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Synthesis of ceria-based nanopowders suitable for
manufacturing solid oxide electrolytes
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Co-precipitation method and hydrothermal synthesis were used to fabricate nanopowders of pure
Ce0, and singly or co-doped ceria materials in the CeO,—Sm,03;—Y,0; or CeO,—Gd,03;—Sm,05 systems.
All sintered powders and samples were found to be pure CeO, and ceria-based solid solution of fluorite-
type structure. The surface areas of CeO,-based nanopowders were measured by the one-point BET
method. The morphologies of powders were observed by means of transmission electron microscopy.
Particle sizes of ceria powders synthesised by the hydrothermal method ranged from 9 to 15 nm, the
particle sizes of powders calcined at 800 °C ranged from 13 to 26 nm. The TEM observations indicated
that all CeO,-based powders consisted of isometric in shape and agglomerated particles. Scanning elec-
tron microscope was used to observe the microstructure of the sintered samples. Electrical conductivity
was studied by the a.c. impedance spectroscopy in the temperature range 200700 °C. The oxygen trans-
ference number was determined from EMF measurements of oxide galvanic cells. It was found that co-
doped ceria materials such as CeygSmy Y0, or CejgsGdySmg o0, seem to be more suitable solid
electrolytes than singly-doped ceria Ce;_,M,0, (M — Sm, Gd, Y, x = 0.15 or 0.20) for electrochemical
devices working in the temperature range 600—700 °C.
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1. Introduction

Until now, yttria-stabilized zirconia (8YSZ) is the most often used solid oxide
electrolyte in electrochemical devices such as solid oxide fuel cells (SOFC), gas sen-
sors, oxygen pumps and probes for controlling metal processing. This is due to its low
electronic and high ionic conductivities, chemical stability under reducing and oxidis-
ing atmospheres at high temperatures (800—1000 °C ), moderate mechanical properties
and relatively low production costs [1—4]. Lowering of the operation temperature of
a SOFC down to around 700-600 °C would result in an increase in the cell stability

*Corresponding author, e-mail: potoczek@uci.agh.edu.pl



320 M. DUDEK et al.

(lower degradation of components) and allow one to use cheaper materials such as
ferritic stainless steels for interconnectors [5, 6]. Ceria based solid solutions
Ce;,,M,0, (Me — Sm, Gd, Y) and x = 0.15-0.20 have been regarded as promising
oxide electrolytes for SOFCs and electrochemical sensors for exhaust gases due to
higher ionic conductivities than that of fully stabilized zirconia (8Y'SZ) in the tempera-
ture range 600—-800 °C [7, 8]. The main drawback of ceria-based electrolytes, compli-
cating their commercial application, is an increased electronic conduction under low
oxygen partial pressure accompanied by reduction of Ce*" to Ce’[9, 10]. It has been
reported that reduction of ceria can be neglected at lower temperatures around 600—
700 °C. However, such low temperatures are not suitable for singly doped ceria as
electrolyte in SOFC or other devices, due to high electrical resistance [11]. Structural
modification of ceria-based solid solutions by co-doping is one of possible ways to
improve their electrical conductivity at this temperature range. Some ternary system
involving CeO,—Sm,0; solid solutions have been studied from viewpoint of structure
and electrical properties, the third component being: CaO [12, 13], Y,0; [14], PrsOy,
[15]. Ceria-based materials with the formula depending on chemical composition and
phase composition have generally improved electrical conductivity, although in some
cases deterioration of the ionic conductivity and increase of electronic conduction is
observed. The microstructures of sintered samples, affected by chemical composition,
properties of powders and sintering conditions, strongly affect the electrolyte perform-
ance [16].

The paper focuses on the preparation of sinterable nanopowders of singly and co-
doped ceria materials in the CeO,—Sm,03—Y,0; or CeO,-Gd,0;—Sm,0; systems as well
as on investigation of the properties crucial to application of ceria-based materials as oxide
electrolytes in electrochemical devices. The practical aim of this research was to obtain a
co-doped ceria based material which could be applied as a component of electrochemical
devices working at the temperature range 600—700 °C.

2. Experimental

The starting materials used in this study were Ce(NO;);x6H,0,
Sm(NO;);x6H,0, Gd(NO3);x6H,0 and Y(NO3);x6H,0 (all 99.99% purity, supplied
by Aldrich). Aqueous NHj; solution was used as a precipitating agent. The reagents
were mixed in distilled water in order to prepare pure CeO,, singly doped ceria
- CerM, 0, M =Sm, Y, Gd), 0.10 < x < 0.25 or co-doped ceria-based materials
with the formulas Ceo_gYo'z,xsmeQ or Ceo'gsGdo'ls,xsmeQ, X = 002, 005, 01, 0.15. A
solution containing respective cations was slowly added to continuously stirred NH;
solution and final pH was adjusted to 10. The co-precipitated products were washed
with distilled water. For all compositions, the gels obtained were divided into two
parts and used to synthesise ceria-based materials in two different routes. In the co-
precipitation-calcination route, (method A), the dried gels were calcined at 800 °C for
1 h and then rotary-vibratory milled with zirconia grinding media in ethyl alcohol. In
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the hydrothermal crystallization route (method B), the gels were hydrothermally
treated at 240 °C for 6 h in water solution under autogeneous water pressure, washed
with distilled water and dried at room temperature.

Studies of thermal decomposition processes in the range of 25-1000 °C, each step
10 °C /min in air, were conducted using the thermogravimetric analysis (TG), differen-
tial thermal analysis (DTA) and evolved gas analysis (EGA) of volatile products with
a quadrupole mass spectrometer. The phase compositions of powders and sintered
samples were identified using the XRD analysis. X-ray line broadening enabled de-
termination of the sizes of crystallites. Specific surface areas of powders were meas-
ured by the one-point BET method. The samples were outgased in vacuum. The re-
sults were used to calculate equivalent particle sizes, dggr. The morphologies of
powders were observed under transmission electron microscopy. Densification behav-
iour of pellets was monitored in air via dilatometry using a constant heating rate
5°/min at the 25-1200 °C temperature range. Scanning electron microscopy observa-
tions of the polished and thermally etched surfaces provided quantitative characteristic
of the sample microstructures. Apparent density of the sintered bodies was measured
by the Archimedean method. To verify stability of materials prepared under reduction
conditions, the CeO,-based samples were isothermally heated at 800 °C for 24 h in
(5 vol. % H, in Ar) gas mixture. The fracture toughness K. of CeO,-based samples of
polished surfaces was determined by Vickers’ indentation. A loading force of 9.81 N im-
posed for 10 s was applied. The Palmqvist crack model was used [17] to calculate K.

Electrical conductivities were measured by a.c. impedance spectroscopy in the
temperature range 200—-800 °C. To estimate the oxygen ion transference number of the
ceria-based samples, the EMF of the oxide galvanic cell (1) at the temperature range
500-750 °C was measured:

Pt O, (p1) || ceramic oxide electrolyte (0*) || 0, (p,) | Pt (1)

The electromotive force (EMF) of the cell (1) was measured as a function of tem-
perature (550700 °C ) and oxygen partial pressure (from 10 ® atm to 1 atm). The ionic
transference number (#,,) in the sample was calculated based on the electromotive
force (EMF) values (E,) measured for the cell (1) and on the EMF values (E;) ob-
tained for the cell (1) with a pure oxygen ion conductor. The procedure was similar to
that described in Ref. [12].

3. Results and discussion

Typical DTA and TG curves recorded for samaria-doped ceria CejgsSmy 50,
(15SDC) precursor, obtained by the method A are shown in Fig 1. First feature seen
on the DTA curve at ~100 °C is an endothermic peak connected with dehydration and
a significant loss in weight. Following the dehydration, the continuous heating causes
decomposition of NH,NO; and other nitrate precursors leading also to a large weight
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loss at temperature range 100-500 °C. An exothermic peak at ~ 270 °C probably
originated from crystallisation of ceria solid solution. The observations were con-
firmed by the EGA measurements. They also revealed that both decomposition of
nitrates and crystallisation of ceria solid solution proceeded with formation of NO,
NO,, N,O, O, and H,0. Above 500 °C, the sample weight remained unchanged, indi-
cating that a stable crystalline CeO, structure formed.
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Fig. 1. DTA, TG and EGA curves of the Ce( gsSmg 150, (15SDC)
dried precursor obtained by the co-precipitation-calcination method

Figure 2 shows XRD patterns of the CeggsSmg 150, (15SDC) dried (a) precursor
and its calcination product at 290 °C (b), 500 °C (c) and 800 °C (d) The XRD pattern
of Ceys5Smy 150, sintered sample (e) is also given. The XRD pattern recorded for
15SDC dry sample reflects CeO, structure but the peaks are wide and their intensities
low. It appears from Fig. 2 that with increasing temperature the half-widths of peaks
become lower and their intensities stronger. Fully crystalline patterns of Ceg gsSmy 150,
solid solutions were observed at temperatures above 600 °C. Similar DTA, TG curves
and XRD patterns were recorded for other chemical compositions of singly or co-
doped ceria samples.
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Fig. 2. Evolution of the XRD diffraction patterns recorded for the 15SDC dried precursor (a)
and after calcination at 290 °C (b), 700 °C (c) and for sample sintered at 1500 °C for 2 h (d)

Only CeO, phase was identified by the XRD analysis in all powders obtained by
the methods A and B and also in the sintered samples. No phases other than cubic
CeO, were found in the XRD diffraction patterns of the samples exposed in an (H,—
Ar) gas mixture. Basic characteristics of the starting powders obtained by both meth-
ods are collected in Table 1. The data show that crystallite sizes of hydrothermally
synthesised CeO,-based powders ranged from 7 nm to 16 nm. The CeO,-based pow-
ders with the same chemical composition but calcined at 800 °C, consisted of larger
particles (17-29 nm in size).

Table 1. Basic data on pure CeO,, and co-doped ceria based powders
obtained by co-precipitation calcination (A) method and hydrothermal (B) synthesis

Ce gSmg,0,| Ceg5Y.1Smg 1O, | Ceg 35Gdyg 150, | Ceg 35Gdg 1Smg 5O,
Parameter CeO2 1" 20sDC) | (10S10YDC) | (15GDC) (10G5SDC)
. 174 (A) | 248(A) 232 (A) 24.8 (A) 257 (A)
Crystallite size, dgp [nm] | ¢ gy | 14,6 (B) 14.1 (B) 12.8 (B) 14.6 (B)
o 294(A) | 365(A) 34.4(A) 32.1 (A) 402 (A)
Particle size, dwen[nm] | 115 gy | 5 4(B) 24.4 (B) 19.4 (B) 22.2(B)

The consistency of particle sizes determined by the X-ray analysis and BET sur-
face measurements suggest that the powders are mostly composed of isometric and
rather weakly agglomerated particles. A small increase of particle size (Fig. 3) was
observed with samarium Ce;_ M,0,, Ce;gY(,.Sm,O, or CegsGdy;5..Sm,0O, solid
solutions compared to pure CeO,. The TEM observations of 15SDC powder calcined
at 800 °C for 1h (Fig. 4a) or crystallized in water solution under autogeneous water
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pressure (240 °C, 6 h) (Fig. 4b) revealed presence of agglomerated particles of 15SDC
powders and confirmed conclusions derived from X-ray and BET examinations.
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Fig. 3. Dependence of crystallite size on samarium content x in singly doped ceria Ce;_,Sm,0O,
and co-doped ceria CeygY o, Sm,O, or CejgsGdy 15.,Sm, O, powders obtained
by the co-precipitation calcination metod (A) and hydrothermal synthesis (B)

Fig. 4. TEM micrographs of 15SDC powders obtained from:
a) co-precipitation calcination method, b) hydrothermal treatment of co-precipitated gel

Further observations of all powders allow us to state that there are no distinct differ-
ences in their morphologies, irrespective of the rate of their fabrication. Figure 5 shows the
densification of selected pellets obtained from the investigated powders. For all pellets the
shrinkage began at 200 °C and on further heating an intensive densification started at ca.
450500 °C or 800-1000 °C for samples obtained from powders synthesized by hydro-
thermal (B) or co-precipitation calcination (A) method, respectively.

Hydrothermally synthesised ceria-based materials sintered at 1300-1350 °C for
2 h exhibited relative densities higher than 98%. On the other hand, CeO,-based solid
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solutions with formula Ce; ,Sm,0,, Me — Sm, Gd, Y, 0 < x < 0.25 or co-doped ceria
materials CeygYo,..Sm,O,, had to be sintered at 15001550 °C for 2 h to obtain more
than 96% of theoretical densities. Figure 6 shows the microstructure of
CeysSmy ;Yo 10, samples sintered at 1500 °C or 1350 °C for 2 h. Both samples were
characterized by isometric grains of 0.3—0.6 um (method B) or 3—-5 wm (method A) in
size. No additional cracks and pores were observed for co-doped ceria samples after
additional hydrogen treatments. The obtained results indicate that the investigated
methods are suitable for preparation of fine sinterable powders for manufacturing gas
tight samples which could be applied as solid electrolytes in electrochemical devices.
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Fig. 5. Dilatometric curves recorded for selected CeO,-based pellets obtained from
powders prepared by co-precipitation-calcination method (A) and hydrothermal synthesis (B)
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Fig. 6. Microstructures of CeygSmy ;Y 0, ceramics obtained from powders synthesised
by the method A, sintered at: 1500 °C for 2 h (a), and by the method B, sintered at 1350 °C for 2 h (b)
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Fig. 7. The lattice constant of singly doped ceria Ce;_Me, O, (Me — Sm, Gd, Y) (a) and Cey3Y ¢, ,Sm,0,

or Ce g5Gdy 15.,.Sm, 0, (b) obtained from powders synthesised by co-precipitation calcination method (A)
and hydrothermal synthesis (B); samples sintered at 1500 °C or 1350 °C for 2 h

The lattice parameters of Ce; ,M,0,, M — Sm, Gd, 0 < x < 0.25 and co-doped
ceria-based materials CeggsGdg g5 ,Sm,O,, or CepsYo,r,.Sm,0O, (Fig. 7) linearly in-
creased with x but the slope was lower for ceria samples doubly doped with gadolin-
ium and samarium than for those doped with yttrium and samarium. The decrease of
the lattice parameter is observed for ceria—yttria solid solution. These observations are
in good agreement with effective ionic radius considerations [18]. An additional heat
treatment in 10 vol. % H,—Ar gas mixtures caused a small decrease of cell parameters
of all investigated samples.

Good mechanical properties of CeO,-based ceramics are also necessary for appli-
cations as solid electrolytes in SOFCs, sensors for exhaust gases in automotive indus-



Synthesis of ceria-based nanopowders 327
try. The fracture toughness K;. (Table 2) measurements for selected samples revealed a
small increase in the fracture toughness with increasing samarium, gadolinium or yttrium
content in Ce; .M, 0, compared to pure CeO,. On the other hand, in the case of co-doped
ceria materials with the formula CeygSmy, .Y, O, or Ce(3sGdo 15,.Sm,0,, 0 < x < 0.15, the
fracture toughness remains unchanged within an experimental error. The values of K. for
8YSZ samples are also presented in Table 2. The results given in the table indicate that
ceria based materials have slightly worse mechanical properties than the 8YSZ electrolyte.

Table 2. Fracture toughness K. determined for CeO,-based materials

. D, average grain Kie

Material size [um] MPaxm®’

CeO, 11.51 (A) 13£02
3.89 (A 2.1£02

Ce 85Smy 1502 0.58 EB; 2.4 10.1
3.41 (A) 22402

Ceg sSmy 20, 0.48 (B) 2.340.1

3.16 (A 1.940.1

Ce 35Gdo 1502 0.54 EBi 2.1+0.2

2.80 (A) 1.740.3

Ceo5Y020, 0.62 (B) 1.940.2
2.68 (A 22403

Ceg sSmy,1Y,10, 0.67 EBi 2.4+0.2

3.12 (A 2.140.3

Ceo.55Gdo.1Smy 050, 0.56 EBi 1.910.2
2.68 (A) 28102

8YSZ 0.55 (B) 32402

Table 3. Electrical conductivities o at 600 °C of the CeO,-based samples

obtained from powders prepared the co-precipitation calcination (A) or hydrothermal method (B)

. y o [S/em] E,[eV]
omposition
Bulk Grain boundary Bulk Grain boundary
Ce0, 6.16x107 1.21x10°° 1.51 1.81
5.72 x107 (A) 4.23x107 (A) 0.84 1.01
Ceo555m.1502 1.56x1072(B) 1.34x102 (B) 0.82 0.89
6.61x107 (A) 5.18x107 (A) 0.87 0.98
Ceo.3Smy 0, 1.11x107% (B) 1.89x1072 (B) 0.80 0.88
Cer Ve O 4.68x107 (A) 1.18x107 (A) 0.98 1.06
087022 9.47x107 (B) 5.53x107 (B) 0.93 0.97
8.16x107 (A) 7.62x107 (A) 0.82 0.93
CeosSmo Y0102 | 5 61028y | 2.56x102(B) 0.78 0.84
6.87x107 (A) 5.17x107 (A) 0.93 1.04
Ce5Gdy 150, 1.16x107 (B) 1.14x1072 (B) 0.89 0.96
8.15x107 (A) 7.86x107° (A) 0.92 1.01
CeogsGdo SmosOz | 5 6102 1.62x102 (B) 0.85 0.92
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Impedance spectroscopy measurements enabled one to determine the bulk (o;) and
grain boundary (o;) conductivities of CeO,-based samples. Respective values of the con-
ductivities at 600 °C are given in Table 3. The values of activation energy calculated for
the temperature range 200-800 °C are also given. It can be seen from Table 3 that the bulk
and grain boundary conductivities of Ce; M,0,, M — Sm, Y, Gd increased up to x =
(0.15-0.20) and decreased for higher substitution levels. The activation energy shows
an opposite trend. As previously reported [19], ionic conductivities are significantly
enhanced in Ce; ,Sm,0, solid solutions by increasing the concentration of oxygen
vacancies (V3"), ascribed to defect associations of the type Sm/. V5" at higher concen-

trations of x. The introduction of yttria into ceria—samaria solid solutions caused a small
increase of ionic conductivity. The total electrical conductivity (calculated as a sum of
grain boundary and bulk conductivities) reached a maximum value of 1.60x107 or
4.58x107 (S/cm) at 600 °C for CepsSmy ;Y 10, sintered samples obtained by the
methods A or B, respectively. A partial substitution of gadolina by samaria in
Ce.35Gdo.15.5Sm, O, up to x = 0.05 also improves the total electrical conductivity com-
pared to only ceria-doped gadolina Ceg gsGdy.;50-.
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Fig. 8. Temperature dependence of the EMF of cell (1); working electrode
— Pt | (Ar-0,) p, =2x107° atm, reference electrode — Pt | air

The EMF values of the cell (1) measured in the temperature range 500-750 °C
(Fig. 8) were compared with the EMF (£,) values obtained for the cell containing
8YSZ. The calculated values of the transference oxygen numbers (f,,) for
CeosMe(,0; or CeygsMey 150,, Me — Sm, Gd, Y, and for co-doped ceria based samples
CeosY.1Smg 10, or CeggsGdy1Smy¢sO, were close to 1, which indicates practically
pure oxygen ionic conductivity in the investigated samples. A comparison of the
changes of electrical conductivities of ceria-based solid solutions indicates that the
reason of the conductivity enhancement with respect to singly-doped ceria is an in-
crease in concentration of oxygen vacancies.
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4. Conclusions

Singly-doped ceria or co-doped ceria materials CeO,—Sm,03;—Y,0; or CeO,
—Gd,0;—Sm,05; were successfully prepared both from powders obtained by the co-
precipitation calcination (A) method and hydrothermal (B) synthesis. The application of
ceria-based powders prepared by the hydrothermal synthesis allowed one to reduce the
sintering temperature of ceria based electrolytes from 1500 °C to ca. 1300-1350 °C.
Higher sintering temperatures lead to high manufacturing costs for SOFC systems
because ceria based electrolytes and other components such as cathode and anode
cannot be cofired at higher temperatures (e.g. higher than 1300 °C). Contrary to me-
chanical properties, the electrical conductivity of ceria-based electrolytes can be im-
proved by controlling the grain sizes. The obtained values of electrical conductivities
and activation energies for CeysSmy ;Y 0, or CeggsSmyGd, 5O, with average grain
size of 0.5-0.7um show that the prepared materials seem to be promising materials for
SOFCs and other electrochemical devices operating at 600—700 °C.
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