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Abstract

Doped ceria (CeO,) compounds are fluorite type oxides that show oxygen ionic conductivity higher
than yttria stabilized zirconia, in oxidizing atmosphere. In order to improve the conductivity, the ef-
fective index was suggested to maximize the oxygen ionic conductivity in doped CeO, based oxides.
In addition, the true microstructure of doped CeO, was observed at atomic scale for conclusion of
conduction mechanism. Doped CeO, had small domains (10-50 nm) with ordered structure in a
grain. It is found that the electrolytic properties strongly depended on the nano-structural feature at
atomic scale in doped CeO, electrolyte.
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Introduction

Present status and our strategy for design of doped ceria electrolyte

Doped ceria (CeO,) systems, which maintain the fluorite structure, have a long his-
tory of investigation as potential materials for oxygen ion electrolytes. While the ma-
terial has found application as oxygen sensors [1, 2], electrochemical cells such as
membrane reactors [3, 4], and interlayer structures in certain designs of electrolyte /
anode interfaces [5, 6] in fuel cells, the most attractive application of doped CeO,
would be as the ‘solid electrolyte in SOFCs’. The higher ionic conductivity of the ma-
terial will mean reduced operating temperature, lowering the temperature of opera-
tion of the fuel cell means that less expensive materials can be used as interconnects,
manifolds and gas transport systems.
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CeO, doped with the oxides of di- or trivalent metals possess higher oxide ionic
conductivity than any reported yttria stabilized zirconia electrolytes [7,8]. At high
oxygen partial pressures, these CeO, based oxides show purely oxide ionic conduc-
tivity. At low oxygen partial pressures associated with anodic conditions, however,
the Ce* ion can be partially reduced to Ce*" ion according to the following Eq. (1).

0} —1/20,+ V™" +2¢'(2Ce™") (1)

Quasi-free electrons are introduced into a fluorite lattice in such reducing atmo-
spheres. As a consequence the doped CeO, oxides exhibit high oxygen ionic conduc-
tivity in oxidizing atmosphere, whereas they are partially reduced and develop elec-
tronic conductivity under anodic conditions in the fuel cell. The high ionic conductiv-
ity in both oxidizing and reducing atmosphere is an essential requirement for candi-
date solid electrolyte materials.

Recently, samarium [9, 10] or gadolinium [11, 12] doped CeO, electrolytes are
attracting much attention from the viewpoint of application in SOFC. It has been con-
sidered that these doped CeO, electrolytes exhibit high oxygen ionic conductivity due
to small association enthalpy between dopant cation and oxygen vacancy in fluorite
lattice [13]. On the other hand, La doped CeO, has a comparable association enthalpy
with that of the gadolinium doped CeO, electrolyte [14]. Accordingly, it is concluded
that Sm or La doped CeO, is one of promising solid electrolytes in SOFC for low or
intermediate temperature operation.

The authors suggested a strategy to improve the oxide ionic conductivity in both
oxidizing and reducing atmosphere [15]. Using simple crystallographic principles we
suggested an approach to electrolyte design that maximized the usefulness of electro-
lyte materials. In the present study, the authors re-introduce the concept of effective
index and examine the relationship between true microstructures of prepared speci-
mens and electrolytic properties to conclude the conduction mechanism of doped
CeO, electrolytes.

Definition of effective index

In general, simplest model for the ionic conduction in a grain is given by the ran-
dom-walk theory [16],

G = NeCqpr, =(A/T)exp(~E, /KT) )
A=f (z/6)(Cq* k)N, (I-N ) v, exp(AS, /k) 3)

where oxygen ion mobility p, = ¢D/kT is given by the Einstein equation for diffusive
motion of a carrier of charge ¢, the diffusion coefficient D=Dexp(—AG, /kT) contains
the motional free energy AG,=AH —TAS, for a jump to a vacant or equivalent near
neighbor site, / is a jump distance to the number of nearest neighbor sites (z), v, is an
optical mode attempt frequency (10"°~10" Hz) for a ion jump, N, is the fraction of oc-
cupied sites, C corresponds to the density of ion sites in the sub lattice, and f'is geo-
metrical factor depending on a jump path. In the case of the fluorite structure, /=a/2,
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(a: lattice constant), z=6, /=1, C=4a°, g=2e, (e: electron charge). The ionic conductiv-
ity in fluorite becomes

G .= (4e’/akT)N ,(1-N)v,exp(AS,, /k)exp(~E/kT) 4)
Activation energy (E) in fluorite is expressed as Eq. (5) [16]
E=E_+(n/2)E, 5)

where £ is migration energy and £, means association energy between vacancy and
dopant cation, n equals 1 or 2 for di- or trivalent dopants, respectively. In a classical
perfect crystal, all normal sites are fully occupied (V.=1) or all interstitial sites are
empty (N,=0). This is expected to lead to highly insulating characteristics. In high
quality electrolyte with defect structure, N, must approach 1/2. This corresponds to
nearly all of the ions on a given sub lattice being mobile. Moreover, the crystal struc-
ture should be such that easy motion of oxygen ions from one equivalent site to the
neighbor equivalent site is possible. This is reflected in exceptionally low value for E.
In other words, the suggested approach for fast oxygen ionic conduction should si-
multaneously satisfy two criteria which are, indication of condition for N=1/2 and
clarification of the ideal crystallographic configuration in the fluorite lattice.

The effective index for fast oxygen ionic conduction in doped CeO, electrolytes
was defined using ionic radii and the amount of oxygen vacancies that are produced
by the dopant substituting on idealized crystallographic sites. According to Pauling’s
first rule, the crystallographic coordination number of a cation is decided by the ra-
dius ratio between cation and anion. The coordination number of the cation, in the
case of oxides, dominates the crystal structure. The crystal structure of CeO, based
oxide is the fluorite type lattice. The coordination number of the cation in the ideal-
ized fluorite type structure is eight. For stable formation of the fluorite structure, the
ionic radius between the cation (7,) and anion (7,) ranges from 0.732 to 1 in the case of
eight fold coordination. Up until now this ratio (r/r,) was not considered as a control-
ling factor in the ionic conductivity because it seemed to have no direct relationship
to the defect structure of fluorite. However, this ratio can be effectively utilized by
controlling it in conjunction with the oxygen vacancy levels. On the other hand,
Kilner et al. indicated that association enthalpy between dopant cation and oxygen
vacancy was minimized when the ionic radius mismatch between dopant cation and
host element is least [17]. Accordingly, it is inferred that the oxygen ionic conductiv-
ity in fluorite could be enhanced by decrease of this ionic radius mismatch. However,
ionic radius ratio lacked of the viewpoint of crystallography.

In the present study, the effective index was defined to Eq. [6] as an original in-
dex instead of the (r/r,) or (r,/r,).

Effective index=(avg.r, /eff.r, )(r, /1) (6)

where J is the average ionic radius of cation, and eff.r, is the effective oxygen ionic
radius, which can be given by

eff.r, =14{(2-5)/2} (7)
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where 8 is the level of oxygen vacancies in the doped CeO, based oxide, and 1.4 is
the commonly used ionic radius (A) of oxygen in oxides. The term r, refers to the av-
erage ionic radius of dopant, and r, is the ionic radius of host element (Ce*").

The first term (avg.r/eff.r) in Eq. (6) becomes 1 when the cation is coordinated by
eight anions in a non-distorted fluorite crystal structure. The second term (r,/r,) in Eq. (6)
approaches 1 when the association enthalpy between dopant cation and anion vacancy is
minimized in the case of fluorite structure. Therefore, it is assumed that the doped CeO,
electrolytes reach the ideal fluorite structure for high oxygen ionic conduction when the
effective index goes toward one. The authors conclude that the first and second terms in
Eq. (6) correspond to clarification of an ideal configuration in fluorite and an indication
of the condition for N x1/2 in the fluorite lattice, respectively.

In order to confirm the validity of the suggested index, various kinds of Sm- or
La-doped CeO, based oxides were prepared by co-precipitation method, and charac-
terized as the specimen with low, intermediate, or high index, respectively. The
microstructure of the sintered body was investigated to conclude the conduction
mechanism using TEM. The electrolytic properties (electrical conductivity, P, de-
pendence of conductivity, and operation properties) of doped CeO, based materials
were also evaluated.

Experimental

Preparation of powder and sintered body

The starting materials were commercial Ce(NO,),-6H,0 powder (purity: 99.9%;
Wako Chemicals Co. Ltd., Japan), Sm(NO,),-6H,0 powder (purity: 99.95%, Kanto
Chemical Co. Inc., Japan), Ca(NO,), and Ba(NO,), powders (purity: 99.95%, Kanto
Chemical Co. Inc., Japan). Each powder was dissolved in distilled water and mixed in
order to prepare the composition of Sm Ce, O, ; (x=0.2 and 0.25), La Ca Ce, O,
(x=0.125, 0.15 and 0.175), (Sm,,Ca,,) Ce, O, ; (x=0.175, 0.20, 0.225 and 0.25),
(La, ,Sry,Ba )y ,75Ce0rs0, 4  (x=0.03 and  0.05). NH,;+(NH,),CO, solution
[NH,/(NH,),CO,=1/1] was dropped into the mixed solution for precipitation. In order
to provide (Smy o;,Cs, osL1) 004),C€, O, 5 (x=0.20, 0.225, 0.250 and 0.275), Li,0 pow-
der (purity: 99.9%; Kishida Chemicals Co. Ltd., Japan) and Cs,CO, powder (purity:
99.9%; Wako Chemicals Co. Ltd., Japan) were added to the prepared Sm,0,—CeO,
mixture in the specified composition using the co-precipitation method. These pow-
der mixtures were mixed, dried, and calcined at 1000°C for 1 h. Sintering was per-
formed at 1450-1550°C for 4 h.

Sample characterization

Elements in the powders were measured using the following methods: Ce, La, Sm, Sr
and Ba were measured using the inductively coupled plasma (ICP) technique, and Cs
and Li were measured using glow discharge mass spectroscopy (GDMS).
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For detailed examination of influence of nanostructure on electrolytic proper-
ties, four representative specimens were selected. The crystal phase was identified
using X-ray diffraction analysis and selected area electron diffraction analysis. An
electron diffraction pattern was calculated using the software CaRlIne Crystallogra-
phy version 3.1 (presented by Boudias and Monceau). The microstructures of these
four representative specimens were analyzed using TEM. TEM observation was per-
formed with gun voltages of 200 keV (JEOL 2010) and 400 KeV (JEOL 4010).

Measurement of electrical properties

Electrical conductivity of the sintered specimens was measured by dc-four point
measurements at 800°C and dc-three point measurements at 400-800°C. The dimen-
sions of the specimens were 10 mm in a diameter and 2 mm in thickness for three
point measurements and 10x2 mm and 30 mm in length for four point measurements.
The oxygen partial pressure (P, ) dependence of conductivity was measured at
800°C. The P, was controlled using zirconia pump from 10~ to 10" atm and it was
checked by zirconia oxygen sensor. The relaxation time of before measurement was
approximately four hours. The operation properties of the fuel cell were measured by
the following oxygen-hydrogen cell.

0O,latm,C|doped CeO, ‘ A, H,—H,0(40°C)latm

where cathode C=La,,Sr,, MnO, and anode A=Ni/YSZ cermet (Ni:YSZ = 55:45 in vol-
ume ratio). The dimensions of the electrolyte were 30x30 mm and 0.5 mm thickness. The
discharge performance of the cell was investigated at 700, 800, 900, and 1000°C.

Results and discussion

Figure 1 shows the relationship between the effective index and the electrical conduc-
tivity of 15 specimens at 800°C in air. The specimens in Fig. 1 do not have open pore
in the specimens. The relative densities of them were over 95%. As this figure indi-
cates, the electrical conductivity increased with an increase of suggested index, con-
firming the utility of suggested index. Since the ionic transport number of all speci-
mens remains unity at 800°C, the enhancement of electrical conductivity in Fig. 1 is
attributable to an increase of oxygen ionic conductivity in doped CeO, electrolytes.
Table 1 summarizes the chemical composition in five representative specimens. The
chemical analysis showed that the specimen composition was controlled well with
only a very small deviation. It is concluded that the suggested index of all specimens
can be calculated using the starting composition of the specimens. In addition, the ap-
parent  activation energy of Smg,Ce( 0,4, (Smy;Ca;s)y15Ce) 7750, su
(Smy 536C80 06110, 004)0.25CC0 75O, 560 AN (Lag 7551, ,Bag 45)q, 175CC0 5050, 501 Was 88.0, 72.4,
68.1, and 67.3 kJ mol ™, respectively. These results give us message that the composi-
tion and microstructure guided by suggested index would play a key role for im-
provement of oxygen ionic conductivity.
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Fig. 1 Relationship between effective index and electrical conductivity. Measurement
temperature: 800°C, measurement atmosphere: air,
1 —SmygCe 30190, 2 — Smy25Ce0.7501.875, 3 — (Smo.sCag 5)0.175Ce0.82501 87,
4 — (SmygsCap 5)020Ce0.8001.85, 5 — (Smyg5Cag.5)0.225Ce€0.77501 84,
6 — (Smg5Cay.5)0.25Ce0.7501.81, 7 — (Smo.936Cs0.06L10.004)0.2C€0.801 89,
8 — (Smy.936Cs0.06L.10.004)0.225Ce0.77501.88, 9 — (Smy.936CS0.06L10.004)0.25C€0.7501 87,
10 — (Smy.036Cs0.06L10.004)0.275C€0.72501.85, 11 — Lag 125Ce0.87501.94,
12 — Lag15Ce08501.925, 13 — Lag.175Ce082501.01,
14 — (Lag.77Sr0.2Bag.03)0.15Ce0.8501 802, 15 — (Lag 75510.2Ba0.05)0.175C€0.82501.891

Figure 2 shows one example of oxygen-partial-pressure dependence of the con-
ductivity at 800°C. The P, dependence of the conductivity consists of two regions.
One is the ionic conductive region and the other is n—type semi-conductive region. In
the ionic conductive region, the conductivity is constant against P, . The
conductivity increases in the n-type region with decreasing P, . The relatlonshlp be-
tween the logarithm of conductivity and the logarithm of P has a slope of 1/4 [18].
The n-type conduction appears because the number of conductlve electrons is in-
creased by a reduction of CeO,. The ionic conductivity of Sm,Ce, O, , with low in-
dex is constant up to around P, =10 atm, but the conductivity increased with de-
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Fig. 2 Oxygen-partial-pressure dependence of conductivity at 800°C; O —
Smyg,Ceog01.90, ® — (SmMy.936C80.06L10.004)0.25C€0.7501.87, © — Lag.175Ce0.82501.01,
A — (Lag.758102Bag.03)0.175C€0.82501 801
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creasing P, below P, =10"* atm, due to the reduction of this specimen. On the other
hand, the ionic conductive region of (La, ;;Sr,,Ba s)1:5C€) 4,50, 5o; With high index
continued up to a lower P, region than that of Sm,,Ce, O, ,. Accordingly, it is con-
cluded that the ionic domaln of doped CeO, based material with high suggested index
was apparently expanded by the enhancement of ionic conductivity. Moreover, this
tendency indicates that suggested index would be a useful tool for design of solid
electrolyte.

Table 1 Chemical composition of specimens

Sample Chemical composition
Smy25Ce0.7501 .83 Smyg42Ce0.75801 .88

(Smy 5Cag.5)0.225Ce0.77501 84 (Smg 496Ca.468)0.225Ce€0.78301 84

(Smg 936Cs0.06L10.004)0.25C€0.7501 86 (Sm936Cs0.06L10.004)0.250C€0.74601.86
Lag.175Ce0.82501.01 Lay.178Ce0.82201.01
(Lag,1755192Bag05)0.175Ce0.82501 591 (Lag,751Sr0.198B0.051)0.175C€0.82301.890

Figure 3 displays the XRD patterns of four representative specimens, Sm,,Ce, O, o,
(Sm0.936CSOAOGLiO.OM)OAZSCCOJSO1,86’ ]‘.’a0.175ceo.8259191’ a'nd (LaO.'7SSr0,2Ba0A05) 0,175C60.82501A891' AS
this figure indicates, these specimens consisted of fluorite structure. No other phases
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Fig. 3 X-ray diffraction patterns of a — Sm(,Ce( 509,
b — (Smy 936Cs0.06L10.004)0.25C€0.7501 86, € — LaO.175ceO.82501.912, and
d — (Lag.75S10.2Bag.05)0.175Ce0.82501 801

seemed to be observed in XRD patterns. And the other specimens in Fig. 1 had same flu-
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images (<110>r) recorded from sintered bodies of a — Smy,Ce 50 9,

b — (Smy.936Cs0.06L.10.004)0.25Ce0.7501 86, € — Lag.175Ce0.82501 912, and

d — (Lag75S192Bag 05)0.175Ce0.82501.891, dashed line area means domain with or-
dered structure
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Fig. 4e Calculated electron diffraction pattern of [110]r zone
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Fig. 4f The illustrated image of diffuse scattering in the background of electron diffrac-
tion pattern [110]r zone, where D.S. means diffuse scattering

orite pattern. In order to conclude the mechanism of enhancement of conductivity, se-
lected area electron diffraction pattern and microstructure of aforementioned four speci-
mens were observed by TEM.

Figures 4a—d display the lattice images and electron diffraction patterns in grain of
aforementioned four specimens. For comprehension of diffraction pattern, calculated dif-
fraction pattern was illustrated in Fig. 4e. The diffuse scattering, as illustrated in Fig. 4f,
clearly appeared in the background of all electron diffraction patterns. On the other hand,
extra spots cannot be observed in the electron diffraction patterns. This diffuse scattering
indicates that these specimens have very small domains with short range ordered struc-
ture and the interface between the domain and fluorite lattice is coherent in a grain [19]. If
the interface has a misfit, the extra spots will be appeared in the diffraction patterns.
Moreover, high-resolution images indicate that dashed line area is a domain and the do-
main has irregular shape. While Sm,Ce, (O, , sintered body with low index value has big
domain in a grain, (La,;sSry,Bag ), 1:5Ce0550,5 and (Smye Csyoeliypn)o2sCeors0: 6
sintered bodies with high index values has very small nano sized domain (i.e. around 10
nm) in a grain. The authors conclude that a large strain in the lattice of doped CeO, would
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Fig. 5 Discharge performance of a — Smy,Ce 30, ¢ and
b — (Lag.75S10.2Bag.05)0.175Ce0.82501 891. Small open symbols indicate the potential
as a function of current density: O — 1000, & — 900, o — 800, v — 700°C. Large
closed symbols indicate the power density as a function of current density:
H— 1000, A —900, @ — 800, ¥ — 700°C. Electrolyte thickness: 0.5 mm
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be created by doping lower valance cation in Ce site. In order to minimize the strain in
the lattice, domain would be prepared in the lattice. Therefore, it is concluded that do-
main size is minimized in non-distorted fluorite structure. On the other hand, suggested
index indicates research direction to prepare a non-distorted fluorite structure as a high
quality electrolyte. Accordingly, the specimen with high index value would have
nano-sized domain and show high conductivity.

Figures 5a and 5b demonstrate operation properties of Sm,Ce; O, , with low in-
dex value and (La, ,sSr,,Ba, ;s), 175C€0.550; 5o With high index value. Terminal poten-
tial and maximum power density of (La,,sSr,,Ba,s)y175C€0.550; g0 With high index
value was much higher than those of Sm,,Ce O, , with low index due to enhance-
ment of oxygen ionic conductivity.

Conclusions

The effective index, as criterion for fast oxide ionic conduction in doped CeO,, was
suggested using ionic radii and expected oxygen vacancy level in order to improve
electrolytic properties. The relationship between nano-structure and electrolytic
properties was examined. The results obtained are summarized as follows;

» The electrolytic properties such as ionic conductivity, apparent activation energy,
Py, dependence of conductivity, and power density of the specimens increased
with increasing suggested index. Therefore, the authors expect that superior qual-
ity solid electrolyte will be created using the concept of suggested index.

* The author observed nano—size domain with ordered structure in doped CeO, sintered
body. The size of domain in the microstructure of the specimens with high index value
was very small as compared with that in the previous reported doped CeO, electrolyte
such as Sm,,Ce O, , sintered body. The electrolytic properties seem to strongly de-
pend on the nano-featured structure at atom level in doped CeO, electrolytes. It is con-
cluded that the control of size and distribution of nano-domain are important for design
of superior quality doped CeO, electrolytes in future.

In addition, the authors would like to point out that a combination approach be-
tween electrical measurement and nano-structure characterization is required to de-
velop solid electrolytes.
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