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Abstract
A Gd and Mg co-doped ceria electrolyte Ce0.85Gd0.1Mg0.05O1.9 (CGM) was prepared by sol–gel method. Its conductivity behavior was

studied and compared with those of singly doped ceria electrolytes Ce0.9Mg0.1O1.9 (CM10) and Ce0.9Gd0.1O1.95 (CGO). By using CGM as the

electrolyte, a fuel cell was fabricated with a Ni/CGM anode and a La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)/CGM composite cathode. Its performance

was compared with that of CGO based fuel cells. Both the CM10 and CGM electrolytes were ceria based solid solutions. The dopant Mg2+

might be situated in the interstitials of the crystal lattice of CeO2. The co-doped CGM showed a higher conductivity in air at 773–973 K in

comparison to that of CGO and CMO. The CGM based fuel cell also showed higher open circuit voltage (OCV) and higher maximum power

density (MPD) than the CGO based cell at 773–973 K. The MPD of the fuel cells were improved further by using composite cathode of LSCF/

CGO (or CGM). With Ni/CGM anode and LSCF/CGM cathode, the MPD of the CGM based fuel cell at 873 K reached 202.5 mW cm�2.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells have received great attention as environmen-

tally friendly and efficient means to generate electric power

for both stationary and mobile applications [1]. Among the

various fuel cells investigated, solid oxide fuel cells

(SOFCs) have the following advantages [1–3]: (1) ease

use and durability of the solid (rather than liquid) electrolyte

materials, (2) high energy conversion efficiency (up to 60–

80%), (3) wide variety of fuels (including hydrocarbons and

oxygenates), (4) non-noble-metal electrode, and (5) no

threat from CO poisoning. However, the conventional

SOFCs incorporating yttria stabilized zirconia (YSZ) as

the electrolyte are operated at very high temperatures, ca.
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1173–1273 K. This places considerable constraints on the

materials that can be used for interconnects and balance of

plant (e.g. the interconnect material LaCrO3 is prone to

degradation during long-term operation) [2]. Also, it

requires more time and energy to start-up [3]. If the operat-

ing temperature can be lowered down to 773–973 K, which

is termed the intermediate temperature (IT) range, it will be

possible to use stainless steel for interconnects and balance

of plant [2]. This would make the fabrication of SOFCs

much more cost-effective, particularly for vehicular appli-

cations. However, in the IT range, YSZ shows low con-

ductivity, which leads to high inner resistance of the fuel

cells. In order to develop fuel cells having low inner

resistance at IT, three research routes have been adopted:

(1) reducing the thickness of the electrolyte (especially

YSZ) film [1,3]; (2) developing new electrolyte materials

of higher ionic conductivity for operation at IT [1–4]; and (3)

improving the electrodes and catalysts to reduce the over-
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potentials [3,5,6]. So far, the thickness of electrolytes can be

reduced to 1–10 mm [2–3]. Further reduction would lead to

reliability problem with electrolyte integrity. Studies on new

electrolytes have led to the discovery of Ce1�xGdxO2�y (0.1

� x � 0.2, CGO) [7] and La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM)

[4,8,9], which showed higher ionic conductivities than

YSZ in the IT range. LSGM showed a wider ionic domain

than CGO, but was not as stable and compatible as

CGO [9]. In many studies on CGO based fuel cells,

La1�xSrxCo1�yFeyO3�z (LSCF) was used as the cathode

[1,2,10], and Ni/YSZ [1,2] or Ni/CGO [3,10] as the anode.

For example, Sahibzada et al. [2] fabricated a fuel cell by

using a 5 mm thick film of CGO as the electrolyte, Ni/YSZ as

the anode, and LSCF as the cathode. Its maximum power

density (MPD), using 67.5%H2/CO2 as fuel, was 126, 65,

and 32 mW cm�2 at 923, 873, and 823 K, respectively.

Although much progress has been made, the CGO based

fuel cells reported so far has not met the commercial

requirement yet. In order to further improve the electrolytes,

co-doping method has been used in recent years and was

found effective [11,12]. Although many co-doped ceria

have been investigated, such as Ce1�x�yGdxPryO2�z [13];

Ce1�x�ySmxLayO2�z [12]; Ce1�x�yYxLayO2�z [14], and

Ce1�x�y�zGdxSmyYzO2�d [11], etc., to the best of our

knowledge there is no studies reported on Gd and Mg co-

doped Ceria. Considering the low cost and high stability of

MgO and possible co-doping effect, Gd and Mg co-doped

ceria (CGM) was prepared and characterized in this research.

Its conductivity was compared with singly doped CGO and

Ce1-xMgxO2-y (CMO). A fuel cell fabricated with CGM and

the electrodes was studied and compared with other two

fuel cells with different electrolyte or/and electrodes.
2. Experimental

2.1. Powder synthesis

2.1.1. CGM powder

Electrolyte powder was synthesized by sol–gel method.

According to the given composition (Ce0.85Gd0.1Mg0.05O1.9),

nitrates of Ce, Gd, and Mg (A.R.) were weighed and dissolved

in distilled water in which a little citric acid and polyethylene

glycol was added. The obtained solution was evaporated on a

water bath at 353 K until it was gradually gelled. The gel was

dried at 378 K, ground and calcined at 973 K for 4 h, and then

ground again to fine powder.

2.1.2. CGO powder

Ce0.9Gd0.1O1.95 (CGO) powder was prepared in a similar

way as that for CGM but without Mg.

2.1.3. CMO powder

Ce1�xMgxO2�y (x = 0.05–0.2) powders were prepared in

a similar way as that for CGM but without Gd. The

Ce0.9Mg0.1O1.9 compound is termed as CM10.
2.1.4. LSCF powder

LSCF powder was prepared by solid-state reaction.

According to the given composition (La0.6Sr0.4Co0.2-

Fe0.8O3), reagent graded La2O3, Fe2O3, 2CoCO3.3-

Co(OH)2�nH2O, and SrCO3 were mixed, and ball milled

for 2 h in ethanol. After drying, it was calcined at 1273 K for

10 h and 1473 K for 5 h, and then ground into powder.

2.2. Electrode preparation

2.2.1. Ni/CGM anode

Ni/CGM anode was made by a mixture of CGM electro-

lyte powder (42 vol.%), NiO powder (A.R. 42 vol.%), and

carbon/graphite powder (16 vol.%). The mixture was ball

milled for 2 h and then pressed into a pellet. The pellet was

sintered at 1273 K for 5 h and 1673 K for 2 h to remove the

carbon/graphite and form a porous structure composite

anode (diameter: 10–12 cm, thickness: 0.5–1.2 mm).

2.2.2. LSCF/CGM cathode

The LSCF/CGM cathode was prepared in a way similar

to that of Ni/CGM anode, but NiO powder and the sintering

temperature of 1673 K were replaced by the LSCF powder

and 1573 K. The prepared cathode material was then ball

milled into powder.

2.3. Fuel cell fabrication

The Ni/CGM anode pellet was used as a physical support

for the CGM electrolyte film. A suspension of CGM, con-

taining an organic solvent and a plasticizer, was tape-cast

onto one side of the anode support. The assembly was

sintered at 1723 K for 5 h to form a dense impermeable

CGM film of approximately 15–25 mm in thickness. On top

of the CGM film, the powder LSCF/CGM cathode material

suspending in an organic solvent, was tape-cast on it. After

drying and sintering at 1523 K for 4 h, two pieces of Pt mesh

were attached, with Pt paste, to the cathode and anode

surfaces to act as current collectors. After drying and

calcining at 1073 K for 1 h, electrical connections to the

cell were made by spot welding Pt wire to the Pt mesh

current collectors. The whole assembly was placed, like a

cap, over one end of an open ceramic pipe (8 mm in inner

diameter) with the cathode facing outwards in order to be

exposed to air and the anode facing into the pipe in order to

be exposed to fuel contained within the pipe. A ceramic

adhesive was applied between the cell edge and pipe rim,

and subsequently heated gradually from 353 K to 973 K to

form a gas tight seal. The fuel cell was denoted as LC-CGM-

NC. Here, LC and NC stand for LSCF/CGM composite

cathode and NiO/CGM composite anode, respectively.

For comparison, two other fuel cells were fabricated

similarly. One was fabricated with CGO electrolyte, Ni/

CGO anode, and LSCF cathode, denoted as L-CGO-NC.

Another, denoted as LC-CGO-NC, was fabricated in the

same way, but LSCF cathode was replaced by LSCF/CGO
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cathode. Here L, LC, and NC stand for LSCF cathode,

LSCF/CGO composite cathode and NiO/CGO composite

anode, respectively.

2.4. Characterization

2.4.1. Electrolyte characterization

The crystal structure of the electrolytes were character-

ized by X-ray diffraction (XRD, Rigaku D/max-IIB). For

conductivity measurement, electrolyte powder was pressed

into raw pellets with a die of 13 mm diameter. The raw

pellets were sintered at 1723 K for 5 h into dense pellets.

The relative densities of the dense pellets were measured

with Archimedes’ method and found to be higher than 95%.

On both sides of the dense pellets, Pt paste was applied, and

then sintered at 1073 K for 1 h to form Pt electrodes. Pt wires

were attached to the electrodes using Pt paste and then

sintered again at 1073 K for 1 h. After 40 min equilibrium at

a constant temperature between 673 and 973 K, the total

resistances of the dense pellets were measured with an

electric-bridge (QJ31), and were used to calculate the con-

ductivities of the dense pellets.

2.4.2. Fuel cell characterization

The cell-pipe assembly was placed into a tubular furnace

with the cathode exposed to air in the furnace. A piece of

long thin steel feed line was inserted through the open end of

the pipe, running concentric along the inside of the pipe.

This allowed a fuel feed to be preheated to the furnace

temperature before passing through a diffuser that dispersed

the fuel across the anode. After the reaction at the anode, the

spent fuel flowed back in the opposite direction between the

outside of the feed line and inside of the pipe (all the piping

materials had been tested in the absence of the fuel cell and

no pre- or post-reaction was detected). Electromotive forces

(EMFs) of fuel cells were measured using a potentiometer.

I–V characteristics were determined by measuring current

and voltage under variable loads. The temperature of the

sample was measured with a thermocouple attached close to

the sample and controlled by a temperature-programmed

controller.
Fig. 1. XRD patterns of pure CeO2 (a) and CM10 electrolytes before (b) and

after (c) the heat treatment in 1–6%H2/N2 at 300–973 K for 1–10 h.
3. Results and discussion

3.1. Crystal structures of electrolytes

Fig. 1a–c showed the XRD patterns of pure CeO2 and the

CM10 electrolyte before and after heat treatment in 1–

6%H2/N2 at 300–973 K for 1–10 h. Both patterns of

CM10 are similar to that of pure ceria except that the 2u

values in the three patterns shifted in an order of a > b > c.

This result indicated that the CM10 electrolyte was ceria

based solid solution whether being heat-treated or not. The

dopant Mg2+ in CM10 might be seated in the lattice inter-

stitials rather than substituting the lattice site of Ce4+.
Otherwise, the 2u for CM10 should be greater than those

of pure CeO2 because Mg2+ is much smaller than Ce4+.

Through the heat-treatment in reducing atmosphere, a few

Ce4+ ions in CM10 were probably reduced to Ce3+ of larger

size [2], which led to an increase in lattice constant and in

turn, smaller 2u in the XRD pattern (Fig. 1c).

Fig. 2a and b show the XRD patterns of CGO and CGM

electrolytes. They are all similar to that of ceria (Fig. 1a)

except a slight shift in 2u, indicating that both CGO and
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Fig. 2. XRD patterns of different electrolytes: (a) CGO; (b) CM10.

Fig. 3. Effect of temperature on conductivity in air of CM10 electrolyte

before (circle) and after (solid square) the heat treatment in 6%H2/N2 at

973 K.

Fig. 4. Effect of temperature on conductivities (s) of electrolytes in air

(open square: CGM, solid square: CGO).
CGM are ceria based solid solutions. Because the sizes of

Gd3+ and Mg2+ are different from that of Ce4+, the 2u values

in Fig. 2 are slightly different from those of ceria.

3.2. Conductivities of electrolytes

In the case of doped ceria compounds, most of the

conductivity in air is oxide ionic conductivity (>99.5%)

[15], and the contribution of electronic conductivity is very

small [16]. In this study, the conductivity in air was taken as

the oxide ionic conductivity.

The conductivities of CM10 in air before and after the

heat treatment are given in Fig. 3a and b. Before the heat

treatment, the conductivity of CM10 was very low and

reached 1.4 � 10�5 S cm�1 at 973 K, which is very close

to the value of 1.46 � 10�5 S cm�1 reported in the literature

[17]. However, after the heat treatment, the conductivity of

CM10 increased a lot, and reached 2 � 10�3 S cm�1 at

973 K, which is much higher than that before the treatment.

This dramatic increase in conductivity probably resulted

from the formation of extra oxygen vacancies and a portion

of Ce4+ ions being reduced to Ce3+ during the heat treatment

[12,18]. The stability of CM10 electrolyte was also inves-

tigated by in situ monitoring the changes of conductivity at

973 K as a function of time for 70 h. It was found that, at

973 K, the conductivity of CM10 electrolyte after the heat
treatment did not change apparently with time, indicating

that the electrolyte is very stable. The above heat-treatment

effect, however, was not detectable for Ca-doped CeO2, Sr-

doped CeO2, and CGO electrolytes. This implies that the

heat-treatment effect might be related to the special structure

of CM10.

The effect of Mg content on the heat-treatment effect was

also investigated. It was found that the heat-treatment

effect changed with Mg content and reached its maximum

at Mg content of ca. 10 mol%. This is consistent with the

conductivity results [10], i.e., the conductivity of

Ce1�xMgxO1�y reaches the maximum at x = 0.1. The effect

of gas atmosphere on the heat-treatment effect was inves-

tigated too. It was found that the concentration of H2 must be

less than 6 mol%, otherwise, the reverse results would be

observed.

Fig. 4 shows the conductivity of CGM and CGO electro-

lytes in air. CGO gives a little higher conductivity, 0.077

S cm�1 at 973 K, than the literature data (0.058 S cm�1)
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Fig. 6. Dependence of power density on current density of fuel cells (fuel:

6%H2/N2; oxidant: air). (^) LC-CGM-NC 773 K, (&) LC-CGM-NC

873 K, (~) LC-CGO-NC 773 K, (*) LC-CGO-NC 873K, (�) L-CGO-

NC 773K, (^) L-CGO-NC 873 K.
[19], and CGM shows even higher conductivity than CGO,

especially at low temperature range. This result might be due

to co-doping effect and the formation of extra oxygen

vacancies caused by the addition of MgO. Furthermore,

the Mg content in CGM was varied in 2–10 mol% and it was

found that about 5 mol% is the best. This is because the

content of oxygen vacancies in the electrolyte also needs an

optimum value.

3.3. Fuel cell performance

Since CGM has higher conductivity than CGO, a fuel cell

fabricated with it was studied. Fig. 5 shows the current–

voltage characteristics of the single fuel cells at 773 K and

873 K using 6%H2/N2 as the fuel and air as the oxidant. The

results are summarized as follows: (1) all the open circuit

voltages (OCV) of the fuel cells are lower than those

predicted by the Nernst Equation (about 1V) [7]; (2) the

OCV value of LC-CGM-NC is larger than those of LC-

CGO-NC and L-CGO-NC; and (3) the temperature increase

has a negative effect on the OCV.

A trace amount of gas leakage through micropores in the

electrolyte film and more possibly through the ceramic

adhesive seals may have caused some of the loss of OCV.

Another possible reason of the OCV loss is that in addition to

the higher ionic conductivity, ceria based electrolytes have

some electronic conductivity [3]. Hence, under open circuit

conditions there would be some short-circuiting, which

leads to the loss of OCV. Because CGM has higher ionic

conductivity and possibly higher compaction than CGO,

CGM based fuel cell showed higher OCV than the CGO

based one. The electronic conductivity of electrolytes would

increase with the increase in temperature, and that in turn

caused the loss of the OCV.

The linear current–voltage relationship in Fig. 5 indicates

ohmic behavior, and the cell resistances can be calculated

from the slope of the lines. Of the three cells, LC-CGM-NC
Fig. 5. Dependence of voltage on current density of fuel cells (fuel: 6%H2/

N2; oxidant: air). (^) LC-CGM-NC 773 K, (&) LC-CGM-NC 873 K, (~)

LC-CGO-NC 773 K, (*) LC-CGO-NC 873 K, (�) L-CGO-NC 773 K, (^)

L-CGO-NC 873 K.
cell is of the minimum total cell resistance of 1.0 V cm2 at

873 K.

Fig. 6 shows the current–power profiles of the single fuel

cells at 773 K and 873 K with 6%H2/N2 as the fuel and air as

the oxidant. The MPD of LC-CGM-NC cell reached 168.3

and 202.5 mW cm�2 at 773 K and 873 K, respectively,

higher than those of the other two comparative fuel cells

and some other results reported in the literatures [1–8]. The

MPD of the fuel cells changes in an order of LC-CGM-NC >
LC-CGO-NC > L-CGO-NC. This suggests that using co-

doped electrolyte and composite cathode could enhance the

power output of the fuel cells. This is because the co-doped

electrolyte usually shows higher ionic conductivity [11],

and the composite cathode usually shows lower polarization

[3].
4. Conclusions

CGM electrolyte was found to be a ceria based solid

solution. It showed higher conductivity at IT (773–973 K)

than the singly doped CGO and CM10. Co-doping was

found to effectively enhance the conductivity. Because of

this effect, the MPD of CGM based fuel cells at ITwas found

to be higher than that of CGO based ones, and it might be

improved further by using composite cathode of LSCF/

CGM. The CM10 electrolyte was also a ceria based solid

solution, but its dopant might be located in the interstitials of

the CeO2 lattice, rather than on the Ce4+ sites. After a heat-

treatment in mild reducing atmosphere, the conductivity of

CM10 in air increased dramatically.
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