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Abstract

Nanosized tri-doped ceria powders with composition Ce,, ¢Gd,, ,sCa, ,s. Nd O, s (CGCN, x = 0.0125, 0.025,
0.0375) were obtained by sol-gel methods. The powders were compressed into discs and sintered in air to form
perspective solid electrolytes. The obtained samples were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and electrochemical impedance spectroscopy (EIS) methods. XRD and SEM anal-
yses confirm that the samples are densified and have fluorite structure after sintering at 1350 °C. Among all
Ce,Gd, sCa, s Nd O, ; samples, the sintered Ce, 3Gd, ;sCa, 5,sNd, 5,50, 5 electrolyte has the highest con-

ductivity of 2.5 x 1072 Sfcm at 800 °C and the corresponding activation energy is 0.64 V.
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I. Introduction fluorite oxides, especially alkaline earth metal oxides or
rare earth oxides, charge compensation occurs through
the formation of oxygen vacancies, which can signifi-
) . cantly improve the ionic conductivity of these materi-
ment. The excessive use of fossil fuels causes resource als [8]. It has been found that CeO, doped with diva-
scarcity and environmental pollution, endangering hu- .. dopants has less free oxygen vacancies than that
man health and social development. Therefore, the ex- doped with trivalent dopants, and dopant-vacancy asso-
ploration of new energy sources such as renewable en- ¢iation increases with the ionic radius of divalent dopant
ergy and green energy has increasingly attracted people’s  ¢a(ong [9]. Sun ez al. [10] found that the rare earth ions
attention [1,2]. Solid oxide fuel cell (SOFC) can directly doped CeO, can form charge-compensated vacancies,
convert chemical energy into electrical energy, andhasan ;.4 there are many factors that affect the ionic con-
all-solid structure without electrolyte leakage. It is there- ductivity. Rare earth dopants not only reduce the mi-
fore considered to be one of the cleanest and most ef- gration barrier, but also promote the formation of in-
ficient energy technologies in a wide range of environ-  iyqic vacancies (oxygen vacancies due to thermal ex-
mentally friendly energy conversion devices [3.4]. Atthe  (jration). In recent years, researchers have tried to use
same tli)me, SOIZ%E) typili)agz)yogpérage at hilgher t(elmpgra- one or two elements to co-dope samarium doped ce-
tures (between to , effectively acceleratin : .y :
electrc()de reaction kinetics and)eliminating the need fo% e (Ceg5m,0;.. SDC) or gad.ohmum doped cerium
) - oxide (Ce, 4Gd,,0, 4, GDC) to improve their conduc-
precious metal catalysts. In addition, SOFCs also have  yiviry or change sintering properties and stability. Two
the advantage of fuel flexibility. For this reason, SOFCs  ,p4ve mentioned electrolytes are considered as the most
are considered one of the most promising fuel cell types. o miging substitutes for YSZ in the intermediate tem-
Most studies on electrolyte materials focus on ox- perature SOFC (IT-SOFC) [11]. Numerous studies have
ides with cubic fluorite structure, such as stable zirconia, been reported on the co-doping of CeO, materials with

doped bismuth oxide and doped cerium dioxide [5-7]. -, Mg, Cu, Sr, La, Y, Er and Sm or Gd [12-17]. The
By doping divalent or trivalent heterovalent cations in i v that dort

With the rapid development of industry and economy,
energy has become the lifeblood of the world’s develop-

results show that double or triple doping can improve
the conductivity of CeO, matrix, and the conductivity
of this kind of material can reach 1.1-4.2 x 1072 S/cm at
700 °C.
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Doping can cause lattice strain of CeO,. In princi-
ple, the radius of the doped ions should be close to that
of Ce4+, but even so, the doped ions will still affect
the lattice. Some studies have calculated the effect of
lattice strain on the ionic conductivity of doped CeO,
[18,19]. The results show that the strain has a great ef-
fect on the properties of doped CeO,. The compressive
strain results in lower diffusion coefficient and higher
binding energy between the oxygen vacancy and the
dopant ions, while the tensile strain results in higher
diffusion coefficient and lower binding energy. In ad-
dition, the doping can also remove the impurities at
the grain boundary of the electrolyte and reduce the
grain boundary resistance. SiO, impurities may be in-
troduced during ceramic processing, moulding and sin-
tering [20]. These impurities are often accumulated at
the grain boundary and cause the grain boundary resis-
tance to increase. The grain boundary resistance can be
reduced by adding grain boundary improver. At present,
the dopants which can be used to remove impurities
at the grain boundary are CaO, SrO, etc. Moure et al.
[21] increased the grain boundary conductivity of Gd**-
doped CeO, by 10-times by adding 2 mol% CaO with-
out affecting the conductivity within the grain.

In this paper, we investigated Ce, (Gd,, ,O, 4 compo-
sition and added CaO as grain boundary improver to re-
duce the grain boundary resistance. At the same time,
Nd** was used as the co-dopant to improve the conduc-
tivity. The total doping amount in CeO, was 20mol%
since the Gd** content was 15mol% and the sum of
Ca* and Nd** contents was 5 mol%. Moreover, the
content of Nd was varied (x), thus the content of Ca and
Nd maintained a certain ratio. We prepared Ca, Nd and
Gd tri-doped CeO, (Ce,4Gd, 5Ca,(5,Nd, O, s) based
electrolyte materials by sol-gel method, powder com-
paction and sintering. The aim of the present study was
to estimate the usability of Ca, Nd and Gd tri-doped
doped ceria as a perspective electrolyte for SOFCs. It
was expected that the exploration of the high perfor-
mance electrolyte materials with high oxygen ion con-
ductivity, low polarization resistance and good compat-
ibility with electrode materials will provide new ideas
for the development of SOFCs.

II. Experimental

The Ce,Gd, ,sCa, s Nd, O, ; (x = 0.0125, 0.025,
0.0375) powders were synthesized by a sol-gel method.
The nitrates of RE(NO,), - H,O (RE = Ce, Gd, Nd) and
Ca(NO;), - H,O (analytical grade, Sinopharm Chemical
Reagent Co. Ltd.) were used as raw materials. Stoichio-
metric raw materials were dissolved in deionized water
and then citric acid with 1.5 times the molar number of
metal ions was added. The pH value of above solution
was adjusted to 7-8 with ammonia and stirred at 60 °C
till a homogeneous sol formed. After heating the sol at
80 °C for about 1 h, a white gel was obtained. The gel
was dried for 24 h in an oven at 120 °C and then calcined
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at 750 °C to get the precursor powders. The powders
were evenly mixed with a small amount of PVA (about
3-5% by mass of the powder), and then pressed into
discs with size of @12 x 1 mm under 200 MPa, and fi-
nally sintered at different temperatures (1200-1400°C)
in air for 2 h to form electrolyte ceramics.

The structure and phase composition of the sam-
ples were characterized using X-ray diffraction (XRD).
Archimedes method was used to determine the density
of the sintered body. The microstructure of the spec-
imens was observed by scanning electron microscopy
(SEM). By using electrochemical impedance spec-
troscopy (EIS), the conductivity of the specimens was
measured between 500 and 800 °C with an interval of
50°C in air. Before the impedance test, Ag electrode
was formed by painting silver paste on both sides of the
discs and fired at 700 °C for 0.5 h. The electrical conduc-
tivity of the samples was calculated using the formula
of o = L/(R-S), where L was the thickness and S was
the electrode area of the samples, while the resistance
R was measured by fitting the impedance spectrum with
ZSimpWin software. Activation energies (E,) were cal-
culated by fitting the conductivity data to the Arrhenius

E,

equation:
7)

where o, A, E,, kK and T were conductivity, pre-
exponential factor, activation energy, Boltzmann con-
stant and temperature, respectively.

0'-T=A-exp(— (D)

II1. Results and discussion

3.1. Structure analyses

X-ray diffraction patterns of the tri-doped samples
sintered at 1350 °C are presented in Fig. 1. From XRD
results, it can be observed that the single phase of ceria
with a cubic fluorite structure which matched well with

L

x=0.0375
S Prsssaeni N
8
>
= x=0.025
C
Q
£

\\) x=0.0125
N S v

I T T T T T

0 30 40 50 60 70 8

26 (%)

2 0

Figure 1. XRD patterns of Ce,3Gd, 5Ca, s Nd, O, ; samples
sintered at 1350 °C with different doping amounts (green
lines represent the standard diffraction peak of CeO,,
JCPDS 42-1121)
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Table 1. Lattice constant (a), relative density (p,),
conductivity (0") and activation energy (E,) of
Ce)3Gd, 5Ca, 5., Nd, O, ; samples sintered at 1350 °C

X alom] p,[%] o [S/cm]” E,[eV]
0.0125 0.5419 95.37 0.022 0.72
0.025 0.5421 95.21 0.025 0.64
0.0375 0.5426 95.86 0.019 0.69

* o and E, were calculated from the impedance spectra
of the samples tested at 800 °C

Energy (keV)

Figure 2. EDX spectrum of Ce,3Gd, 5Ca, ,5Nd; 0,50,.5
sample sintered at 1350 °C

JCPDS42-1121 (CeO,) was formed, and there was no
diffraction peak of any impurity phase, such as: Gd,0;,
Nd,O, and CaO. This means that the CeO, has been
fully stabilized by Gd,O;, Nd,O; and CaO. Thus, the
sintered samples as solid ionic conductors retained the
same structure as CeO,, which confirmed that Ce** ions
in the crystal lattice of the CeO, were replaced success-
fully by dopant ions.

Since the lattice constants are considered useful tools
to predict electrical conductivity behaviour, the XRD
patterns were fitted using Jade software and the lattice
parameter of the tri-doped ceria powders was calculated
(Table 1). Results showed that the determined lattice pa-

T0pm’

Ce La1

rameter values for the tri-doped CeO, and pure CeO,
agreed quite well. In other words, the main purpose of
doping ceria with lower valent cations was to introduce
oxygen vacancies into the CeO, crystal lattice to im-
prove the ionic conductivity, while retaining the lattice
parameter similar to the one of pure CeO, [22].

In order to analyse the composition of the fluorite-
type tri-doped CeO, phases, the EDX analysis was per-
formed (Fig. 2). It confirmed that 1.19at.% Ca and
1.15at.% Nd were incorporated in the fluorite CeO,
phases. Thus, the obtained doped-CeO, is referred to
as Ce(¢Gd, ;5Ca 5., Nd O, ; (CGCN). SEM mapping
of the Ce, ¢Gd,, sCa 1,sNd, 4,50, s sample sintered at
1350 °C is shown in Fig. 3. Separate regions rich in Ce,
Gd, Ca and Nd, corresponding to the CeO, phases, were
observed.

3.2. Microstructure and density

Density is very important characteristic of electrolyte
materials and it is closely related to ionic conduction
and mechanical properties. Lower density means that
there are many pores at the grain boundary, which will
inevitably affect the conductivity of electrolyte mate-
rials. The actual density of the sintered ceramic discs
was measured by the Archimedes drainage method
and used for calculation of relative density. The lat-
tice constant of the sintered body was obtained from
the XRD results and used to calculate the theoretical
density. Figure 4 shows the relative density and lin-
ear contraction rate of the Ce; ;Gd, ;5Ca; 4,5Nd;, 3,50, 5
sintered sample as a function of temperature. As it
can be seen from Fig. 4, the relative density of the
Ce; ¢Gd,) ;5Cay 4,sNd 4,50, s sintered at 1350 °C is less
than 95 %TD, while the linear shrinkage is less than
10%. When the Ce (Gd,) ;5Ca,, 4,5Nd,, ;,50, 5 sample is
sintered at 1350 °C, the relative density increases sub-
stantially to 95 %TD and the linear shrinkage reaches
10%. The linear shrinkage did not increase signifi-

Gd La1

T0pm’

T0pm’’

Ca Ka1 T0pm’

Nd La1

T0pm’’ O Ka1

Figure 3. SEM mapping of the Ce,3Gd, ;5Ca, 4,sNd, 4,50, ; sample sintered at 1350 °C
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Figure 4. Relative density and linear shrinkage rate of
Cey3Gd, 5Ca, 4,5Nd, 1,50, s sample as a function of
sintering temperature

cantly with the increase of the sintering temperature to
1400 °C. It can also been seen that the relative density
increases with the increase of temperature at first, and
decreases afterwards. Thus, it reaches a maximum value
when the sintering temperature is about 1350 °C. It may
be caused by the effect of high temperature on grain
growth. When the sintering temperature is too high, the
speed of grain growth increases and abnormal growth
occurs, which makes the pores in the sample difficult
to be expelled, thus the density decreases. Therefore,
1350°C is selected as the optimal sintering temperature
in this study.

SEM images of the Ce;Gd, 5Ca; r5Ndj 250,54
sample sintered at different temperatures are shown in
Fig. 5. As it can be seen from Fig. 5a, the grains are
rounded, the grain boundaries are not obvious and the

pores are large in the sample sintered at 1200 °C. At
higher sintering temperature (Fig. 5b), grain boundaries
are starting to be visible, but there are still a small
number of pores. SEM image of the sample sintered
at 1350 °C (Fig. 5c) confirms that the grains grow, the
grain boundaries are obvious and there are almost no
pores in the sample indicating the formation of a dense
structure. The excessive growth of the grains and in-
conspicuous grain boundaries are characteristics of the
sample sintered at 1400 °C (Fig. 5d). The high sinter-
ing temperature may be the reason for grain boundary
sliding.

3.3. Electrical properties

It is well known that electrochemical impedance
spectroscopy (EIS) is a common method for studying
the electrical properties of fast ion conductors [23]. Be-
sides the total ionic conductivity value, it also provides
useful information about the contribution of the grains,
grain boundaries and the electrode-electrolyte interface
to the total ionic conductivity.

The  Nyquist’s plots of the  sintered
Ce,3Gd, ;5Ca) ,sNd;, 1,50, s samples tested be-
tween 500-800°C with the increments of 50 °C are
presented in Fig. 6. It can be seen that the impedance
spectrum of the sample tested at 800 °C consists of
a complete semicircle and an incomplete semicircle.
In general, an impedance spectrum consists of three
semicircles corresponding to the grain conduction,
grain boundary conduction and electrode-electrolyte
interface conduction, respectively. But at higher tem-
peratures (600-800°C), the correlation with grain
impedance is much smaller than the electrode process,

so the semicircle at high frequency disappears [24-26].

Figure 5. SEM images of Ce,Gd, 5Ca, ,5sNd, ,50,.; electrolyte ceramics sintered at: a) 1200 °C, b) 1300 °C, ¢) 1350 °C
and d) 1400 °C
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Figure 6. The Nyquist’s plots of Ce,3Gd, 5Ca, ,sNd, 1,50, s sample
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Figure 7. Conductivity of Ce,3Gd, ;sCa, s Nd, O, ; sintered
sample as a function of temperature

The observed two semicircles could be attributed
to bulk and grain boundary responses, respectively.
The values R, and Ry, were estimated from the cross
sections of obtained semicircles with the Re(Z) axis
[27,28]. The impedance spectra data were fitted with the
ZSimpWin software to determine bulk resistance (Rj),
grain-boundary resistance (R,;), and the total resistance
(R;) should be defined as R, = Ry, + R,;,. While the total
conductivity (o) of samples is defined as o = L/(R - §),
where L, R and S are the thickness of sintered disc, to-
tal resistance and electrode area, respectively. With the
increase of the testing temperature, the arc at the high
frequency end gradually disappears and the radius of

the semicircles gradually decreases. It indicates that the
bulk and grain boundary semicircles are closely related
to the test temperature, and the increase of temperature
will lead to the decrease in bulk and grain boundary re-
sistances.

Figure 7 shows the conductivity of the
Ce, (Gd, sCa; 45, Nd O, ; sintered samples as a
function of temperature. As the Nd doping increases,
the electrical conductivity decreases at first, then
increases to a maximum value, and then decreases
again. Among all the samples, the conductivity
reaches its maximum at x = 0.025 and it can reach
0.025 S/cm at 800 °C. The main reason for the increase
of conductivity is that when Ca and Nd are doped
in GDC, part of Gd**, Ca®>* and Nd** take the place
of Ce*". In order to keep the electrical neutrality of
the material, a certain amount of oxygen vacancies is
created in the crystal to increase the conductivity of the
sample. Accordingly, the conductivity increases with
the increase of oxygen vacancy. With the increase of
doping amount, the formation of defect associations
depletes part of the oxygen vacancies and results in
the decrease of conductivity. Because of the above
two reasons, gadolinium doped cerium oxide (GDC)
exhibits superior conductivity at a certain ratio of
Ca/Nd (x = 0.025) [8,29].

A recent literature review containing results of total
ionic conductivity values for different electrolyte mate-
rials based on doped ceria is presented in Table 2. The
conductivity of the samples in present work is close to
or superior to other similar electrolyte materials. Thus,

Table 2. Total conductivity of doped CeQO, electrolytes

Electrolyte material

Total ionic conductivity [S/cm]

Temperature [°C] Reference

Ce;¢Gd, 15Cay 1o5Ndj 125055 0.025 800 Present work
Ce, ssLag 10Sm; (50, 0.075 750 [30]
10 mol% Gd-doped CeO, 5.71x 107 400 [31]
Dy, 1Ce; 900 o5 1 x 107191 650 [32]
Co-Ce ¢La; ,0, 5 8.68 x 1073 700 [33]
CeysY15Cag 050y 0.1 800 [34]
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Figure 8. The Arrhenius plots of the conductivities of
Cey3Gdy 15Cay 5..Nd, O, ; samples

this electrolyte has the potential to be used as high-
temperature solid electrolyte materials in the solid oxide
fuel cell.

Figure 8 shows the Arrhenius curves of
electrical conductivity at 400-800°C of the
Ce(3Gd, 5Ca; 5,Nd O, ; electrolyte  ceramics

sintered at 1350°C in air at 400-800 °C. The change
trend of the activation energy is similar to that of the
conductivity, that is, with the increase of Nd doping
amount, the activation energy decreases at first and then
increases. When x = 0.0125, 0.025 and 0.0375, the aver-
age activation energy of the Ce, Gd, ;5Ca, 5_,Nd, O, ;
sintered samples were 0.72, 0.64 and 0.69 eV, respec-
tively. The reason is that when the doping amount of
Nd is low, the oxygen vacancy in the lattice becomes
disordered to some extent, and the mobility of oxygen
ions is enhanced. However, when the doping amount
increases, the excess Nd, O, can be released at the grain
boundary, which hinders the movement of oxygen ions
and thus increases the migration energy of oxygen ions
[35,36]. This result is consistent with the change trend
of electrical conductivity.

IV. Conclusions

The Ce,;Gd, ,5Ca, s Nd, O, ; (x = 0.0125, 0.025,
0.0375) electrolyte powders were prepared by a sol-gel
method. The prepared powders had high sintering activ-
ity and they were easily densified to the required density
higher than 95 %TD for electrolyte materials, XRD re-
sults show that the samples sintered at 1350 °C had sin-
gle phase fluorite structure without any impurity phase.
The conductivity of the Ce, ;Gd, ;5Ca, (5., Nd O, ; sam-
ples is significantly affected by addition of appropriate
amount of Ca>* and Nd** ions. When the Nd** doping
content is 2.5 mol%, the conductivity reaches a maxi-
mum value of 0.025S/cm at 800 °C. Therefore, when
co-doped with an appropriate Ca/Nd ratio, the electri-
cal conductivity of the Ce,¢Gd, 5Ca 5 Nd O, s will
be effectively increased and it can be used as a potential
electrolyte for solid oxide fuel cells (SOFCs).
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