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Abstract: Ce0.8Sm0.2O1.9 (SDC) nanopowders weresynthesized by anacrylamidepolymerization process. TheXRD resul ts showed that SDC
powders prepared at 700 °C possessed acubic fluoritestructure. Transmission electron microscopy (TEM) indicated that theparticlesizes of
powders were in therangeof 10–15 nm. A 98.3% of theoretical densi ty was obtained when the SDC pel lets weresintered at 1350 °C for 5h,
indicating that the powders had good sinterabil ity. The conductivity of the sintered SDC ceramics was 0.019 S/cm at 600 °C and theactiva-
tion energy was only 0.697 eV. Furthermore, aunit cel l was fabricated from the powders and themaximum power densi ty of 0.169 W/cm2

wasachieved at 700°C withhumidified hydrogen asthefuel andai r as theoxidant.
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Cerium oxide-based materials have attracted increasing
interest as theelectrolyte for solid oxide fuel cells(SOFCs),
especially for intermediate temperature SOFCs (ITSOFCs,
600–800 °C), due to their high ionic conductivity[1–8]. For
example, Ce0.8Sm0.2O1.9 shows high ionic conductivity of
around0.1S/cm, which isthree times higher than that of the
conventional 8YSZ (8 mol.% yttria stabilized zirconia,
3×10–2 S/cm) at 800 °C[3,5,9].

In general, nano-sized powders possess high sintering
ability, and the particle size of powders greatly depends on
the synthesis route. Many methods are available for the
preparation of ultraf ine homogeneous doped ceria powders,
for instance, glycine-nitrate process[10,11], citrate-nitrate gel
synthesis[12,13], carbonate coprecipitation method[14], oxalate
coprecipitation route[11,15,16], homogeneous precipitation
process[17], andhydrothermal process[l8].

In thisstudy, we investigated thesynthesis and properties
of Ce0.8Sm0.2O1.9 (SDC) nanocrystall ine powders via an
acrylamidesol-gel process. In thisprocess, astableprecursor
solution of strongly chelated cations was obtained by con-
troll ing the amount of ligand and the pH at first. Then the
solution was easily gelled by in situ formation of poly-
acrylamidegel. Fine and nano-sized powders wereobtained
by directly decomposing this hydrous gel through thermal
treatment. Furthermore, theproperty of aunit cell fabricated
fromas-prepared powderswas also studied.

1 Experimental

1.1 Preparation

Thestartingmaterials werecommercial CeO2 powder and
Sm2O3 powder (purity: 99.9%; Sinopharm Chemical Re-
agent Co., Ltd., China). They were weighed according to a
molar ratio of 8:2, dissolved in dilutenitrateacid separately,
and then mixed with 10 equivalents of EDTA. A clear solu-
tion was made by slowly adding dilute ammoniaunder stir-
ring, and pH of thesolution was around 8. Then themono-
mers, acrylamideandN, N�-methylenediacrylamide (6g and
1 g per 100 ml of solution, respectively) wereadded to the
abovesolution, and then themixturewasheated at 80–90 °C
toproduce thepolyacrylamidegel.

Thegel wasdried at 120 °C overnight inan oven, andcal-
cined at 700 °C for 4 h af ter being pulverized in an agate
mortar to preparecrystall ine SDC powders. TheSDC pow-
ders were pressed into pellets and sintered in air on an alu-
minaboardat 1350 °C for 5h. Thesintered pellets wereap-
proximately 25mm indiameter and0.35mm in thickness.

1.2 Char acter izat ion

Thecrystal structureof thepowderswasinvestigatedwith
X-ray diffraction (ShimadzuXD-3A) using CuKαradiation.
Thedatawere recordedat ascanning rateof 5 (°)/min witha
scanning step size of 0.02°. The morphology of the SDC
powder was studiedwitha transmission electron microscope
(TEM, JEM-2000EX). The sintering shrinkage was meas-
ured with a dilatometer (NETZSCH DIL 402C) from room
temperature to 1500 °C. The microstructureanalysis of the
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sintered pellets was carried out using a scanning electron
microscope (SEM, Hitachi X-650). The relative density of
thesinteredpelletswasdeterminedby standardArchimedes’
method.

The ionic conductivity was measured using two-probe
impedancespectroscopy. Platinumpastewas applied toboth
sides of the sintered pellets and heated at 800 °C for 2 h.
Measurementswereperformed in air using an electrochemi-
cal workstation (IM6eX, Zahner) in the temperature range
600–900 °C. The values of conductivity at dif ferent tem-
peratures werecalculated withEq. (1):

L

RS
=σ (1)

where L is the thickness of a pellet, S the area of a pellet
(S=1/4πD2, D isthediameter), and Rthe resistanceof apel-
let at different temperatures.

The electrochemical characterization of a planar single
cell wasperformed with humidif ied hydrogenas the fuel and
air as the oxidant at 600–700 °C using the electrochemical
workstation. Theanodeslurry consistingof 50 wt.% NiO-50
wt.% SDC and cathode slurry consisting of 50 wt.%
La0.8Sr0.2MnO3(LSM)-50 wt.% SDC were deposited by a
screen-printing technique onto the separate sides of SDC
pellet, which wasair-driedand then fired at 1000 °C for 2 h
in air. Platinum mesh wasplacedon topof theanodeand the
cathodetoact ascurrent collectors.

2 Results and discussion

2.1 Powder characterist ics

Fig. 1showsXRD patternof calcinedSDCpowder at700 °C
for 4 hwith anacrylamidepolymerization route. Thepowder
has a fluorite structure, and its pattern is indexed on a cubic
cell, space group F23 with lattice parameters of a=b=c=
0.5430nm, a=β=γ=90°.

TEM imageof theSDC nanoparticles is shown in Fig. 2.
It can beseen that the nanoparticle is well-crystall ized with
average grain size of 12 nm; and the particles are slightly
agglomerated, which may be due to the partial sintering
while theexothermic reactionsoccur.

Fig. 3 shows the sintering curve of the compact powder
sample. It canbeseen that the linear shrinkagebeginsto de-
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scend after 700 °C. A maximum shrinkage of the sample
occurs at near 1400 °C. With further increasing of the tem-
perature, the sintering curve begins to rise. Therefore, the
sintering temperature of the SDC was chosen between
1350–1400 °C.

2.2 Char acter izat ion of sinteredSDC pellets

A typical SEM imageof theSDC pellet sintered at 1350 °C
for 5 h (Fig. 4(a)) reveals adenseand homogeneous micro-
structure, and theaveragegrain size is1–2 μm. Fig. 4(b) pre-
sents the microstructure of a fractured section of the pellet.
Thepellet is basically dense although thereareclosed pores
of submicron-size at the grain boundaries. The relative den-
sity of SDC pellet was found to be 98.3% by the standard
Archimedes’method.

The ionic conductivity was measured using two-probe
impedance spectroscopy. The conductivity data were f itted
with theArrheniusEq. (2):

0 exp a
E

T kT

�
=

σ
σ (2)

whereσ, σ0, Ea, k andT are theconductivity, pre-exponential
factor, activation energy, Boltzmann constant and absolute
temperature, respectively. Fig. 5 presentstheArrheniusplots
for the sintered SDC pellet prepared by different methods.
The ionic conductivity of thepellet prepared by acrylamide
polymerization method is0.019 S/cmat 600 °C, and theac-
tivation energy is0.697 eV. As comparison, thedata of pel-
lets prepared by glycine-nitrate method and citrate-nitrate
method arealsoshown inFig.5.

Fig. 2 TEM imageof SDCpowder
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Fig. 4SEM micrographsof SDCsintered at 1350 °C for 5 h

(a) Surface; (b) Fracture

Fig. 5 Arrhenius plots for SDC pellets sintered at 1350 °C for 5 h

frompowdersprepared by di fferent methods

From Fig. 5, it can be found that pellets prepared by
acrylamide polymerization method have a lower activation
energy and higher conductivity. This result shows that the
acrylamide polymerization synthesis is an effective method
to preparedoped ceria powders with an excellent electrical
performance. Acrylamide gel consists of long polymeric
chains, crosslinked to createan organic 3D tangled network
where asolution of the respectivecations issoaked. Polym-
erizationof thegel proceedswith theway of achain reaction,
the f irst step of which is the combination of an initiator with
the acrylamide, which is thereby activated. As the chain of
polyacrylamide grows, the active site shifts to its f ree end.
N,N’-methylenediacrylamide, which contains two acryla-
mide units joined through –CONH2 group via a methylene
group, can link two growing chains. Hence, diacrylamide
enables the formation of cross-linked chains, resulting in a

x y , ,
[ ] M x f

y DT x f

and avoids theoccurrenceof unwanted precipitation. So this
method allowspreparinguniformly dopedceriapowders.

2.3 Cell test results

The cell structureconsists of aporous NiO-SDC anode, a
dense SDC electrolyte and a porous LSM-SDC composite
cathode. The electrochemical performance of as-prepared
unit cell was characterized. I-V curves and power densities
areshown in Fig. 6(a), and its impedance spectra measured
at an open circuit condition for the cell are shown in Fig.
6(b). Themeasured resultsarealso listed inTable1.

From Fig. 6(a), it can be found that I-V curves are non-
linear, which indicates thepresenceof asignificant polariza-
tion at theelectrode/electrolyte interface. As the temperature
rises, the current density and power density rise. A maxi-
mumpower density of 0.169 W/cm2 is achieved at 700 °C.
This value is a little low, but it must be noticed that the
thicknessof theSDC electrolyte is350 μm.

FromTable1, it isvery clear that thevaluesof electrolyte
resistance, Rel, and electrode polarization resistance, Rp,a+c,
have increased significantly along with the increase in the
OCV values. Meanwhile, the values of Rel, Rp,a+c, and OCV
decrease with the increase of temperature. The electrolyte
resistance (Rel) havedecreased from1.247 to 0.556 Ω·cm2 as
temperature increasesfrom600 to700 °C.

Fig. 6 I-V curves of a singlecell at di fferent temperatures (a), and

impedance spectra measured at an open ci rcuit condi tion for

thesinglecel l (b)

Table 1Cel l per formanceand cel l resistances*

Temperature/

°C

OCV/

V

MPD/

(W/cm
2
)

Rel/

(�·cm2
)

Rp,a+c/

(�·cm2
)

Rcel l/

(�·cm
2
)

600 0.856 0.054 1.247 3.210 4.457

650 0.835 0.094 0.891 1.561 2.452

700 0.805 0.169 0.556 1.188 1.744

* OCV: open circuit voltage, MPD: maximum power density, Rel : electrolyteoh-

f IS, R , + z f IS, R

f IS (R =R +R , + )

comple topolog with loops branches and interconnec-
tions19 . eanwhile the comple ation o cations in solution
b E A permitsthemi ingo speciesat amolecular level

mic resistance rom E pa c: electrode polari ation resistance rom E cell :

cell resistance romE c ell el pa c
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In comparisonwithRel of cells with thin SDC electrolytes
(10 μm) [20], the relativehigh value of Rel may be related to
the thicker electrolytepellet. As shown in Table 1, the elec-
trode polarization resistance (Rp,a+c) is dominant in the total
resistance of the cell(Rcell), which is decreased from 3.210
to 1.188 Ω·cm2 astemperature increasesfrom600 to700 °C.
Therefore, a better performance of the unit cell can be
achieved at 700 °C. In order to further improve thecell per-
formance, it is necessary to decrease the thickness of the
electrolyte pellets and enhancecatalytic activity of the elec-
trodematerialsto lower theRcell of unit cells.

3 Conclusions

Ce0.8Sm0.2O1.9 powder of 12nm in averagegrainsizewas
successfully synthesized by an acrylamide polymerization
process. The SDC powder exhibited high sinterability, high
conductivity, and low conduction activationenergy. Withan
electrolytepellet of 350 μmthick, afuel cell withhumidif ied
hydrogen as the fuel and air as the oxidant was assembled
andamaximumpower density of 0.169W/cm2 wasobtained
at 700 °C. It is believed that SDC powders synthesized by
this method would be a promising electrolyte material for
intermediate temperatureSOFCs.
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