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bstract

In the present work the effect of copper oxide addition on the densification behavior and electrical conductivity of BaCe1−xGdxO3−δ (BCG) type
eramics is investigated. Small addition (1 mol%) of this sintering additive reduces both the calcination temperature (by ∼250 ◦C) and the sintering
emperature (by ∼150 ◦C) and promotes at the same time the densification process. According to the X-ray diffraction analysis the BaCe1−xGdxO3−δ
amples with 0 ≤ x ≤ 0.2 and the BaCe0.9−yGd0.1CuyO3−δ samples with 0.0075 ≤ y ≤ 0.07 are single-phase. It was found that the samples with Cu,
hen sintered at 1450 ◦C for 3 h, have ∼95% of relative density compared with pure BaCe0.9Gd0.1O3−δ samples that have ∼86%. It was also found

hat the electrical conductivity of Cu-containing samples sintered at 1450 ◦C is comparable to those without Cu sintered at 1600 ◦C in oxidizing
nd reducing atmospheres. Cu-containing samples exhibit significantly higher conductivity in both air and hydrogen atmosphere.

2007 Elsevier B.V. All rights reserved.

ductiv

a
h
[
i
c
t
c
m
o

g
w
c
c
a
b
t

eywords: Gadolinium-doped barium cerates; Copper additives; Electrical con

. Introduction

Solid oxide fuel cells (SOFCs) are considered as one of
he most promising and highly efficient systems for electrical
ower generation. However, their high operation temperature
∼1000 ◦C for a SOFC based on yttria-stabilized zirconia) intro-
uces a series of problems such as (i) high cost of the used
aterials, (ii) interaction between the components, (iii) ceramic

egradation and (iv) thermal expansion mismatches [1]. In order
o reduce SOFCs’ operation temperature, the development of
ew types of electrolytes that will exhibit sufficient conductiv-
ty and stability at lower temperatures and consequently, new

ethods for their preparation are required.
Protonic conductors such as BaCeO3, SrZrO3 and BaZrO3

re considered as good candidates for intermediate temperature
OFC electrolyte materials, due to the fact that they exhibit
igh protonic conductivity at lower temperatures than O2− con-

ucting electrolytes, such as YSZ [2]. For example, in the work
f Taniguchi et al. a hydrogen-air fuel cell using BCG elec-
rolyte with a thickness of 0.5 mm exhibited good performance
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t 800 ◦C. Its short-circuit current was 0.9 A cm−2, and there was
ardly any degradation of BCG electrolyte in 1600 h of operation
3]. It has also been reported [4] that BaCe1−xGdxO3−δ ceram-
cs have almost negligible electronic (hole) conductivity and are
haracterized of high ionic conductivity under fuel cell condi-
ions. Furthermore, solid oxide fuel cells based on protonic (H+)
onductors, fed by different fuels such as hydrogen, ethanol and
ethane have exhibited higher efficiencies than SOFCs based

n oxygen ion (O2−) conductor electrolytes [5–7].
The perovskite-type oxides based on BaCeO3 belong to the

roup of protonic conductors in moist atmosphere when doped
ith trivalent cations such as Gd3+ [8–10]. Gd-doped barium

erates are usually prepared by a conventional ceramic pro-
ess consisting of calcining mixtures of the respective oxides
nd carbonates at elevated temperatures (≥1000 ◦C), followed
y sintering the pressed powders at 1600 ◦C [1]. The sintering
emperature can be reduced by using very high pressure value;
u et al. reported that after pressing at 70 MPa the sintering

emperature was 1400 ◦C [11]. However, for the time being,
here are some problems related with the preparation of these

aterials; in particular, the high synthesis temperature and the

nsufficient density of the sintered samples. In order to solve
hese problems, several analytical chemistry routes such as the
xalate co-precipitation technique [12] and the Pechini method
8,11,13] have been employed.

mailto:A.Demin@ihte.uran.ru
mailto:tsiak@mie.uth.gr
dx.doi.org/10.1016/j.jpowsour.2007.11.049
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Therefore, in this study, the single-phase samples were only
further investigated. The relative densities and the lattice
parameters determined by the XRD analysis of the sinters are
shown in Table 1. It is obvious that the unit cell volume is
E. Gorbova et al. / Journal of P

It is widely known that one of the simplest ways to increase
he ceramic density and/or to decrease the sintering temper-
ture is the introduction of sintering additives. For instance,
his method has been widely used for the preparation of ceria
lectrolyte [14–16]. In general, ceria-based ceramics cannot be
asily densified at temperatures below 1500 ◦C [17]. Some tran-
ition metal oxides, such as MnO2, Fe2O3, Co3O4 and CuO, have
een proven to be effective sintering additives for the densifica-
ion of ceria-based powders [14,18,19]. It was demonstrated that
o3O4 and CuO are the most effective in promoting the densi-
cation of nano-sized ceria powders [19]. In our previous work
20], the effect of MOx (where M = Cu, Ni, Zn, Fe, Co and Ti)
ddition on the densification behavior and electrical conductiv-
ty of BaCe0.9Gd0.1O3−δ ceramics was studied. It was found that
he BCG doping by small amounts of transition metals allows
he decrease of sintering temperature and increases ceramic
amples’ density. Among the examined samples, Co-, Ti- and
e-doped solutions showed lower conductivity values and higher
ctivation energy of conduction, than BaCe0.9Gd0.1O3−δ and
u-, Zn- and Ni-doped samples. The conduction behavior of
n-, Fe- and Co-doped BaCe0.9Y0.1O3−δ was investigated and

t was showed, that the conductivity in air decreases with
ransition-metal substitution of the Ce-position [21]. The present
ork aims at the investigation of the influence of copper oxide

ddition on the sintering behavior and electrical properties of
aCe1−xGdxO3−δ prepared by the conventional solid-state reac-

ion method.

. Experimental

In the present study, ceramic samples with the follow-
ng compositions were prepared and their properties were
xamined: (i) BaCe1−xGdxO3−δ (x = 0, 0.1, 0.15, 0.2, 0.25),
ii) BaCe0.99−xGdxCu0.01O3−δ (x = 0, 0.1, 0.15, 0.2), (iii)
aCe0.9−yGd0.1CuyO3−δ (y = 0.0075, 0.01, 0.0125, 0.015, 0.03,
.05, 0.07, 0.1).

The samples were prepared according to the conventional
olid-state reaction method using BaCO3, Gd2O3, CeO2 and
uO as starting materials. The powders of the starting mate-

ials were mixed in an agate mortar with ethanol for 1 h and
hen calcined at 1400 ◦C (BaCe1−xGdxO3−δ) and at 1150 ◦C
Cu-containing samples) for 2 h, respectively, with a heating and
ooling rate 300 ◦C h−1. After the calcination, the powders were
round and prepared in the form of sheets by rolling with the
ddition of 5% solution of natural rubber in a mixture of acetone
nd gasoline (60/40). The samples (20 mm × 5 mm × 2 mm)
ere cut from the sheets and calcined for the elimination of
rganic binders at 900 ◦C, with a heating rate of 1.5 ◦C min−1

nd a cooling rate of 5 ◦C min−1. Afterwards, the samples were
intered at 1600 ◦C (BaCe1−xGdxO3−δ) and at 1450 ◦C (Cu-
ontaining samples), both for 3 h with a heating and cooling rate
f 5 ◦C min−1.

The phase relation was investigated by X-ray diffraction

nalyses at room temperature using a computer-controlled
easuring complex composed of a DRON-3 apparatus and a

ersonal computer, in nickel filtered Cu K� radiation. The XRD
ata were used to calculate the lattice constants and the the-

F
1
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retical density of the ceramics. The apparent density of the
intered materials was determined by the Archimedes method
ith water and/or calculated from the weight and the dimensions
f the samples. It was found that both methods of obtaining the
ensity provided almost the same value. This value was com-
ared with the theoretical density based on the lattice parameter.
he microstructure of the samples, i.e. well-polished surface
fter thermal etching, was observed using scanning electron
icroscopy (SEM) (Model: JSM-5900 LV).
The electrical conductivity measurements were carried out

mploying the four-point dc technique in different atmo-
pheres (wet air and wet hydrogen) at the temperature range
f 600–900 ◦C. Platinum paste stripes which were deposited on
he inner and outer surface of an YSZ tube, connected with plat-
num wires, were used as the electrochemical oxygen pump and
he oxygen sensor. On the samples’ surface four Pt electrodes
ere deposited on and connected with Pt wires. The one pair
as used in order to apply voltage with an electrochemical sta-

ion (AMEL INSTRUMENTS MODEL 2053). The second pair
f electrodes was connected to a multimeter in order to register
he voltage of the samples.

. Results and discussion

According to the XRD analysis, the samples of
aCe1−xGdxO3−δ with 0 ≤ x ≤ 0.2 present single-phase
f the orthorhombic perovskite-type structure, while the
amples with x ≥ 0.25 have an extra phase in addition to the
erovskite one. It was found that this phase is BaGd2O4-
ype oxide. In a previous work it has been reported that
aCe1−xGdxO3−δ compositions of high Gd content (x > 0.2)
isproportionate into BaGd2O4 + BaO [22]. The XRD pat-
erns of BaCe0.9−yGd0.1CuyO3−δ are shown in Fig. 1. While
u-containing samples were single-phased with perovskite

tructure up to y = 0.07, samples with y > 0.07 presented
ixed phases of the perovskite and other undetected phases.
ig. 1. XRD patterns of the BaCe0.9−yGd0.1CuyO3−δ samples sintered at
450 ◦C for 3 h.
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Table 1
Lattice constants, unit cell volume and relative density of the samples

Compositions a (nm) b (nm) c (nm) V (nm3) Relative density (%)

BaCe0.9Gd0.1O3−δ 0.8770 (5) 0.6221 (9) 0.6244 (3) 0.3406 (6) 86
BaCe0.89Gd0.1Cu0.01O3−δ 0.8801 (7) 0.6212 (6) 0.6236 (3) 0.3409 (3) 94
BaCe0.87Gd0.1Cu0.03O3−δ 0.8792 (5) 0.6198 (0) 0.6250 (0) 0.3405 (6) 95
BaCe0.85Gd0.1Cu0.05O3−δ 0.8802 (5) 0.6219 (8) 0.6227 (2) 0.3409 (3) 95
BaCe0.83Gd0.1Cu0.07O3−δ 0.8780 (7) 0.6240 (6) 0.6302 (1) 0.3412 (5) 96
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was reached for x = 0.15 at 800 ◦C and was equal to 43 mS cm−1.
Stevenson et al. [24], working with an atmosphere of wet air,
confirmed that the conductivity of BaCe1−xGdxO3−δ reaches
ig. 2. SEM micrographs of the BaCe0.9Gd0.1O3−δ sample, sintered at 160
aCe0.85Gd0.1Cu0.05O3−δ (d) samples sintered at 1450 ◦C for 3 h.

ractically independent of Cu content. The relative density
f the BaCe0.9Gd0.1O3−δ sample was 86%, while the relative
ensity of the Cu-containing samples was above 95% of the
heoretical.

In order to examine the effect of the different Cu doping
ontent on the microstructure of the samples, the technique
f scanning electron microscopy was employed. Selected
EM micrographs are shown in Fig. 2. It can be seen that

here are many pores along the grain boundaries in pure
aCe0.9Gd0.1O3−δ (Fig. 2(a)), while almost no or little trapped
ores can be observed in Cu-containing samples (Fig. 2(b–d)).
oreover, BaCe0.89Gd0.1Cu0.01O3−δ exhibits larger grain size

∼10 �m) than that of BaCe0.9Gd0.1O3−δ (∼2 �m).
The relationship between the total conductivity of

aCe1−xGdxO3−δ and temperature in wet air atmosphere
s shown in Fig. 3. As expected the conductivity of
aCe1−xGdxO3−δ in air decreases with the decrease of tem-
erature, following the Arrhenius equation. Moreover, the total

onductivity of the BaCe1−xGdxO3−δ system increases with the
ncrease of the gadolinium substitution and at 900 ◦C reaches
he maximum value of 68 mS cm−1 for x = 0.2. At 800 ◦C the
alue of conductivity for the same content of Gd is equal to

F
p

for 3 h (a) and BaCe0.89Gd0.1Cu0.01O3−δ (b), BaCe0.87Gd0.1Cu0.03O3−δ (c),

3 mS cm−1. In the work of Bonanos et al. [23] concerning the
aCe1−xGdxO3−δ system the maximum conductivity in wet air
ig. 3. Dependence of the conductivity of BaCe1−xGdxO3−δ samples on tem-
erature, in wet air.
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maximum at x = 0.15. Taniguchi et al. observed the highest
onductivity in the same system for 0.20 < x < 0.25 [4]. The
bove discrepancies may be caused by the different preparation
ethods used. For example, Bonanos et al. performed the con-

uctivity measurements on samples sintered at 1475 ◦C [23].
tevenson et al. used samples sintered at 1600 ◦C [24], while
aniguchi et al. at 1650 ◦C [4]. It was assumed that at higher
reparation temperatures the solubility of Gd in BaCeO3 may
ncrease and, therefore, the onset of second phase formation may
hift to higher doping levels [22]. In turn, the highly doped solid
olutions are metastable and might decompose upon ageing at
ower temperatures [22].

It was found that during the use of CuO as a sintering additive,
powder densification can be promoted by the phase transition

25]:

uO
1027 ◦C−→ Cu2O +

(
1

2

)
O2

1027 ◦C−→ liquid

One of the possible mechanisms of the sintering promotion
ue to CuO addition is described in the work of Ran et al. [26].

Fig. 4(a) shows the effect of the amount of Gd on the conduc-
ivity of BaCe1−xGdxO3−δ in air atmosphere at the temperature
ange of 600–900 ◦C, while Fig. 4(b) shows the isothermal vari-
tion of the conductivity of BaCe0.99−xGdxCu0.01O3−δ in wet
ir vs. Gd content (x) at the temperature range of 600–900 ◦C.
n Fig. 4(b) it is shown that conductivity reaches a maxi-

um at x = 0.15, with a value of 92 mS cm−1 at 900 ◦C and

8 mS cm−1 at 800 ◦C. As it can be observed, the conductivities
f the BaCe0.84Gd0.15Cu0.01O3−� are higher than those of the
aCe0.8Gd0.2O3−δ. The samples of BaCe0.99−xGdxCu0.01O3−δ

ig. 4. Effect of Gd doping (x) on the conductivity of (a) the BaCe1−xGdxO3−δ

amples and (b) the BaCe0.99−xGdxCu0.01O3−δ samples, in air at various tem-
eratures.
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ig. 5. Dependence of the activation energy of conductivity on x in
aCe0.99−xGdxCu0.01O3−δ samples, in air atmosphere.

ystem with x = 0.1 and x = 0.15 showed almost the same con-
uctivities (Fig. 4(b)). The activation energy of conductivity as
function of Gd content is shown in Fig. 5. The increase of Gd
ontent results in the decrease of activation energy. The lowest
alue of the latter was registered for 0.15% Gd.

In Fig. 6 the dependence of BaCe0.9−yGd0.1CuyO3−δ con-
uctivity on y, at different temperatures, is cited. The content
f gadolinium is the same in all samples shown in the figure
10 mol%). One can see that the conductivity has a maximum
alue corresponding to y = 0.01. In the interval 0.0125< y < 0.07,
he conductivity is practically stable; the slightly higher conduc-
ivity value at y = 0.1, is probably related with the appearance
f additional phases. These additional phases could be probably
omplexes, including copper oxide, which exhibit high elec-
ronic conductivity. The activation energy of conductivity for
he BaCe0.9−yGd0.1CuyO3−δ system as a function of Cu con-
ent is shown in Fig. 7. It is obvious that the activation energy
as a slight tendency to increase with the increase of the copper
ontent.

Finally, Fig. 8 allows the comparison of the conductivity of
aCe0.9Gd0.1O3−δ with that of BaCe0.89Gd0.1Cu0.01O3−δ in wet
ir and wet hydrogen. It is obvious that the conductivity of 1%
u-containing sample is higher than the one of BCG without
opper, in both atmospheres. The higher conductivity can be

ttributed to the increase of the sample’s density. It is not quite
lear the reason why the conductivities of Cu-containing sam-
les are practically the same in wet air and wet hydrogen at low
emperature values (Fig. 8). However, at higher temperatures

ig. 6. Dependence of the conductivity on y in BaCe0.9−yGd0.1CuyO3−δ, at
ifferent temperatures in air.
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Fig. 7. Dependence of the activation energy of conductivity on y in
BaCe0.9−yGd0.1CuyO3−� in air.
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ig. 8. Temperature dependences of the conductivity of BaCe0.9Gd0.1O3−δ in
et hydrogen (1), in wet air (2) and BaCe0.89Gd0.1Cu0.01O3−δ in wet hydrogen

3) and in wet air (4).

he samples’ conductivity in hydrogen is lower, than the sam-
les’ conductivity in air due to presence of hole conductivity in
he oxidizing atmosphere. According to Shimura et al. the hole
onductivity depends on the oxide ion vacancy concentration
ntroduced through doping with gadolinium ion (Gd3+) and on
xygen partial pressure [21].

. Conclusions

The effect of the use of copper as the sintering additive on
he sintering behavior, ceramic samples’ density and conduc-
ivity of gadolinium-doped barium cerates was investigated.
t was found that the BCG doping by small amounts of Cu
xide allows the decrease of calcination temperature by 250 ◦C
nd sintering temperature by 150 ◦C. Both density and grain
ize of the Cu-containing samples were higher than those of

he samples without Cu. The density of the samples with Cu
as increased by 10–11% comparing with BCG. The compar-

son of conductivity of undoped and Cu-doped BCG showed
hat Cu-doped samples have considerable higher conductiv-

[

[

Sources 181 (2008) 292–296

ty than undoped samples. More precisely, in wet air the total
onductivity of the BaCe1−xGdxO3−δ system reached the max-
mum value of 68 mS cm−1 for x = 0.2, at 900 ◦C. However,
t the same atmosphere and temperature, the conductivity of
he BaCe0.99−xGdxCu0.01O3−δ sample reached the value of
2 mS cm−1, when x was equal to 0.15. Finally, the maximum
onductivity value in the BaCe0.9−yGd0.1CuyO3−δ system cor-
esponded to y = 0.01 at 900 ◦C and was equal to 87 mS cm−1.
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