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studied by Rietveld method
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Abstract

Solid solutions of the pseudo-ternary system Ce0.6/(1+x)Zr(Hf)(0.4−x)/(1+x)Ta2x/(1+x) (0.00≤ x ≤ 0.06), i.e. having molecular composition
1, 2, 3, 4, 5 and 6% in Ta2O5, have been prepared by traditional ceramic methods (1500◦C for 3 h). SEM observations and analysis of the
X-ray diffraction powders allowed to establish that the solubility of Ta2O5 in the above mentioned system is 4 %mol. The Rietveld analysis
of the powder X-ray diffraction data has shown that all the samples of the solid solution crystallize in tetragonal space groupP42/nmc(No.
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37) but are nearly cubic, space groupFm3̄m (No. 225). The freshly prepared specimens (from 1 to 4 %mol of Ta2O5) show additiona
eaks due to a tetragonal supercell and also to a modulated structure. However, the modulated peaks disappear after 8 months. C
ontaining 5 and 6% of Ta2O5 show also additional peaks due to a small quantity of two crystalline phases having approximate com
rO2–2CeO2–Ta2O5 and 2CeO2–Ta2O5 (later on identified as CeTaO4).
2004 Elsevier Ltd. All rights reserved.
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. Introduction

ZrO2–CeO2 solid solutions and the relative phase dia-
ram were studied through many techniques.1–21 However,

n spite of these efforts, many discrepancies persist in the
iterature.18–21 The crystallography of the ZrO2–CeO2 sys-
em is still a matter of debate.1–10 A common practice de-
cribe the tetragonal structure (P42/nmc) with a double cell,
hus it is transformed into a face-centered tetragonal cell.
uch a transformation emphasizes the connection with the
uorite structure, in fact this double cell hasa = at

√
2, b

bt
√

2 andc = ct . This practice is unsuitable in X-ray re-
nement using least-squares method because the use of a
upercell leads to high correlations and near-singularities in
he refinement procedure,22 thus it is necessary to use the
rue space group (P42/nmc) and to introduce the concept of
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tetragonality (T) that is defined by Howard and Hunter23 as
T = ct /(at

√
2).

Moreover, according to recent investigations,20,21 and to
our results, there are three different tetragonal forms calt,
t′ and t′′, all having space groupP42/nmc (No. 137). The
t form is the stable form at high temperature, has a
CeO2 content (20–40 mol%), is transformable into the m
oclinic form and has a tetragonality greater than 1.00;t′ is
a metastable form even at high temperature, has high2
contents (40–65 mol%) and a tetragonality greater than
t′′ is an intermediate form betweent′ and thecubic-phase
and has tetragonality equal to 1.00 but it presents the ox
atom displaced from 0.5000. Then, it is difficult to dis
guish between thet′′ and the cubic form because there is
splitting of the peaks, while this is possible with the Rietv
method since we should obtainat

√
2 = ct but a displace

ment of the oxygen atom fromz = 0.5000, this is indee
one of the major difficulties encountered in this invest
tion.

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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Moreover Howard and Hunter23 have proposed a linear re-
lation betweenδ (the oxygen parameter shift) and the tetrag-
onalityT:

δ = 0.24

√
1 −

(
1

T

)2

(1)

whereTmust be≥1.000. This relation will be used to cal-
culateδ. We must note that ifT = 1.00 thenδ = 0.00, i.e.
no oxygen shift is possible without deformation of the cubic
cell, therefore at′′ phase would not be possible.

Introduction of ZrO2 into a solid solution with CeO2
favours the NO decomposition in the automotive three-way
catalyst converters because ZrO2 promotes the reduction of
CeO2 to Ce2O3. The reduced ceramic support enhances the
effectiveness of the Rh catalyst in the NO decomposition and
probably participates directly to the NO conversion.24–28

The Ce3+ ions associated with oxygen vacancies have
been suggested as promoting sites for the above mentioned
reaction,24–28 therefore it was decided to incorporate Ta2O5
into the ZrO2–CeO2 solid solution in order to stabilize a
higher quantity of Ce3+. The solid solution containing CeO2
(60 mol%) and ZrO2 (40 mol%) was chosen because it ap-
pears very effective in the NO conversion and it exhibits, in
an appropriate atmosphere and in the presence of supported
rhodium, a high reducibility.24–28

2

2

H d
T the
s iate
q gate
p ing
t eight
= h at
1 ol-
i as
d d the
p
a on
b
t pale
y
h Ce
p

lium
p 2%
( ain-
i and
g

g the
f

Specimen no. 1 CeO2 (60.00%)–ZrO2 (39.22%)–HfO2
(0.78%)

Specimen no. 2 CeO2 (60.00%)–ZrO2 (38.24%)–HfO2
(0.76%)–Ta2O5 (1.00%)

Specimen no. 3 CeO2 (60.00%)–ZrO2 (37.25%)–HfO2
(0.75%)–Ta2O5 (2.00%)

Specimen no. 4 CeO2 (60.00%)–ZrO2 (36.27%)–HfO2
(0.73%)–Ta2O5 (3.00%)

Specimen no. 5 CeO2 (60.00%)–ZrO2 (35.29%)–HfO2
(0.71%)–Ta2O5 (4.00%)

Specimen no. 6 CeO2 (60.00%)–ZrO2 (34.31%)–HfO2
(0.69%)–Ta2O5 (5.00%)

Specimen no. 7 CeO2 (60.00%)–ZrO2 (33.33%)–HfO2
(0.67%)–Ta2O5 (6.00%)

while the nominal compositions of the seven specimens is:

Specimen no. 1 Ce0.60000Zr0.39216Hf0.00784O2
Specimen no. 2 Ce0.59406Zr0.37857Hf0.00757

Ta0.01980O2.00990
Specimen no. 3 Ce0.58824Zr0.36524Hf0.00730

Ta0.03922O2.01961
Specimen no. 4 Ce0.58252Zr0.35218Hf0.00704

Ta0.05826O2.02913
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. Experimental

.1. Preparation of the samples

ZrO2 monoclinic crystalline powder (ZrO2 97.5% and
fO2 2.0%, Unitec Ceramics), CeO2 (99.9%, Fisher) an
a2O5 (99.0%, Aldrich), were used as arrived being in
ame form employed in the industrial practice. Appropr
uantities of the starting powders were mixed in an a
lanetary mill for 8 h as wet (ethanol) slurries. After dry

hey were pressed into small cylinders (diameter and h
1 cm) at 200 MPa and fired, on a platinum strip, for 3

500◦C in a MoSi2 electric furnace. The heating and co
ng rates were of 5◦C/min. The sintering temperature w
ecided on the basis of preliminary tests, which showe
resence of a liquid phase in the richest Ta2O5 composition
t temperature above 1630◦C and an incomplete reacti
etween the oxides at a temperature of 1400◦C. After firing,

he sample containing only ceria and zirconia showed a
ellow colour, whereas all specimens containing also Ta2O5
ad a dark-green colour that is a clear evidence of the3+
resence.

The samples relative density, measured with a he
ychnometer (Carlo Erba DP 110 RC), ranged from 9
ceria-zirconia composition) to 98% (composition cont
ng Ta2O5 3 %mol). The sintered samples were crushed
round in an agate mortar.

We have decided to study the seven specimens havin
ollowing molecular composition (mol%):
pecimen no. 5 Ce0.57692Zr0.33937Hf0.00679
Ta0.07692O2.03846

pecimen no. 6 Ce0.57143Zr0.32680Hf0.00654
Ta0.09524O2.04762

pecimen no. 7 Ce0.56604Zr0.31447Hf0.00629
Ta0.11321O2.05660

.2. Thermogravimetric measurements

Thermogravimetric measurements were performed i
p to 600◦C with a Netzsch equipment (STA 409) on p

ions (1 gr.) of the ground materials (heating and cooling r
0◦C/min). The samples were kept at the highest temp

ure for 8 h in order to restore their oxygen content.15,19 The
xamination of the TG diagrams (corrected for the buoy
ffect) did not reveal a detectable weight gain therefore
ossible to infer that, during the cooling state of the sin

ng process, the Ce2O3 present at high temperatures8,9 was
argely reoxidized to CeO2 (the T.G. equipment sensitivi
nder our working conditions was estimated at near±1 mg).

.3. SEM observations

Fragments of the sintered samples were polished, ca
oated and observed with a Scanning Electrons Micros
SEM) coupled with a EDS device for the chemical analy
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2.4. X-ray data collection

Prior to XRD measurements the sintered samples were
long pressed in an agar mortar to obtain fine microcrystalline
powders. The XRD measurements were made at three differ-
ent sample ages: (i) freshly prepared specimens (∼=10 days);
(ii) 8 months after the sintering process; and (iii) 51 months
after the sintering process. The XRD patterns were collected
at 295 K using two different diffractometers:

(i) a Siemens 386-X-AZ diffractometer with nickel-filtered
Cu K� radiation (30 mA, 40 kV). This device was used
only for preliminary investigation and the X-ray data
were never used in the Rietveld refinements;

(ii) a D5005 X-ray vertical diffractometer (Bragg–Brentano
parafocusing geometry) of the Bruker Analytical X-
Ray systems equipped with a diffracted beam graphite
monochromator and a scintillation counter. The X-ray
beam contained Cu K�1 and Cu K�2 wavelengths, re-
spectively with�K�1 = 1.5406Å and �K�2 = 1.5444Å
and intensity ratio Cu K�2/Cu K�1 of 0.5. A divergence
slit of 0.6◦ and a receiving slit of 0.1 mm were used.

The XRD spectra of the 8 months aged compounds, with
composition 0, 1 and 2% in Ta2O5, were collected with a

step-size of 0.02◦ and a step counting of 5 s and a scan range
of 5–140◦ in 2θ. This combination provides a total of 6501
data points. All the other XRD spectra, except the specimen
no. 3, were collected with a scan range of 10–150◦ in 2θ, a
step-size of 0.02◦ and a step counting of 16 s, this combina-
tion provides a total of 7001 data points. For the specimen
no. 3: Ce0.58824Zr0.36524Hf0.00730Ta0.03922O2.01961 more so-
phisticated conditions (scan range 10–150◦ in 2θ, step-size
0.015◦ and step counting 15 s) were used. This combination
provides a total of 9345 data points.

3. Determination of the extent of the solid solution
zone

3.1. SEM observations

The analysis of the back-scattered images revealed that
the solid solution extends up to composition 5 (0.00≤ x ≤
0.04), whereas forx values above 0.04 (compositions 6 and
7) the presence of a little amount (less than 5%) of other two
phases was observed.

The microstructure of the sample containing 6 %mol of
Ta2O5 is presented inFig. 1.
Fig. 1. SEM image showing the microstructure of the sample containing 6 %
mol of Ta2O5. Two different phases dispersed in the matrix are clearly shown.
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It is possible to see two different phases dispersed in the
solid solution matrix. The chemical analysis performed with
the EDS device allowed to establish that the brighter phase
has a 2CeO2–Ta2O5 binary composition, whereas the grey in-
clusions containing also zirconia have a ZrO2–2CeO2–Ta2O5
ternary composition. However, the scarce accuracy of this an-
alytical method did not allow to establish the exact chemical
composition of the above mentioned phases, only later, with
the help of the Rietveld method, the brighter phase was unam-
biguously identified to be the monoclinic compound CeTaO4.

3.2. Analysis of the X-ray diffraction patterns

The presence of the two phases in the specimens contain-
ing 5 and 6% in Ta2O5 is confirmed also by the examination
of the X-ray diffraction patterns. They show also some addi-
tional peaks attributable at these new crystalline phases (see
later).

4. X-ray crystallographic study

4.1. Methods and programs used

Since the samples are nearly cubic, the usual visual analy-
s rmi-
n trary
t from
t ens
a en-

T
R

A 8
C Te nal
S P42/
a 3.74 )
c 5.31
T 1.00 )
c 0.00 )
U 79(4
V −14
W 10.7
η 0.69
η 0.0 )
A 0. )
t –
B 0.32
Z 0.48 5)
Z 0.48
B 1.49
P 20
R 2.44
R 2.02
R 8.61
R 11.5
S 1.6

tal broadening. The programs used were DBWS-9411 and
DBWS-9807 for PC29 and all the definition and interpreta-
tions of the numerical criteria of fit (Rp, Rwp, RB, RF, S =
G.O.F.) were taken from these programs or fromTable 1.3–
some often-used numerical criteria of fit – contained in the
book of reference.30 Other programs used were: DMPLOT31

for performing the plot of the calculated and experimental
XRD spectra presented inFigs. 2–10.

The atomic scattering factors of the ionic species, Zr4+,
Hf4+, Ce4+, Ta5+ were approximated using the coef-
ficients reported on the International Tables for X-Ray
Crystallography,32 while the coefficients of O2− where taken
from reference.33

4.2. Parameters used in the Rietveld refinements

The Rietveld refinement carried out in the space group
Fm3̄m presents 18 parameters that are: 1: one total scale
factor; 2–7: six background parameters; 8–10:U, V, W
half-width parameters entering in the parabolic formula of
Cagliotti et al.;34 11: the cubic cell translationa; 12: the Ri-
etveld asymmetry parameter applied to Bragg-peaks with 2θ

< 90◦; 13–14: two parametersη0 andηt used for modelling
the variation of the mixing parameterη with 2θ asη = η0 +
ηt2θ, η enter in the pseudo-Voigt (pV) function:

p

w ;
1 all
t

is of the X-ray spectra might lead to an ambiguous dete
ation of the crystal structure of the samples, on the con

he Rietveld method is able to establish unambiguously,
he XRD spectra, the true structure of the various specim
nd to provide information on particle size and instrum

able 1
ietveld refinement of specimen 1, Ce0.60000Zr0.39216Hf0.00784O2

ge in months 8
rystal system Cubic
pace group Fm3̄m
= b (Å) 5.3044(0)
(Å) –
etragonality (T)a –
− a

√
2 –

× 103 [◦(2ϑ)2] 122(4)
× 103 [◦(2ϑ)2] −23(4)
× 103 [◦(2ϑ)2] 11.7(8)

0 0.68(1)

t 0.0003(2)
symmetry parameter 0.060(2)

(Sparks) –

(Ce4+,Zr4+,Hf4+) 0.32(1)

(O2−) 0.5000

(O2−) from T –

(O2−) 1.74(6)
arameters number 18

B 2.45

F 1.63

p 9.02

wp 12.10
= G.O.F. 1.72

a T = ct /(at
√

2).
51 51
tragonal Cubic Tetrago
nmc Fm̄3m P42/nmc
85(1) 5.3044(1) 3.7485(1

09(1) – 5.3104(2)
183(2) – 1.00174(2
972(2) – 0.00922(3
) 138(7) 118(7)

(3) −17(6) −25(6)
(6) 1.3(1.1) 4.3(1)
(1) 0.91(2) 0.96(2)

012(3) −0.024(4) −0.0024(4
057(2) 0.040(8) 0.037(8

−0.18(8) −0.14(9)
(1) 0.41(16) 0.33(16)
11(13) 0.5000 0.4831(3
55 – 0.4859
(7) 1.47(18) 1.28(21)

19 21
3.80 3.78
2.30 2.84
9.72 9.53

3 12.75 12.38
4 1.16 1.13

V = ηL + (1 − η)G (2)

hereL is Lorentian function andG is Gaussian function
5: one isotropic parameterU constrained to be equal for

he Mn+ ions; 16: one isotropic parameterB for O2− ion; 17:
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Fig. 2. Rietveld refinement plot of the Cu K� data for specimen no. 4: [CeO2

(60.00%)–ZrO2 (36.27%)–HfO2 (0.73%)–Ta2O5 (3.00%)], collected few
days (∼=10 days) after the sintering process. Note on the lower spectrum the
small spurious peak on the right of the strong (0 1 1)t peak. The other spectra
collected during 4 months after the sintering process show that this spurious
peak is greatly reduced.

theG1 March–Dollase parameter for modelling the preferred
orientation;35 18: 2θ-zero point offset; and when needed 19:
thet parameter of the Sparks et al.36 model for surface rough-
ness. Since the Rietveld refinement in the tetragonal space
groupP42/nmcwas always carried out with isotropic ther-
mal parameters, only two new variables must be added and
precisely the cell parameter c and thezcoordinate of the O2−
ion.

5. Detailed analysis of the X-ray diffraction data

5.1. Specimen no. 1: Ce0.60000Zr0.39216Hf0.00784O2

The data collected after few days show only spurious peak
of types A and B and the data are the same as those collected
afterwards.

5.1.1. Rietveld refinement of the data collected after 8
months

The Rietveld refinement started in the space groupFm3̄m
and presents 18 total parameters as explained in general dis-
cussion. The splitting of the peak in the 2θ regions at 70–72◦,
78–79◦ and 80–82◦ is not so clear (seeFig. 10) to indicate a
tetragonal specimen as it was found by Yashima et al.12 for an
analogous specimen but having composition Ce0.65Zr0.35O2
(seeFig. 1p. 1068 of Ref.[12]). Moreover, the (0 1 2)t peak
at 2θ = 41.65◦, is very weak but visible (seeFig. 10), so a
second Rietveld refinement was carried out in the tetrago-
nal space groupP42/nmc, now two new variables must be
added and precisely the cell parameterc and thez coordi-
nate of the O2− ion. Selected final parameters andR fac-
tors are reported inTable 1. It is evident that the refinement
with the tetragonal space group givesR factors that are lower
than the cubic ones,�Rwp = 12.10–11.53 = 0.57 andR =
Rwp(cubic)/Rwp(tetragonal) = 1.0494. Although the Hamil-
ton test37 suggest the tetragonal space group as more prob-
able, we cannot use it because such significance test is not
reliable in presence of heavy atoms.38 However, taking also
into account that the peak (0 1 2)t is effectively present, we
have no doubt that this specimen is really tetragonal.

The very lowR Bragg indices and the relatively highRp
andRwp indices of the preceding refinements have prompted
us to make a refinement with two phases for modelling better
t ubic
a is de-
s ex-
a ssess
a el.

ntly
t ag-
o ry
n cult
t rag-
o en is
t and
t e
p ar
t

5
m

men
w hown
t cture
( l-
m
f

5
and

5 very
u on on
t

he profile fitting, for example two cubic phases or one c
nd one tetragonal or two tetragonal phase. Each phase
cribed by an appropriate pseudo-Voigt function. This is
ctly equal to consider that the crystalline specimens po
bimodal distribution as reported by Young and Sakthiv39

The refinement with two phases have lowered significa
heRp andRwp factors especially for the tetragonal– tetr
nal case (seeTable 2). Tetragonality remains always ve
ear to 1.00 or rather slightly lower than 1.00, so it is diffi

o decide, using only tetragonality, if this specimen is tet
nal or cubic. Furthermore, we can say that this specim

ruly tetragonal on the basis of the Rietveld refinements
he presence of the tetragonal (0 1 2)t peak. Moreover, th
resence of the (0 1 2)t peak and the tetragonality very ne

o 1.00 suggest that this specimen is at′′ phase.

.1.2. Rietveld refinement of the data collected after 51
onths
The Rietveld refinements, carried out on this speci

ith the same modalities as the preceding ones, have s
hat it preserves the tetragonal rather than the cubic stru
seeTables 1 and 2), also if the (0 1 2)t peak disappears a
ost completely (seeFig. 10), so we may classify it as at′

orm.

.1.3. Note on the tetragonality of the first specimen
Specimen no. 1 refines, both with data collected after 8

1 months, with a tetragonality lower than 1.00 that is a
nexpected result not easily explicable (see the discussi

etragonality). However, inTables 1 and 2we report only the



1868 D.A. Clemente et al. / Journal of the European Ceramic Society 25 (2005) 1863–1876

Fig. 3. Rietveld refinement plot of the Cu K� data for specimen no. 1: [CeO2 (60.00%)–ZrO2 (39.22%)–HfO2 (0.78%)], collected 51 months after the sintering
process. The observed data are indicated by plus signs, the calculated profile is the continuous line overlaying them, and the lower curve is the difference
between the observed and calculated intensity at each step. The row of vertical tick marks gives the position of all Bragg reflections. The additional weaker sharp
peaks are distinguishable because they are without the vertical tick mark. In this manner two additional very weak sharp peaks (A and B) are distinguishable,
they have fractional indices (1/2 0 1/2) and (1/2 1/2 1), respectively.

refinements with tetragonality greater than 1.00 also if they
presentR factors slightly greater. Moreover, this compound
is very strange because it has been studied many times but it
has been reported with different crystal structure depending
on many factors as the particular chemical history, the sin-
tering temperature, the quenching rate, the oxygen vacancies
and so on. In fact, Meriani and coworkers2–4 found for this

F eO2 (60.0 s
a

composition a cubic phase witha= 5.3049Å and a tetragonal
t′ phase witha = 3.7315Å, c = 5.3074Å, with tetragonalityT
= 1.0057, again Meriani and coworkers7 found a cubic phase
for a specimen sintered at 1600◦C for 2 h, and Yashima et
al.8,9 found a tetragonalt′ phase with tetragonalityT = 1.005
or a cubic one witha = 5.3125Å. Finally Zhou40 reported a
fully stabilized cubic phase.
ig. 4. Rietveld refinement plot of the Cu K� data for specimen no. 2: [C
fter the sintering process. Data presented asFig. 3.
0%)–ZrO2 (38.24%)–HfO2 (0.76%)–Ta2O5 (1.00%)], collected 51 month
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Fig. 5. Rietveld refinement plot of the Cu K� data for specimen no. 3: [CeO2 (60.00%)–ZrO2 (37.25%)–HfO2 (0.75%)–Ta2O5 (2.00%)], collected 51 months
after the sintering process. Data presented asFig. 3.

5.2. Specimens containing Ta2O from 1 to 6 mol%

These specimens were refined either as cubic in space
groupFm3̄m and as tetragonal in space groupP42/nmc. This
refinement was carried out using only the three parameters
U, V, W for modelling peaks width while for modelling the
profile shape the pseudo-Voigt function was used. TheRp
andRwp factors in the cubic system remained always very
high but more important the calculated spectrum did not fit
with the experimental data. When the tetragonal space group
P42/nmcwas used a better agreement was obtained. All the

F eO2 (60.0 s
a l indic

specimens containing Ta2O5 are tetragonal with space group
P42/nmc(No. 137), however the tetragonality of the six spec-
imens (seeTables 3a and 3b) is very near to 1.00, i.e. they are
nearly cubic. The differencec − a

√
2, although very little,

being in the range 0.0208(4)–0.03494(8)Å, is surely signifi-
cant for the high reliability of the lattice constants determined
by using the Rietveld method.

As already reported, the specimens no. 6 (5% in Ta2O5)
and 7 (6% in Ta2O5) are formed by three phases, the most
important is the usual tetragonal phase but a little amount
(less than 5%) formed by other two phases is present. We
ig. 6. Rietveld refinement plot of the Cu K� data for specimen no. 4: [C
fter the sintering process. Only one additional peak (A) with fractiona
0%)–ZrO2 (36.27%)–HfO2 (0.73%)–Ta2O5 (3.00%)], collected 51 month
es (1/2 0 1/2) is present, other data asFig. 3.
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Fig. 7. Rietveld refinement plot of the Cu K� data for specimen no. 5: [CeO2 (60.00%)–ZrO2 (35.29%)–HfO2 (0.71%)–Ta2O5 (4.00%)], collected 51 months
after the sintering process. Only one additional peak (A) with fractional indices (1/2 0 1/2) is present, other data presented asFig. 3.

have ascertained that one phase is surely constituted by the
monoclinic compound cerium tantalum oxide (CeTaO4). The
crystal and molecular structure of this compound is well
know41 (monoclinic, space groupP21/c (No. 14)) because
it has been refined with the Rietveld method using neutron
powder diffraction data. Thus, several least-squares cycles
were carried out handling two phases simultaneously, while

F eO2 (60.0 s
a 2 0 1/2) secon
o e to th tick
m these p compos
Z

the third phase, that is present in very small amount, was
not considered. The final results are reported inTables 3a
and 3b.

During some Rietveld refinements very low or also neg-
ative thermal factors were found for metal atoms while that
of the O2− anion was nearly zero, this will be explained later
under the section on microabsorption.
ig. 8. Rietveld refinement plot of the Cu K� data for specimen no. 6: [C
fter the sintering process. Spurious peaks A and B have indices (1/
f vertical tick marks, it gives the position of the Bragg reflections du
arks are very crowded, we have indicated for clarity the strongest of

rO2–2CeO2–Ta2O5. Other data presented asFig. 3.
0%)–ZrO2 (34.31%)–HfO2 (0.69%)–Ta2O5 (5.00%)], collected 51 month
and (1/2 1/2 1), respectively. Now is also present, for the first time, ad row

e monoclinic compound CeTaO4. Since these peaks are very weak and the
eaks with the letter D. Peaks of type C are due to the third phase withition
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Fig. 9. Rietveld refinement plot of the Cu K� data for specimen no. 7: [CeO2 (60.00%)–ZrO2 (33.33%)–HfO2 (0.67%)–Ta2O5 (6.00%)], collected 51 months
after the sintering process. Peaks of types A, B, C and D have the same meaning as inFig. 8. Other data asFig. 3.

5.2.1. Additional very weak sharp peaks
The XRD spectra of the specimens having molecular com-

position 1, 2, 3, and 4% in Ta2O5, especially when the speci-
mens are freshly prepared, show additional very weak sharp
peaks that cannot be indexed in terms of a simple unit cell.
These spurious peaks can be separated in two types, those

Table 2
Rietveld refinement of specimen 1, Ce0.60000Zr0.39216Hf0.00784O2 using bimodal distribution

Age in months 8 51
Number of phases 2 2
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal
Space group P42/nmc P42/nmc P42/nmc P42/nmc
a = b (Å) 3.74503(9) 3.75012(4) 3.7444(2) 3.7505(1)
c (Å) 5.31046(19) 5.31002(9) 5.3157(2) 5.3096(2)
Tetragonality (T)a 1.00268(21) 1.00124(10) 1.0038(3) 1.0011(3)
c − a

√
2 0.01419(22) 0.00655(10) 0.02032(3) 0.00559(3)

U × 103 [◦(2ϑ)2] 106(11) 22(1) 66(12) 47(6)
V × 103 [◦(2ϑ)2] −38(8) −51(3) 6(9) −3(5)
W× 103 [◦(2ϑ)2] 9(1) 46(2) 0.10(19) 1.7(9)
η0 0.00(6) 0.20(1) 1.00(7) 0.64(8)
ηt 0.0083(7) 0.0139(3) 0.00(1) 0.0004(10)
Asymmetric parameter 0.059(9) 0.049(2) 0.058(9) 0.059(9)
t(Sparks) – – −0.14(9) −0.14(9)
B(Ce4+,Zr4+,Hf4+) 0.35(2) 0.35(15)
Z(O2−) 0.4795(10) 0.4795(10) 0.4846(10) 0.4846(35)
Z(O2−) from T 0.4825 0.4881 0.4790 0.4890
B(O2−) 1.36(6) 1.36(6) 1.29(20) 1.29(20)
Parameters number 28 28
R 2.
R 1.
R
R
S
R

that can be indexed using a tetragonal supercell with A = B
= 2a = 2b, C = 2c, and those that cannot be indexed with
this or any other supercell. The first type includes only two
peaks, identified in the figures with the letter A or B, while
the second type includes several reflections, overall identi-
fied with the label C. One or two evident peaks of C type
B (%) 2.06

F (%) 1.85

p 6.98

wp 9.98
= G.O.F. 1.42
elative phase mass (%) 39.43

√
a Tetragonality (T) is defined asT = ct /(at 2).
20 4.07 2.98
88 2.97 2.41

8.77
11.73
1.07

60.57 51.68 48.32
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Fig. 10. This figure shows the peaks that better provide the tetragonal nature of the samples collected after 51 months (the samples collected after 8 months
show a similar trend so they are not reported). The Miller indices are positioned upper the Cu K�1 peak. The very weak (0 1 2)t peak is due only to the little
displacement of the oxygen atom from its cubic position; the (0 0 4)c peak is splitted in (0 0 4)t + (2 2 0)t at 2θ region 70–72◦; the (1 3 3)c peak is splitted in
(1 2 3)t + (0 3 1)t at 2θ region 78–79◦; and (0 2 4)c is splitted in (1 1 4)t + (2 2 2)t + (1 3 0)t at 2θ region 80–82◦. The splitting increases as the Ta2O5 content
increases, reaching a maximum for Ta2O5 = 3% where the K�1 and K�2 peaks are clearly visible, but starting with Ta2O5 = 4% the peak overlap increases
and the splitting is less evident.
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Table 3a
Rietveld refinement of specimens with variable Ta2O5 content, collected after 8 months

Specimen number 2 3 4 5 6 7
Ta2O5 content (%) 1 2 3 4 5 6
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group P42/nmc P42/nmc P42/nmc P42/nmc P42/nmc P42/nmc
a = b (Å) 3.74527(5) 3.74498(4) 3.74281(3) 3.74585(1) 3.74357(1) 3.74150(8)
c (Å) 5.32709(9) 5.32842(7) 5.32768(6) 5.3182(3) 5.32601(10) 5.32496(14)
Tetragonality (T)a 1.00575(10) 1.00608(9) 1.00653(8) 1.0039(4) 1.00601(14) 1.00636(16)
c − a

√
2 0.03048(10) 0.03222(8) 0.03455(7) 0.0208(4) 0.03180(12) 0.03368(16)

U × 103 [◦(2ϑ)2] 59(3) 20(2) 9(1) 167(1) 68(5) 52(4)
V × 103 [◦(2ϑ)2] −10(3) −6(2) 5(1) 9(1) 11(2) 19(5)
W× 103 [◦(2ϑ)2] 17.5(9) 11.4(6) 5.3(4) −9.6(3) 5(1) 5.0(1)
η0 0.41(1) 0.51(2) 0.70(2) 0.90(4) 0.63(2) 0.80(2)
ηt 0.0027(3) 0.0036(4) 0.027(4) 0.000(5) 0.000(5) 0.000(8)
Asymmetry parameter 0.090(4) 0.077(6) 0.082(6) 0.043(15) 0.000(6) 0.000(6)
t(Sparks) −0.46(2) −0.25(4) – – – –
B(Ce4+,Zr4+,Hf4+) 0.66(7) 0.40(2) 0.54(1) 0.62(4) 0.43(2) 0.54(2)
Z(O2−) 0.4735(6) 0.4788(16) 0.4747(13) 0.4663(4) 0.5358(21) 0.5227(32)
Z(O2−) from T 0.4744 0.4736 0.4727 0.4786 0.5262 0.5269
B(O2−) 1.90(9) 2.13(9) 0.76(9) 4.02(33) 1.41(11) 2.40(16)
Number of parameters 21 21 20 20 20 20
RB (%) 4.28 7.99 7.90 7.23 6.09 5.24
RF (%) 3.28 6.20 6.36 4.90 5.09 3.98
Rp (%) 9.15 11.92 11.36 12.46 7.76 8.26
Rwp (%) 12.80 15.18 14.49 16.28 10.15 11.61
S= G.O.F. 1.52 1.90 1.95 1.25 1.60 1.86

a Tetragonality (T) is defined asT = ct /(at
√

2).

Table 3b
Rietveld refinement of specimens with variable Ta2O5 content, collected after 51 months

Specimen number 2 3 4 5 6 7
Ta2O5 content (%) 1 2 3 4 5 6
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group P42/nmc P42/nmc P42/nmc P42/nmc P42/nmc P42/nmc
a = b (Å) 3.74461(6) 3.74394(3) 3.74099(4) 3.7462(1) 3.74519(8) 3.74317(11)
c (Å) 5.32673(11) 5.32700(5) 5.32550(7) 5.3190(3) 5.32547(18) 5.32253(23)
Tetragonality (T)a 1.00586(13) 1.00609(8) 1.00660(9) 1.0040(4) 1.00547(20) 1.00546(26)
c − a

√
2 0.03105(13) 0.03227(6) 0.03494(8) 0.0211(4) 0.02897(19) 0.02889(26)

U × 103 [◦(2ϑ)2] 65(4) 16(1) 13(9) 17(2) 90(8) 246(16)
V × 103 [◦(2ϑ)2] −3(4) 6(1) 4(2) 7(17) 50(8) −116(14)
W× 103 [◦(2ϑ)2] 3.5(7) 0.5(2) 1.7(3) −9(3) −5(2) 32(3)
η0 0.64(2) 0.78(2) 0.92(2) 0.90(4) 0.70(2) 0.71(2)
ηt 0.0016(4) 0.0020(3) 0.0002(3) 0.000(8) 0.000(8) 0.000(9)
Asymmetry parameter 0.033(10) 0.00(1) 0.026(20) 0.045(16) 0.012(7) 0.010(7)
t(Sparks) −0.26(6) – −0.50(2) – – –
B(Ce4+,Zr4+,Hf4+,Ta5+) 0.72(13) 0.39(1) 1.52(11) 0.62(36) 0.69(2) 0.27(3)
Z(O2−) 0.4721(14) 0.4836(30) 0.4715(12) 0.4565(34) 0.5432(22) 0.5328(31)
Z(O2−) from T 0.4741 0.4736 0.4726 0.4787 0.5250 0.5250
B(O2−) 1.48(16) 1.95(11) 2.51(15) 3.53(32) 3.65(20) 1.77(20)
Number of parameters 20 19 20 19 20 20
RB (%) 4.16 5.19 8.34 8.11 7.20 7.63
RF (%) 3.01 4.38 6.31 5.33 3.61 5.44
Rp (%) 8.88 8.45 10.47 12.65 6.86 7.59
Rwp (%) 11.60 11.12 13.48 16.44 9.11 10.00
S= G.O.F. 1.07 1.12 1.16 1.26 1.54 1.57

a T = ct /(at
√

2).
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are often found in opposite side of the strongest reflections:
(0 1 1)t, (0 0 2)t–(1 1 0)t, (1 1 2)t–(0 2 0)t and (0 1 3)t–(1 2 1)t,
as an exampleFig. 2 reports the small spurious peak on the
right of the strong (0 1 1)t peak for the freshly prepared spec-
imen containing 3 mol% in Ta2O5. Fig. 2also shows the evo-
lution of this spurious peak in nearly 4 months, its intensity
is greatly reduced.

In fact for the compounds having molecular composition
1, 2, 3, and 4% in Ta2O5 these weak additional peaks of
type C completely disappear after 8 months. A and B peaks
are greatly reduced with time but they are still evident after
51 months, only B peak disappear completely for the speci-
mens having composition 3 and 4% (seeFigs. 6 and 7). How-
ever, we wish to remark that such additional peaks are very
weak.

A possible explanation of these very weak extra-peaks is
the formation of a new phase during the sintering process,
but a detailed search has not revealed such a new phase. A
more reasonable explanation arises by considering that in the
CeO2–ZrO2 system there are usually a 2–3% in vacancies
of oxygen atoms, then the usage as dopant of Ta2O5, that
possesses an half oxygen atom more than CeO2 or ZrO2,
eliminates these vacancies as far as the 3% is reached. When
the composition in Ta2O5 exceeds 3% vacancies in metal
atoms arise, producing disorder or also density modulation.
The presence of modulated structures has been already re-
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intensities are multiplied by a functionSR(θ) given by:

SR(θ) = 1.00− t
(
θ − π

2

)
(3)

that must be equal to 1.00 when the diffracted X-ray is back-
scattered. With this model only one new parameter (t) must be
introduced in the refinement and it is reported, when needed,
in Tables 1, 2, 3a and 3btogether with the other parameters.
Other microabsorption models are available but in the present
cases they did not give satisfactory results.

6. Size-strain broadening analysis of the seven
specimens

These seven specimens present peaks broadened at a dif-
ferent degree, the less broadened is the sample no. 4. Then,
for clarifying this point we have attempted a Rietveld refine-
ment with the Thompson–Cox–Hastings pseudo-Voigt pro-
file function45 modified by Young and Desai46 (code NPROF
= 7 in program DBWS-9411 and DBWS-98). In this man-
ner the full-width-at-half-maximum (Γ ) can be divided in
two components one gaussian (Γ g) and the other lorentian
component (Γ l ) as reported below:

Γ

(
2 Z

)1/2

a

Γ

f ening
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orted for anion-excess zirconia–niobia alloys.42

For this reasons we have carried out Rietveld refinem
sing specimens 8 months or even 51 months old, in this
er we are sure that the presence of disorder and modu

s greatly reduced. However, refinements using the fre
repared specimens confirm that the basic structure of
amples is tetragonal, although theR factors are higher tha
sual.

When the molecular composition in Ta2O5 is 5 or 6%, the
umber and the intensity of these spurious peaks incre

hey are identified inFigs. 8 and 9with the label C or D
nd they do not disappear with time. As already expla

hese extra peaks are due to the presence of a little amo
eTaO4 and of a third phase having a ZrO2–2CeO2–Ta2O5

ernary composition.

.2.2. Microabsorption
During the refinement of the specimen no. 2 and 3

ected after 8 months and specimen no. 1, 2, and 4
ected after 51 months, the isotropic thermal factors o
n+ cations became very low or also strongly negativB
−0.50), while that of O2− anion was nearly zero. This e

ect has been attributed by several authors to microabso
bulk porosity and surface roughness)36,43,44 that decrease
ystematically the intensities of the sample in the low
le region then, during the refinement, the thermal fac
ecome very low or also negative in order to increase
tructure factorFh at low 2θ.

In these cases, the refinement was continued introd
he microabsorption model of Sparks et al.36 in which the
,

g = U tan θ + V tan θ + W +
cos2 θ

(4)

nd

l = X tan θ + Y

cosθ
(5)

rom these relations one can see that microstrain broad
as two components, one lorentian (X tanθ) and the other on
aussian (�U1/2 tanθ) (while usually the microstrain broa
ning is taken to be only gaussian47). Also the size broadenin
as two components, one lorentian (Y/cosθ) and the othe
aussian (Z1/2/cosθ) (while usually the size broadening
aken to be only lorentian47). In order to have informatio
n these quantities we have followed theweighted methodof
aiva-Santos et al.48 and we give here the complete expl

ormulas for the weighted crystallite sizep (Å) and for the
ms microstrain〈ε〉 because they are not reported elsewh

(Å)= k λ180◦
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Table 4
rms microstrains refined with the Paiva Santos “weighted method”a

Specimen number 1 1 2 2 3 3 4 4 5 5 6
Ta2O5 (%) 0 0 1 1 2 2 3 3 4 4 5
Age in months 8 51 8 51 8 51 8 51 8 51 8
StrainG × 102 0.114 0.049 0.135 0.120 0.044 0.000 0.000 0.000 0.100 0.123 0.018
StrainL × 102 0.074 0.138 0.029 0.081 0.019 0.065 0.029 0.060 0.110 0.105 0.163
StrainWGT × 102 0.159 0.154 0.150 0.168 0.054 0.065 0.029 0.060 0.140 0.188 0.166

a The composition 5% (51 months) and 6% (8 and 51 months) are not reported in this table because the Rietveld refinement, carried out using the method
described inSection 6, was not successful because the FWHM of reflection (0 1 1)t became negative, probably for the presence of several additional peaks (see
text).

where the symbols are exactly those used by Paiva-Santos et
al.,48 for example:k is the Scherrer constant taken to be 1,
Kd was taken to be 2.00,�Y= Ys − Yi , whereYs is theYpa-
rameter of the sample under study andYi that of the standard
sample,�U = Us − Ui , whereUs is theU parameter of the
sample under study andUi that of the standard sample and
so on. The parametersUi , Vi , Wi , Xi , andYi were determined
using the standard sample reported at the end of this work.
From these results, shown inTable 4, at least some qualitative
conclusions can be taken:

1. in all the specimens the broadening is due to microstrain
while size broadening is practically absent. This means
that the specimens are formed by great crystallites with
very large size (>2000̊A), in accordance with the high
sintering temperature;

2. the specimens collected after 8 months present a gaus-
sian microstrain broadening that is always greater than the
lorentian component (i.e. in accordance with the usual the-
ory that microstrain broadening is principally gaussian).
Two specimens collected after 51 months make exception
to this rule;

3. the sample no. 4, Ce0.58252Zr0.35218Hf0.00704Ta0.05826
O2.02913, presents a weighted microstrain that is very low
and this explains its particular behaviour;

4. the microstrain broadening seems to grow with time, in
little
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of the Instituto de Quimica—UNESPD, Araraquara (Brazil)
for valuable discussions and contributions in understanding
the cristallite size and microstrains of these samples.
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