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Abstract

EPR analysis is carried out with Ce1�xGdxO(4�x)/2 (x=0.1; 0.2) nanopowders aiming at obtaining information about their

oxidation and reduction properties. The EPR spectrum of these systems is composed of a single feature. The first derivative peak-to-

peak spectral intensity decreases at higher temperatures, but this trend deviates from that of Curie’s law with the x=0.1 sample, at

difference with the x=0.2 sample. This unexpected result is related to oxygen deficiency, due to gas–solid equilibrium, present in the

former sample only. As a consequence, some Ce3+ ions would form providing it with conduction electrons propagating as small

polarons in a percolative way. This would result in a thinner skin depth at higher temperatures, able to explain the deviation of the

spectral intensity from its expected value. Indeed, this deviation from Curie’s law is reduced or disappears at all after thermal

treatment of the x=0.1 sample with O2.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In the past years, CeO2-based materials have been
intensively studied as catalysts, structural and electronic
promoters for heterogeneous catalytic reactions [1] and
oxide ion conducting electrolytes for electrochemical
cells [2]. The last goal is what addressed our efforts to
develop ceria-based (i.e. Ce1�xGdxO(4�x)/2, afterwards
named CGO) solid electrolytes. These would be
characterized by ion conductivity higher than conven-
tional yttria-stabilized-zirconia-based and would be able
to operate at lower temperatures (500–700 1C) [3]. At
this aim we have adopted a synthesis procedure by wet
chemistry, often called the ‘‘chemical route’’. This can
e front matter r 2004 Elsevier Inc. All rights reserved.
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overcome many of the disadvantages associated with the
ceramic route. Indeed, a more homogeneous product is
expected by the chemical route because the reagents
mix at molecular level. Moreover this technique allows
to obtain nano-structured samples. Therefore, these
materials are characterized by a very high specific
surface area and, consequently, their thermodynamics
can be quite different from that of bulk materials [4] so
that different defect equilibria arise in the two cases [5].
This is a key point as defect equilibria determine the
amount of charge carriers (oxygen vacancies and/or
electrons). On the other hand, only ionic conduction
is required in electrolytes for electrochemical cells.

In this paper CGO nanostructured samples have
been characterized by EPR spectroscopy. This
technique proved a fast tool to evidence the presence,
if any, of electron conductivity, and to study its
mechanism.

www.elsevier.com/locate/jssc
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Fig. 1. Observed (crosses) and calculated (continuous line) profile of

the ‘‘as prepared’’ CG10 sample. In the same figure the residuals are

also shown (bottom).
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2. Experimental

The Ce1�xGdxO2�x/2 nanopowders have been pro-
duced by acrylamide polymerization process [6,7].

Ce(NO3)3yH2O and Gd(NO3)3zH2O (both 99.9%
Aldrich), where y and z have been determined by
thermogravimetric analysis, were dissolved separately in
water and chelated by the addition of the ethylene-
diamino-tetraacetic acid (EDTA) powder (Fluka, 98%).
The pH were adjusted with NH4OH (20%, Carlo Erba)
up to complete dissolution (4opH o5). The EDTA
amount corresponds to the molar stoichiometric ratio
1mol EDTA: 1mol cation. This chelation was used to
prevent the possible reaction of the acrylamide mono-
mers with the cations, which would inhibit the
polymerization process [8,9]. The solutions were mixed
in order to obtain the desired cationic ratio (see below).
Then 15 g of Acrylamide (Fluka, 99%), 1.5 g of bis-
acrylamide (i.e. N,N0-Methylenebiscrylamide, Fluka,
99%) monomers and the initiator AIBN (i.e. 2,20-
Azobis 2-methylbutyronitrile, Fluka 98%) were added
to a 200ml of solution for polymerization to occur
[8,10]. The solution was vigorously stirred and heated up
to gel formation (�80 1C). Then the gel was dried and
calcined at 600 1C for 2 h in an open alumina crucible in
air, obtaining Ce1�xGdxO2�x/2 samples with x=0.1 and
0.2. Hereafter, we will refer to these samples as ‘‘as
prepared’’ CGO10 and CGO20, respectively.

Aliquots of samples of both compositions have been
annealed in pure oxygen flux for 40 h at 473 and at
773K. These samples will be called in the following
‘‘473K’’ and ‘‘773K oxidized samples’’, respectively.
This procedure produces samples whose defect concen-
trations are fixed by the thermodynamic conditions of
the annealing (T and P(O2)).

Room temperature XRPD patterns were collected
between 20 1 and 80 1 (2y range, D2y=0.021) and
counting rate of 1 s/step, with a Philips 1820 diffract-
ometer operating with Ni-filtered Cu–Ka radiation. In
some cases wider 2y range (20o2yo1051) and/or longer
counting time (10 s/step) have been used.

Rietveld refinement have been performed using the
GSAS software suite [11] and its graphical interface
EXPGUI [12]. Background have been subtracted using
a fifth-order shifted Chebyshev polynomial. The diffrac-
tion peak profile has been fitted with a pseudo-Voight
profile function. Site occupancies have been kept
constant during the refinement while all isotropic
thermal factors have been varied.

The EPR spectra have been recorded by a Bruker
Elexsys spectrometer equipped with liquid nitrogen
variable temperature device (modulation amplitude
4G, microwave power 20.07mW, gain 60 dB). EPR
spectra have been recorded in a wide temperature range
(105oTo380K). Samples containing a probe com-
posed of iron oxides have been also examined, to verify
that the sensitivity of the EPR cavity was not changing
with the sample temperature.
3. Results

The Rietveld refinement performed on XRPD pat-
terns have revealed that all the samples were mono-
phasic. Only the fluoritic Ce1�xGdxO2�x/2 phase was
apparent (cubic system, space group Fm-3 m).

The diffraction pattern relative to the as-prepared
CGO10 sample is reported in Fig. 1 as an example. The
experimental (crosses) and calculated (continuous line)
X-ray patterns are shown in the figure together with the
difference profile (bottom). In order to check the
presence of impurity phases, long counting times (10 s/
step) have been adopted.

Both the absence of foreign-phase reflections and the
good statistical parameters obtained for the fit
(wRp=0.0303, Rp=0.0245) testify the high quality of
the sample.

In nanopowders the broadening of X-ray reflections is
mainly due to the small domain size. Thus, the volume
weighted crystallite size DV can been obtained from the
Sherrer formula [13]:

nDV ¼
Xn

j¼1

l
bj cos yj

; ð1Þ

where bj is the integral breadth of the jth Bragg peak
centered in 2yj (all expressed in radians).

For comparison, DV has been estimated also from the
profile parameters contained in the GSAS refinement,
by the relation

DV ¼
36000l
p2LX

; ð2Þ
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Fig. 2. EPR spectra of ‘‘as prepared’’ Ce1�xGdxO(4�x)/2. (A) (a)

CGO10 and (b) CGO20 samples at 110K. (B) CGO10 sample at (a)

T=110K and (b) 380K (DHpp=880K). (C) CGO20 sample at

(a) T=110K and (b) at 380K (DHpp=1300K).
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where LX represents the 1/cos y -like contribution to the
lorentzian part of the pseudo-Voight profile function
[11]. See [14] for a discussion on this method.

Table 1 summarizes the DV values. In the same table
the a crystallographic parameter is shown. The standard
deviations of the DV values obtained from the GSAS
refinement are probably underestimated as they derive
directly from the standard deviation of the LX para-
meter. The two methods give very similar results, with
an agreement always within two sigma (obtained with
the Sherrer formula).

It is apparent that, for each composition, the heat
treatment does affect significantly neither the crystallite
dimension nor the a parameter. Conversely the gadoli-
nium concentration x seems to affect both DV and a. In
particular the a parameters obtained from the refine-
ments match well with literature results [15]

Fig. 2 shows some selected first-derivative EPR
spectra, as an example. In particular, Fig. 2A shows
the EPR spectra of CGO10 and CGO20 ‘‘as prepared’’
samples at the same temperature (110K). Figs. 2B and C
show the EPR spectra of CGO10 and CGO20 ‘‘as
prepared’’ samples, respectively, at two different tem-
peratures (110 and 380K).

All spectra show a single gffi2.02 EPR feature
independently from composition, annealing procedure
and temperature.

The first-derivative peak-to-peak line intensity I was
1.5 times larger for CGO10 than for CG20; the peak-to
peak line-width DHpp was smaller with the former than
with the latter sample at all the detected temperatures
(see for example Fig. 2A). The spectral shape was
approximately Lorentzian, but the left part of this
feature was always a bit broader than the right one.
Attempts to better simulate these spectra with aniso-
tropic hamiltonian parameters or as sum of two
Lorentzian-shaped lines led to ambiguous results, due
to the line broadness. However, we have verified that
no change of line shape or width occurred with the
temperature. Therefore, in the present investigation
the only spectral parameter taken into account has been
the spectral intensity.

The trends of I vs. T are shown in Fig. 3 for the ‘‘as
prepared’’ CGO10 sample (triangles), and after its
Table 1

Volume weighted crystallite size DV for the two samples after the different heat treatments

Sample Parameter As prepared Oxidized at 473K Oxidized at 773K

Ce0.9Gd0.1O1.95�b DV (Å): Sherrer method 180(12) 197(12) 193(11)

DV (Å): LX method 198(1) 204(1) 209(1)

a (Å) 5.4198(1) 5.419(1) 5.4186(2)

Ce0.8Gd0.2O1.90 DV (Å): Sherrer method 88(5) 86(5) 86(8)

DV (Å): LX method 85(1) 86(1) 84(1)

a (Å) 5.424(3) 5.427(3) 5.4261(7)

Note. The crystallographic constants a are also shown.
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oxidation at 473K (circles) and at 773K (squares) in
pure oxygen. The trend of the spectral intensity I(T) vs.
T is described by I(T)/I(110K)pT�1+a (continuous
lines in Fig. 3). The meaning of the equation and of a
parameter will be discussed in the following section.
Table 2 summarizes the EPR results. As a final remark,
the same EPR measurements have been performed 1
year later on all the samples to test their stability; results
indistinguishable from the previous ones have been
obtained.
4. Discussion

4.1. EPR spectral intensity vs. T and conductivity

Gd3+ ions showed a single EPR feature also in
many literature cases [16–20]. A Lorentzian-shaped
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Fig. 3. Peak-to-peak first derivative EPR spectral intensity I(T)

divided by its value at T=110K vs T. CG10 sample. Lowest curve:

O2 untreated sample. Intermediate curve: after oxidation with O2,

carried on at 473K for 40 h. Upper curve: after oxidation with O2,

carried on at 773K for 40 h. Continuous lines: best fits of the

experimental data (see text and Table 1).

Table 2

EPR spectral parameters with Ce1�x Gdx O(4�x)/2

Sample x g DHpp (G) I (a.u.) (different

at each T)

I(105K)/I(3

CGO10 0.1 ffi2.02 880 1.5� IP23 3.2

CGO20 0.2 ffi2.02 1300 IP23(T) 3.2

Note. Not ox=sample not oxidised.
aTemperature at which a sample oxidation with O2 has been carried on fo
EPR line was reported for GdBa2Cu3O7 [16],
Gd0.5RE0.5Ba2Cu3O7�d (R=Y, Sm, Eu) [18] and
Gd2�xCexCuO4 [19] with line-width independent of
temperature in the temperature range examined also in
this work.

The Gd3+ EPR line broadened by doping GdBa2
Cu3O7 with Co or Ni [16] or with Fe [17]. This was
attributed to a reduction of the spin–spin relaxation
time T2 of Gd3+ due to its interaction with the doping
paramagnetic ions.

In the present investigation, the EPR line is broader
for sample CGO20 than for sample CGO10, i.e. with
increasing gadolinium concentration; this suggests that
Gd3+ ions interact to each other, causing a shorter T2

value at higher Gd3+ concentration.
The peak-to-peak first-derivative spectral intensity I

decreased with increasing temperature with both sam-
ples, while the peak-to-peak line width DHpp and the
spectral profile remained unchanged. Therefore, these
changes of I are attributable to variations of the
paramagnetic susceptivity w of the sample.

In a system of non-interacting paramagnetic ions, w
and so also I(T) vary with the temperature following the
Curie’s law:

IðTÞT ¼ I110 K; ð3Þ

where 110K is the lowest measured temperature.
Deviations from the Curie law can be described by

IðTÞT ¼ I110 KTa: ð4Þ

a is greater than 0 in the presence of magnetic
interactions among paramagnetic ions. This leads to
an increase of I(T)T with T [21]. An opposite effect, i.e. a
decrease of I(T)T vs. T (ao0), has been attributed to
thermally activated electronic conductivity s due to
small polarons hopping between ions in different
valence states [18,20]. In fact, when an electronic
contribution to conductivity is present it causes a ‘‘skin
depth’’ if the sample undergoes a microwave magnetic
field of frequency o. If s increases with increasing
80K) a in: I (T)/I (100K)�T�1+a

As prepared P(O2)=1atm at

473Ka
P(O2)=1atm at

773Ka

�0.026 �0.01 +0.01

70.009 70.01 7 0.02

R2=0.9994 R2=0.9984 R2=0.9962

+0.02 +0.03 +0.04

70.02 70.02 70.01

R2=0.9967 R2=0.9964 R2=0.9995

r 40 h.
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temperature, a thinner ‘‘skin depth’’ will arise and then
the EPR signal intensity will get lower than expected on
the basis of the Curie law (ao0). A detailed description
of this phenomenon is reported in the Appendix.

This phenomenon, i.e. a negative a value, is observed
only with the ‘‘as prepared’’ and ‘‘oxidized at 473 K’’
CGO10 samples (see Table 2); indeed in the latter case
the standard error on a has the same value of a itself, so
that a cannot be safely evaluated. Fig. 4 shows the plot
of I(T)T vs. T for these two samples. The parameter a is
positive for the CGO10 sample oxidized at 773K and
for the CGO20 sample independently from the anneal-
ing procedure. Both the annealing conditions and the
doping level seem to be crucial in order to obtain (or to
avoid) electronic conduction. This will be easily inter-
preted in the framework of defect equilibria in the next
paragraph. However, EPR cannot provide the absolute
value of bulk conductivity (see the Appendix), but it
appears as a direct and fast probe of the presence of
electronic conductivity on a given sample.
4.2. Defect equilibria and electronic transport

If we consider the fluorite-type CeO2 structure as
reference structure, the relevant defect equilibria, in the
Kröger–Vink notation [22], are

Gd2O3 ! 2Gd0Ce þ 3OO þ V ��
O ð5Þ
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Fig. 4. Peak-to-peak first derivative EPR spectral intensity I(T)

multiplied by temperature T vs T. From bottom to top: CGO10 not

treated with O2; the same sample after oxidation with O2 at 473K.
for gadolinium doping and

OO$
1

2
O2 þ 2e0 þ V��

O ð6Þ

for oxygen equilibrium with atmosphere.
It must be noted that the concentration of oxygen

vacancies introduced by equilibrium (5) is fixed by the
synthesis whereas the concentration of oxygen vacancies
introduced by equilibrium (6) depends on the thermo-
dynamic conditions [T and P(O2)] of the annealing.

We can neglect the intrinsic formation and annihila-
tion of electrons and holes because of the wide energy
gap between the valence and the conduction band
(2.5 eV for pure CeO2 [23]). Therefore, we can write the
following electroneutrality equation:

½Gd0ce þ ½e0 ¼ 2½V ��
o  ð7Þ

where [e0] is the concentration of electrons in the
conduction band, where electrons are introduced when
the concentration of oxygen vacancies per formula
exceeds x/2. Thus, we can write the chemical formula
of the samples putting in evidence the contributions of
equilibria (5) and (6) to the oxygen non-stoichiometry,
i.e. as Ce1�xGdxO2�x/2�b, where b is a function of x, T

and P(O2).
Eqs. (6) and (7) can be combined to obtain the

following equilibrium:

KðTÞ ¼ ½V ��
O  � ½e02PðO2Þ

1=2

¼
½Gd0Ce þ ½e0

2
½e02PðO2Þ

1=2

�
½Gd0Ce

2
½e02PðO2Þ

1=2: ð8Þ

[e0] increases when oxygen partial pressure or/and
gadolinium concentration x decreases. On the other
hand the electronic conductivity is proportional to [e0],
being:

s ¼ ½e0qmðTÞ; ð9Þ

where m(T) is the carrier mobility and q is the electronic
charge.

Only the ‘‘as prepared’’ CGO10 sample shows clearly
electronic conduction; so, in this case, b(40) deviates
significantly from 0; b seems to be circa 0 for CGO10 in
the remaining annealing condition and for CGO20
sample in all the annealing conditions. Therefore all the
EPR experimental results, being related to s, are
interpreted by the defect equilibria (see Eq. (8)). The
last, in turn, depend on the particle size.

All the investigated samples are nanocrystalline, as
shown by XRPD results. In particular, the volume
weighted crystallite size Dv is �190 Å for CGO10 and
�90 Å for CGO20 samples. The role of nanosize on the
defect equilibria in this system can be evaluated by
comparing our results with the ones obtained on coarser
samples by means of impedance spectroscopy (IS).
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Fig. 5. Plot of logs vs T�1/4 (percolative regime) for the ‘‘as prepared’’

(full circles) and the oxidized at 447K (empty circles) CGO10 samples

(empty circles). Insert: plot of logs T vs T�1 for the same samples.
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IS measurements have been performed on micro-
metric CeO2 [5] and Ce1�xGdxO2�x/2 [24,25] samples at
T and P(O2) conditions similar to those adopted in our
annealing. Gadolinium-doped ceria showed only ionic
conduction [24,25].

Thus nanosize increases vacancies concentration with
respect to non-nanometric samples. This effect seems to
be due to a strong decrease of the heat of reduction in
nanometric samples (DHR=1.84 eV for CeO2 [4]) with
respect to samples with coarser grain size (DHR=4.7 eV
[26]). IS measurements performed on Ce1�xGdxO2�x/2

nanometric samples [4,25] are in accordance with the
present EPR results.

A comparison between information given by EPR
and IS is required. The latter is able to separate bulk,
grain boundary and electrode contributions to impe-
dance. In particular, electronic and ionic bulk conduc-
tivity can be distinguished if measurements are
performed at a fixed temperature in a broad P(O2)
interval. In fact, when b is negligible, only ionic
conductivity is apparent and s[P(O2)] is constant at
constant temperature. On the contrary, when b is not
negligible, both [e0] and s increase with decreasing P(O2)
(see Eqs. (8) and (9)). Therefore, at difference with EPR,
IS needs measurements in a wide range of P(O2) to
determine the presence of electronic contribution to
electrical conductivity. Moreover, in the case of
nanostructured systems, IS needs a method to compact
samples without changing the grain dimensions. By
contrast this is not needed with EPR measurement.

4.3. Transport mechanism

It is well known that electronic conduction is achieved
via an adiabatic small-polaron hopping mechanism in
pure CeO2�b [27], the electron mean free path being on
the order of atomic separation [5]. The electronic
transport mechanism is independent from the grain size
[4,5] and from Gadolinium doping [25]. The relevant
conductivity equation to describe that type of conduc-
tion mechanism is:

s ¼
s0
T

exp �
Eh

kT

� �
; ð10Þ

where Eh is the hopping energy.
It is worth noting that all the measurements here

quoted have been collected at temperatures above
773K [28] (i.e. T41/2y0; y0 being the Debye tempera-
ture), where the diffusive regime applies for small
polarons [29]. At lower temperatures the conductivity
deviates from Eq. (10). In ordered systems the
polaron behaves like a heavy particle in a band [30],
while in disordered systems charge is transported
through a ‘‘percolative path’’, i.e. via tunnelling between
localized states which are randomly distributed in
energy and position [31]. In this latter case, the relevant
equation for conductivity is [31]

s ¼ s0 exp �
T0

T

� �1
4

" #
: ð11Þ

The conductivity data, obtained by EPR for the ‘‘as
prepared’’ sample (full circles), are plotted as ln(s) vs
T�1/4 in Fig. 5. In the same figure, the data relative to
the ‘‘oxidized at 473K’’ sample (empty circles) are also
shown. However, we remind that the a values is not
statistically significant in the latter case.

It is apparent that the data fit well the model
described above in the whole temperature range
(110KoTo380K). Conversely the results are not
compatible with a diffusive conduction mechanism (see
Eq. (10)). The dotted regression lines in the insert are
guides for the eyes produced by using high temperature
data (290KoTo380K).

The use of a T�2/5 law [31] or the introduction of a
pre-exponential temperature-dependent factor [32] gives
similar results, but with slightly worse statistical para-
meters. It is worth noting that a percolative conduction
mechanism is expected at low temperature for this
system, as gadolinium doping introduces a great extent
of local structural disorder [33,34].
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5. Conclusions

The trend of the EPR spectral intensity vs. tempera-
ture indicates that the correct formula of ‘‘as prepared’’
CGO10 sample is Ce0.9Gd0.1O1.95�b with b40. In this
compound the oxygen-deficienct b is compensated by
electrons in the conduction band. As a consequence an
electronic conductivity is acquired by this sample,
through a small-polarons percolative regime, in the
investigated temperature interval.

A sample oxidation carried out at 773K for 40 hours
eliminates the oxygen deficiency and, therefore, the
electronic conductivity.

On the contrary b is circa 0 for sample CGO20
independently from annealing procedure. Thus the
correct formula is Ce0.8Gd0.2O1.90. Indeed, this sample
shows no electronic conductivity even before its oxida-
tion.

EPR spectroscopy is a direct and fast tool to evidence
the presence and to identify the mechanism of electronic
conductivity.
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Appendix

The ‘‘skin depth’’ d(T), in the microwave magnetic
field of frequency o, is connected to the electronic
conductivity s(T) through the equation

dðTÞ ¼
2

m0osðTÞ

� �1=2
; ðA:1Þ

where m0 is the magnetic permeability in vacuum.
Therefore, the microwave magnetic field penetrates

less deeply the sample with increasing s(T), causing an
intensity I(T) of the EPR spectrum lower than the value
I0(T) expected on the basis of the Curie’s law only. This
is the case of samples with thermally activated electronic
conductivity s, characterized by ao0 in Eq. (4) [18,20],
as in the present case. Furthermore, in this situation I(T)
and I0(T) are connected to each other through the
relation [18,35]:

IðTÞ ¼ I0ðTÞ
2 expð�wÞ þ ½1� expð�2wÞ=w

½1þ expð�wÞ2
; ðA:2Þ

where w ¼ d=dðTÞ and d (=3mm) is the thickness of the
sample and the spectral intensities are in arbitrary units.

Therefore, we can express all I(T) and I0(T) values as
a ratio between their value at T and that at a reference
temperature (110K in the present investigation). I0(T) is
calculated in the whole temperature interval by applying
the Curie’s law. At each temperature T the ratio I(T)/
I0(T) leads to the evaluation of w (Eq. (A.2)), and then
of dðTÞ: Finally, s(T) can be calculated by substituting
d(T) into Eq. (A.1). The above procedure does not lead
to the evaluation of the actual conductivity but to the
ratio between its value at T and that at a reference
temperature (the lowest measured one in the present
case).

Finally, it is worth noting that the microwave
conductivity s(T) is purely real [36] and so, in the
absence of superconductivity, it is proportional to DC
conductivity.
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