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Abstract

Nanocrystalline 10 mol% gadolinia doped ceria (GDC) was processed and sintered in air and oxygen to study the role of sintering atmosphere
on densification and the redox reaction (Ce**«>Ce*") and its effect on the conduction behavior. The density of the air-sintered sample was higher
than the oxygen-sintered sample. X-ray photoelectron spectroscopy (XPS) confirmed the presence of higher fraction of Ce®* and Raman
spectroscopy revealed higher concentration of oxygen vacancies in GDC sintered in air indicating higher degree of reduction in air compared to
oxygen atmosphere. Impedance spectroscopy studies revealed breaks in the slope of the Arrhenius plot of bulk conductivity indicating presence
of different conduction mechanisms which can be related to the redox and defect chemistry. GDC sintered in oxygen atmosphere showed higher
ionic conductivity and lower activation energy than the air sintered sample in lower temperatures whereas it showed higher activation energy in

the higher temperature range owing to a change in the redox and defect chemistry.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cell (SOFC) is a system which converts
chemical energy to electrical energy at higher efficiency and
without pollution. The high working temperature of SOFCs
has been a major hurdle in the realization of this important
green technology in real life. Therefore, intermediate tempera-
ture solid oxide fuel cells (IT-SOFC) are becoming imperative
due to their ability to work at lower temperatures that help
reducing the high temperature degradation and provide
enhanced life time to cell components. However, this necessi-
tates the development of electrolyte materials which can
provide enough conductivity at such temperatures. Ceria based
materials are promising candidates for IT-SOFC electrolytes
due to their higher conductivity compared to conventional
zirconia based electrolytes. However, pure ceria remains to be
a poor ionic conductor. The conductivity can be enhanced by
addition of dopants. When CeO, is doped aliovalently with a
cation Md“™*, oxygen non-stoichiometry is introduced and
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oxygen vacancies are generated in the lattice which assist in
conduction of oxygen ions and hence, enhance the conductivity
[1,2]. For divalent dopants, n=2 and alkaline metals like Caz+,
Mg>* fall into this category. The dopant in this case has an
effective charge of —2 (Mdc,”). The defect formation reaction is
shown in Eq. (1). The coulombic interaction between oppositely
charged dopants and oxygen vacancies form defect associates
and the dissociation of the defect complex (Mdc,"V,")™ thus
formed generates free oxygen vacancies (Eq. (2)).

CCOZ
MdO=Md"c.+Vy + O, (1)
Md Vet eMd c, + VS )

when the defects are fully associated, (Mdc,"V,") ™ >[V,’] and
(Md¢,"V,; )™ =Ce, where, Cc, is the total dopant concentration
in terms of site fraction of the cation site.

For trivalent dopants like Sm**, Gd**,Y**, Nd**, n=1 and
the dopant has single negative effective charge (Mdc."). The
defect complex in this case is (Md¢,'V,,")® which has single
positive effective charge and forms through the reaction

Md'ce + V3 (Md' c.V3)* 3)
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An electrically neutral complex or the triplet (Mdc,'—V,, —
Md¢,’)™ can also form as

2'Md/Ce + V;.(_’(]Wd/Ce_V;._delCe)>< (4)

This, however, needs cation diffusion which is difficult to
occur. Therefore, reaction (3) is more likely to occur and hence,
half of the trivalent dopant will be in association with oxygen
vacancies and other half will be in isolated Md.,” form [3].

CeO,, doped or undoped, however, undergoes reduction
from its Ce** state to Ce®* state at low partial pressures of
oxygen. Hence, the partial pressure of oxygen in the sintering
atmosphere will have a bearing on this redox reaction which
in turn can affect the densification and conduction behavior.
The aim of the present investigation is precisely to understand
this effect by XPS, Raman and impedance spectroscopy. An
account of the conduction mechanism and its correlation with
the redox chemistry has also been provided.

2. Experimental procedure

10 mol% Gd,O5 doped CeO, (GDC) was synthesized using
solution combustion route. Stoichiometric amounts of Cerium
nitrate (Ce(NOsz)s-6.5H,O, Alfa Aesar) and Gadolinium
nitrate (Gd(NO3);-6.03H,0, Alfa Aesar) were mixed in a
silica basin and citric acid monohydrate (C¢HgO- - H,O) was
added as the fuel in stoichiometric ratio so that the sum of
oxidizing and reducing valencies is zero as per the propellant
chemistry concept [4-7]. Twenty five weight percent of
polyethelyeneglycol (PEG) was added as a dispersant to the
precursor salts and deionised water was added to produce a
0.1 M solution. The solution was first heated on a hot plate at
around 250 °C and after gelation, the silica basin was covered
with a stainless steel mesh and transferred into a preheated
furnace at 600 °C. Combustion reaction was initiated and
foamy powders were obtained in the silica basin. The powders
were crushed in an agate mortar pestle and calcined at 800 °C
for 1 h to remove the carbonaceous content. The calcined
powders were subsequently ball-milled at 300 rpm in terpineol
medium for 4 h to break the hard agglomerates. The milled
powders were dried in an oven at 150 °C for 24 h. Powders
were consolidated in to compacts in a 12 mm diameter die with
a compaction pressure of 750 MPa. The green compacts were
sintered at 1300 °C for 4 h in air and oxygen atmosphere
separately. The flow rate of oxygen was maintained at 1.5 /min.
The compacts sintered in air and oxygen atmosphere are denoted
as GDC-A and GDC-O respectively. The density of the sintered
compacts was determined by Archimedes' principle.

The powder morphology was studied by scanning and
transmission electron microscopy (SEM and TEM). Phase
analysis was carried out by X-ray diffraction (XRD) on
as-prepared and calcined powders and sintered compacts in a
Bruker AXS diffractometer using Cu K, radiation (4=0.154 nm).
Raman spectra of ball-milled powder and sintered compacts
of GDC-A and GDC-O were collected using a Horiba Jobin
Yuvon HR 800 UV-Raman spectrophotometer with an excitation
wavelength of 632.8 nm. XPS studies were carried out on
acetone cleaned sintered compacts using ESCA probe TPD

system in ultra-high vacuum. Monochromatic source of Al K,
radiation with binding energy up to 1486.7 eV was chosen as
incident radiation. Ar" sputtering on the sintered compacts was
done to clean the surface and survey scan of 0-1200 eV was
executed. Binding energies were calibrated with carbon 1 s peak
position at 284.6 eV.

The electrical conductivity of the sintered compacts were
measured using two-probe AC impedance on a Solartron 1260
impedance analyzer between 400 °C to 750 °C. Silver wires
were used as current collectors and silver paste was applied on
both sides of the sintered compacts for electrical contact. A
frequency range of 1 MHz-0.1 Hz with an oscillation voltage
of 100 mV was used for the measurements. The diameter and
thickness of each sample was measured carefully before the
measurements.

3. Results and discussion
3.1. Powder synthesis

According to thermo-chemical concepts of propellant chem-
istry, the sum of the oxidizing and reducing valencies in a
redox mixture is zero [4]. The general combustion products are
CO,, H,0O and N,. Hence, C and H are the reducing elements
and have positive valency of +4 and +1 respectively and
oxidizing elements like O has negative valency of —2 and it is
zero for nitrogen as it does not take part in the reaction. The
equivalent valencies of the precursor compounds are calculated
using these values.

The molar ratio of Gd to Ce in 10 mol% GDC is 0.18:0.82
and hence, the stoichiometric molar fraction of the fuel
required to synthesize 10GDC is 0.83 and the reaction is as
follows.

0.82Ce( NO 3); 6.5H,0 + 0.18Gd( NO 3); 6.03H,0
+ 0.83C6H807 H20—>C60'32Gdo‘1801,91 + 5C02

+1.5N, + 11H,0 &)

The processed powder was foamy in appearance and was
highly nanocrystalline as found by XRD, SEM and TEM
analysis.

3.2. X-ray diffraction analysis

Fig. 1 shows the XRD patterns of the calcined powders and
sintered compacts of GDC. The cubic fluorite phase of ceria
was found in the calcined and ball-milled powders and no
other undesirable phase was detected upon sintering. The
crystallite size was calculated from the (111) peak using
Scherrer's formula. The instrumental broadening was corrected
using well annealed coarse grained alumina powder. The
crystallite sizes are indicated on the respective XRD plots in
Fig. 1. The as-prepared powder was very fine (8 nm) and
growth took place on heating during calcinations and sintering
leading to increase in the size.
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Fig. 1. XRD patterns of GDC powders and sintered pellets. The crystallite
sizes in different conditions are shown on the respective plots.

Fig. 2. SEM micrograph of the GDC powder.

3.3. Microstructure and density

The size and morphology of the powder was analyzed by
SEM and TEM. The SEM micrograph in Fig. 2 shows ultra
fine particles in the as processed powder. The bright field TEM
image in Fig. 3 clearly reveals the equiaxed morphology of the
powder. The size calculated from the TEM analysis matched
well with that obtained from XRD.

The processed powder was sintered in two different atmo-
spheres, namely air and oxygen. A sintered density of 94% of
the theoretical density was obtained in air atmosphere without
any sintering aid or sintering pressure. It should be noted that
the sintering temperature and time used here was much lower

Fig. 3. TEM bright field image showing the morphology of the powder.

compared to those used for microcrystalline powders (e.g.
1500 °C for 10 h). As the driving force for the sintering
process comes from the surface energy, this can be attributed
to high surface area of the nanocrystalline powder. Ballmilling
also helped in this respect by deagglomerating the powder
resulting in high surface area. The shorter diffusion distance in
the ultrafine powders also aids the sintering process.

The density, however, reduced from 94% to 90% in the
oxygen sintered sample. This can be attributed to vacancy
concentration related to the redox reaction (Ce*"—Ce®") in
ceria. It is well known that Ce** state in CeO, gets reduced to
Ce*" at low oxygen partial pressures. The redox reaction in
ceria can be written in the Kroger—Vink notation as

1
05500+ VE +2¢ (©6)

where, V,” is the oxygen vacancy created due to release of
oxygen that leaves behind two electrons (2¢’) which were
provided by Ce to the oxygen 2p band [8]. The balance
between oxygen vacancies and these electrons also maintain
the charge neutrality in the lattice. The nonstoichiometry in
CeQ, is size dependent. It has been reported that it is easier to
reduce nanocrystalline CeO, compared to its microcrystalline
or single crystal counter parts as the grain boundaries present
in large number in the ultrafine-grained material act as sites for
the reduction on an atomic scale [9,10]. Therefore, the
reduction in the present study can occur in air (O, partial
pressure~0.21 atm) due to the ultra fine size of the processed
powder. The oxygen vacancies (V,”) generated due to the
reduction increase the vacancy concentration in the lattice. The
higher vacancy concentration enhances the sintering process
[11,12] as the vacancies facilitate the diffusion of Ce cations
through the lattice [13]. Since oxygen gas evolves in the
reduction reaction (reaction (6)), the reaction will move
towards the left hand side according to the Le Chatelier
principle if excess oxygen is present in the reaction chamber
(oxygen sintering atmosphere) and hence, will reduce the
extent of ceria reduction. Therefore, the oxygen vacancy
concentration is expected to be lower in the oxygen sintered
sample compared to the air sintered sample and hence, the
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decrease in the sintered density. This was established by
Raman and XPS studies as described below.

3.4. Raman spectroscopy

The Raman spectra of ball milled and sintered samples
exhibit three bands as shown in Fig. 4(a). Stokes vibrational
F>, mode observed at 464 em™" corresponds to cubic fluorite
structure of CeO,. Peaks observed at 550 cm™! and 600 cm™!
correspond to intrinsic and extrinsic (due to aliovalent doping)
oxygen vacancies respectively [14—16]. A Lorentzian peak
profile was used to fit all the peaks. It can be seen that the I,
peak at 464 cm™' shifted toward lower energy in the ball-
milled condition. This shift in the Raman peak of ceria has
been attributed to combined effects of phonon confinement due
to nano size effect and lattice strain associated with defect
species [14,17]. The peak shifted toward higher energy and
almost coincided with 464 cm™" after sintering. This can be
attributed to reduced nano size effect as the crystals grow on
heating and migration of oxygen vacancies toward the surface
at higher temperature that promotes improved phonon lifetime
[14]. The oxygen vacancy concentration was determined from
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the area ratio of the peaks at 550 cm™! and 464 cm™! (Asso/
Ageq) [15,16] and plotted in Fig. 4(b). The oxygen vacancy
peaks were deconvoluted for this purpose as shown in the inset
of Fig. 4(b). It was observed that while the concentration of
oxygen vacancies remained almost unchanged in the oxygen
sintered sample the same was much higher in compacts
sintered in air (0.044) compared to the ball milled powder
(0.021). This indicates that reduction of ceria occurs during
sintering in air atmosphere producing oxygen vacancies
(reaction (6)) while the extent of reduction is much lower
in oxygen atmosphere. This is further corroborated by the
XPS data.

3.5. X-ray photoelectron spectroscopy

XPS studies were performed to examine the oxidation
state of cerium in the sintered compacts. The peaks observed
at 141.6eV and 146.8eV at the lower energy side of
the spectrum (Fig. 5a) represent the Ce 4ds, and Ce 4ds)
spin-orbit spilitting respectively with carbon 1s peak being
calibrated to 284.6 eV [18]. The O 1s peak at around 530 eV
belongs to lattice oxygen. CeO, (Ce*™) exhibits three pairs of
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Fig. 4. (a) Raman spectra of ball-milled powder and sintered pellets. (b) Oxygen vacancy concentration. The deconvoluted oxygen vacancy peaks are shown in (b).
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Fig. 5. (a) XPS spectra of GDC sintered in air and oxygen atmosphere. (b) Ce 3d spectrum of GDC-A and GDC-O.
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spin-orbit doublets or six peaks corresponding to Ce 3d
photoemissions. The multiple states are the result of different
Ce 4f level occupencies in the final state. The higher energy
pair, for example, correspond to the Ce 3d” O 2p° Ce 4f° final
state. The other four peaks arise from a mixture of Ce 3d° O
2p° Ce 4f" and Ce 3d® O 2p* Ce 4> [19]. The Ce 3d spectrum
of CeS+, on the other hand, shows two pairs of doublets due to
the absence of Ce 4f © states. A partially reduced CeO, will
thus have a mixture of these two Ce 3d spectra [14,20,21].
In the present case, the Ce 3d spectrum was deconvoluted to
clearly identify the peak positions (Fig. 5b). It can be seen that
apart from the Ce 3d doublets corresponding to Ce*" states
W, v' V", u, u", u"") the XPS spectra of the sintered pellets also
show presence of additional peaks (vo, V', u, u’) which
correspond to Ce™ states indicating partial transformation of
Ce** to Ce**. The fraction of Ce’* was determined by finding
the integrated peak areas corresponding Ce®* and Ce** states
and taking the ratio of the Ce®* to the total (Ce*"+Ce’") area
[14,21]. It was found that fraction of Ce** was higher in the air
sintered sample (~39%) compared to the oxygen sintered
sample (~21%). Though these are approximate values and
some level of error is always involved in such calculations due
to the complexity of the mixed spectrum, however, the
important point to be noted here is that it is in the same ratio
(~2:1) as the ratio of oxygen vacancy concentrations in the air
and oxygen sintered samples (Fig. 4b). This confirms that the
extent of ceria reduction is less in oxygen atmosphere. The
density reduction from 94% to 90% in the GDC-O sample is
thus corroborated by the Raman and XPS data.

3.6. Electrical conductivity

Impedance spectroscopy was used to measure the electrical
conductivity of GDC-A and GDC-O samples between 400 and
750 °C. The Nyquist plots are shown in Fig. 6. Grain (or bulk)
and grain boundary contributions to conductivity were calcu-
lated from the real intercept based on the frequency dispersion
as shown in Fig. 6(a) (the numbers indicated are log of
frequency). The conductivity was calculated from the intercept
on the real axis (R) and the dimensions of the sample
(thickness, ! and area, A) using the formula ¢=I//RA. Two
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differences should be noted here between the oxygen and air
sintered samples. First, the final dimensions of the two samples
were not exactly the same. The diameter and thickness of the
air sintered sample was 10.8 mm and 1.1 mm respectively
whereas these were 11 mm and 1.38 mm respectively for the
oxygen sintered sample. This, however, is not an issue as the
geometric factor (A/]) takes care of it. Secondly, the grain and
grain boundary contributions could be easily resolved only up
to 700 °C in case of the air sintered sample whereas it was
possible to separate the two contributions beyond 700 °C in the
oxygen sintered sample.

The temperature dependence of ionic conductivity follows
an Arrhenius type relation

g9 _Ea

0= —exp <k3T> (7)

here, g, is the pre-exponential factor, E, is the activation
energy, T is the absolute temperature and kp is Boltzmann's
constant. The activation energy is obtained from the slope of
the log scale plot (Arrhenius plot) of the equation. The
Arrhenius plots for grain, grain boundary and total conductiv-
ity for GDC-A and GDC-O samples were obtained from the
conductivity data.

3.6.1. Grain conductivity

The Arrhenius plot for grain conductivity is shown in Fig. 7
(a). It can be seen that there is a break in the slope resulting in
two different activation energies in the lower and higher
temperature regions. The jump in the slope at higher tempera-
ture seems to be induced by a change in the intermediate
temperature zone as can be seen from Fig. 7(a). This can be
correlated with the defect and redox chemistry that play a
major role on the ionic conduction. In an ionic conductor,
different temperature zones of conductivity can be found based
on the interaction between defect species and their thermo-
dynamics [22,23]. At lower temperature the concentration of
charge carrying defects is dictated by the coulombic interaction
and thermodynamic equilibrium between oppositely charged
defect species. At the intermediate temperature range the
conductivity is determined by the charge carrying defects
population which is controlled by a dopant or impurity and the
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Fig. 6. Nyquist plots at (a) 400 °C and (b) 700 °C. The inset of (b) shows the half-tear drop shaped low frequency arc. Numbers on the plots are log of

frequency (Hz).
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Fig. 7. Arrhenius plots of (a) bulk (grain) conductivity, (b) grain boundary conductivity and (c) total conductivity.

high temperature region is dominated by intrinsic defects
[22,23]. The redox reaction in ceria (Eq. (6)) generates
electrons which are localized in Ce sites (2Ce’c,) as it is
energetically more favorable to form an oxygen vacancy near a
pair of Ce atoms [8]. This defect along with the resulting
distortion is known as polaron. Thus, in partially reduced ceria
the different regions described above can be related to these
three defect species, namely oxygen vacancies, polarons and
dopants. The observed break also agrees well with some recent
literature reports [24,25] on partially reduced ceria. The
activation energy for grain conductivity in the GDC-O and
GDC-A samples were found to be 0.54eV and 0.57 eV
respectively in the lower temperature region. These values
are closer to activation energy for oxygen ion conduction in
CeO, lattice [26]. It can be thus said that the lower temperature
region is the ionic conduction region which is dictated by
interaction between oxygen vacancies and the dopant ions. The
ionic conductivity of the GDC-O sample was higher than the
GDC-A samples as is also obvious from smaller semicircles in
Fig. 6(a). For example, the grain conductivity values at 475 °C
are 24.3x 107" and 27.3x107*Sem™ for GDC-A and
GDC-O samples respectively. This can be attributed to the
extent of reduction of ceria in air and oxygen atmospheres. As
shown conclusively by the Raman and XPS data above, the
extent of reduction is higher in air sintering. The higher

vacancy concentration due to greater reduction increases the
likelihood of formation of defect associates like (GdCe’V‘O')°
which restricts oxygen vacancy migration [23] leading to lower
ionic conductivity and higher activation energy in the GDC-A
sample.

The slope changes toward higher activation energy in the
high temperature region. This can be related to the redox
reaction occurring in the ceria lattice. The electrons generated
due to the reduction reaction (Eq. 6) are localized on Ce sites
(2Ce’ ) and this defect is known as small polaron. It has been
established that the n-type conductivity in reduced CeO, is due
to hopping motion of the small polaron from one Ce site to the
adjacent one [27,28]. The motion of the polarons is thermally
activated i.e. they need thermal energy for the hopping motion
and hence, are expected to be more prevalent at higher
temperature. The ceria samples can also undergo reduction
while being heated up to higher temperature during conduc-
tivity measurement. Therefore, the CeO, lattice contains two
types of charge carrying species namely, oxygen vacancies and
polarons, in the higher temperature region and gives rise to
mixed ionic and electronic conductivity (MIEC). A typical
nature of the Nyquist plot from a mixed ionic-electronic
conductor is the presence of a low-frequency half-tear drop
shaped arc [29,30]. The impedance plot of GDC-A and GDC-O
samples did exhibit a half-tear drop shaped spectrum at low
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frequencies at high temperatures as shown clearly in the inset of
Fig. 6(b). The activation energy of the GDC-O samples was
found to be higher (0.79 eV) compared to GDC-A sample
(0.73 eV) in the mixed conducting region. This can be again
attributed to the extent of redox reaction and the reduction of
ceria during the thermal exposure in the conductivity measure-
ment. Due to lesser extent of reduction in oxygen atmosphere
sintering the concentration of Ce** is lower in the GDC-O
sample in the beginning of conductivity measurement. This will
facilitate the redox reaction, CeoCe™t (due to less concentra-
tion of the product, Ce*), during heating the sample for
conductivity measurement and hence, will generate more Ce**
with increasing temperature in the GDC-O sample compared to
the GDC-A sample. This will result in increase in the jump
distance of the charge carriers due to lattice expansion as the size
of Ce** ions (114.3 pm) is bigger than Ce** ions (97 pm) [31].
Consequently the activation energy for conduction increases in
the GDC-O sample.

3.6.2. Grain boundary conductivity

Fig. 7(b) shows the Arrhenius plot for grain boundary
conductivity for GDC-A and GDC-O samples. The grain
boundary conductivities of GDC-A and GDC-O samples are
comparable in the lower temperature region. However, it is
higher for the GDC-O sample at higher temperature and the
difference increases with increasing temperature as shown in
Fig. 7(b). This can also be correlated with the redox reaction
occurring in CeO,. The conduction through grain boundaries
in reduced ceria is predominantly controlled through space-
charge layer (SCL) which in turn depends on the redox
chemistry. As explained above, the reduction happens in larger
extent in the GDC-O sample during conductivity measurement
at higher temperature. The generation of vacancies due to the
reduction and their greater mobility due to breaking of the
defect associates at higher temperatures provides enhanced
conduction paths through the SCL. The fine size of the
material also helps in lowering the space charge potential
[32,33] and building up the oxygen vacancy concentration near
the grain boundaries owing to the shorter diffusion distance of
vacancies toward the grain boundaries from grain interiors.
This again enhances the conduction through grain boundaries
at higher temperature.

The total conductivity, g7, was calculated from bulk and
grain boundary conductivities (1/6;=1/c,+1/0,,) [34] and is
plotted in Fig. 7(c). The trend in the total conductivity is
controlled by the pattern of the individual contributions of
grain and grain boundaries with respect to temperature. The
total conductivity also shows break in the activation energy.
However, the trend is reverse in this case as compared to the
bulk conductivity. The activation energy values for total
conductivity were found to be 1.17 and 1.07 eV at lower
temperatures and 0.85 and 0.86 eV at higher temperatures for
air and oxygen sintered samples respectively. This can be
attributed to contribution from grain boundaries which are
much less conductive at lower temperatures.

4. Conclusions

GDC synthesized using citrate—nitrate solution combustion
route was highly nanocrystalline in nature with the cubic
fluorite phase. The effect of sintering atmosphere on densifica-
tion and defect chemistry was studied by XPS and Raman
spectroscopy. The conduction behavior was studied using
impedance spectroscopy. Following conclusions can be drawn
from this study.

The density of air sintered (GDC-A) sample was higher than
the oxygen sintered sample (GDC-O) owing to higher vacancy
concentration that aids achieving better densification. The
Arrhenius plot of bulk conductivity exhibited break in the
slope which can be correlated with the redox and defect
chemistry. The conduction mode changes from ionic at lower
temperatures to mixed ionic-electronic at higher temperature
due to introduction and hopping of the polarons as a result of
reduction of ceria. The GDC-O sample showed higher ionic
conductivity and lower activation energy in the lower tem-
perature range while the activation energy of GDC-O was
higher than the GDC-A sample in the mixed conduction range.
The grain boundary conductivity, on the other hand, was
similar at lower temperature and increased more rapidly at
higher temperatures in the GDC-O sample compared to the
GDC-A sample.
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