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A-site substituted cerium orthovanadates, Ce;_,Sr,VO4, were synthesised by solid-state reactions. It was
found that the solid solution limit in Ce;_,Sr,VO,4 is at x=0.175. The crystal structure was analysed by
X-ray diffraction and it exhibits a tetragonal zircon structure of space group I4;/amd (14 1) with a=7.3670
(3) and c=6.4894 (1) A for Ceq g255T0.175V04. The UV-vis absorption spectra indicated that the compounds
have band gaps at room temperature in the range 4.5-4.6 eV. Conductivity measurements were performed
for the first time up to the strontium solid solution limit in air and in dry 5% H,/Ar with conductivity values
at 600°C ranging from 0.3 to 30mScm™! in air to 30-45mScm~! in reduced atmosphere. Sample
Ceo.g25510,175V0,4 is redox stable at a temperature below 600°C although the conductivity is not high
enough to be used as an electrode for solid oxide fuel cells.
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1. Introduction

Rare-earth orthovanadates (REVO,4) were first studied in the
1950s as part of investigations to determine precise crystal
structures [1], atomic arrangements in chemical series and ionic
radius of crystals comprising heavy metals [2], and have been
intensively studied in the last two decades, in particular
lanthanoid orthovanadates (LnVO4) due to the interesting
physical properties exhibit by those compounds.

REVO, compounds exhibit an ABO, structure with two
crystallisation types: tetragonal zircon [3] (naturally occuring in
ZrSi04) and monoclinic monazite [4] (a phosphate mineral of
rare-earth elements (REE)). In general, larger lanthanoid ions
prefer the monazite type while smaller lanthanoids crystallise in
the zircon type [5]. However, cerium (III) orthovanadate (CeVO,),
which according to phase diagrams is located at the boundary of
zircon and monazite types, exhibit three polymorphic forms with
the pseudo-octahedral looking-like structure of tetragonal
scheelite (occuring naturally in calcium tungstate) in addition to
the zircon and monazite type forms.

In the first studies of heavy metal orthovanadates (HMVO,),
researchers started to focus on crystal structures and group theory,
looking for answers to explain the specific characteristics obtained
when heavy metals and less generally RE elements of the f-block
were mixed with orthovanadates. Based on a synthetic protocol
previously established [6] (where ammonium metavanadate is
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mixed with the oxide or oxalate of a metal in order to obtain
equimolar amounts of V,05 and M;,03), Milligan and Vernon [1]
reported structural studies on a group of fifteen HMVO, among
which thirteen were lanthanoids; and demonstrated that the
crystals had crystallised in body-centred tetragonal systems of
space group I4;/amd (141).

A few years later, Carron et al. [2] pointed out that a correlation
exist between ionic radii and the crystalline structures of RE
vanadates, phosphates and arsenates. It was noted that for each
series, boundaries between zircon-type structures (Z) and
monazite-type structures (M) were identified at a specific element
of the RE group, unique to each series. By comparing the size of
the metals used in each series, investigations showed that a ratio
of 1.86 is obtained between the cation (M) and the anion (oxygen)
size limits that have been observed at (Z)-(M) structural
boundaries.

In 1994, Chakoumakos et al. [5] followed the same path taken
three decades earlier by Carron et al. [2] and managed to find
relations between size limits and structures of HMVO,4-(Z) with
HM=Sc, Y, Ce-Nd, Tb, Ho, Er-Lu. The high-quality powders of
HMVO,4-(Z) were synthesised by homogeneous coprecipation in
molten urea [7,8]. It was found that the average V-0 bond lengths
for all synthesised HM were similar with a small shortening with
decreasing the atomic size of HM.

In more recent years, studies on members of the RE group were
forsaken in bulk and attention was put onto specific orthovana-
dates or small groups of RE metals including La, Ce, Pr and Nd
mostly. In 1995, Rao and Palanna [9] used the conventional
solid-state ceramic technique to synthesise CeVO,4 and found that
whereas CeVO,4 in itself is an insulator whether in pure or
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stoichiometric composition, a p-type semiconductive behaviour
between room temperature and 800 °C was observed. The p-type
conduction in the lattice was said to be the result of the
coexistence of a few number of Ce** ions among the Ce>* ions
and therefore rendering the conduction via thermally activated
motions of ions on equivalent sites.

Rao and Palanna’s theory was however not supported by
everyone as shown in two linked studies published in 1999 on the
electrochemical character of CeVOy, the first by Krasovec et al.
[10] focussed on the cerium/vanadium oxide interface ion-storage
films and the second by Picardi et al. [11]. Electrochemically
speaking, it was found that CeVO, films behave in the same
manner than crystalline V,0s5 films. Electrochemical measure-
ments could not however establish any contribution of redox
processes involving cerium ions, agreeing with a structure of
CeVO, containing only Ce®>* and V>* ions.

In the last decade, doped REVO,4 have also being studied, in
particular lanthanum and cerium orthovanadates doped with
other RE [12] or with elements like calcium [13-18], iron [18-20]
bismuth [13,14] or strontium [13,15-17] notably.

Firstly reported by Watanabe [13] with the study of highly
conductive oxides, rapidly followed by the comparative study of
Watanabe and Hirata [14] on calcium-doped and bismuth-doped
cerium orthovanadates, RE; _,A,VO, species have attracted growing
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interest in the past years for their exceptional physical properties,
among which a very high conductivity. Tsipis et al. [17] published in
2002 a study on the transport and physicochemical properties of
A-substituted CeVO,4 with calcium (x=0-0.2) and strontium (x=0.1
only). Samples of calcium and strontium doped CeVO, were
synthesised following a standard ceramic technique and XRD was
used for verification of single zircon-type phases formation. The
thermal expansions of the Ce; _,A,VO,4 . s were found to be almost
linear for both doping agents in a range from 400 to 800 K.

A paper published a year after by the same group [16],
focussed on the oxygen ionic conductivity of Ce;_,AxVO4.+s
(A=Ca, x=0-0.2; Sr x=0.1 only). lonic conductivity and stability
measurements were performed on oxygen in Ce; _,AxVO4.s and it
was found that Ce;_,A,VOg4.s—(Z) was stable in air up to 1300K
showing no phase transitions, and that the oxygen ionic
conductivity was actually essentially independent of the
concentration of the A-site dopant.

While the conductivity of CegoSrg;VO4 in air has been
investigated, some aspects of strontium-doped cerium orthovana-
dates have yet still to be fully explored. The doping of cerium
orthovanadates with strontium has shown to increase the conductiv-
ity of CeVO,4 with potential use as a redox stable anode for solid oxide
fuel cells. To the best of our knowledge, the total conductivity of
Sr-doped CeVO, in a reducing atmosphere has not been reported yet.
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Fig. 1. (a) X-ray diffraction patterns of Ce; _,Sr,VO4 with 0 <x <0.15. (b) X-ray diffraction patterns of Ce; ,SryVO4 with 0.175 <x < 0.4.
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The aim of this study is therefore to have a systematic investigation of
the phase (solid solution limit) and conductive behaviour in both air
and 5%H,/Ar of Ce; _,Sr,VO, compounds.

2. Experimental
2.1. Materials

CeO, (Alfa-Aesar, 99.9% REO), V5,05 (Aldrich, 99.6+% metals
basis) and SrCO; (Aldrich, 99.95% metal basis) for the solid-state
synthesis method were used as received.

2.2. Preparation

Pure, non-doped cerium orthovanadates were synthesised by a
solid-state method using CeO, and V,05 as cerium and vanadium
sources. For the solid-state syntheses, stoichiometric amount of
the respective oxides were fired at 800°C at a heating rate of
5°Cmin~! for a dwelling time of 50h. Ce;_,Sr,VO,4 compounds
were synthesised by a solid-state method using CeO,, V505 and
SrCO3 as cerium, vanadium and strontium sources. For the
Sr-doping syntheses, stoichiometric amount of the respective
oxides were fired at 950°C at a heating rate of 5°Cmin~',
maintained for 66 h and cooled down to room temperature at the
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same rate of 5°Cmin~!. Powders were then regrounded and fired
at 1000°C at a heating rate of 5°Cmin~!, maintained for 72h
before being quenched. x was varied from 0.1 to 0.4 and a pure
phase was obtained with x <0.175.

2.3. Characterisation

2.3.1. UV-vis absorption

The band gaps at room temperature of all synthesised
compounds were determined graphically from spectra obtained
using a UV-vis spectrophotometer (Shimadzu UV-2550) operat-
ing with UVProbe® software.

2.3.2. X-ray powder diffraction

X-ray data were collected on a Bruker-AXS (D8 Advance)
machine, controlled by DIFFRACT?"*s ™ in the Bragg and Brentano
reflection geometry with a CuKo source, fitted with a LynxEye™
detector. Absolute scans in the 20 range 5-85° with step size of
0.009° and time step of 61.6s were used during data collection.

2.4. Conductivity

Total conductivity measurements were carried out using a
computer-controlled Solartron Analytical® SI 1260 impedance/gain
phase analyser over a frequency range 1MHz-0.01Hz and a
temperature range 600°C to room temperature (~25°C) and
impedance data were recorded with the Solartron Impedance
Measurement software, SMaRT™. Sample powders were pressed
into pellets and sintered at temperatures depending on the sample
themselves for 12h (650°C for CeVO, 900°C for Sr-doped
compounds). The relative densities of the samples were ~70-80%.
Pellets were coated with silver paste for measurements in air and
with platinum paste for measurements in a reduced atmosphere of
5% Hy/Ar dried through a solution of H,SO, at 98%. Pellets coated
with silver were directly fitted into the measuring apparatus while
platinum coated samples were fired at 850 °C at a rate of 5°Cmin !,
dwelled for 2 h and then cooled down to room temperature before

i Table 2
1 B 1 | I 1 Lﬁ.L i 1 i R i i 4 b Average bond lengths, fraction of Ce** ions in Ce;_,Sr,VO, and oxygen
0 o hyperstoichiometry in Ce; _,Sr,VO4 with 0 <x <0.175. (The Ce-O bond lengths
J were averaged between Ce-0O1 and Ce-02 interatomic distances.)
4 dd L 4 Al A I
[ | rl i J x=0 x=0.05 x=0.1 x=0.125 x=0.15 x=0.175
20 40 60 80 Ce-O (A) 24839 24825 2.4782 2.4773 2.4760 2.4758
2 Theta (deg.) V-0 (A) 17115  1.7105 1.7076 1.7071 1.7062 1.7060
ysp (%) 526 (1) 9.95(2) 17.01(4) 20.03(3) 23.49(5) 26.40(3)
Fig. 2. Representation of an experimental (crossed) and calculated (solid line) Yo (%) 526 (2) 9.45(2) 1532(3) 17.53(2) 1997 (1) 21.78 (3)
X-ray diffraction profiles for Ceqg255r0.175V04. The difference profile is shown at 5 0.03 (4) 0.02(2) 0.02(4) 0.01(4) 001(1) 0.02(1)
the bottom of the profile.
Table 1
Crystallographic refinement parameters of Ce;_,SryVO,4 with 0 <x <0.175.
Crystallographic parameter CeVO, Cep.95510,05V04 Ce.9Sr0.1VO4 Cep.8755T0.125V04 Cep.855T0.15V04 Cep.8255T0.175V 04
rLn3* (VII) (A) 1.143 1.143 1.143 1.143 1.143 1.143
7 (A) 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group 14,/amd 14,/amd 141/amd 14,/amd 14,/amd I4,/amd
a(A) 7.4004 (1) 7.3940 (1) 7.3779 (2) 7.3733 (1) 7.3690 (2) 7.3670 (3)
c(A) 6.4982 (6) 6.4972 (2) 6.4905 (2) 6.4914 (2) 6.4886 (3) 6.4894 (1)
Vv (A%) 355.88 (5) 355.21 (3) 353.30 (1) 352.91 (1) 352.35 (1)] 352.20 (2)
Pealc (gcm™3) 4.7601 4.7200 4.6962 4.6767 4.6595 4.6367
Rp (%) 7.9 11.6 10.9 11.6 9.6 8.3
WRp (%) 10.0 14.8 13.8 14.9 12.8 10.6
e 1.400 1.453 1.494 1.898 2.707 1.299
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being used for pseudo 4-probe a.c. impedance measurements.
Measurements in air were carried out on heating and those in
reduced atmosphere on cooling after stabilisation was achieved. The
sample dwelled at each temperature for at least 30 min to reach an
equilibrium before conductivity measurements.

3. Results and discussion
3.1. Crystal structure

Single-phase powders of Ce;_,Sr,VO, were obtained up to
x=0.175. Second phase Sr,V,0; was observed when x> 0.175
(Fig. 1a and b). Rietvield refinements were carried out with both
structural and profile parameters being varied. Initial structural
and spatial parameters for the zircon structure were used as
mentioned in the literature [5]. Wychoff sites assigned to Ce and
Sr, V and O were 4a, 4b and 16h, respectively. Vanadium and
oxygen were always considered - during the refinement
processes - with full occupancies, whereas cerium and
strontium occupancies were varied in accordance with the
stoichiometry. Profile refinements were performed using GSAS
[21]. The experimental and calculated profile for Ce g»5Sr¢.175V04
is shown in Fig. 2. The refined parameters are listed in Table 1 for
Ce;_,SryV0O4 and the average bond lengths in Table 2.

All single-phase powders obtained (up to the solid solution
limit of x=0.175) exhibited a zircon tetragonal structure, crystal-
lising in the space group I4;/amd (14 1). As shown in Table 1, the
unit cell volume is decreasing as the dopant concentration is
increased. Within the solid solution limit, both a and c are globally
decreasing through the whole series (Fig. 3).

This latter behaviour can be explained by the distortions
occurring as a consequence of the insertion of strontium ions.
Indeed, Sr?* ions are much larger than Ce3* ions (1.40 and
1.143 A, respectively) and this difference should influence the
observed average bond lengths within the unit cell, but as shown

8-2-coordinated Ce3*/Sr2*-0%~ couple. In fact, these are smaller
than expected if it is considered that the insertion of larger ions
into the lattice - where all cerium sites are occupied by Ce>* ions
- should increase the interatomic distances between cerium and
oxygen. As this is obviously not the case, the possibility of the
formation of Ce** ions to compensate the charge loss introduced
by the insertion of a 2* ion may be considered.

By taking into account the average bond lengths of Ce-O as
being an average of both Ce>*-02~ and Ce**-02~ combinations,
the fraction of Ce** ions present in each compound can be
determined using Eqgs. (1) and (2) with Eq. (1) giving the fraction
of Ce** ions (ysp) occupying Ce-site within the structure that are
actually occupied by cerium atoms and Eq. (2) providing the
overall fraction of Ce** ions (y,) contained within each compound
considering the total number of Ce-sites, even if some are in fact
not occupied by cerium atoms

1-x

[(Ce—o b.l)—(sr’*t —0*- b.l.)xx]_(ce3+_02— b.l)

ysp(%)): x 100 1)

(Ce** —0* bl)—(Ce** —0* bl)
with (Ce-0 b.l.) the average cerium-oxygen interatomic distances
given in Table 2, (Sr**-0%~ b.l)=2.61A, (Ce’* -0~ b.l)=2.493 A
and (Ce**-0%~ b.l.)=2.32 A extracted from a ionic radii database
[22] which was originally reported by Shannon [23]

Yo(70) =ysp x (1-%) )

Mathematical demonstration for Eq. (1) is given in Appendix A.
After Ce** fractions are determined, the results can be used in
the crystal electroneutrality law [17] in order to determine the

Table 3
Band gap energies of Ce;_,SryVO4 with 0 <x <0.175.

Band gap energy (eV)

¢ 1 et CeVO, 4635 (2)
in Table 2, Ce/Sr-0 and V-0 interatomic distances keep decreas- Ceo.95ST0.05VO04 4630 (1)
ing as the dopant concentration is increased. Ce,9S10.1V04 4615 (3)
While decreasing, V-0 bond lengths still correlate with 560-8725%»1%5(‘)’04 :-ggg (‘1‘)
the ionic bond length of 4-2-coordinated V°*-02?~ couple, a0y 590 (1)
. Ceo.5255r0.175V04 4.555 (3)
whereas Ce/Sr-O bond lengths are not representative of the
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Fig. 3. Lattice parameters and volume reduction in Ce; _,Sr,VO, with 0 <x <0.4.
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hyperstoichiometric factor of oxygen ¢ within (Ce?fyCeﬁ’“)],x

SrxVO,, s using Eq. (3)
_ Ysp—X—XYsp

0= 2

3)

As indicated in Table 2, the overall fraction of Ce** ions is
comprised between 5% in non-doped cerium orthovanadate and
just below 22% at the doping limit. It can also be noticed that the
major increase is occurring from a state where the dopant is
absent to a state where the dopant is added, at levels of 0.05 and
0.1. This kind of trend, suggestive of a plateau concentration of

1235

Ce** reflects on the variations of Ce/Sr-O bond lengths as well as
on the variations of the lattice parameter a.

Values for the hyperstoichiometry of oxygen range from +0.03
to +0.01 indicating the presence of extra oxygen within the lattice
(Table 2). Oxygen interstitials were also observed in a similar
oxide CeNbO,. 5 [24]. It seems that more Ce** ions are formed for
charge compensation when doped with strontium. The oxide
tends to remain oxygen excess even after doping with strontium.

Concerning band gap energies, values were determined using
Eq. (4) (Beer-Lambert inverse exponential power law) assuming
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Fig. 4. UV-vis absorbance spectra of Ce; _,Sr,VO4 with 0 <x <0.175.
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Eq. (5), the absorption coefficient dependence on the energy
level E

1
a(E)measured = a ln(Tnormalised(E)) “4)
with o/(E)measurea» the measured adsorption coefficient; d, the
sample thickness and 7, the normalised transmittance energy
oc(E)measured o E_Eg (5)
with Eg, the band gap energy.

If the measured absorption coefficient «(E) for an energy level
E is proportional to the square-root of the difference between this
energy and the band gap energy (E;), the square-root dependence
of o(E) on E would yield a linear dependence of «(E)? on E.

As a result, a plot of a(E)? against E would have a linear
segment starting at the sample absorption edge. Extrapolating
this segment to the abscise axis would give the value of the band
gap energy for the considered sample. Results are given in Table 3
and the measured UV spectra in Fig. 4. More in details, solutions

C.T.G. Petit et al. / Journal of Solid State Chemistry 183 (2010) 1231-1238

of known concentration were prepared for each sample
represented in Fig. 4. UV scans were performed and data
obtained were used to determine E; through a multi-steps
procedure involving conversion of absorbance into
transmittance, normalisation, the determination of energy
values in electron volt from the wavelengths, the calculation of
o(E) and subsequently of o(E)? from Eq. (4) and the extraction of
the band gap energy values from the plots of a(E)? against E.

The values obtained from the extrapolation - tabulated in
Table 3 - show that at room temperature, Ce;_,Sr,VO4 with
0 <x<0.175 compounds are insulators, as expected.

3.2. Conductivity

Values obtained from the conductivity measurements -
performed in air and in dry 5% Hy/Ar - were used to plot
Arrhenius type plots of the conductivity against inverse tempera-
ture. Activation energies and pre-exponential factors were
extracted from the slopes and the intercepts of the fitted lines.

T(°C)
4700 600 500 400 300 250 200 150 100 50
e S b P
2 B ~ & ~ & i . ]
ol . ]
<
s
(5]
O -2 1
5
5
—4 i
123 Xx=0 =z
-6 x=01 4
x=0.15
x=0175
_8 1 I n 1
1.0 1.5 2.0 25 3.0 3.5
1000/T (K1)

Fig. 6. Arrhenius plots of the conductivity in dry 5% H,/Ar of Ce; _,Sr,VO,4 with 0 <x <0.175.

Table 4
Arrhenius constants of Ce;_,Sr,VO4 with 0 <x <0.175.
E, in kj mol ! CeVO4 CegoS10.1VO4 Cep.85510.15V04 Cep.8255T0.175V 04
Ain SKcm™!
Air
E, 36.3+0.3 283+04 323 +0.7 2542 +0.2
A 384+1.1 878.8+0.4 1654.5 +1.2 1254.50 + 1.0
Dry 5% H,-Ar
High temp.
E, 10.6 + 0.2 1152 +7.5 75.2+6.5 492 +1.3
A 1123+ 1.0 3.7.108+ 3.0 2.4.10°+2.8 5.0.10°+ 1.0
Low temp.
E, 23+0.2 20.7 £ 0.7 124+1.8 NA
A 148 + 1.1 309+1.2 17.7+1.5 NA
Approx. temp. border (°C) 575 575 525 NA
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Fig. 7. X-ray diffraction pattern of Cegg,55r9.175V04 before and after conductivity
measurement in dry 5% Hy/Ar.

Conductivity results expressed in the form of Arrhenius plots are
shown in Figs. 5 and 6 for Ce;_,Sr,VO, compounds and the
activation energies are listed in Table 4. It can be seen, referring to
Fig. 5 that the doping of cerium orthovanadate with strontium
improved the conductivity of the compounds in comparison with
the non-doped sample. The increased conductivity in doped
samples is related to smaller lattice parameters which makes the
jumping of charge carriers much easier. The activation energies
tabulated in Table 4 for samples in air were found to be
equivalent, while still being lower for strontium-doped species
than for non-doped CeVO,. In our experiments, the conductivity
of CeVO, and CepoSrp1VO4 is 2.8 x 10~% and 2.9 x 10~2Scm ',
respectively, at 600 °C which are lower than those reported by
Tsipis et al. [17], namely 2.0 x 10~2 and 0.1Scm~! for CeVO,
and CegoSrg1VO4, respectively, under the same conditions.
However, the apparent conduction activation energy for CeVO,
of 36.3+0.3kJmol~! (Table 4) is very close to the reported
37.94+0.01kjmol~! [17] although the apparent conduction
activation energy for CegoSro1VOs (28.3+0.4kjmol™!) is
slightly lower than the reported 34.8 +0.5k]Jmol~' [17]. The
difference may be mainly related to the various measurement
methods used. In our experiments, pseudo 4-probe a.c. impedance
spectroscopy was used while 4-probe dc technique was used by
Tsipis et al. [17].

Concerning measurements in dry 5% H,/Ar, it can be observed
in Fig. 6 that the general conductivity of doped CeVO,4 compounds
were similar or increased; ranging from 30 to 45mScm~! at
reduced oxygen pressure compared to around 30mScm™! in air.
CeVO, maximum conductivity at 600°C jumps from 0.3 to
30mScm ™! in air and in dry hydrogen atmosphere, respectively,
indicating n-type conduction which could be related to the
reduction of Ce** or/and V°* ijons. While the dopant concentra-
tion had little influence on the conductivity in air, it can be
observed that in reduced atmosphere the higher the doping level,
the lower the overall conductivity at a temperature below 500 °C.
In comparison with values in air, the lower conductivity of
Sr-doped CeVO, in a reducing atmosphere indicates that they
could be p-type conductors at low pO,, as it is the case in example
for CeNbOQy4. s [24].

Samples within the solid solution limit are redox stable during
the conductivity measurement in 5% H,/Ar up to 600 °C. As shown
in Fig. 7, XRD pattern of sample Ceggy5Srg175V04 is almost
unchanged upon reduction and can be considered as being
redox stable below 600°C. The lattice expansion of sample

Ceo.s255T0.175V04 on reduction is believed to be due to the
reduction of both cerium and vanadium ions because both
the Ce-O and V-O bond lengths increased in the reduced
sample. The bond lengths extracted from the pattern are
2.5248 A for Ce-O (average) and 1.7309A for V-O compared
with 2.4758 A for Ce-O (average) and 1.7060 A for V-0 before the
conductivity measurement. The values obtained for the activation
energies for doped species in reduced atmosphere were lower at
low temperatures and higher at high temperatures than in air. In
comparison to CeVO,, doped species activation energies were all
higher, whether at low or high temperatures in accordance with
an overall decreasing conductivity.

Another point worth noting is that variations in activation
energies for doped compounds in reduced atmosphere reflect the
observation made during conductivity measurements; namely
that the dopant concentration has little effect on conductivity
values in air, but does in reduced atmosphere. Indeed, variation
percentages in reduced atmosphere are around 35-40% for high
and low temperatures, respectively, whereas the difference in air
is only about 12%.

4. Conclusion

Single phase powders of Ce;_,Sr,VO4 with 0 <x <0.175 were
synthesised by a standard ceramic technique. Second phase
Sr,V,0, appeared when strontium doping level is greater than
0.175. All samples within the solid solution limit were found to
exhibit the tetragonal zircon type structure of space group
I4{/amd (141). Conductivity measurements carried out in air
and in reduced atmosphere have shown that the conductivities of
Sr-doped samples are higher in air but lower in dry 5%H,/Ar.
While CeVO, exhibits an increased conductivity in reduced
atmosphere, the total conductivity of doped samples is decreasing
indicating p-type conduction for Sr-doped CeVO, at lower pO,.
Sample Cegg»5Sr0.175V04 is redox stable at a temperature below
600 °C although some lattice expansion was observed which is
related to the reduction of both cerium and vanadium ions.
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Appendix A. Mathematical demonstration of Eq. (1)

The average bond lengths given in Table 2 correspond to the
interatomic distances between cerium sites and oxygen sites,
whether the former is occupied by cerium atoms or not, giving,
(Ce—0 b.l)=x x (Sr*" —0%*" b.l)+(1-x) x (Ce—0*" b.l)

Considering that the composition of calcium-doped cerium
orthovanadates is as follow, (Ce;+Ce?fy)1,xSrXVO4, the previous
equation can be rewritten as,

(Ce—0 b.l)=x x (Sr** —0% b.l)+(1-x)[y x (Ce** —0?~ b.l)
+(1-y) x (Ce** —0% b.l)]
Rearranging this latter to extract y,
(Ce—0 b.l)—(Sr** —0?" bll)x x
(1-x)
=[y x (Ce** —0%"b.l)+(Ce>* —0%* b.l)—y x (Ce>** —0%*" b.l)]
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{(Ce—o b.1)—(Sr2* —0%~ b.l) x x

3+ 2— _
=) }—(Ce —-0°" bl)=y

x [(Ce** —0* b.l)+(Ce** —0% b.l)]

2+ 2—
[(Ce—O b.lA)—((Slrix)—O bJ.)xx] f(Ce3+ _0%* b.l)
= y

[(Ce** —0%~ b.l)+(Ce>*—0%" b.l)]
Leading to Eq. (1), once put into percent,

[(Ce—O b.l)—(Sr*+ —0* b.l.)xx} 7(Ce3+702* b.l)

1—x

Ysp(Y0) = x 100

(Ce** —0* b.l)—(Ce3T—0%" b.l)]

Appendix B. Supplementary material

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.jssc.2010.03.032.
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