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Abstract

Series of Gd>* and Mg** co-doped ceria (Ce,Gd,, Mg O, ;) powders were prepared by a sol-gel method
and electrolyte ceramics were obtained by sintering at 1300 °C. Thermogravimetric and differential scanning
calorimetry, X-ray diffraction, scanning electron microscope and electrochemical impedance spectroscopy
were used for structural, morphology and electrical characterization of the prepared samples. Well crystalline
cubic fluorite structured composite was confirmed after calcination at 700 °C and the electrolyte ceramics
sintered at 1300 °C for 4 h was quite dense with uniform microstructure. The electrochemical analysis results
displayed that the highest conductivity has the Ce, ;Gd, ;Mg ,s0, s; compound, i.e. 0.0203 Sjcm at 800 °C.

Therefore, it was concluded that co-doping with Gd>* and Mg®* could enhance the electrical properties of the

CeO, based solid electrolytes.
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I. Introduction

Solid oxide fuel cell (SOFC) has been studied deeply
as an advanced future renewable energy device due to
its high-efficiency energy conversion and environmental
friendliness [1-4]. Electrolyte plays the most important
role in SOFC, as it determines the operating temperature
to a large extent.

CeO,-based electrolytes attracted considerable atten-
tion as their oxygen ion conductivity in intermediate
temperature range (600-800 °C) is higher than that for
yttria stabilized zirconia (YSZ). The conductivity can
be even increased by doping with trivalent rare earth
ions. When ceria is doped with rare earth and alkaline
earth cations, oxygen vacancy is formed to compensate
the charge balance in the lattice [5]. The defect reaction
equation is as follows:

2CeO,
Gd,0, —> 2Gdg,” +30, + V" (1)

The rare earth and alkaline earth ions (Gd**, Sm**, Y3+,
Ca”* and Sr**) doped ceria at different concentrations
have been extensively studied as an upcoming alterna-
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tive solid electrolyte to YSZ [6-10]. Among them, Gd**
doped ceria (GDC) is considered as promising elec-
trolyte material due to its high oxygen ion conductivity,
low polarization resistance and compatibility with elec-
trodes [5,11].

Recently, co-doping with two or more aliovalent
cations has been reported as more efficient strat-
egy [12-17]. Muhammed Ali’s finding [18] con-
firmed that ionic conductivity of multi-doped ceria
(Ce, ¢Sm,, ,Ba, 1sEr; (sO, 5) is considerably influenced
by dopant radius and sintering temperatures with respect
to surface morphology, microstructure and oxygen va-
cancy radius. Co-doped ceria was studied by Arabaci
[19], who showed that CeO.Q—deO.lEerl.Q—x/Z materials
can be used as electrolytes for IT-SOFC applications in-
stead of GDC. Maheshwari [7] found that Sr**-Gd>*
co-doped CeO, samples show significantly higher to-
tal electrical than the electronic conductivities which
recommended them as good materials for SOFC elec-
trolytes. The addition of 1 mol% CuO in gadolinium
doped ceria showed no detrimental effect on the total
electrical conductivity [20].

In view of the above discussions, in the present in-
vestigation, gadolinium and magnesium co-doped ce-
ria powders were prepared by a sol-gel route. The
effects of Mg addition on the properties of ceria
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based electrolytes, the structure and the conductivity of
Ce,¢Gd,, Mg O, , ; samples were investigated.

II. Experimental

2.1. Sample preparation

Ultrafine Ce,3Gd,, Mg O, powders (x = 0,
0.02, 0.04 and 0.06) were prepared by a sol-gel
method. In this process, analytical pure cerium ni-
trate (Ce(NO,), - 6 H,O, containing 39 wt.% of CeO,),
gadolinia (Gd,0,, 99.99 wt.%), magnesium nitrate
(Mg(NO;), - 2H,0, analytical reagent) were used as
starting materials. All raw materials were purchased
from the China National Medicines Corporation Ltd.
The experimental flowchart of Ce,Gd;, Mg O,
preparation using the sol-gel method is shown in Fig. 1.
The stoichiometric amount of precursors were dissolved
in deionized water and mixed together. Citric acid was
then added as complexing agents to form a homoge-
neous solution, the molar ratio of citric acid to metal
ions was 1.5 : 1. The obtained mixture was continuously
stirred using a magnetic agitator to form a homogeneous
solution at 80 °C and then converted to a viscous gel.

The synthesized Ce, ;Gd,, Mg O, o s powders were
uniaxially pressed into discs of 11 mm in diameter
and 0.5 mm in thickness under a pressure of 200 MPa.
Finally, the green discs were sintered in a high-
temperature furnace at 1300 °C for 4 h.

Gd203
+ nitrate solution

Ce(NO3)3-6H.0
+Deionized water

Mg(NOs3)2-2H,0
+Deionized water

A 4

homogenous solution

stirring at 80 °C
y

A
wet gel
heating at 120 °C for 24 h

v

A

dried gel

calcined at 700 °C for 2 h

A

| Ceo3Gdo2--Mg,O2.5 powders |

Figure 1. Experimental flowchart of preparation of samples
by the sol-gel method

2.2. Characterization

The xerogels were studied by simultaneous thermo-
gravimetric and differential scanning calorimetry (TG-
DSC) (Netzsch STA 409PC, Germany) under a flow
of air at a rate of 10°C/min. The phase of the cal-
cined powders was analysed by X-ray diffraction (XRD,

Rigaku, Japan). Scans were taken with a 26 step of
0.02° (over the range of 20-80°) using Cu Ka radia-
tion (18 kV, A = 0.154056 nm). The microstructure was
analysed with a scanning electron microscope (SEM,
Model S4800). By using alternating-current impedance
spectroscopy (Model CHI660D, China), the conductiv-
ity of the specimens was measured over the temperature
range of 500 to 800 °C in air. Before measurements, Ag
paste was painted onto either side of the discs and fired
at 700°C for 30 min to erase the solvent. Data were
collected in the frequency range 0.1 Hz—100 kHz; reg-
istered impedance spectra were analysed using ZSimp-
Win software.

ITI. Results and discussion

3.1. TG-DSC analysis

Figure 2 shows TG-DSC plots of the dried
Ce; (Gd, ;,Mg 1cO, g7 precursor gel measured in tem-
perature range from 50 to 700 °C in air atmosphere. An
initial weight loss of 30 wt.% below 300 °C was seen
in Fig. 2 which correlated with the evaporation of the
adsorbed water and the decomposition of organics such
as citric acid. A dramatic weight loss of ~30 wt.% can
be observed in the temperature range 300-380°C ac-
companied by an intense exothermic peak in the DSC
curve, which can be attributed to the decomposition of
organic groups and NO,™. At the temperatures above
380 °C, there is no remarkable changes in TG curve.
However, in DSC curve a wide exothermic peak (500-
650 °C) can be detected, indicating that the phase tran-
sition and crystallization of the sample have happened.
Thus, we selected 700 °C as the calcination temperature
of the synthesised Ce, (Gd,, Mg O, ,; powders, as it
is sufficient to obtain the desired crystalline structure.
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Figure 2. TG-DSC curves of Ce,3Gd, ;,Mg, (O, ¢; xerogel

3.2. Phase structure

Figure 3 shows the XRD patterns of the
Ce;¢Gd; ;sMg1cO,4; (x = 0.06) powders cal-
cined at 500, 600 and 700°C for 2h. The typical
diffraction peaks of cubic fluorite structure occurred
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at 500°C, but the intensity of the diffraction peaks
was weak, and some characteristic peaks were not
observed. This indicates that the sample was not well
crystallized at this temperature. When the calcination
temperature increased to 700 °C, the appearance of the
typical diffraction peaks indicated that the powders
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Figure 3. XRD patterns of the Ce,3Gd, ;Mg 50, 57
powders calcined at: a) 500, b) 600 and c¢) 700 °C
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Figure 4. XRD patterns of Ce,;Gd,, Mg O, , ; with
different dopant concentrations
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crystallized well and formed cubic fluorite structure
with space group Fm3m of CeO, (PDF No. 34-0394).
Thus, fine Ce,Gd, ;Mg 0, s; powders with cubic
fluorite-type structure were successfully prepared after
calcined at 700 °C for 2h, which was consistent with
the TG-DSC results.

XRD patterns for the samples with different Mg-
dopant concentrations are shown in Fig. 4. All powders
calcined at 700°C have a single-phase fluorite struc-
ture. It can be seen that no secondary phase could be
identified. According to previous studies, doping with
ions having different valences and different ionic radii
will change the lattice parameter of ceria and induce
corresponding oxygen vacancies generate the internal
stress in the ceria matrix [21-23]. The lattice parame-
ters of the prepared Ce ;Gd,, Mg O, 4, samples are
basically not changed considerably with the Mg-doping
concentration, and remained a = b = ¢ = 0.5418 nm.
This observation could indicate that solubility of Mg**
in the GDC lattice is very low. The reason could be the
difference in ionic radii of Mg** (0.089 nm) and Ce**
(0.097 nm). Thus, the addition of Mg might cause a dis-
tortion of the lattice as well as the increase of lattice
energy.

3.3. Microstructure analysis

Micrographs of the Ce, {Gd,, ;,Mg (4O, g; ceramics
sintered at 1300 °C for 4 h are shown in Fig. 5. As can
be seen, the density of the sample sintered at 1300 °C
is high and the grains are connected to each other with
only few pores visible. As the addition of Mg** in-
creases, the change in density is not significant, the av-
erage grain size was in the range of 1-2 um.

It was reported that ceria electrolytes with density
above 95% of theoretical density were produced by sin-
tering at 1200 or 1250 °C [20,24,25]. However, for den-
sification of the Mg-doped GDC the sintering temper-
ature of 1300 °C was necessary. The reason could be
that Mg** is not dissolved into GDC completely, but
enriched partially the grain boundaries of the samples.
The high melting point of the MgO phase (~2852 °C)
and the low solubility of Mg?* [17], could give some
support to this idea. However, phase structure analysis
indicates that there is no formation of any new phase.

R L
10.0um

Figure 5. SEM images for Ce,3Gd, ;,Mg, (;O, ¢, sintered at 1300 °C for 4h in air: a) surface and b) fresh fracture
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Figure 6. Impedance spectra of Ce,3Gd,3Mg,0;.s (x = 0.02) tested at different temperatures
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Figure 7. Impedance spectra of Ce,3Gd 1,Mg, O, 4.; (x = 0.06) tested at different temperatures

This demonstrates that the content of undissolved MgO
at the grain boundaries, if exists, is lower than the de-
tection limits of X-ray diffraction.

3.4. Electrochemical performance

Electrochemical impedance spectroscopy (EIS) has
been used to determine electrochemical properties of the

185

solid electrolyte. From the impedance spectroscopy, it
is possible to obtain the information on the contribution
of grains, grain boundaries and electrode polarization
to the total conductivity [25-27]. Impedance spectra for
the Ce, (Gd,, Mg O, 4, ceramics measured at differ-
ent temperatures under air are presented in Figs. 6 and
7. The conductivities can be calculated from the resis-
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Table 1. Conductivity and correlative parameters of the samples at different temperatures

x  Liem] S [em?] Rior [Q] o [S/cm]
500°C 600°C 700°C 800°C 500°C 600 °C 700°C  800°C
0 0.108 1.18 91.62  21.28 6.72 6.43 9.9x10~* 0.0043 0.0136  0.0142
0.02 0.118 1.09 188.11 109.47 7455 17.72  58x10™*  9.9x10* 0.0015 0.0061
0.04 0.11 1.13 261.7 12452 8330 1278 4.08x10™* 7.82x10™* 0.0012 0.0076
0.06 0.114 1.11 86.41 30.13 6.51 5.05 0.0019 0.0034 0.0158  0.0203

Table 2. Conductivity and activation energy of co-doped CeO, electrolytes at 800 °C

Total ionic Conductivity
Composition Reference  conductivity activation energy

[S/cm] [eV]
Ce( 3Gdjy 1sMgy 10, 9.5 Present work 0.0061 0.972

Ce; ¢Gdyy 14Mg( 0601 0.5 Present work 0.0203 0.853
(Ce0,)092(Y5053),02(Gd,04) 06 [8] 0.042 0.664
Ce( 5,Gd,, 1Er; 050, g6 [19] 0.0357 0.804

Ce( 4551, 0sGdy 10, 5 [7] 0.0635 1.13

Cey ¢Smy 155¢( 5055 [20] 0.0192 1.106

tance obtained by fitting the impedance spectra using
ZSimpWin software. Then the conductivities at differ-
ent temperatures can be obtained using the equation:

L
o= ——
R-S

2
where L is the sample thickness and § is the electrode
area of the sample.

Conductivity and resistance values of the samples at
different temperatures are listed in Table 1. A minor de-
crease in conductivity was observed in the samples with
low Mg-concentration (x = 0.02 and 0.04). However, the
increase in conductivity was observed when the dopant
content increases to x = 0.06 reaching 0.0203 S/cm at
800 °C. The reason may be that with the increasing
of Mg content, the oxygen vacancies are more mobile
which results in the increased conductivity [28]. Incor-
poration of Mg into GDC lattice enhanced the oxygen
ionic conductivity also through the increasing of the
number of oxygen vacancies Thus, the more incorpo-
rated dopant means the more oxygen vacancies, but in
the same time the migration of the oxygen ions is hin-
dered due to the shrinkage of the lattice [19]. Therefore,
the sample doped with 6 mol% Mg>* showed the high-
est ionic conductivity. Table 2 shows the conductivities
and activation energies of co-doped CeO, electrolytes at
800 °C. It can be seen that the conductivity and the ac-
tivation energy of Mg**-doped GDC are close to that of
other single or double-doped CeO2 electrolytes, indicat-
ing that Ce|, ;Gd,,,_ Mg O, 4 ; is a promising electrolyte
for intermediate-temperature SOFC.

The total electrical conductivity of
Ce,3Gd,, Mg O,y can be described in terms of
the relationship of In(o - T') versus 1000/T, as plotted
in Fig. 8 over the temperature range 500-800°C. As
can be seen from Fig. 8, the relationship between
conductivity and temperature of Ce,Gd;, Mg O, 4,

186
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Figure 8. Arrhenius plots comparing the total conductivity of
Ce)3Gd,, Mg O, o ; electrolytes

obeyed the Arrhenius relation:

(

where o is the conductivity of the sample, E,, is the con-
duction activation energy, K is Boltzmann constant and
T is the absolute temperature. The conductivity activa-
tion energy of Ce; ;Gd, ;,Mg 1,0, g7 is calculated to be
0.853eV.

Overall, analysis results suggest that Mg may be used
as a co-dopant for the optimization of electrical proper-
ties of Ce, 3Gd, ,0, 4 based electrolytes. This indicated
that Ce, ¢Gd,, Mg, O, ¢, is a possible electrolyte ma-
terial for IT-SOFC.

A
o = —eX
T P

) 3)

IV. Conclusions

Ce,Gd,, Mg O, , ;, powders (x = 0, 0.02, 0.04 and
0.06) were synthesized by the sol-gel method and sin-
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tered at 1300 °C. XRD analysis confirmed the single-
phase fluorite structure can be formed at a relatively low
calcination temperature. SEM observations confirmed
that the electrolytes sintered at 1300°C for 4h have
dense structure. Based on the EIS data, the co-doped
electrolyte with 6 mol% MgO content has the highest
conductivity, i.e. 0.0203 S/cm at 800 °C. It is believed
that the oxygen vacancies are activated when GDC is
doped with Mg?", causing the increase of conductivi-
ties of the Ce (Gd,, ;,Mg, ,cO, g7 €lectrolyte in compar-
ison to the Gd singly doped CeO, electrolytes. Thus, co-
doping with Mg led to an improvement in conductivity
confirming that Ce ;Gd,), Mg O, 4 ; is a possible elec-
trolyte material for IT-SOFC.
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