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Abstract

Fuel Cell performance was measured at 792-1095K for Ni-GDC (Gd-doped ceria) anode-supported GDC film (60 pm thickness) with a
(LaggSr»)(CogsFey,)0; cathode using H, fuel containing 3 vol% H,O. A maximum power density, 436 mW/cm?, was obtained at 1095 K.
The electrical conductivity of GDC electrolyte in N, atmosphere of 10~'°~10° Pa oxygen partial pressures (Po,) at 773—1073 K was independent
of Po,, which indicated the diffusion of oxide ions. The conductivity of GDC in H,O/H, atmosphere increased because of the further formation
of electrons due to the dissociation of hydrogen in GDC (H, — 2H* +2e~). The hole conductivity was observed at 873 K in Po, = 10°-10* Pa.
The key factors in increasing power density are the increase of open circuit voltage and the suppression of H, fuel dissolution in GDC electrolyte.

These are controlled by the cathode material and Gd-dopant composition.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Reducing the operating temperature of solid oxide fuel cells
(SOFC) expands the choice of cell materials and increases
the operating life of SOFCs.! Rare earth-doped ceria (RDC)
has a high oxide ion conductivity and can be added to a
SOFC electrolyte. However, Ce** ions and lattice oxygen ions
react in RDC to form Ce* ions, positively charged oxide ion
vacancy, electrons and oxygen molecules at a low oxygen par-
tial pressure.> The formation of electrons in RDC electrolyte
decreases open circuit voltage (OCV) of a cell, resulting in a
decreased power density.* In our previous paper,’” we detailed
the processing and cell performance of anode-supported Gd-
doped ceria films (GDC, CepgGdp201.9, 30 wm thick) with
a SrRuOj3 cathode. The maximum power densities measured
were 100 mW/cm? at 873 K and 380 mW/cm? at 1073 K when
the cell was supplied with Hy fuel. However, the OCV of the
cell was low when compared with the value calculated by the
Nernst equation with no electronic conduction or the calculated
value for the mixed conductor of oxide ions and electrons cal-
culated by the Hebb—Wagner method. The decrease in OCV
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was significant for thinner GDC film. This was presumed to
be caused by the dissolution and dissociation of H; fuel in the
GDC film to form protons and electrons (Hy — 2H* + 2¢7).8
This reaction occurs due to oxide ion vacancy (Hp + VS —
2H*+ V3, Vg — VS + 2e7). The decrease of overpoten-
tial at the cathode may be an effective strategy to prevent the
dissolution of hydrogen in a GDC film, because the overpo-
tential at the anode is generally lower than that at the cathode.
When the flux of oxide ions in the GDC film is significantly
higher than the flux of dissolved hydrogen, it is possible to
maintain a high terminal voltage. In this paper, the cell per-
formance of a Ni-GDC anode-supported GDC cell (composed
of Cep.8Gdp201.9) with a (Lag gSrg.2)(Cog.gFep.2)03 cathode’
was measured at 792-1095 K to compare with the power density
of a GDC cell with a SrRuO3 cathode and the reported power
density of a GDC cell (composed of Cep9Gdg.1O1.95) with a
(Lag.gSrg.2)(Cog.gFeg )03 cathode.? Furthermore, the electri-
cal conductivity of Gd-doped ceria electrolyte was measured
in air, Np atmosphere and H»O/H; atmosphere to identify the
dominant migration species (oxide ions, holes, electrons and
protons) in a wide oxygen pressure range. Based on the experi-
mental results, it was clear that the electric power of a GDC cell
can be increased by using a (Lag gSrp2)(Cog.gFep.2)O3 cathode
rather than a SrRuO3 cathode and by decreasing the Gd content
from x=0.2 to 0.1 in the Ce_,Gd,O2—_(x2) composition. The
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above factors allow a high OCV and a high current density for
the cell with Hy fuel.

2. Experimental procedure
2.1. Preparation of cell materials

The detailed preparation method for the GDC powder is
reported in our previous paper.'® The GDC precursor, oxalate
solid solution (CepgGdp2)2(C204)3, was prepared by placing
the mixed nitrate solution (0.2 M) of Ce and Gd into 0.4 M oxalic
acid solution. The produced coprecipitate was decomposed to
GDC at 873 K in air. The obtained GDC powder was ball-milled
for 24 h. Non-aqueous GDC suspensions of 25 vol% solids were
prepared using a mixed solution of 33 vol% toluene and 67 vol%
isopropanol. Nine mass% of polyethyleneglycol and 5 mass% of
polyvinyl butyral were added to the milled GDC powders.”# The
suspensions were consolidated on a polyester sheet with a doctor
blade (DP-100, Tsugawa Seiki Seisakusho, Tokyo). Further-
more, the milled GDC powder was then immersed into a 1.4 M
Ni(NO3); solution to make a Ni-GDC anode with a volume ratio
of Ni/GDC =40/60. The suspension was freeze-dried and cal-
cined at 873 K for 1 h in air. (Lag gSrg»)(Cog gFep2)O3 cathode
powder (LSCF) was prepared by heating the freeze-dried copre-
cipitation of La(NO3)3, Sr(NO3),, Co(NO3), and Fe(NO3)3
with (NH4)2C0O3.2!! The freeze-dried powder was calcined at
1173 K for 2 h in air and the produced solid a solution was iden-
tified by X-ray diffraction (RINT2200, Rigaku Denki Co. Ltd.,
Japan).

The GDC film was placed on a NiO-GDC powder bed
(22 mm diameter, 2 mm thickness) to form a porous structure
and compressed uniaxially at 50 MPa, followed by isostatic
pressing at 294 Pa. The compacts were heated at 1673 K
for 4h in air. The thickness of the resulting GDC elec-
trolyte was 60 um. The LSCF powders were dispersed at
15vol% solid in a mixed solution of 90vol% ethanol and
10 vol% ethyleneglycol. This suspension was spread over the
GDC electrolyte on a NiO-GDC anode by screen printing
(70 pm mesh, 4 mm diameter), and heated at 1173K for
1h in air. The thickness of the attached cathode layer was
100 pm.

2.2. Measurement of cell performance

A Pt wire was attached to the electrodes of the GDC cell. The
GDC electrolyte with the cathode and anode was placed on an
alumina holder and sealed at 1173 K with a glass O-ring. The
NiO at the anode was reduced to Ni by reacting with the Hp
fuel containing 3 vol% H,O (NiO + H — Ni+H,0) at 1073 K.
After it cooled to 1095, 1006, 906 and 792 K, the cell perfor-
mance was measured by feeding air at 100-500 ml/min into
the cathode and H» fuel containing 3 vol% H»O at 100 ml/min
into the anode. The oxygen partial pressure of the fuel was
monitored with an yttria-stabilized zirconia (YSZ) oxygen gas
Sensor.
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Fig. 1. Cross-section of NiO-GDC anode-supported GDC electrolyte sintered
in air at 1673 K.

2.3. Electrical conductivity measurement

The GDC powder produced in Section 2.1 was ball-milled
for 24 h and then pressed isostatically at 294 MPa to form a disk
of 10 mm diameter and 2 mm thickness. The disk was sintered
at 1773 K for 4 h in air to obtain a GDC disk with 96-98% the-
oretical density. The electrical conductivity of the GDC disk in
air, N, atmosphere and H, O/H; atmosphere at 773—-1073 K was
measured with a two-terminal AC bridge circuit using a self-
inductance—capacitance—impedance (LCZ) meter (100 Hz to
2 MHz, model 4194 A, Agilent Technologies Co.) and also using
the two-terminal DC method with a potentiometer (HA-510G,
Hokuto Denko Co., Japan). Pt paste was spread homogenously
on the planes of GDC, polished with 1 pm diamond paste and
heated at 1123 K for 2h to create Pt electrodes. The oxygen
partial pressure range in the N, gas was controlled from 1 Pa
to 10713 Pa by passing N gas into an oxygen pump using a
YSZ electrolyte (KOC-200B, Kaken Inc., Ibaraki, Japan). The
oxygen partial pressure in Hp containing 3 vol% H;O gas was
monitored with a YSZ oxygen sensor.

3. Results and discussion

3.1. Cell performance with anode-supported GDC
electrolyte

Fig. 1 shows the cross section of the Ni-GDC anode-
supported GDC electrolyte. The dense GDC film (60 pm
thickness) was firmly adhered to a NiO-GDC anode by sintering
in air at 1673 K. In our previous work,’ increasing the thickness
of the NiO-GDC anode was effective in decreasing the warp
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Fig. 2. (a) Terminal voltage and (b) electric power density as a function of
current density at 792—1095 K for anode-supported cell with 60 wm GDC film
covered with porous (Lag gSrp2)(Cog gFep 2)O3 cathode.

and in increasing the sintered density of the laminated cell. A
similar good adhesion without warp was achieved between the
GDC electrolyte and the anode in this study.

Fig. 2 shows the (a) terminal voltage and (b) electric power
density as a function of the current density at 792-1095 K for a
cell with a Ni-GDC anode (2 mm thickness), GDC electrolyte
(60 p.m thickness) and a LSCF8282 cathode (100 p.m thickness).
The OCV was 0.741, 0.711, 0.695 and 0.652V at 792, 906,
1006 and 1095 K, respectively. The theoretical OCV calculated
by the Nernst equation was 1.135, 1.126, 1.098 and 1.058 V for
an anode with 2.17 x 10725, 1.83 x 10721, 2.11 x 10~!8 and
6.94 x 10716 Pa oxygen partial pressure at 792, 906, 1006 and
1095 K, respectively. The measured OCV was lower than the
calculated OCV. This is due to the electronic conduction of GDC
electrolyte at a low oxygen partial pressure and discussed in a
later part of this section. The maximum powder density was
32, 117, 209 and 436 mW/cm? at 792, 906, 1006 and 1095 K,
respectively.

Fig. 3 shows the OCV of an anode supported-GDC cell at
(a) 873K and (b) 1073 K8 Inan open circuit, the summation of
J(O*) and J(e) (J: flux of oxide ions and electrons) is zero (Eq.
(1)), and the OCV is calculated by Eq. (2),

RT
’J(Oz’)‘ =17 =Zﬁa(02*) In

o(0*) + KPoa(c)
#(0*") + K Poy(a)

0]

E = ¢(c) — ¢(a) nRT
= — = n
PO =

Poy(©)"" + {K/o(0*")}
Poy(a)”" + {K/o(0*")}

@)

where R is the gas constant, F is the Faraday constant, L is the
thickness of the electrolyte, T is the temperature, K and n are
the constants where the electronic conductivity e = KPor ™",
Poy(c) and Poy(a) are the oxygen partial pressures at the cathode
and anode, respectively, 0(02_) is the oxide ion conductivity,
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Fig. 3. OCV measured for GDC and YSZ films at (a) 873 and (b) 1073 K as a
function of oxygen partial pressure at anode. The dotted and solid lines represent
Eqgs. (3) and (2) in text, respectively, and correspond to OCV of GDC without and
with electronic conduction in an atmosphere without H, molecules, respectively.

and ¢(c) and ¢(a) are the electric potential at the cathode and
anode respectively. When a mixed conductor has no electronic
conduction (K=0), J(O®7) and J(e) are zero, which indicates
that there is no transportation of oxide ions or electrons. The
OCYV for K=01is given by Eq. (3), which is known as the Nernst
equation.

_ o RT Poy(c)
En(K =0) = 7 In (Poz(a)) 3)

From Egs. (1) to (3), the OCV of a mixed conductor is related
to the internal short circuit current (J = |J (02_ )| =|J(e)|) with Eq.
4).

L
E=Ey— <o(02—)> J )

The OCV of an yttria-stabilized zirconia cell was very close to
the Nernst equation (Eq. (3)), which indicated that the electronic
conduction (J=0) was negligible.® The OCV of the GCD film
decreased as the film was thinner, which indicated an increased
J value (Eq. (4)) with the decreased thickness. Furthermore, the
measured OCV of a GDC electrolyte cell using H, fuel was
lower than the OCV calculated by Eq. (2) using K and n values
measured by the Hebb—Wagner method in N, atmosphere.!?
The reason for this is reported in the Introduction and is due
to the formation of electrons when Hjy fuel reacts with oxide
ion vacancy. An LSCF8282 cathode for the GDC electrolyte
provided a higher OCV than a SrRuOj3 cathode for the GDC
electrolyte, which indicated a decrease of internal short circuit
current of the mixed conductor. It is possible to increase the
OCYV of the mixed conductor by decreasing the overpotential at
the cathode.
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Fig. 4. Open circuit voltage (OCV) of GDC cell with LSCF8282 cathode at
1095 K as a function of flow rate of air.

Fig. 4 shows how the OCV changes with the flow rate of
air. The decrease of the OCV of the mixed conductor is due to
the decrease of oxygen partial pressure over time in the cathode
layer. The oxygen molecules in the cathode react with electrons
and are transported to the anode through the GDC electrolyte as
oxide ions (O +4e~ — 20?7). When the flow rate of oxygen
molecules into the cathode layer is lower than the flow rate of air,
the oxygen partial pressure inside the cathode layer decreases,
causing a decrease of the OCV. The OCV increased as the flow
rate of air increased. The saturated OCV was achieved at a flow
rate of 500 ml/min for an LSCF cathode and 200 ml/min for
a SrRuO3 cathode.® This result suggests that the flow rate of
oxygen molecules through GDC electrolyte is higher for LSCF
cathode than for SrRuOj3 cathode.

Fig. 5 summarizes (a) OCV, (b) current density at the
maximum power density (MPD) and (c) MPD for Ni-GDC
anode-supported GDC cells. When the cathode was changed
from SrRuO3 (sample 3) to LSCF (samples 1 and 2), the
OCV increased over a wide operational temperature range. This
increased OCV is due to the increased flux of oxide ions. The
available current density was significantly higher for a cell with
LSCF. In two cells (samples 2 and 3), the cell with a StTRuO3
cathode provided a higher current density than the cell with a
LSCEF cathode. As a result, these two variables (OCV and cur-
rent density) were effective when combined to provide a similar

3 (l)g M@ o T
‘E 06} © —o———o
z . | | | 10 Noa Ni-GDC(0.76mm)  GDC (40 um) LSCF (30um)
‘2 0 L] No.2  Ni-GDC m) GDC (60 um)  LSCF (100um)
5 b e S p
2~ 16 L(b) u) No3 Ni-GDC(2mm)  GDC (60 um) SrRuO; (90um)
- * ref.[9], ** ref.[7
55 12f 9] 71
g8t /
£ o4y
é 0 ! 1 1 1 1 1 1
5T 600} (©)
23
;'3 4001
E
£ =200}
E 0 1 1 1 1 1
= 750 800 850 900 950 1000 1050 1100

Temperature (K)

Fig. 5. (a) OCV, (b) current density corresponding maximum power density
(MPD), and (c) MPD for Ni-GDC anode-supported GDC cells as a function of
operation temperature.
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Fig. 6. XPS Ce 3d emission spectra of (a) GDC electrolyte with Ce.9Gdop 101 .95
composition and (b) GDC electrolyte with CepgGdp201.9 composition.

electric power density for cells Nos. 2 and 3 in Fig. 5(c). There-
fore, both the OCV and current density should be increased to
achieve a higher power density.

In Ref. [9], GDC electrolyte was prepared from a commer-
cial powder (composed of Cey 9Gdg.1 01 95, Anan Kasei Co. Ltd.,
Japan, shortened as GDC-A). The amount of Gd-dopant was dif-
ferent from the amount of Gd-dopant in this study (composed
of Cep.8Gdp201.9, shortened as GDC-K), but similar XRD pro-
files were measured. The specific surface areas and equivalent
particle sizes for GDC-A were 49.9m?/g and 23 nm and for
GDC-K were 27.6 m?/g and 30 nm. Fig. 6 shows the XPS Ce
3d emission spectra of GDC-A and GDC-K films sintered at
1673 K in air. The peaks at 917, 908, 901, 899, 889 and 883 eV
were assigned to Ce** ions.!314 The peaks at 905, 900, 887
and 882 eV were assigned to Ce3* ions. As seen in Fig. 6, no
significant difference was observed for the two spectra, which
suggested the coexistence of Ce>* ions and Ce** ions in both
GDC electrolytes. The coexistence of Gd>* ions and Ce®* ions
produces oxide ion vacancy as shown by Eq. (5).

Gdr03322Gdy, + 303 + V5, )
. 1 .
Vo + 302 — 05 +2h ©6)

w 1 .
Ce203 + Vo + 502 — 2Cec, + 403 +2h — 2Ce(,

+404 @)

The oxide ion vacancies formed by the substitution of Gd>*
and Ce* ions for Ce** ions react with oxygen molecules in the
cathode to form holes (Eq. (6)). Therefore, Ce; 03 in GDC elec-
trolyte can coexist with holes (Eq. (7)). The high reactivity of
Ce>* ions and holes (high stability of Ce** ions) results in a high
OCYV and may be due to the Gd content of the GDC electrolyte,
the temperature or the oxygen partial pressure. In the anode side
of a GDC cell, H; fuel dissolves into the GDC electrolyte to
form protons, resulting in the increase of electronic conduction
(a decrease of OCV) as described in the Introduction. However,
the OCV for a Ce(9Gdp.101.95 cell in Fig. 5(a) is higher than
that for a Ce( §Gdp 2019 cell. This indicates that a decrease of
the amount of Gd dopant is effective for creating a higher OCV
when the cell is supplied with H, fuel. Decreasing the oxide ion
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Fig. 7. Complex impedance plots of GDC electrolyte at 873 K in (a) air, (b and
¢) N, atmosphere and (d) HyO/H; atmosphere.

vacancy from x=0.2 to 0.1 in Ce|_;Gd,O2_(y/2) contributes to
the suppression of interaction between Hy molecules and oxide
ion vacancy. The results in Fig. 5 suggest that the combina-
tion of the cathode material (LSCF) and the Gd composition of
a GDC cell (Cep.9Gdp.101.95) is effective in increasing power
density. Another strategy to increase the power density is to use
the fuel other than H, gas such as CH4, CoHg or C3Hg gas,
which may not dissolve in GDC electrolyte. Hibino et al. sup-
plied hydrocarbon fuels (CH4, CoHg and C3Hg) into SOFCs
using a Cep9Gdp.101.95 electrolyte with an anode containing
Ru. The OCV and maximum power density at 873 K with dry
CH4 were comparable to H, fuel containing 2.9 vol% H,0.13
This allows GDC electrolyte to have a high power density with
different fuels.

3.2. Electrical conductivity of GDC electrolyte

3.2.1. Complex impedance and conductivity-applied
voltage relation

Typical complex impedance plots of GDC at 97.3% of the-
oretical density and average grain size of 4.93 pm at 873 K are
shown in Fig. 7. The plotted impedance of GDC electrolyte in air
and N, atmosphere formed a distorted semicircle, which sug-
gested a multi-relaxation mechanism of charged species. The
dotted lines represent the approximated series circuit of resis-
tance (Rp) plus the parallel circuit of resistance (R;) and the
capacitance. The resistance R; (Fig. 7(a—)) in the high fre-
quency range represents the bulk resistance and the resistance
R, in the low frequency range represents the grain boundary
resistance. In an H,O/H, atmosphere, it was not possible to
separate the sample resistance (R) into the bulk resistance and
grain boundary resistance. Similarly, the impedance plots at
973-1073 K in air and N, atmosphere could not be separated
into the bulk resistance and grain boundary resistance.

The relation between the direct current and applied voltage
was nonlinear in air and N, atmosphere, and linear in an H,O/H,
atmosphere. Fig. 8 shows the logo (conductivity) — E (applied
voltage) relation in (a) air at 773-1073 K and in (b) N; atmo-
sphere at 10~!3 to 1 Pa oxygen partial pressure at 873 K. The o
values were derived from the I(current) — E relation at the inter-
val of AE=20mV as follows: o = (AI/AE)L/A, where L is the
thickness of the electrolyte and A is the surface area of the elec-
trode. Logo was low initially when a low voltage was applied
and increased at a higher applied voltage, and approached a
constant value. The final constant o value was close to the AC
conductivity. The difference of electrical conductivities between
the AC and DC measurements is due to the overpotential for the
1/20, +2e™ — 02~ reaction at the cathode. In this discussion,
the overpotential at the anode is ignored to clarify the results.
According to the Butler—Volmer model, the conductivity at the
cathode is expressed by Eq. (8),

( di ) < ALB F2k_Co> < 2B FE)
o=L|—=)=—————]exp|—
dE RT RT
4L(1 — B)F?k,Cr 2(1 - B) FE
- (e ()

®)

where i is the difference between the current density of the
cathodic reaction (1/20, +2e~ — 027) and the anodic reaction
(0%~ = 1/20, +2e7), B is the symmetry factor (0< < 1), k_
and k, represent the rate constants for the cathodic reaction and
the anodic reaction under no applied voltage, respectively, and
Co and Cg are the concentrations of O atoms and oxide ions
on the cathode surface, respectively. Eq. (8) provides the mini-
mum o where E(min) =(RT/2F)In[Bk_Co/(1 — B)k+CRr]. Logo
decreases linearly with increasing applied voltage where E<E
(min) and increases linearly with increasing applied voltage
where E> E (min). This Butler—Volmer model explains the mea-
sured logo — E relation well. The DC conductivity at a high
applied voltage (E~2 V) in Fig. 8 agreed with the AC conduc-
tivity and contained no interfacial resistance associated with the
chemical reaction at the cathode.

3.2.2. Influence of oxygen partial pressure on electrical
conductivity

Fig. 9 shows the conductivity of GDC electrolyte as a function
of oxygen partial pressure at 873 K. The bulk, grain boundary
and total conductivities of GDC electrolyte measured by the AC
method were independent of the oxygen partial pressure in the
range of —15 <log Po (Pa) <0, which suggested there was dif-
fusion of oxide ions. In the calculation of the grain boundary
conductivity, the thickness of one grain boundary was deter-
mined to be 3nm from the capacitance in complex impedance
plots data in our previous paper.'® The DC conductivity at 1 V
includes the interfacial resistance associated with the chemical
reaction at the electrodes. As a result, the DC conductivity was
lower than the AC conductivity but independent of the oxygen
partial pressure. This result is also explained by the diffusion
of oxide ions. An increase of AC and DC conductivities was
measured in air and in HyO/H, atmosphere. In Fig. 9, the elec-
tronic conductivity of La-doped ceria (LDC) calculated by the
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Fig. 9. Influence of oxygen partial pressure on electrical conductivities of GDC
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Hebb—Wagner method is also shown.? The conductivity of LDC
at 0 <log Po, (Pa) <5 corresponds to the hole conduction and is
close to the grain boundary conductivity of GDC electrolyte as
calculated by the AC method. The above comparison suggests
that the hole conductivity as calculated by the Hebb—Wagner
method reflects the hole conduction mainly through the grain
boundary. A similar hole conduction is expected from bulk con-
ductivity when the GDC electrolyte sample is set in air. The
difference between grain boundary conductivity as calculated
by the AC method and electronic conductivity as calculated by
the Hebb—Wagner method at —15 <log Po; (Pa) <0 is due to the
difference of migration species. The present AC data of the grain
boundary includes the information of both oxide ions and elec-
trons. The measured result indicates that the resistance of oxide
ions is less than the resistance of electrons at the grain boundary.
In an HoO/H, atmosphere, the conductivity was increased. This
suggests electrons formed by the dissociation of Hy molecules
in GDC electrolyte (Eq. (9)) are contributing in addition to the
reaction between Ce** ions and lattice oxygen ions (Egs. (10)
and (11)).
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Fig. 10. Influence of oxygen partial pressure on electrical conductivities of GDC
at 973 and 1073 K.

Cel, + 208 & Cep, +2Vg +3e” + 0, (11)

The conduction in air, N» atmosphere and H,O/H; atmo-
sphere is based on the migration of oxide ions + holes, oxide
ions and oxide ions + electrons, respectively. The contribution
of protons to the conductivity in HyO/H, atmosphere was not
analyzed in this study.

Fig. 10 shows the conductivity of GDC electrolyte as a func-
tion of oxygen partial pressure at 973 and 1073 K. The electronic
conductivity of LDC as calculated by the Hebb—Wagner method
at973 K3 is also plotted in Fig. 10. The AC total conductivity and
DC conductivity at 1 Vin —15 <log Po, (Pa) <0 are interpreted
by the migration of oxide ions. The increase of conductivity in
H,O/H, atmosphere was due to the formation of electrons as a
result of the dissociation of H; fuel in GDC electrolyte. The elec-
tronic conductivity at 973 K as calculated by the Hebb—Wagner
method when the atmosphere contained no H, molecules was
lower than the conductivity in HyO/H; atmosphere. On the other
hand, the AC conductivity in air at 1073 K decreased when com-
pared with Ny atmosphere. This is explained by Egs. (6) and
(7) in Section 3.1: (1) oxygen molecules react with oxide ion
vacancies to form lattice oxide ions and holes (Eq. (6)), and
(2) the formed holes oxidized Ce>* to Ce** at a high temper-
ature (Eq. (7)). The formation of Ce* jons decreases the hole
concentration. Similarly, the increased reactivity between the
oxide ion vacancy and the oxygen molecules reduces the con-
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Fig. 8. Electrical conductivity—applied voltage relation for GDC in (a) air and (b) N, atmosphere.
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centration of the oxide ion vacancy. The above reactions lead to
a decrease of both hole conduction and oxide ion conduction.
In a reduced atmosphere, the oxide ion vacancy concentration
is increased because of the low reactivity between oxide ion
vacancy and oxygen molecules, which lead to the increased
oxide ion conductivity seen in N, atmosphere.

As seen in Figs. 9 and 10, the conductivity of GDC
electrolyte is higher in HyO/H, atmosphere than in N, atmo-
sphere owing to the dissociation effect of H, molecules
dissolved in GDC electrolyte (Hp — 2H* +2¢7). However,
the increase of electronic conduction is suppressed in
Ce.9Gdy.1 0195 electrolyte with a lower content of Gd dopant
(Fig. 5). This fact is supported by the higher OCV value
for a Cep9Gdp.101.95 composition than for a CepgGdp201.9
composition.

4. Conclusions

The OCV of a GDC cell using H; fuel decreased
as the thickness of the electrolyte became thinner. A
(Lag.gSrp2)(Cop.gFep.2)O3 cathode provided a higher OCV than
a SrRuOj3 cathode, which indicated there was a decrease of
internal short circuit current (flux of oxide ions and elec-
trons) of mixed conductor in an open circuit. The suppression
of electronic conduction and the increase of oxide ion flux
in the GDC electrolyte, which are achieved by using a
(Lap gSrp2)(Cop.gFep.2)O3 cathode and GDC electrolyte with
a lower content of Gd dopant (Cep9Gdy.101.95), enhance the
OCYV, leading to an increase in power density. The electrical
conductivity of GDC electrolyte (Ceg3Gdg20j9) is indepen-
dent of oxygen partial pressure in the range of 10~1°-10° Pa
in Ny atmosphere at 873—1073 K. Oxide ion conduction is the
dominant conduction mechanism. The conductivity in H,O/H,
atmosphere in an oxygen partial pressure of 10718 Pa at 873 K
and 1073 K increased when compared with N, atmosphere.
The increase in conductivity is due to the formation of elec-
trons by the dissolution of hydrogen into the GDC electrolyte
(Hy — 2H" +2e7). The hole conduction was observed at 873 K
in an oxygen partial pressure range of 10°Pa to 10* Pa. The
hole conduction decreased at 1073 K because of the reaction of
Ce* jons with holes (h® + Ce3* — Ce**). The above results are
closely related to the performance of a GDC cell. An appro-
priate selection of cathode material (LSCF) and controlling the
amount of Gd dopant (Cep 9Gdy 101 95) are effective means for

suppressing electronic conduction and for increasing the oxide
ion flux in GDC electrolyte, increasing electric power density.
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