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Nanopowdered Ce;_,Yb,0,_s solid solutions (0 <x <0.2) were synthesized by a self-propagating room
temperature synthesis. XRD and SEM were used to study the properties of these materials as well as the Yb
solubility in CeO, lattice. Results showed that all the obtained powders were solid solutions with a fluorite-
type crystal structure and with nanometric particle size. The average size of Ce;_xYb,O,_s particles was
approximately 3 nm. Electrochemical impedance spectroscopy for the sintered pellets depicted that it
was possible to separate Ry and R, in the temperature interval of 550-800 °C. The activation energy
for the bulk conduction was 1.03 eV and for grain boundary conduction was 1.14eV. Grain boundary
resistivity dominates over the other resistivities. These measurements confirmed that Yb3*-doped CeO,
material had a potential as electrolyte for intermediate-temperature solid oxide fuel cell applications.
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1. Introduction

Cerium oxide (Ce0O;) has been widely investigated because of
its various applications such as a catalyst, an insulating layer on
silicon substrate, a material of high refractive index, an ultravi-
olet absorber, a hydrogen storage material, an oxygen sensor, a
mechanical polishing medium, and an additive to other high-tech
ceramics [1-8]. One of the most promising applications of CeO,
based ceramics is the fabrication of electrolyte material for solid
oxide fuel cell (SOFC). Several ionically conducting ceramics are
currently employed as SOFC materials. The most effective of these
are based on aliovalently substituted zirconia and ceria. It is impor-
tant to note that for comparable doping conditions, the overall
oxygen ionic conductivity in doped ceria is approximately an order
of magnitude greater than that of stabilized zirconia [9].

The larger ionic radius of Ce** (97 pm) than Zr** (72 pm) [10]
results in much more open structure through which oxygen ions
can easily migrate [11]. This allows CeO, to be used as an electrolyte
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at moderate operating temperatures. Another advantage of ceria-
based systems is ceria’s activity which is a result of its ability to par-
tially change oxidation state from Ce** to Ce3* during the reaction
from Ce** 0, to Ceq_,**Cex3*0,_y. This process can be modified by
partial substitution of Ce#* with trivalent rare-earth ions. The ionic
conductivity of an electrolyte strongly depends on properties of
dopant, namely, concentration, ionic radius and formal charge [12].
Partial replacement of Ce** ions with di- or triovalent ions produces
a large density of oxygen vacancies in ceria lattice enhancing the
ionic conductivity of these materials [13,14]. The ionic conductivity
of CeO, ceramics doped with various ions (Ca2*, Sr2*, Ba2*, Y3*, Ln3*,
Sm3*, Gd3*, Nd3*) at different concentrations has been extensively
investigated. Moreover, there is a concept of the matching radius,
which is developed based on minimal difference between the host
Ce** and dopant cation [15]. The concept suggests that ionic con-
ductivity could be enhanced by a decrease of ionic radius mismatch
[15]. Therefore, the high quality electrolyte should be non-distorted
fluorite crystal lattice. Bearing this in mind it is expected that the
best candidate would be triovalent ions with approximately the
same radius as the cerium ion. The radius of ytterbium ion is the
closest to the radius of cerium ion. According to Shannon’s compi-
lation [10], the ionic radii of Ce** and Yb3* for coordination number
(CN) 8 are 97 and 98.5 pm, respectively. Therefore, the main idea of
this work is that doping ceria with slightly larger sized Yb3* ion will
keep almost the same lattice constant as an undoped ceria and will
increase ionic conductivity of ceria as a consequence of oxidation
state difference between Ce#* and Yb3*.

The other important parameter in design of modified ceria
ceramics is the preparation method of powders. Among many
methods that have been employed to produce doped cerium
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oxide nanoparticles [16-21], one of the methods that is cost and
time effective is the self-propagating room temperature (SPRT)
synthesis of powders [22-24]. SPRT procedure is based on the self-
propagating room temperature reaction between metal nitrates
and sodium hydroxide.

Since there is a lack of literature data about ytterbium as
a dopant ion in ceria solid solution, in the present study, we
report SPRT method for preparation of nano-crystalline powders
of Yb-doped ceria. Also in order to develop a new electrolyte for
intermediate temperature SOFC, the ionic conductivity of some
compositions of Yb-doped ceria was studied.

2. Experimental procedures

Nanopowders Cei_xYbxO,_s (0 <x <0.2) were synthesized by
a self-propagating room temperature synthesis [22-24]. Starting
reactants were Ce(NOs3)3-6H,0 (Aldrich, 99.999%), Yb(NO3)3-5H,0
(Aldrich, 99.999%) and NaOH. The compositions of the starting
reacting mixtures were calculated according to the nominal com-
position of the final reaction product. Synthesis is done according
to the following overall reaction:

(1—x)[Ce(NO3)3-6H,0] + x[Yb(NO3)3-5H,0] + 3NaOH
+(1/4-28)05 = Ce;_xYbxO,_s+3NaNO3 +(7.5-x)H,0 (1)

The X-ray powder analysis is used to identify the crystalline
phases as well as lattice parameters of solid solutions of obtained
powders. Powder XRD patterns of samples heat treated at different
temperatures were recorded on Siemens D-500 X-ray diffractome-
ter with Ni-filtered CuKoy » radiation. The measurements were
performed in the 26 range from 20° to 80° in a continuous scan
mode with a step width of 0.02° and at a scan rate of 2°/min. Calcu-
lation of the average crystallite size (D) was performed on the basis
of the full-width at half-maximum intensity (FWHM) of the 111,
200,220and 311 reflections of CeO, by using Scherrer’s formula
[25]:

KA
Dhia = Bcoso

where A is the wavelength of the X-rays, K is a constant approxi-
mately equal to 1 and set as 0.9 in this study, 6 is diffraction angle,
B=(Bm — Bs), B is corrected half-width for instrumental broaden-
ing, Bm observed half-width and f; is half-width of the standard
CeO, sample. Values of lattice parameters of all powders were cal-
culated from the position of the observed diffraction lines based on
collected XRD data according to the formula:

(2)

4sin’0 1 K2+ k24P 3
A2 :%: 2 (3)

In this equation, a indicates the lattice parameter of the cubic crys-
tal lattice and h, k and [ are the Miller indices of the considered
Bragg reflection.

Scanning electron microscopy (FE-SEM, field-emission type,
S-4800, Hitachi, Japan or JSM 6330F, JEOL, Japan) was used for
morphology image of powders or sintered samples.

Powders were isostatically pressed at 70 MPa and sintered in
air at 1500 °C for 1 h, with a heating rate of 4 °C/min. Thermogravi-
metric and thermodifferential analyses (DTA/TGA) were performed
using a Mettler Toledo TGA/SDTA851 equipment at a heating rate
of 10°C/min in air with typically 20 mg sample.

After sintering of sample, the platinum paste was painted on the
both sides of sintered sample and electrochemical impedance spec-
troscopy (EIS) measurements were carried out in the 550-800°C
temperature range using a frequency response analyzer (FRA

Solartron 1260), coupled with a dielectric interface (Solartron
1296), in a frequency range between 0.1 Hz and 5 MHz with an AC
voltage amplitude of 50 mV. The impedance plots were fitted by
ZView® for Windows software (Version 3.2b).

3. Results and discussion

Typical XRD patterns for the Yb-doped CeO, with different
dopant concentrations are shown in Fig. 1. Peaks related to isolated
Yb-phases were not observed and all XRD patterns could be indexed
satisfactory to the fluorite crystal structure with space group Fm3m.
XRD analysis revealed that all peaks for each sample were signif-
icantly broadened, indicating small crystallite size and/or strain.
It exhibited very diffuse diffraction lines, in such way that some
atomic planes were impossible to indicate (hkl: 222,400,331,
420). The values of the lattice parameters and crystallite size for
all the samples are listed in Table 1. It could be seen that lattice
parameter increased with an increase in the dopant concentra-
tion. As we mentioned before, according to Shannon’s compilation
[10], the ionic radii of Ce** and Yb3* for CN =8 are 97 and 98.5 pm,
respectively. Thus, doping with a slightly larger sized Yb3* ions will
increase the lattice parameter of ceria and with increasing of Yb
ion concentration the cubic ceria lattice will expand. On the other
hand, Yb and induced corresponding oxygen vacancies generate
the internal stress in the ceria matrix. Measurement of the full-
width at half-maximum (FWHM) for the 11 1 reflection confirmed
this assumption, showing that increasing the dopant concentration
increased FWHM value (Table 1). Crystallite size, calculated on the
basis of XRD data, for all powders lays below 3 nm (Table 1).

Literature data show that an increase in concentration of Yb
leads to an increase in ionic conductivity [26], achieving the high-
est value in composition with 20% Yb [26,27]. Since the application
of solid solutions of ceria for solid electrolyte showed the best prop-
erties for doping concentration of 20%, all the other studies were
done with ceria doped with 20% Yb.

-
b
T g =
Y O o~ =
AR o~ 0 Yb 20%
I Sl F; L) v*l»,\”
iy y :
R W LTI Mgt g eyt #HE
3
e M% Yb 15%
%‘ L MWM WMWMW g ™ e
c
2
[= i | 0,
£ // WM Pt - Yb 10%
“'%mmwm‘"‘ hcppie b " T o,
/’% Yb 5%

20 30 40 60 80
26 [°]

Fig. 1. XRD patterns of the as prepared Ce;_xYbxO,_s nanopowders with various Yb
concentrations.

Table 1
Crystallite size (D), lattice parameters (a) and full width at half-maximum (FWHM)
of Ce;_xYbyxO,_s nanopowders with various Yb concentrations.

Yb concentrations (%) FWHM a(nm) D (nm)
5 3.013 0.5429 2.8

10 3.088 0.5432 2.7

15 3.234 0.5434 2.6

20 3.487 0.5466 2.4
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Fig. 2. DTA and TGA curves of Ceg goYbo.200,_s powder obtained by SPRT method at
heating rate of 10°C/min in air.

DTA analysis of obtained ceria powder doped with 20% Yb
showed very broad exothermic peak in the range of 80-130 °C, fol-
lowed by weight loss of ~4 wt.% (Fig. 2). This behavior corresponded
to the evaporation of absorbed water from ceria nanopowder.
Further increase in temperature showed no change in the mass,
indicating high stability of the ceria solid solution.

In order to study the effect of annealing temperature on crys-
tallite size, the as-prepared powder was annealed at 300, 600 and
900°C for 4 h in air (Fig. 3). The annealed powders depicted sharp-
ening of diffraction lines due to the increase in crystallite size.
The value of FWHM decreased from 1.82 for powder annealed at
300°C to 0.21 for powder annealed at 900 °C. Although the pow-
der annealed at 900°C was well crystallized (Fig. 3), there was
no appearance of any secondary phase. The results of change of
crystallite size with annealing temperature are given in Table 2. It
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Fig. 3. XRD patterns of the CeggoYbo200,_s powders calcined at different tempera-
tures.

Table 2
Crystallite size (D), lattice parameters (a) and full width at half-maximum (FWHM)
of Cegs0Ybo200,_s powders calcined at different temperatures.

Temperature (°C) FWHM a(nm) D (nm)
300 1.816 0.5420 11.2
600 0.615 0.5418 154
900 0.208 0.5412 61.8

was found that the crystallite size slightly increased from 11.2 nm
for annealing temperature 300 °C to 15.4 nm for 600°C. The aver-
age crystallite size of these samples was measured to be less than
20 nm. However, an increase in annealing temperature to 900 °C
caused a considerable increase in crystallite size (>60 nm), indicat-
ing a better atomic arrangementin crystal lattice. This was in a good
agreement with lattice parameter, which decreased with annealing

10.0kV 8.2mm x70.0k 500nm

1 SRRy ey |
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Fig. 4. FE-SEM micrographs of Ceg o Ybo200,_s powders: (a) non-calcined and calcined at (b) 300°C, (c) 600°C and (d) 900°C.
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Fig. 5. SEM image of CeqgoYbo200,_s sintered at 1500 °C for 1 h in air atmosphere.

temperature and approached to the value of the standard crystal
lattice of ceria.

In Fig. 4(b)-(d), micrographs of CegggYbg200,_s powders cal-
cined at different temperatures are shown. As a comparison,
non-calcined powder is shown in Fig. 4(a). The microstructural
observation of the annealed powder with CeygoYbg200,_s com-
position showed agglomeration (Fig. 4) of individual crystals. Their
sizes confirmed the XRD calculation; higher temperature leads to
larger grains, however the size of crystals was still in nanometer
range.

Micrograph of CeygoYbg200,_s sintered at 1500°C for 1h is
shown in Fig. 5. Microstructure was characterized as bimodal size
distribution with the some amount of pores. The fraction of small
grain around larger grains indicated that the mechanism of Ost-
wald ripening had been responsible for most of the grain growth
observed. The grain size was in the range of 1-4 pm. Although the
sample was very well sintered, a small number of curved grain
boundaries could be noticed, which indicated that the sintering
in some points was not finished, indicated in Fig. 5 with arrows.

Nyquist’s diagrams (EIS graphs) of the sintered sample hav-
ing the composition CegggYbg200,_s were recorded within the
temperature range of 550-800°C, with the increments of 25°C.
Impedance diagrams for various temperatures were selected to
illustrate the impedance behavior of the doped ceria sample as a
whole. As an example, the impedance graphs measured at 725 °C of
Ceo.80Ybp200,_s is shown in Fig. 6. Generally, in the available fre-
quency range, 0.1 Hz to 5 MHz, two adjacent remarkably distorted
impedance semicircles were observed. Such a type of Nyquist plotis
characteristic of two serially connected RC circuits, both of which
containing one resistive and one capacitive element bonded in a
parallel arrangement and the capacitive element being distributed
(frequency dependent) one. Such an equivalent circuit with both
constants [28-30] and distributed [31] capacitive elements has
been widely applied for sintered ceramics. The high-frequency
semicircle may be attributed to a parallel connection of the bulk
resistance (Rpyk) of crystallite grains, and the geometric capaci-
tance (Cpyx ) of the sample. Those of low-frequency semicircle may
be attributed to a parallel connection of the resistance (Rgp) of grain
boundary phases, and the geometric capacitance (Cgp,) of the grain
boundary. If the impedance semicircles are clearly separated, i.e.,
RbulkCoulk < Rgh Cyp, the values of Ry and Ry, may be read sepa-
rately as a intercept of the semicircles with the real axis.
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Fig. 6. Complex impedance plots of the sintered CeggoYbo200,_s sample measured
at 725°C in air atmosphere.

As we can see in Fig. 6, there are three parts of graph: Ry,
Rgp and Repem- Rpuik is related to bulk resistance of the grains, Rgy
is related to the resistance of grain boundary and Ry, is related
to the processes that occur at the electrode/electrolyte interface.
Marks in Fig. 6 for Ryy, Rgp and Repem are just an illustration
and the real values of their parameters were obtained by fitting
with the equivalent circuit that consists of two constant phase ele-
ments (CPE). With the decreasing of temperature, the values of
Ruuik» Rgp and Repem were increasing. As an example, in Fig. 7 are
shown Nyquist diagrams (EIS graphs) for CegggYbg200,_5 sam-
ple measured at the different temperatures. As could be seen in
electrochemical impedance spectroscopy (Figs. 6 and 7), it is pos-
sible to determine the Ry, and Ry, in the temperature interval of
550-800°C. In addition, the possibility of separation of Ry and
Rgp, confirmed the success of the synthesis of ceria nanopowder
by SPRT method. All values of resistivities (Rpyik, Rgp» Rehem) and
conductivity (Opyik, Ogh» Ochem) fOr the sample Ceg goYbo200,_5 are
summarized in Table 3.

As it can be seen from Table 3, grain boundary resistivity domi-
nated over the other resistivities. At 650 °C conductivity of bulk was
1.23 x 102 S/cm and that of grain boundary was 0.23 x 10~2 S/cm,

.600 4 o 675°C
850°C
'E' Rl u CPEl e 625°C
0 -400- R | | [ fit result 675°C
G fit result 650°C
9 —— fit result 625°C
E -200- pAAEAAY
A
N ] ﬂ%% O DDD AA
i
0 AL, T T T T T T
0 200 400 600 800 1000
Z . [Qcm]

Fig. 7. Complex impedance plots of the sintered CegoYbo200,_s sample measured
at different temperatures in air atmosphere.
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Table 3

Values of Ryhm, Rgp, Rehem: Oohm» Ogh and O chem for the sample CeggoYbo200,- at the different temperatures.

Temperature (°C) Resistances (€2 cm)

Conductivities (10-2 S/cm)

Rohm Rgb Rchem Oohm Ogh O chem
550 403.15 2002.14 2752.19 0.25 0.05 0.04
575 259.47 1304.84 1073.27 0.38 0.07 0.09
600 178.65 907.54 439.62 0.56 0.11 0.23
625 121.27 630.34 186.53 0.82 0.16 0.53
650 80.71 424.73 83.51 1.23 0.23 1.19
675 52.89 317.55 43.09 1.89 0.34 2.32
700 4361 229.39 24.41 2.29 0.43 4.09
725 29.33 173.93 14.98 3.40 0.57 6.67
750 26.92 12225 11.75 3.71 0.82 8.51
775 23.71 74.88 9.19 421 1.33 10.88
800 18.25 56.23 7.24 5.47 1.77 13.81
6 The existence of semicircles at lower frequencies (Fig. 7) in
1 Eamal™ 1:142E0:03 eV = bulk conductivity Nyquist diagrams is caused by electrochemical reactions that occur
51 i grain boundary conductivityl at the electrode/electrolyte interface. Almost doubtless, it origi-
4 1 - " = chemical conductivity nates from the oxygen electrode reactions, 0,/0%". In the case of
] - fitting these materials, we can say about the formation of oxygen ions
¥ 4 . described with the formula:
A 7 ]
g . n 1 _ 2—
» 2- = E=1.03:0.03eV 502 +2e" >0 (5)
= . T
= . N .
o 11 . . " - As we can see, the activation energy for this process had value
= 1 E,_=1.1420.02 eV ~ 2.33 eV in the range of temperatures 550-675°C and 675-800°C
— agl . . .
0+ - - the activation energy changed in the value 1.14eV.
-1 4 »-
1 E . =2.33:0.08 eV 4. Conclusions
-2 T T T
0.0009 0:0010 0:0041 0.0012 Nanostructured Ceq_xYbxO,_s (0<x<0.2) oxides have been
1T [1/K] successfully synthesized by self-propagating room temperature

Fig. 8. Conductivities of the CepgoYbo200,_s sample in the form of Arrhenius plots.

which was around one fifth of the bulk conductivity. In addition,
comparing values of conductivity of present work with conduc-
tivity of similar materials based on oxygen ion conductors [32], it
can be said that these values are very similar. In order to increase
the conductivity of the CegggYbp200,_s sample, it is necessary
to conduct investigation with aim to understand the conduction
mechanism at the grain boundary of this material and to decrease
the grain boundary resistance.

In Fig. 8, Arrhenius plots are shown of all three types of resisti-
Vity: Rpuik, Rgh and Repem. Activation energies (Eq) were calculated
from Arrhenius plots according to the derived equation:

Eqs 1

ln(mT)flnA—?-T (4)
where o is the conductivity, T is the absolute temperature, A is the
pre-exponential factor and k is the Boltzmann constant. Activation
energy for the bulk conduction was 1.03 eV and for grain boundary
conduction was 1.14eV. Based on researches reported by differ-
ent authors and literature data [32,33], it can be concluded that
the value of E; in the present work is very similar activation energy
for CeO, doped with dopants such as Sm3*, Gd3* and Nd3* obtained
by different methods. Also, similar values of activation energy were
obtained for co-doped CeO, (Mg2* and Sr2*, Sm3* and Gd3*)[34,35].
However, comparing the obtained values of E, with activation ener-
gies of similar materials based on oxygen ion conductors containing
15% and 20% dopants [26], our E; values were significantly lower.
It can be said that this is a consequence of well-ordered structure
in the synthesis of nanopowder SPRT method, which allows easier
activation of conductivity carriers and decrease Ej.

method. Obtained powders have the fluorite crystal structure with
space group Fm3m. It was found that the particle size lays in the
nanometric range, less than 3 nm from XRD analysis. Particle size
of powders increased during the heat treatment. After calcina-
tion at 600°C, crystallite size reached the value up to 16 nm and
after calcination at 900°C crystallite size was larger than 60 nm.
SEM analysis of calcined powders confirmed calculations of crys-
tallite sizes obtained by XRD. However, after sintering at 1500°C
samples showed a bimodal size distribution with grain size in
the range of 1-4 um. Electrochemical impedance spectroscopy
depicted that it was possible to separate Ry, and Rgp, in the tem-
perature interval of 550-800 °C. The activation energy for the bulk
conduction was 1.03 eV and for grain boundary conduction was
1.14 eV. Grain boundary resistivity dominates over the other resis-
tivities. At 650 °C conductivity of bulk was 1.23 x 10~2 S/cm, which
is around five times higher than conductivity of the grain boundary.
This material has potential to be applied as an electrolyte for inter-
mediate temperature SOFC, and additional investigations should
be performed with aim to increase the conductivity of the grain
boundary.
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