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Structural change in Sm- and Nd-doped ceria under
a low oxygen partial pressure

Soichiro Sameshima, Yoshihiro Hirata∗, Yuka Ehira
Department of Advanced Nanostructured Materials Science and Technology, Kagoshima University,

1-21-40 Korimoto, Kagoshima 890-0065, Japan

Received 30 July 2004; received in revised form 24 November 2004; accepted 15 December 2004
Available online 17 June 2005

Abstract

The electromotive force (EMF) of Sm-doped ceria (SDC) and Nd-doped ceria (NDC) with Pt electrodes was measured using air and a
H2/H2O gas or an Ar/O2 gas in the oxygen partial pressure range from 100 to 10−25 Pa at 773–1173 K. The transport numbers of oxide ions
(ti ) of SDC and NDC at 1073 K were 0.72–0.81 in the H2/H2O gas and 0.25–0.26 in the Ar/O2 gas at 10−12 to 10−15 Pa of oxygen partial
pressure, respectively. The heating of SDC and NDC in a H2/H2O gas of 10−15 Pa of oxygen partial pressure at 973 K for 1 h released 26–31%
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f the lattice oxygen atoms. The X-ray diffraction (XRD) patterns for the reduced SDC and NDC corresponded to those of cubic C2 solid
olution. However, the X-ray photo-emission spectra (XPS) of the reduced SDC and NDC showed the formation of Ce3+ ions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The solid oxide fuel cell (SOFC) has received a consid-
rable attention as an environment-friendly electric power
eneration device because of its high energy conversion effi-
iency and the clean product (H2O) [1]. Rare earth-doped
eria (RDC) has a higher oxide ion conductivity than yttria-
tabilized zirconia (YSZ) electrolyte[2–11]. The high ionic
onductivity leads to the decrease of operation tempera-
ure of SOFC, which increases the lifetime and expands the
hoice of the constituent materials used for the electrodes
nd interconnector of SOFC. The problem pointed out on
DC is the increased electronic conduction at a low oxygen
artial pressure, which is accompanied by the reduction of
e4+ to Ce3+ [6,7,9,12,13]. The oxygen partial pressure at
hich the ionic conductivity is equal to the electronic con-
uctivity, has been reported as follows at 1073 K: 10−10 Pa

or Ce0.8Sm0.2O1.9 (SDC) [6], 10−8 Pa for Ce0.8Gd0.2O1.9
GDC) [6], and 10−12 Pa for Ce0.8Gd0.2O1.9 [7]. This paper
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reports on the structural change in Sm-doped ceria (S
and Nd-doped ceria (NDC) under a low oxygen partial p
sure. The electromotive force (EMF) of both the electrol
using air and a H2/H2O gas or an Ar/O2 gas in the oxyge
partial pressure range from 100 to 10−25 Pa was measure
at 773–1173 K. The structures of SDC and NDC heate
a low oxygen partial pressure were also evaluated by X
diffraction (XRD), scanning electron microscope (SEM)
X-ray photo-emission spectra (XPS).

2. Experimental procedure

The RDC powder with a composition Ce0.8R0.2O1.9
(R = Sm, Nd) was produced by heating the oxalate pre
sor (Ce0.8R0.2)2(C2O4)3 at 873 K. The detail of the powd
preparation method is reported in our previous papers[14,15].
An aqueous suspension of 35 vol.% SDC or NDC powder
prepared at pH 8 and polyacrylic ammonium (dispersan
0.25 mg/m2 was added to the suspension. The suspensio
consolidated to a disk of 22 mm diameter and 2 mm thick
E-mail address: hirata@apc.kagoshima-u.ac.jp (Y. Hirata). by filtration through a gypsum mold. The consolidated disk
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was pressed isostatically under a pressure of 294 MPa and
sintered at 1773 K for 4 h in air (SPM 6512 electric furnace,
Marusho Electro-Heat Co. Ltd., Japan). The electromotive
force of SDC and NDC with Pt electrodes was measured
using air and a H2/H2O gas or an Ar/O2 gas at 773–1173 K.
The oxygen partial pressure in an Ar gas was controlled
in the range from 100 to 10−15 Pa by passing the Ar gas
into an oxygen pump using YSZ (KOC-200B, Kaken Inc.
Ibaraki, Japan). This pump separates electrochemically O2
molecules from Ar gas. The oxygen partial pressure in the
H2/H2O gas or Ar/O2 gas was monitored with a YSZ oxygen
sensor (KOA-200, Kaken Inc., Ibaraki, Japan). The sintered
SDC and NDC were heated at 973 K for 1 h in a H2/H2O gas
under an oxygen partial pressure of 10−15 Pa to evaluate their
microstructures (SM-300, Topcon, Co., Tokyo, Japan). XPS
spectra were recorded on an ESCA machine (ESCA 1000,
Shimadzu Co., Kyoto, Japan). The base pressure during the
analysis was 1.3× 10−3 Pa. The sintered SDC and NDC were
sputtered by Ar ions for 40 min. Calibration of the spectra was
made using the lowest kinetic energy peak (binding energy
917.0 eV) of the Ce (3d) spectrum[16].

3. Experimental results and discussion
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Fig. 2. Transport number of oxide ion measured by electromotive force
for SDC in an Ar/O2 gas at 773–1173 K. The solid lines correspond to
the ti values for SDC determined from the electronic conductivity by the
Hebb–Wagner method and the oxide ion conductivity measured in air.

SOFC. The solid lines inFig. 1 correspond to theti values
for SDC calculated from the electronic conductivity of SDC
measured by the authors’ group through the Hebb–Wagner
method and the oxide ion conductivity measured in air[17].
Both the ti values by the EMF method and Hebb–Wagner
method provided the similarti values at 973 and 1073 K. The
discrepancy of theti values at 773 and 873 K between the two
methods is under investigation.

Fig. 2shows theti values of oxide ion for the SDC in the
Ar/O2 gas at 773–1073 K. Theti values decreased rapidly
with decreasing oxygen partial pressure and showed a mini-
mum at the oxygen partial pressure range of 10−7 to 10−10 Pa.
The recovery ofti values at the low oxygen partial pressures
may be associated with the enhanced oxide ion diffusion
through the increased concentration of oxygen vacancy, as
explained below. In a lower oxygen partial pressure, the pos-
sible interaction between electron and Ce site or O site in
SDC or NDC was expressed by Eqs.(1)–(4).
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.1. Transport number of oxide ion

Fig. 1shows the transport number (ti ) of oxide ion calcu
ated from the electromotive force (EMF) for SDC and N
n the H2/H2O gas at 773–1173 K. Theti values of SDC an
DC were in the range from 0.75 to 0.81 at 1073 K unde
xygen partial pressure of 10−12 to 10−15 Pa. No significan
ifference ofti values between SDC and NDC was measu
he previously reported oxygen partial pressure forti = 0.5
t 1073 K is 10−10 Pa for SDC[6], 10−8 Pa for GDC[6] and
0−12 Pa for GDC[7]. Compared with theseti values, the
resent samples showed the significantly highti values. This
esult is favorable to apply RDC for the solid electrolyte

ig. 1. Transport number of oxide ion (ti ) measured by electromotive for
ethod for SDC and NDC in a H2/H2O gas at 773–1173 K. The solid lin

orrespond to theti values for SDC determined from the electronic cond
ivity by the Hebb–Wagner method and the oxide ion conductivity meas
n air.
eCe
× + 2OO

× � Ce′
Ce + 2V

••
O + 3e′ + O2 (4)

or instance, the neutrality condition of electric cha
or Eq. (2) is expressed by 2[V

••
O ] = [R′

Ce] + [Ce′
Ce] + [e′].

he equilibrium constantK for Eq. (2) is also given
y K = [Ce′

Ce][V
••
O ][e′]Po1/2

2 /[CeCe
×][OO

×]. In the con-
ition 2[V

••
O ] = [Ce′

Ce], the above relationship gives t
ollowing concentration of the hopping electron: [e′] =
2K)1/2([CeCe

×][OO
×]/[Ce′

Ce])
1/2Po−1/4

2 . All the case
ere analyzed and the oxygen partial pressure depen
f the electron concentration was summarized in our re
aper[13]. The formed electron or hopping of electron
e′
Ce increases the electronic conduction. In addition,

ormation of oxygen vacancy in Eqs.(1)–(4)may affect the
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Fig. 3. Microstructure of (a) as-sintered SDC and (b) reduced SDC. The sintered SDC was heated at 973 K for 1 h in a H2/H2O gas under an oxygen partial
pressure of at 10−15 Pa.

diffusion of oxide ion. A crucial factor affecting the differ-
ence of the results inFigs. 1 and 2may be the presence of
H2O. In the presence of H2O, H2O may react with the oxygen
vacancy in SDC or NDC as expressed by Eq.(5).

V
••
O + H2O � OO

× + H2 + 2h• (5)

The produced hole reacts with the electron expressed in Eqs.
(1)–(4). This reaction reduces the concentration of free or
hopping electron in SDC or NDC and increases theti value.

3.2. Microstructure and X-ray diffraction analysis

Fig. 3(a) and (b) show the microstructures of SDC before
and after the heating at 973 K for 1 h in a H2/H2O gas at
10−15 Pa of oxygen partial pressure, respectively. The SDC
before the heating consisted of dense microstructure and
average grain size was 2.2�m. After the heating, many
pores of submicrometer size were observed. These pores
were mainly located at grain boundaries and produced by
the release of oxygen gas (Eqs.(1)–(4)) from O sites in
SDC. A similar structural change was also observed in NDC.
The relative density of SDC and NDC decreased as follows
by heating: 97.1%→ 93.0% for SDC and 97.7%→ 92.5%
for NDC. This change of density indicates that lattice oxy-
gen atoms of 26.3–31.1% were released by the heating at
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Fig. 4. XPS Ce 3d emission spectra (A) and O 1s emission spectra (B) of
(a) as-sintered SDC, (b) as-sintered NDC, (c) reduced SDC and (d) reduced
NDC after sputtering by Ar+ for 40 min.

species[18]. Fig. 4(B) shows XPS spectra in O 1s region
for the four samples. O 1s spectrum observed at 529.5 eV
in (a) shifted to the higher binding energy at 530.1 eV in (c)
by reducing the SDC. Leachir et al. reported that the O 1s
peak tended to shift towards the higher binding energy upon
reduction by hydrogen[19]. However, no shift of O 1s peak
was observed for NDC after the reduction.

4. Conclusions

(1) The transport number of oxide ions for SDC and NDC
were 0.75–0.81 at 1073 K at an oxygen partial pressure
of 10−12 to 10−15 Pa of a H2/H2O gas. As compared
with the result in the H2/H2O gas, the transport number
of oxide ions in an Ar/O2 gas decreased greatly.

(2) Lattice oxygen atoms of 26.3–31.1% in SDC and NDC
were released by heating at 973 K under an oxygen partial
pressure of 10−15 Pa and many pores of submicrometer-
size were produced in SDC and NDC.

(3) Although the reduced SDC and NDC showed X-ray
diffraction patterns of a cubic fluorite structure, the pres-
ence of Ce3+ ion was confirmed by XPS.
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73 K under the reduced atmosphere. However, the X
iffraction patterns of SDC and NDC after hearting w

dentified as those of a cubic fluorite structure for CeO2 solid
olution.

.3. X-ray photo-emission spectra

Fig. 4(A) shows XPS spectra in Ce 3d region for
intered (a, b) and reduced (c, d) SDC and NDC.
arge peaks ofu′′′ (917 eV), v′′′ (899 eV), u (901 eV) and
(883 eV), and small peaks ofu′′ (908 eV) andv′′ (889 eV)
ppeared in the as-sintered SDC (a) and NDC (b). Thes
eaks were characterized by 3d electron of Ce4+ [18]. On

he other hand, the reduced SDC (c) and the reduced
d), which were heated at 973 K at 10−15 Pa of oxygen pa
ial pressure, provided four peaks ofu′ (905 eV),v′ (887 eV),
0 (900 eV) andv0 (882 eV), which corresponded to Ce3+
The authors would like to thank Mr. Y. Ohzono (Center
nstrumental Analysis, Kagoshima University) for the m
urement of XPS.
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