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a b s t r a c t

In recent years, doped ceria is an established and promising candidate as solid electrolyte for intermediate
temperature solid oxide fuel cell (IT-SOFC). In this investigation, synthesis and characterizations of nano-
crystalline Gd doped ceria, (Ce1−xGdxO2−x/2, where x = 0–0.3), prepared using glycine–nitrate process
(GNP) has been presented. Evolution of structural and morphological properties of nano-powders as a
vailable online 15 July 2010
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function of heat treatment has also been studied. The prepared samples were characterized using TG–DTA,
FT-IR, Raman spectroscopy, XRD, SEM, etc. In addition, the effect of Gd content over the micro-structural
properties of nano-crystalline Gd doped ceria was investigated. Raman analysis of calcined powders
confirms the formation of the solid solution of Ce1−xGdxO2−x/2 instead of mixture of CeO2 and Gd2O3. The
solid solutions obeyed Vegard’s rule very well. Grain growth of sintered samples was observed to hinder

ntent
aman spectroscopy
icrostructure

with an increase in Gd co

. Introduction

Ceria (CeO2), which possesses the fluorite structure, can be read-
ly doped with trivalent cationic oxides (M2O3). This doped ceria
ecomes a good oxygen-ion conductor, since in doped ceria due
o charge compensation mechanism in host lattice, the oxygen
acancies (V′′

O) are introduced. These oxygen vacancies are largely
esponsible for oxygen-ion conductivity. For example, ceria doped
ith gadolinia (Gd2O3) produces oxygen vacancies by the reaction

d2O3 + 2Ce×
Ce + O×

O → 2Gd′
Ce + V′′

O + 2CeO2 (1)

oreover, higher oxygen-ion conductivity of doped ceria than that
f its competent material has made it a promising candidate for a
ariety of electrochemical devices, for example, as solid electrolytes
or intermediate temperature solid oxide fuel cell (IT-SOFC) [1],
hree way catalysts for the treatment of automotive exhaust gases
2], petroleum cracking catalyst [3], oxygen sensors [4], UV filter
5], etc. In the recent past years due to this commercial drive to
repare ceria-based devices, many research articles in literature are
edicated to prepare the doped ceria by variety of methods [6–12].

owever, due to various problems encountered in standard pro-
edure of preparation of doped ceria, the clear understanding of
reparation of doped ceria is essential. For long time, the standard
rocedure to obtain highly dense doped ceria as solid electrolyte
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for SOFC was to sinter the green compacts at high temperature
(≥1500 ◦C). However, main drawback of high temperature process-
ing of doped ceria has been observed to cause reduction of Ce4+ to
Ce3+, giving electronic conduction. This electronic conduction leads
to failure of fuel cell reaction. In addition, the high temperature
processing is an expensive option of manufacturing. Moreover, it
would not be suitable for the case of anode supported SOFC where
the co-firing of the anode and electrolyte is necessary and may lead
to inter-diffusion of unwanted cations.

In general, sintering promotes densification due to grain growth
either by surface diffusion, grain boundary diffusion or by lattice
diffusion which in turn depends upon the employed sintering tem-
perature. It has been well explained by Espositow and Traversa
[13] and suggested that the size of the starting material affects
the sintering rate. According to Espositow and Traversa nano-sized
particles as starting material promote low temperature sinterabil-
ity and increases sintering rate due to their high surface energy.
Therefore, use of nano-powders of doped ceria as starting mate-
rial would be a good practice to obtain highly dense samples at
comparatively low sintering temperatures.

Among the various solution routes available for the prepa-
ration of nano-oxide materials, the solution combustion, (e.g.
glycine–nitrate process—GNP), is a versatile route. The benefits and

advantages of this synthesis technique have been reported else-
where [14,15]. Being a solution process, atomic level doping and
homogeneity can be achieved [16]. In the present paper, we report
the preparation of Gd doped ceria, (Ce1−xGdxO2−x/2), where Gd con-
tent was varied at the interval of 0.05.The nano-powders were used
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ng synthesis of 10% Gd doped ceria nano-powders.
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Table 1
Enthalpy and specific heat at constant pressure of different species involved in
reaction given by Eq. (2).

Compound �H (kcal/mol) Cp (kcal/mol K) at 298 K

Ce(NO3)3·6H2O −729.14 –
C2H5NO2 −112.20 –
CeO −260.20 0.01473

enthalpy of combustion, which is given as
Fig. 1. Plot of TG–DTA of the gel formed duri

o obtain ceramic samples which were sintered at different sin-
ering temperature to decide the optimum sintering temperature.
urther the effect of Gd content over the structural and morpholog-
cal properties of nano-crystalline Gd doped ceria was investigated.

. Experimental

.1. Sample preparations

The fuel-to-oxidizer is an important preparative parameter of glycine–nitrate
rocess. Our earlier work was dedicated to optimization of fuel-to-oxidizer ratio
f GNP to obtain good quality Gd doped ceria nano-powders [14]. The optimized
uel-to-oxidizer ratio obtained from earlier work was 1.66:1. The chemical reaction
or this fuel-to-oxidizer would be

e(NO3)36H2O + 1.66C2H5NO2
�>1500 ◦C−→ CeO2 + 2.33N2 + 3.32CO2 + 10.15H2O (2)

In solution combustion reactions, extremely high temperatures of over 1550 ◦C

an be achieved within a very short duration. Therefore, a thermally isolated system
xists as there would be very little time to disperse the heat to its surroundings.
ccordingly, the maximum temperature obtained during the reaction is assumed to
e adiabatic temperature (Tad). The heat liberated during the reaction is the enthalpy

ig. 2. FT-IR of (a) as-synthesized, (b) calcined and (c) sintered (1200 ◦C) 10% Gd
oped ceria.
2

N2 0.00 0.00679
CO2 −94.05 0.01115
H2O −57.80 0.00827

of the system and is a state function. It is expressed as

�H0 =
∫ Tad

298 K

n�Cp(product) dT (3)

where n is the number of the moles, T is the adiabatic flame temperature and �H is
�H = �Hproduct − �HReactant (4)

Table 1 lists the enthalpy and specific heat at constant pressure of different species
involved in reaction given by Eq. (2). From Table 1 and Eq. (4) �H for reaction

Fig. 3. Raman spectra of Gd doped ceria powder.
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with powder X-ray diffractometer (XRD-PHILIPS PW-3710). The surface morpho-
logical properties of the sintered pellets were investigated using scanning electron
microscopy (JEOL-JSM-6360) which further employed for determination of grain
size, using Cottrell’s method. The Cottrell’s method gives the relation between the
number of intercepts of the grain boundary per unit length (P), and total number of
Fig. 4. XRD patterns of (a) as-synthesized un-doped and Gd doped ceria sam

entioned in Eq. (2) is

H = −915.408268 − (1159.116) = −243.7077 kcal/mol

ow

(nCp)=Summation of specific heats (at constant pressure) of reaction products

gain from Table 1

(nCp) = 0.15158 kcal/mol K

olving the Eq. (3) for Tad, we get

ad = 298 +
(

−�H∑
(nCp)

)
= 1905.81 K = 1607 ◦C

owever, the actual flame temperatures will be much lower (±100 ◦C) than the
heoretically calculated values, as the radiative losses, incomplete combustion and
eating of air may cause the reduction. Despite of these losses, the adiabatic flame
emperature at which the reactants are raised during the combustion is much
igher than the decomposition temperature (<350 ◦C) of Ce(NO3)3·6H2O [14]. Hence,
lycine–nitrate combustion produces the nano-powders of ceria despite the short
uration (i.e., few seconds) of auto-ignition. XRD of as-synthesized powders clearly
eveals that the GNP is a single-step synthesis technique to produce phase-pure
ano-crystalline powders.

To synthesize nano-powders of Ce1−xGdxO2−x/2 (where x = 0–0.30; � = 0.05)
sing glycine–nitrate combustion route, the metal nitrates (cerium nitrate and
adolinium nitrate; ALFA AESAR, 99.9%) and glycine was mixed in pre-optimized
uel-to-oxidizer ratio. The doping of Gd in ceria was controlled by varying blending
roportion of respective metal nitrates in oxidizing precursors. This mixture was
eated on hot plate with constant stirring, until formation of the gel. The gel was
hen transformed to a muffle-furnace, preheated at 325 ◦C. After few seconds, the gel

uto-ignites with evolution of voluminous gases. During this short exposure of high
emperature, formation of solid solution of GDC takes place. Heating was contin-
ed for a while so that un-burn part is completely burned. The nano-particles thus
btained have high surface area (73 m2/g) and soft agglomerates (D50 = 5.34 �m)
14]. These powders were then calcined at 600 ◦C/2 h to burn the un-burned residual
rganic matter (if any).
and (b) 10% Gd doped ceria samples heat treated at different temperatures.

2.2. Characterizations

Prior to powder synthesis thermo-gravimetric and differential thermal anal-
ysis (TG–DTA) of dried gel was carried out using a Perkin-Elmer TGA–DTA–DSC
instrument with a heating rate of 10 ◦C/min in air to investigate the reaction tem-
perature and to observe the behavior of material with temperature. The prepared
nano-powders were characterized by Fourier transformed infrared (FT-IR) spec-
troscopy using ‘Perkin-Elmer, FT-IR spectrum one’ for detection of various phases.
Raman spectroscopy was also performed and the spectra were collected at room
temperature (FT-Raman, MultiRAM). The phase formation of samples was examined
Fig. 5. Dependence of lattice parameter on doping % of Gd in ceria for standard (from
JCPDS) and sintered GDC samples.
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Fig. 6. SEM images of (a) un-doped, (b) 5% Gd doped, (c) 10% Gd doped, (d) 15% Gd doped, (e) 20% Gd doped, (f) 25% Gd doped and (g) 30% Gd doped ceria samples sintered
at 1400 ◦C. (h) SEM image of 10% Gd doped ceria sintered at 1200 ◦C (8 h).
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ntercept (n) as, P = (n/2˘r)M, where M is the magnification and r is the radius of
ircle. Using P, grain diameter (L) can be calculated as, L = 1/(P − 1).

. Results and discussion

.1. Thermo-gravimetric and differential thermal analysis
TG–DTA)

Fig. 1 shows the TG–DTA plot of the gel formed after dehydra-
ion of mixture of metal nitrates and glycine (for 10% Gd doped
eria—GDC10). The TG–DTA revealed the ignition and phase forma-
ion temperatures. The TGA plot showed two major weight losses in
he range 60–210 ◦C and 210–300 ◦C. The presence of an endother-

ic peak and two exothermic peaks in DTA curve accompany the
eight loss in the TGA.

The gradual weight loss in the range from 60 to 210 ◦C and the
resence of an endothermic peak at 132.38 ◦C is attributed to the
ehydration of gel. The steep reduction in sample weight, above
10 ◦C, is due to decomposition of the gel. During steep reduction

n sample weight two exothermic peaks are observed in DTA, a
mall peak followed by pronounced one at 273.58 ◦C. Earlier may
orrespond to the combustion of the residual organic matter in
he dehydrated sample while later would be due to the change of
erium oxide structure from an amorphous state to a crystalline
tate. An absence of any weight loss in TGA and endothermic or
xothermic peak in DTA curve above 300 ◦C confirms formation of
uorite type Ce0.9Gd0.1O1.95 (GDC10) at relatively lower tempera-
ure. TG–DTA of gel formed for other Gd concentrations resulted in
he identical observations.

.2. Fourier transformed infrared (FT-IR) and Raman
pectroscopy

FT-IR spectra of GDC10 for as-synthesized, calcined (at 600 ◦C)
nd sintered (at 1200 ◦C) powder is shown in Fig. 2. The features
n the IR spectra are bands in the 1200–1700 cm−1 (II-region) and
800–3500 cm−1 (III-region) ranges. In addition, the band in the
50–400 cm−1 (I-region) range of the IR spectra may be attributed
o the characteristic Ce–O vibrations [17]. The bands in the fre-
uency region from 1200 to 1700 cm−1 (II-region) are assigned to
ome traces of un-decomposed nitrates in the as-prepared powder
18] and carbon based impurity species on the unsaturated CeO2
urface [19].

The band at 1384 cm−1 might be due to some traces of remnant
itrates [18]. The band at around 1600 cm−1 is due to CO2. The
ands at 1536 and 1416 cm−1 are due to asymmetric and symmet-
ic stretching frequency of COO−. The C–H stretching mode is also
bserved in the region 2800–3000 cm−1. Moreover, residual water
s detected with a large band around 3427 cm−1, corresponding to
he O–H stretching frequency. The less intense peak at 1070 cm−1

epresents the presence of residual organics in the sample. The
ntensity of these bands decreases after calcination and sintering.
he O–H stretching mode present in the calcined and sintered sam-
les may come from moisture absorbed during testing. The less

ntense impurity bands in the calcined and sintered samples orig-
nate from surface and not from bulk, as confirmed in the XRD
nalysis.

Fig. 3 depicts the Raman spectra of calcined powder of GDC10.
sharp and intense peak observed at 467 cm−1 corresponds to

eO2 due to F2g symmetry of the cubic phase [20]. In addition to
his, two weak peaks are observed at 550 and 600 cm−1. These

ibrational modes are connected to the defect spaces related to
he oxygen vacancies present in the structure of Gd doped ceria
ano-crystalline sample [21]. When Gd is doped in ceria, every two
d3+ substituted for Ce4+ makes oxygen ion O2− to leave the lattice

n order to keep the electro neutrality (extrinsic oxygen vacancy).
Compounds 506 (2010) 739–744 743

According to Nakajima et al. [22] the vibrational states with wave
number near the value of 600 cm−1 are attributed to the defect
spaces including or neighboring of the intrinsic oxygen vacancies,
while the mode at 550 cm−1 is associated with oxygen vacancies
induced by doping CeO2 with Gd3+ (extrinsic vacancies). Further,
the absence of the vibrational mode at 360 cm−1 corresponding to
Gd2O3 cubic phase [23] confirms the formation of solid solution at
room temperature.

3.3. X-ray diffraction (XRD)

Prepared samples crystallized in fluorite form, as confirmed
from the XRD patterns of as-synthesized powders (Fig. 4a). The
broad diffraction peaks in the XRD patterns clearly depicts the
nano-crystalline nature of as-synthesized powders. The crystallites
grow upon calcination at 600 ◦C but the broadness of peaks is per-
severed (nano-crystallinity). Fig. 4b shows this effect for GDC10
sample, while upon sintering at 1200 ◦C the peaks are turned into
comparably sharp diffraction peaks. For as-synthesized powders
and sintered samples (at 1200 ◦C) of Ce1−xGdxO2−x/2 (x = 0–0.30),
the crystallite sizes were in the range of 9–17 nm and 40–60 nm,
respectively. There was no linear variation in crystallite size with
an increase/decrease in Gd concentration.

The absence of Ce2O3 reflection peaks in XRD pattern of GDC10
sample sintered at 1200 ◦C indicates that there was no reduc-
tion of Ce4+ to Ce3+. However, the (0 0 3) reflection peak due
to Ce2O3 emerge for GDC10 sample sintered at 1300 ◦C and
become more prominent for higher sintering temperatures (e.g.
at 1400 ◦C—Fig. 4b). The similar trend was also observed for other
compositions. Apart from these observations in a similar research
[13], however with unique sintering approach, emergence of Ce2O3
peaks was not observed even for the samples sintered at 1600 ◦C. In
addition, of unique approach of sintering, the authors have not used
any kind of binder during the formation of green samples. There-
fore, the emergence of Ce2O3 peak, in our case, may be attributed
to uncontrolled decomposition of binder during the final sintering.

In general, poly-vinyl alcohol (PVA) is used as binder (organic
material) during synthesis of green samples in ceramic route. When
these green samples are introduced for thermal treatments, binder
undergoes thermal decomposition and evolves voluminous prod-
uct gases. When such green samples (having binder in its particle
matrix) are allowed to sinter at higher temperature, the evolving
gases pressurize the surrounding particle matrix and flake out of the
sample (formation of pores). However, these pores are filled dur-
ing further heating process at higher temperatures. These evolving
gases sometime block the contact of atmospheric air and particles at
higher temperatures, where it could apparently establishes a very
low oxygen partial pressure. If the pores (with low oxygen partial
pressure) are blocked due to surface grain growth then the low
oxygen partial pressure remains trapped in particle matrix. This
apparent low oxygen partial pressure and high temperature i.e.
greater than 1273 K is a sufficient condition to provide the tran-
sition of Ce4+ to Ce3+, a well-known behavior of ceria [24].

During the doping of ceria with gadolinia, the large sized
Gd3+ (radius is 0.1 nm) ions expand the host lattice of ceria
(radius is 0.09 nm). This expansion causes uniform strain in
the lattice, as the material is elastically deformed. This effect
changes the lattice-plane-spacing and the diffraction peak shifts
to new ‘2�’ positions. Therefore, the lattice parameter ‘a’ of the

doped ceria, given by a = d
√

h2 + k2 + l2 has been observed to

increase with an increase in Gd content in ceria. Fig. 5 shows
variation of unit cell parameter, a, with dopant content, x, of
Gd3+ ions. The trend of variation is linear and follows the
equation as, aSint(x) = 0.062x + 5.409. According to Vegard’s rule,
the lattice parameter of a solid solution varies linearly with
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Table 2
Grain size and relative density of GDC samples sintered at 1400 ◦C.

Sample name Grain size (�m) Relative density (%)

GDC00 7.675 79
GDC05 5.652 92
GDC10 4.841 94
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[22] A. Nakajima, A. Yoshihara, M. Ishigame, Phys. Rev. B 50 (1994) 13297–13307.
GDC15 3.023 91
GDC20 1.976 95
GDC25 1.964 94
GDC30 1.960 93

n increase in dopant concentration. Therefore, the prepared
amples are confirmed to form solid solution of gadolinia and
eria.

.4. Scanning electron microscopy (SEM) and relative density
easurements

According to solute drag effect [25] in a solid solution, during
intering the dopant segregates at the grain boundary and inhibits
he surface and grain boundary diffusion mechanism. Hence, in our
ase, these restrained mechanisms lead to decelerated grain growth
or the samples with higher ‘Gd’ contents. Variation in average
rain size and relative density of GDC samples sintered at 1400 ◦C
s shown in Table 2. From Table 2, a gradual decrease in average
rain size is observed, however, this trend stops for doping of 20%
d in ceria. For the samples with doping contents of 20% and above,

he average grain size remains steady. These features can be clearly
een in respective SEM images (Fig. 6a–g). Additionally, the grain
ize distribution is observed to be broad for x = 0 and 0.1 while
ther samples (for x ≥ 0.15) showed nearly uniform grains (grain
ize distribution is narrow).

Apart from these variations with doping concentrations, it is
bserved that all the samples sintered at 1400 ◦C showed the for-
ation of relaxed and rounded/spherical shaped grains. However,

or the samples sintered at 1200 ◦C the grains were comparatively
maller than that of respective samples sintered at 1400 ◦C. Fig. 6h
hows typical SEM image of (GDC10) sample sintered at 1200 ◦C
or 8 h. Observed globular shaped grains are of size of 200 nm. Thus,
intering at 1400 ◦C/8 h led to 24 times larger grains than that of sin-
ered at 1200 ◦C/8 h. However, this enhanced grain size may show
n adverse effect on its electrical performance. In general, the grain
ize in dense sintered bodies strongly affects mechanical and elec-
rical properties of solid electrolytes. In addition, nano-crystalline
amples can lead to the formation of inconsistent dopant or vacancy
ano-domains and a large amount of grain boundaries. This large
mount of grain boundaries can cause an increase in impurities
egregation and thermal ageing of samples. Therefore, the effect of
rain size on the physical and chemical properties of submicrom-
ter polycrystalline bodies is expected to be more significant than

hose of normal polycrystalline bodies with grain size of several

icrometers.
Particularly, for GDC10 samples sintered at 1200 ◦C for 8 and

2 h had shown relative densities of 93% and 95%, respectively
hile for samples sintered at 1400 ◦C it was 95%. Thus, the den-

[

[

[

Compounds 506 (2010) 739–744

sity of samples is saturated at 1200 ◦C and further grain growth is
progressed by surface and/or grain boundary diffusion mechanism
(non-densification processes) for higher sintering temperature.

4. Conclusions

GDC nano-powders have been synthesized using single-step
glycine–nitrate process (GNP). Raman and FT-IR analysis of as-
synthesized and calcined powders confirms the formation of
phase-pure GDC solid solution instead of a CeO2 and Gd2O3 mix-
ture. To synthesize highly dense GDC ceramic bodies the green
bodies should be prepared either using an organic binder with con-
sequent pre-sintering step or should be prepared without binder.
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