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bstract

anocrystalline powders of solid solution CeO2–Bi2O3 were synthesized by self-propagating room temperature reaction (SPRT) procedure with
omposition (Ce1−xBixO2−δ where the x  = 0.1–0.5). X-ray diffraction analyses show that for x  < 0.50 a solid solution with fluorite structure is formed.
ietveld’s structure refinement method was applied to characterize prepared powders and its microstructure (size–strain). The lattice parameters

ncrease according to Vegard’s rule with increasing of Bi concentration. The average crystallite size is about 2–3 nm. Spectroscopic ellipsometry
nd Raman scattering measurements were used to characterize the samples at room temperature. The Raman measurements demonstrated electron

olecular vibrational coupling and increase of oxygen vacancy concentration whereas increase of Bi content provokes a small decrease of optical

bsorption edge in comparison with pure ceria. Specific surface area of obtained powders was measured by Brunauer–Emmet–Teller (BET) method.
 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Oxide solid solutions (CeO2)1−x(BiO1.5)x are expected to
e a novel electrolyte exhibiting new electrochemical transport
roperties because ceria-based solid solutions doped with lower
alence ions usually possess oxide ion conductivity higher than
ttrium-stabilized zirconia (YSZ) and because the oxide ionic
onductivity of δ-Bi2O3 is the highest to date. Both δ-Bi2O3
nd CeO2 have fluorite type of structure, but there are some
tructural misfits because of the differences in ionic radius size
nd valence state (r(Bi3+) = 0.117 nm and r(Ce4+) = 0.097 nm1).
nyway structural similarity between these oxides favors a high

olubility of Bi in CeO2 by enlarging the cell volume and retain-
ng cubic symmetry.2

Various methods of synthesis have been used in order to
btain CeO2–Bi2O3 solid solution, such as high temperature

3 4
eramic method, low temperature hydrothermal synthesis,
VA polymerization process,5 combustion process in combina-

ion with hydrothermal analysis6 and coprecipitation route.7 It
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as found that the solubility of Bi in structure of CeO2 is <50%.2

ut still one of the major problem is that all of this methods for
ynthesis involves multiple steps of mixing, grinding and firing
n high temperatures, so it would be of great interested to syn-
hesize this material by simple method on lower temperatures
ith the preference of forming nanocrystalline solids. One of

he methods that is cost and time effective is the self propagat-
ng room temperature (SPRT) synthesis (with whom we were
ble to produce nanocrystalline materials with an average crys-
allite size below 10 nm). This method was already successfully
sed for synthesis of other CeO2 based nanopowders8–10 and
-Bi2O3.11

The aim of this work was to use this simple and effective
PRT method in order to obtain obtained nanosized powder sam-
le of CeO2–Bi2O3 solid solution, with crystallite size less than

 nm.

.  Experimental
.1.  Synthesis  procedure

Nanocrystalline CeO2–Bi2O3 was synthesized by a SPRT
ethod using cerium nitrate hexahydrate (Riedel-de Haën, 99%

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.009
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Fig. 1. X-ray diffraction patterns of Ce1−xBixO2−δ powders (x = 0.1, 0.2, 0.3,
0
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urity), bismuth nitrate pentahydrate (Riedel-de Haën, 99%
urity) and sodium hydroxide (Lach-Ner, 99% purity) as starting
aterials. Preparation of Ce1−xBixO2−δ powder was performed

ccording to reaction:

1−x)Ce(NO3)3·6H2O +  xBi(NO3)3·5H2O +  3NaOH

+ (½−δ)O2 →  Ce1−xBixO2−δ +  3NaNO3 +  yH2O (1)

The above reaction proceeds at room temperature after the
ixture of reactants was mechanically activated by hand mixing

n alumina mortar for 5–7 min, until the mixture gets light yellow.
fter being exposed to air for 3 h, the mixture was suspended

n water in order to eliminate NaNO3. Rinsing was performed
n centrifuge — Centurion 1020D, at 3500 rpm for 10 min. This
rocedure was performed four times with distilled water and
wice with ethanol, and after that, material was dried out at 60 ◦C
n ambient atmosphere.

.2.  Characterization  of  synthesized  nanopowders

The structure of obtained powder was determinate by X-ray
owder diffraction on a Siemens D-500 XRPD diffractometer
ith Cu K�1,2 radiations, at room temperature. Data for struc-

ural refinement were taken in the 2θ  range 20–70◦, with the
tep of 0.03◦ and scanning time of 10 s per step. The refinement
as performed with the FullProf computer program12–14 which

dopts the Rietveld calculation method. The TCH pseudo-Voigt
rofile function was used. To take instrumental broadening into
ccount, the XRD pattern of a standard specimen CeO2 was fit-
ed by the convolution of the experimental TCH pseudo-Voigt
unction.15

Unpolarized Micro-Raman scattering measurements were
erformed in the backscattering configuration using Jobin
von T64000 spectrometer equipped with nitrogen cooled
ymphony® charge-coupled-device detector (CCD). As an
xcitation source we used 514.5-nm line of Ar+/Kr+-ion
aser operating at low power in order to avoid sample heat-
ng.

Ellipsometric measurements were performed in the UV–vis
pectral range, using high resolution variable angle spectro-
copic ellipsometer (SOPRA GES5E – IRSE) of the rotating
olarizer type.

Adsorption and desorption isotherms of N2 were measured
n samples, at −196 ◦C, using the gravimetric McBain method.
he specific surface area, SBET, pore size distribution, mesopore

ncluding external surface area, Smeso, and micropore volume,
mic, for the samples were calculated from the isotherms. Pore
ize distribution was estimated by applying BJH method16 to
he desorption branch of isotherms and mesopore surface and
icropore volume were estimated using the high resolution �s
lot method.17–19 Micropore surface, Smic, was calculated by
ubtracting Smeso from SBET.

r
t
o

.4 and 0.5).

.  Results  and  discussion

.1.  XRPD

The X-ray patterns show that synthesized powders are sin-
le phase solid solutions even for a very high concentration of
i ions (Fig. 1). One can see that all patterns exclusively show
iffraction peaks corresponding to CeO2 fluorite structure indi-
ating that that the Bi3+ ions are incorporated in ceria lattice
nstead of Ce4+ ions. None of the samples showed any evidence
or impurity phases. This high solubility may be attributed to
onequilibrium condition, which is characteristic of nanometric
owders. All peaks for each sample are significantly broad-
ned indicating small crystallite size and/or strain. Also some
eflections for corresponding atomic planes (h  k  l: 2 0 0, 4 0 0,

 1 1, 4 2 0) are impossible to indicate due to low crystallinity of
btained powders.

Data reported by Kuemmerle and Heger20 was used as start-
ng structural model for Rietveld refinement. Refined structure
nd microstructure parameters are given in Table 1. Correspond-
ng agreement factors are also given in Table 1. Reasonable
alues of R  factors and χ2 are an indication of good refine-
ent. The lattice parameters (Table 1) of the identified fluorite

tructures in the X-ray patterns verified formation of ceria solid
olutions according to which the lattice parameters increase
ccording to the Vegard’s rule with increasing of Bi3+ concen-
ration. According to Shannon’s compilation,1 the ionic radii of
e4+ and Bi3+ for CN 8, are 0.97 and 1.17 Å, respectively. Thus,
ixing of Ce4+ and Bi3+ ions and increasing Bi3+ concentration
ill keep on enlarging cell lattice.
Values of averaged apparent crystallite size obtained by the

efinement of the TCH-pV parameters for all samples are less

han 4 nm. The values of microstrain increase with increasing
f dopant concentration due to distorsion in CeO2 crystal lattice
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Table 1
Refined structural and microstructural parameters for Ce1−xBixO2−δ samples (x = 0.1, 0.2, 0.3, 0.4 and 0.5) and corresponding agreement factors.

Sample a (Å) Crystallite size (nm) Strain (103 Å) Rp (%) χ2

Ce0.9Bi0.1O2−δ 5.4370(2) 3.60(1) 172 6.10 1.02
Ce0.8Bi0.2O2−δ 5.4470(1) 3.90(6) 214 9.76 1.07
Ce0.7Bi0.3O2−δ 54575(1) 3.92(3) 289 7.66 1.07
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poration of Bi3+ cations in ceria lattice.28 Intensity of both
oxygen vacancy modes increases with doping content up to 40%.
e0.6Bi0.4O2−δ 5.4640(2) 2.58(1) 

e0.5Bi0.5O2−δ 5.4920(2) 3.41(5) 

rovoked by incorporation of larger Bi3+ ion on Ce4+ site in
uorite crystal lattice.

Recently, Hong proposed an equation for calculating lat-
ice parameters of a fluorite structure based on the ion-packing

odel21 described by following equation:

 =
{

4√
3

· [rM −  rCe −  0.25rO +  0.25vO]

·u + 4√
3

· [rCe +  rO]

}
· 0.9971.  (2)

here rM, rCe, rO and rvo are the ionic radii of the dopant cation,
erium ion, oxygen ion and oxygen vacancy in Å, respectively;

 is the dopant molar fraction.
Calculated according to Eq. (2), and measured lattice param-

ter a of doped ceria (Fig. 2) versus Bi3+ content, obeys Vegard’s
ule. The results show that there is very good agreement between
xperimental and calculated values. A small discrepancy can be
ttributed to changes in the anion vacancy radius or to decrease
n the cation coordination number.22 Since in dilute solution, the
adius of a cation changes linearly with dopant concentration,
hen the anion radius must exhibit linear dependence with the
ncreasing concentration of anion vacancies.23 In this paper we
sed a fixed value of the oxygen vacancy radius (1.164 Å).24
t is known that fixed value for anion vacancy radius is not
ccurate23 and this might be responsible for observed small devi-
tion. Also, some of the Ce4+ ions could be reduced to Ce3+ ions.
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ig. 2. Calculated (�) and measured (�) lattice parameter (ao) of doped ceria
s a function of Bi content in samples (Ce1−xBixO2−δ).

F

350 7.12 1.00
385 9.72 1.24

hen Ce2O3 can be considered as a dopant in CeO2 lattice. For
mall concentrations of Ce2O3, Vegard’s rule is valid, thus the
nit cell parameter of CeO2 should be linearly dependent on the
uantity of dopant (i.e. present Ce2O3).25 It should be taken into
ccount that additional presence of Ce3+ introduces new oxygen
acancies in the structure.

.2.  Raman  spectral  studies

Raman spectra of Ce1−xBixO2−δ samples are presented in
ig. 3. For the low Bi concentrations (x  = 0.1) three modes
t 456, 520 and 600 cm−1 are presented. The Raman mode
t ∼456 cm−1 is assigned to the F2g mode of CeO2 fluorite
tructure.26 The F2g mode, in Ce1−xBixO2−δ samples, shifts
o lower frequencies and significantly broadens with increas-
ng of dopant concentration up to 40%. This mode presents
ymmetrical stretching vibrations of CeO8 vibration unit and
hould be very sensitive to the oxygen sublattice disorder and
hange of local environment with doping.26 Additional modes,
ocated at 529 cm−1 and 600 cm−1, can be ascribed to pres-
nce of Bi3+ ions27 and extrinsic and intrinsic oxygen vacancies
enerated as charge compensating defects induced by the incor-
or 50% Bi-doped samples these two modes merge almost in
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Fig. 3. Raman spectra of bismuth ceriom oxide solid solution.
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Table 2
Porous properties of Bi doped CeO2 samples.

Sample SBET (m2/g) Smeso (m2/g) Smic (m2/g) Vmic (cm3/g)

10% Bi 45 20 25 0.016
20% Bi 39 12 27 0.016
30% Bi 84 39 45 0.027
40% Bi 209 89 120 0.071
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Fig. 4. (�E)2 versus photon energy plots for determination of band gap.

ne very intensive mode followed by a drastic intensity decrease
nd minor blue shift of ceria F2g mode. Observed shift of F2g
ode in this sample can be explained by Raman mode mixing
ith different optical phonon states due to high disorder and the
resence of high defect concentration.29

From Raman scattering results it was confirmed the results
btained with X-ray powder diffraction that all synthesized pow-
ers are single phase solid solutions (with CeO2 fluorite type of
tructure), which are independent of dopant concentration in
he investigated range, with complex local atomic arrangement
round Ce4+ and Bi3+ ions for high dopant concentration, which
s on the other side very different from low doping regime (less
han 40% of Bi).

.3.  Elipsometric  measurements

The direct optical band gap (Eg) was evaluated from the
eneral equation15:

αE)2 =  b(E  −  Eg) (3)

here α  is the absorption coefficient related to the measured
xtinction coefficient k  (α  = 4πk/λ), E  is photon energy and
arameter b is related to the density of states in the conduc-
ion band. Linear plots of (αE)2 towards zero energy are shown
n Fig. 4 and the values of band gap for Bi doped ceria samples
ere determined from these plots.
By analyzing the absorption behavior we can observe that

oping with up to 40% of Bi3+ ions provokes a small decrease
f band gap value – Eg, due to additional electronic levels intro-
uced within the band gap. These states are originating from
xygen vacancy defect states30 and electronic states of Bi3+ ions.

3+
Further doping with Bi ions lead to increase of band
ap value. We assumed that the additional Bi3+ ions lead
o increasing of the number of oxygen vacancies till certain
opant concentration following formation clusters of oxygen

h
f
o

0% Bi 20 11 9 0.006

acancies.31 That also can explain the results obtained by Raman
pectral studies, which show that samples with high concentra-
ion have different local atomic arrangement.

.4. Brunauer–Emmet–Teller  (BET)

Specific surface areas calculated by BET equation, SBET, are
isted in Table 2. SBET values, for all samples, lie within 20–209

2/g. Values of SBET from Table 2 show that overall specific
urface SBET depends on the amount of doped Bi. The largest
pecific surface was detected at sample with 40% of Bi.

These results are in good agreement with results obtained
y elipsometric measurements and Raman spectroscopy. They
onfirmed assumption that in samples with more than 40% of Bi
xygen vacancies starts to form clusters, which on the other hand
ave a significant impact on the physical properties of materials.

Pore size distribution (PSD) of samples shows that samples
re mesoporous and microporous with most of the pores radius
etween 1.5 and 6 nm. Calculated porosity parameters (Smeso,
mic, Vmic) are given in Table 2.

. Conclusion

Solid solution between CeO2 and Bi2O3 was successfully
ynthesized in range from 10 to 50% of Bi using simple, time
nd cost effective SPRT method of synthesis. It was found that
he ceria powders with up to 50% of Bi are solid solution with
uorite type of crystal structure. All synthesized powders have
article size in nanometric range (less than 4 nm). The calculated
nd measured lattice parameters were compared and were found
o be in a good agreement. Raman spectral studies confirmed
hat all synthesized powders are solid solution. Optical proper-
ies of CeO2 nanoparticles are strongly correlated to synthesis
arameters and doping with Bi ions provokes a small decrease
f optical absorption edge. Monitoring and controlling the shift
f optical band gap in ceria based nanomaterials can have sig-
ificant implications in the field of photocatalysis and smart
indows technologies. Specific surface area was measured and

hows that the highest value for specific surface was detected
t sample with 40% of Bi. Increased number of oxygen vacan-
ies caused by doping with lower charge ion (Bi3+) lead to the
mprovement of the characteristics of the synthesized samples
lower band gap and larger specific surface area). But on the other

and excessive concentration of oxygen vacancies leads to the
ormation of clusters which in this case bring the deterioration
f the same optical properties.
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