3 times with distilled water and
twice with ethanol [10].

Single solid-state solutions were obtained acogytlh reaction:
2[(1-x)Ce(NQ)s6H,0 + xBaNQ] + 6NaOH + (1/y)Q — 2Ce.Ba0.., + 6NaNQ + 9H,0

Compositions of CgBa0O.., were synthesized with x ranging from 0.05 to 0.20

The crystalline phases were identified by X-rayvgder diffraction using Siemens
D5000 diffractometer with Cu Kradiation at room temperature. Diffractograms @& @g.
«BaO,, samples were recorded over titerange from 2bto 8¢ using a position sensitive
detector with 8 acceptance angle. The average grain size was redasam the (111) XRD
peak using the Scherrer formula. The average dlifestsize was estimated to be 5 nm.

Room temperature Raman measurements were performdbe backscattering
geometry using 514.5-nm line of Ar-ion laser, Je¥dwon U1000 monochromator and
photomultiplier as a detector while high temperataman measurements were taken with
same Af laser line using Jobin Yvon T64000 spectrometeripged with Linkam TS 1500
microscope heating stage and nitrogen cooled chargpled-device detector (CCD).
Overheating of the samples was avoided using anmainieaser power when no changes of the
Raman spectra were noticed.

3. Results and discussion

According to the XRD spectra, Ba doped samplesamul to be of single phase for
the whole doping range retaining the GdiDorite structure. Diffraction lines of Ba oxide
were not registered in the whole doping range.

The XRD patterns for GgBa.0:0,.y, C& sdBan.10,.y and CgsBay 150,y Samples are
shown in Fig. 1 (a). Change of lattice parameteadsnction of dopant concentration is
shown in Fig.1 (b). Lattice parameter of pure geshown as reference one. The increasing
of lattice constant with increasing dopant concaiun is directly correlated with ionic size
CeQ with a fluorite structure has one Raman actiy@ytrilegenerate g mode at 465 crh

This mode presents symmetrical stretching vibratiohCeQ vibrational unit and
should be very sensitive to the oxygen sublattimrder [11]. Raman study of CeO
nanoparticles have demonstrated that thentode shifts to lower energies with increasing
linewidth while the lineshape becomes asymmetric on the low-energy sithegsarticle size
gets smaller [12]This evolution of the Raman line can be attributethe combined effect of
phonon confinement and inhomogeneous strain [12,18] explain properly the evident
phonon softening and increased linewidth asymmaftthe main &, mode in the CgBaO,.

y samples we used the phonon confinement model (PGM)incorporates size and strain
effects [13] Raman intensity is calculated over the whole Buittozone by the following
relation:
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wherep(L) is Gaussian particle size distribution, L is partisieze and is the linewidth of
the Raman mode in bulk crystal. The fadbois an adjustable parameter depending on the
strength of the phonon confinement in differentoraaterials. It varies frofi=1 to p=2r¢

for Richter [14] and Cambpell [15] model respediivén order to obtain the best fits of our
experimental spectra we used higher degree of phooafinemenp~4rt.
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Fig. 1 a) XRD spectra of GgsBay.o:0,.y, C 9B2.1d0,.y and CegesBa.150,.y Samples
b) change of lattice parameter with dopant conegiotr.

Fig. 2 shows Raman spectra at room temperatutbeoBa doped CefOsamples
(circles) and numerical fits of the experimentabd@nes) using PCM (Eq. 1).
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Fig. 2 Raman spectra of Ba doped GeO
samples at room temperature



284 M. Radovi¢ et al./Science of Sntering, 39 (2007) 281-286

The best accordance between the experimental dodlatad curves is obtained for the
average particle size=6.6 nm value while the Gaussian widtt) s also given in Fig. 2 for
each sample. As can be seen Raman spectra, B&®©.., samples show systematic shift of
the By mode, positioned afl 457 cmt for the lowest Ba doping concentration, to lower
frequencies with increasing doping level (in g §d8a 20025 this mode is positioned &t454
cm®) while the linewidth increases. Such a decreasphionon energy is consistent with
dilatation of unit cell parameter due to the inagtion of large BZ ions in cerium lattice.
On the other hand the broadening of thg, rRode with increasing Ba content could be
correlated with increasing®Qvacancy concentration with doping because this nidery
sensitive to disorder in oxygen sub-lattice [11].
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Fig. 3Raman spectra of ggBa, .{J,., sample during heating and cooling.

Besides the § Raman mode there are two additional mode& 360 cnmi and
0600 cnt. These modes are assigned to the extrinsic oxygeancies introduced into the
ceria lattice by substitution of €eions with B&" ions and intrinsic oxygen vacancies due to
the nonstoichiometry of ceria nanopowders [5, 10].

One sample with the highest Ba concentrationy §Bey >{O..5) was temperature
treated in order to investigate the phonon behavand stability of this system at high
temperatures. Raman spectra of, §8a,.{0.5 Sample, obtained by heating (lines) and
gradual cooling (dashed lines) are shown in Fig. Bemperature dependence of mode
frequency upon heating and cooling is shown in &ig.

We have found that frequency and linewidth offfhemode continuously decreases
by heating while the line shape becomes more syriunep to 800°C when it becomes
totally symmetric. In the Raman spectra at 300 additional mode can be observed at
515 cmt. This mode can be ascribed to the Raman moddaf()q 74021 System[16].
Frequency of this mode increases with temperahseease up to 527 ¢hat 600C, which
corresponds to the frequency of the Ba§@0Oq.14 System [16]. This mode disappears as the
temperature further increases to %00 Therefore we concluded that at 3DOphase
separation begins and certain types of Ba({@, oxide system are formed. At higher
temperatures these oxides are unstable. This anlus valid if we have in mind that
barium oxide (peroxide) begins to decompose atG@dair [17].

Two competitive effects could be responsible fegtiency and linewidth change
during heating: anharmonic and size effects. Ifahkarmonic effects are dominant we would
expect the frequency red shift and linewidth inseeavith temperature, while the expected
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particle growth with temperature would produce agpasite trend. The frequency shift is
consistent with the theory regarding the anharmeffects in crystals [18] but the linewidth
behaviour is not. The only plausible explanationtfat is that phase separation on ga@d
Ba(0,)1:O« takes place in GgBaO,5 samples during heating and at temperatures higher
than 600°C Ba disappears from the ceria lattice. By coothmgfrequency increases, reaching
the value of 462.5 cthat room temperature. Linewidth continuously desesa during
cooling, down to 12.3 cthat room temperature. This behavior is typicaltfe anharmonic
phonon behaviour in bulk samples and similar to thand in a Ce@polycrystalline sample
[12] leading us to conclude that the (@Bay.dO.5 sample transforms from nano to a
polycrystalline Ce@sample by the above mentioned temperature treatment
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Fig. 4Temperature dependence gf mode frequency

Intensity of modes at 560 ¢nand 600 cm increases with temperature increase
until 300°C when they start to decrease in intensity and roeceery weak at 808C. This
means that the concentration of oxygen vacanciesedses with temperature. The sample
becomes more stoichiometric and the structure tkeface probably removed by heat
treatment.

4. Conclusions

In summary, CgBaO,s nanocrystalline samples%<0.20) were prepared by the
SPRT method. From XRD and Raman measurements @atteraperature we have concluded
that Ce,Ba.s samples are solid solutions with fluorite cryssaiucture in the whole
doping range. The Raman spectra are well describad) a spatial correlation model with
combined size and inhomogeneous strain effectdhigtt temperatures a phase separation
takes place between CgCand Ba(Q):,O, systems. We demonstrated that Raman
spectroscopy is a very effective diagnostic metlodmonitoring nanocrystalline size,
detecting phase separation and the presence ofsiotand introduced oxygen vacancies in
the ceria lattice.



286 M. Radovi¢ et al./Science of Sntering, 39 (2007) 281-286

Acknowledgements

This work was supported by the MSRS under theeptdjlo. 141047 and the OPSA-
026283 Project within the EC FP6 Programme and SR8ject F/134.

References

1. A Trovarelli, Catal. Rev. Sci. Eng. 38 (1996) 439.

2. Z.Zhang, X. Du, W. Wang, J. Vac. Sci. Tech. A 28Q0) 2928.

3. A. Walkenhorst, M. Schmitt, H. Adrian, K. Peterséppl. Phys. Lett. 64 (1994)
1871.

4. S. Kanakaraju, S. Mohan, A. K. Sood, Thin SolidsI305 (1997) 191.

5. Z. Dohcevic-Mitrovic, M. Grujic-Brojcin, M. Scepau, Z. V. Popovic, S.
Boskovic, B. Matovic, M. Zinkevich, F. Aldinger, Bhys. Cond. Matt. 18 (2006) 1.

6. A. Sin, Y. Dubitsky, A, Zaopo, S. A. Aric’o, L. Qal D. La Rosa, S. Siracusano,
V. Antonucci, C. Oliva, O. Ballabio, Solid Statenld.75(2004) 361.

7. C.Peng, Y. Wang, K. Jiang, Q. B. Bin, W. H. LiadgFeng and J. Meng, J. Alloys
Compounds 3492003) 273.

8. H. Deguchi, H. Yoshida, T. Inagaki, M. Horiuchi,l8cState lonics 176 (2005)
1817.

9. L. Minervini, M. O. Zacate, R. W. Grimes, Solid f&tdonics 116 (1997) 339.

10. S. Boskovic, D. Djurovic, B. Matovic, M. Cancareyit Mitrovic-Dohcevic, Z. V.
Popovic, M. Zinkevich, F. Aldinger, Materials ScoenForum, 518 (2006) 95.

11. 1. Kosacki, T. Suzuki, H. Anderson, P. Colombanlj&8tate lonics 149 (2002) 99.

12. J. E. Spanier, R. D. Robinson, F. Zhang, S. W. Chdéh Herman, Phys. Rev. B 64
(2001) 245407.

13. Z. Dohcevic-Mitrovic, M. Grujic-Brojcin, M. Scepawiz, Z. V. Popovic, S.
Boskovic, B. Matovic, M. Zinkevich, F. Aldinger, i State Commun. 137 (2006)
387.

14. H. Richter, Z. Wang, L. Ley, Solid State Commun.(B981) 625.

15. I. H. Campbell, P. M. Fauchet, Solid State Comn&i#(1986) 739.

16. D. de Waal, K. Rangél. Konigstein,W. Kiefer, J. Raman Spect. 29 (1998)109.

17. J. H. Lunsford, X. Yang, K. Haller, J. Laane, JyPHChem. 97 (1993) 13810.

18. M. Balkanski, R.F. Walllis, E. Haro, Phys. Rev. B(2883) 1928.

Caopycaj.  Cepuja nanonpaxosa Cep,BaO,y (5sxs0.20), OJobujena je memoodom
camopacnpocmupyhe cunmese na cobnoj memnepamypu (SPRT). 3a rapaxmepuzayujy
y3opaxka kopuuwthiene cy Mmemode ougppakyuje penoeenckux 3paxka (XRD)u Paman
cnexkmpockonuje.Ceu y30pyu cy 48pcmu pacmeopu (ayopumue cmpykmype uuja je cpeorsa
genuyuna kpucmanua oxko SNM. Ilomepaj Paman Fyg Mooa xa nudicum enepeujama u mwe2060
ACUMEMPUYHO wuperbe Modice ce 00jacHumu KOMOUHOBAHUM ehekmuma @HOHOHCKO2
kongajumenma u cmpejua. Iojasa dodamuux modosa na [7560 cmi* u 7600 e, npunucyje
ce nocmojarby Y8eOeHux u C80jCMmeeHUX o* saxkancuja y yepujymosoj pewiemxu. Paman
cnexkmpu ooepesarnoe CeygoBag 200,-5y30pKa ykazyjy Ha Hecmabuanocm 08oe cucmema.
Kuwyune peuu: Ba donupanu nanonpaxosu yepujyma, XRD memoo, Ramanoso pacejarve,
cenapayuja asza.




