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Abstract

Four types of anodes have been prepared on Ce0.9Gd0.1O1.95 (GDC) electrolyte pellets with two kinds of NiO and GDC powders to

investigate the effect of microstructure on electrochemical performance of Ni-GDC composite anodes. The anode/electrolyte interfacial

polarization resistances are characterized using impedance spectroscopy under open circuit conditions. The results show that the cell

performance depends strongly on the anode microstructure, which in turn is determined by the anode compositions and fabrication

conditions. By carefully adjusting the anode microstructure, the GDC electrolyte/anode interfacial polarization resistances have been

dramatically reduced. For example, the interfacial resistance at 600 jC was decreased from 1.61 V cm2 for the anodes prepared using

commercially available powders to 0.06 V cm2 for those prepared using powders derived from a glycine–nitrate process.

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

Low-temperature solid oxide fuel cells (SOFCs) have

attracted much attention in recent years because of the

potential to dramatically reduce the cost of the materials

and cell fabrication in addition to improved reliability,

portability, and operational life. Gadolinia-doped ceria

(GDC, Ce0.9Gd0.1O1.95) is considered to be one of the most

promising electrolytes for SOFCs to be operated below 700

jC [1–3], due primarily to its high ionic conductivity at

reduced temperatures. Partial internal shorting arising from

the electronic conduction of GDC becomes insignificant at

low temperatures [4].

Although Ni-GDC (or CeO2) composite cermets have

been widely used as an anode material [5–7], very little has

been reported regarding anodes for doped ceria electrolyte-

based fuel cells for low temperature operation. Since the

performance of an anode depends strongly on its composi-

tion, fabrication method, and resulting microstructure, it is

necessary to investigate how the performance of a Ni-GDC

composite anode is influenced by its microstructure on a

doped ceria electrolyte-based fuel cell.
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Generally speaking, it is desirable to have a homoge-

neous, porous structure of mixed-conducting electrodes for

fast transport of ionic and electronic defects through the solid

phase, rapid flow of gases through the pores, and for efficient

electrochemical reaction at the interfaces [8,9]. In a Ni-GDC

composite anode, Ni acts as both the catalyst and electronic

conducting phase, while GDC mainly acts as a matrix to

support the catalyst and prohibit the metal from agglomer-

ation under operating conditions. It is believed that ceria can

also improve the anode catalytic activity, especially in

SOFCs using hydrocarbon fuels [10,11]. It has been dem-

onstrated that the length of the triple-phase boundary (TPB)

correlates well with the reaction rate for electrochemical

oxidation of hydrogen [12,13]; thus, the extension of the

TPB becomes a determining factor in improving anode

performance. This can be achieved mainly by optimizing

the microstructure of the cermet anode through the adjust-

ment of powder morphologies and particle sizes for the

precursor NiO and ceria, and/or developing a favorable

electroding process.

In this study, four types of Ni-GDC anodes were fabri-

cated using a combination of coarse and fine precursor

powders for both NiO and GDC. The corresponding fuel

cells were characterized and compared to illustrate the

correlation between electrochemical performance and anode

microstructure.



Table 1

Sources of precursor powders and firing temperature of the anode samples

(65 wt.% NiO and 35 wt.% GDC)

Fuel cell Anode

component

Firing

temperature (jC)
Anode

abbreviation

FC-1 Comm-NiO

fComm-GDC

1250 C–C

FC-2 GNP-NiO

fComm-GDC

G–C

FC-3 Comm-NiO

fGNP-GDC

C–G

FC-4 GNP-NiO

fGNP-GDC

G–G

FC-12 Comm-NiO

fComm-GDC

1350 C–C

FC-42 GNP-NiO

fGNP-GDC

G–G
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2. Experimental

2.1. NiO and Ce0.9Gd0.1O1.95 powder synthesis and

characterization

NiO and GDC powders were attained from commercial

suppliers (NiO: Alfa Aesar; GDC, Rhodia) and synthesized

by the glycine–nitrate process (GNP) in our lab [14]. The

commercial NiO and GDC (named as Comm-NiO and

Comm-GDC in brief, hereinafter) have average particle

sizes of 2.0 and 0.3 Am, respectively, as determined by

scanning electron microscopy using a Hitachi S-800 SEM.

In a typical glycine–nitrate process used to produce finer

NiO and GDC powders, stoichiometric amounts of Ce(N-

O3)3�6H2O (Aldrich, 99.9%) and Gd(NO3)3�6H2O (Aldrich,

99.9%) were dissolved in distilled water, to which 0.5 mol

of glycine was added for each mole of nitrate. The mixture

was heated on a hot plate to evaporate the solvent. After

spontaneous ignition, the resultant pale-yellow ash was

collected and calcined in air at 600 jC for 2 h to remove

any carbon residue remaining in the oxide powder. NiO

powder was also synthesized by a glycine–nitrate process

using Ni(NO3)3�6H2O (Alfa Aesar, technical grade,

Ni>19.8%) as the precursor. The resultant foaming ash

was calcined in air at 850 jC for 5 h to get pure NiO

powder. The GDC and NiO powders produced in our lab are

named GNP-GDC and GNP-NiO, respectively. All precur-

sor powders were ball-milled in alcohol for 48 h and dried

prior to use for anode slurries and coating. The morpholo-

gies of the powders are revealed using an SEM or a

transmission electron microscope (TEM, JEDL 100C).

2.2. Cell fabrication

The calcined GNP-GDC powder was cold pressed under

250 MPa into cylindrical pellets using a uniaxial die-press

(F13 mm). After firing at 1500 jC for 5 h, dense GDC

wafers with a 10 mm diameter and a thickness of 210 Am
were attained for use as the electrolyte supporting layer in

the test fuel cells. In this study, four different Ni-GDC

cermets were applied as anodes using commercial and GNP-

derived powders as precursors, as summarized in Table 1.

All of the anodes were fabricated by a dip coating process

as described below. For each anode composition, NiO

powder was mixed with GDC powder (NiO:GDC= 65:35

in weight), then the same weight of a Heraeus binder (V-

006) and acetone were added. This composition was ball-

milled for 48 h to form a homogenous slurry. One face of the

GDC pellets was then covered with slurry by dip coating.

After drying at 50 jC, the samples were fired at 1250 jC for

4 h, with a heating rate of 2 jC/min. In some cases, the

anodes were fired at 1350 jC for 4 h for the comparison of

fuel cell performance. A slurry consisting of 70 wt.%

Sm0.5Sr0.5CoO3 (SSC), 30 wt.% GDC, and V-006 binder

was applied to the other side of the electrolyte by screen

printing, and then fired at 1000 jC in air for 2 h to form a
porous cathode. The functional area of the fuel cell is

f 0.25 cm2. The fabrication of cathodes for all cells

(including the symmetrical cells) tested in this study was

kept as consistent as possible so that the cathodic polariza-

tion resistances of all cells were relatively constant.

2.3. Electrochemical testing

Single cells were mounted onto an alumina tube in a

vertical tube furnace. Silver paste (Heraeus C4400UF) was

used to seal the anode compartment and also create electri-

cal contact between the anode and silver wire. Electrochem-

ical characterizations were performed at temperatures from

450 to 700 jC under ambient pressure. Fuel cell perform-

ances were measured using a Solarton 1287 interfaced with

a computer (CorrWare). Humidified hydrogen (3 vol.%

H2O) was fed as fuel and stationary air was used as the

oxidant. The impedance of the cells was measured in the

frequency range from 0.01 Hz to 100 kHz using an EG&G

lock-in amplifier (model 5210) and an EG&G Potentiostat/

Galvanostat (Model 273A) interfaced with a computer.

After testing, cells were cooled to room temperature under

continued flow of humidified hydrogen to allow SEM

characterization of the anodes and cathodes.
3. Results and discussion

3.1. Powder characteristics

Shown in Fig. 1 are the SEM micrographs of the NiO

and GDC powders used to produce the test anodes. The

commercial and GNP nickel oxides have average particle

sizes of 2.0 and 0.8 Am, respectively. In contrast, the

particles of doped ceria powders are much smaller than

those of NiO. The average particle size of the commer-

cial GDC is 0.3 Am, while the GNP-derived GDC has

finer particles with average size of f 0.02 Am, as

determined from TEM observations (Fig. 1(f)). It should



Fig. 1. SEM photographs of the precursor powders used for anodes: (a) commercial NiO (Alfa Aesar), (b) NiO prepared by GNP, (c) commercial GDC

(Rhodia), (d) GDC prepared by GNP (showing significant agglomeration), (e) a ‘‘foam’’ GDC particle as-prepared by GNP before ball milling, and (f) a TEM

photograph of the GDC prepared by GNP after ball milling.
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be mentioned that the GNP-GDC powder has such a

small particle size that it typically forms agglomerates

when preparing powders for SEM observation, as shown

in Fig. 1(d). The GNP-GDC powder structure before ball

milling, as seen in Fig. 1(e), shows the as-prepared GNP-
GDC particle to be highly porous with a foam-like

microstructure. After being ball-milled, this brittle

‘‘foam’’ GDC reduces into very fine particles. The

XRD pattern (not shown here) of the GNP-GDC sample

exhibits all peaks associated with that of a pure fluorite



Fig. 2. A cross-sectional view (SEM photograph) of a typical electrolyte-

supported fuel cell showing three-layer structure after cell performance

measurement.
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structure just as that of the commercial GDC powder,

although the peaks are somewhat broadened due to its

extremely fine microcrystalline structure.
Fig. 3. Cell voltages and power densities as a function of operating current density f
3.2. Fuel cell performance with different Ni-GDC anodes

Four types of GDC electrolyte supported fuel cells (FC-1

to FC-4, Table 1) are tested. Shown in Fig. 2 is the typical

cross-sectional view of a single fuel cell. All of the single

cells were made from the same batch of electrolyte discs

with thickness of f 210 Am. The cathodes were similarly

all derived from the same batch of paste (SSC/GDC= 70:30

in weight) and were fabricated by a screen-printing process

with a final firing temperature of 1000 jC for 2 h. The only

difference in the test fuel cells was the anode precursor

powders and corresponding microstructure. The four test

cells are named for their anode powder derivations, namely

C–C, G–C, C–G, and G–G for the NiO and GDC

powders, respectively, from either commercial sources (C)

or GNP preparation (G).

Shown in Fig. 3(a–d) are the cell voltage and power

density as a function of current density for the different

anode-based fuel cells. When applying GNP-NiO and GNP-

GDC composite as anode (FC-4), the fuel cell demonstrates

very high performances, as shown in Fig. 3(d). For example,

the open circuit voltages (OCVs) are 0.93 and 0.84 V, while

the maximum power densities are 220 and 402 mW/cm2 at

600 and 700 jC, respectively. When reducing the operation

temperature to 500 jC, the OCV increases to 1.00 V, closer

cs 166 (2004) 241–250
or fuel cells based on different anodes (FC-1 to FC-4 as described in Table 1).



Fig. 4. The peak power densities at different operating temperatures for

cells FC-1 to FC-4.
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to the theoretical electromotive force, 1.14 V (3 vol.%

H2O–H2 and air fed as the fuel and the oxidant gas). As

expected, the internal electrical shorting caused by partial

electronic conduction in GDC becomes less severe for

thicker GDC electrolyte at lower temperatures.

Further, it can be seen from Fig. 3 that the performance

of these fuel cells depends strongly on the anode when

keeping other conditions identical. The peak power density

and open circuit voltage vs. temperature for FC-1 to FC-4

are summarized in Figs. 4 and 5 for comparison. FC-4 with

a G–G anode, i.e., both NiO and GDC in the anode are

synthesized by glycine–nitrate process, has the highest

power density among the four fuel cells tested. FC-3 with

a C–G anode, where the NiO precursor is a commercial

product and GDC is synthesized by GNP, has the lowest

power output. The power densities of FC-3 are only about 1/

5 of those of FC-4 cell over the temperature range studied.

In the meantime, FC-1 and FC-2 cells with anode compo-

nents of C–C and G–C have similar peak power densities

but only about one-half of those of the FC-4 cell. The open

circuit voltages of FC-1 to FC-4 reveal a similar trend. FC-4

has the highest OCVs while the FC-3 cell has the lowest

values in the temperature range studied. For example, the

OCVs are 0.84 and 0.77 V for FC-4 and FC-3 at 700 jC,
Fig. 5. Open circuit voltages of the four cells (FC-1 to FC-4) measured at

different temperatures.
respectively. The OCV depends on the interfacial polariza-

tion resistances for cells based on electrolyte of mixed

conduction such as ceria-based electrolytes [15,16]. Thus,

different OCV values are closely correlated to different

power densities, which are determined by the various anode

configurations and anode/electrolyte interfacial polarization

resistances.

3.3. Resistances of the anode/electrolyte interfaces

Typical impedance spectra are shown in Fig. 6 for the

fuel cell FC-4 measured under open circuit conditions at

500–650 jC using a two-electrode configuration. Since the

electronic conduction in GDC is not negligible under the

fuel cell conditions, the interfacial polarization resistances

(Rp) of the fuel cells based on GDC must be adjusted

according to the following equation [15,17],

Rp ¼
RT � Rb

VOC

EN
1� Rb

RT
1� VOC

EN

� �h i

where VOC is the open cell voltage, EN is the Nernst

potential across the cell, Rb represents the intercept of the

impedance with the real axis at high frequencies, and RT
corresponds to the intercept at the lowest frequencies. To

separate anodic impedance Ra from cathodic impedance Rc,

a symmetrical cell with configuration of SSC-GDC/GDC/

SSC-GDC was fabricated and characterized in air using
Fig. 6. Typical impedance spectra of fuel cell FC-4 measured under open

circuit conditions using a two-electrode configuration.



Table 2

Anode/electrolyte interfacial resistance (Ra) as determined from impedance

spectroscopy of a symmetrical cell, SSC-GDC/GDC/SSC-GDC, and FC-4,

SSC-GDC/GDC/Ni-GDC

Interfacial resistance (V cm2)

500 jC 550 jC 600 jC 650 jC

FC-4 (Ra +Rc) 2.55 0.78 0.28 0.14

Symmetrical cell (Rc) 1.86 0.64 0.22 0.08

Ra 0.69 0.14 0.06 0.06
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impedance spectroscopy under open circuit conditions, from

which the cathode/electrolyte interfacial resistances (Rc)

were estimated [14]. Table 2 shows the comparison of the

interfacial resistance of both the symmetrical cell and FC-4,

in which the anode/electrolyte interfacial resistance were

estimated from

Ra ¼ Rp � Rc:

Fig. 7 shows the anode/electrolyte interfacial resistances

for fuel cells FC-1 to FC-4 as a function of temperature. It is

noted that, for FC-4, the cathodic polarization resistance

seems to account for more than 70% of total interfacial

resistance below 600 jC, implying that the performance of

this cell is primarily determined by the cathode. For an

SOFC with an improperly fabricated anode, like FC-3, on

the other hand, the performance of the cell depends critically

on the performance of the anode. As shown in Fig. 7, FC-1

and FC-2 exhibit similar anode/electrolyte interfacial resis-

tances, whereas FC-3 has the highest values and FC-4 has

the lowest ones. For example, the anode/electrolyte interfa-

cial resistances for cell FC-4 are only 0.69 and 0.06 V cm2,

respectively, at 500 and 600 jC. In contrast, FC-3 with a C–

G anode, shows much higher anodic polarization resistance.

Its anode/electrolyte interfacial resistances at 500 and 600
Fig. 7. Anode/electrolyte interfacial polarization resistances for fue
jC are 4.07 and 1.61 V/cm2, respectively. The large

difference in fuel cell performance between FC-3 and FC-

4 is due primarily to the microstructure of the anodes since

both the electrolyte and the cathode/electrolyte interfaces

were prepared using identical procedures.

3.4. Anode microstructure

Shown in Fig. 8 are the cross-sectional views of the

electrolyte and the anode after fuel cell performance testing.

The relative density of the GDC electrolyte is about 95%.

Both NiO and GDC grains coarsened during firing. As can

be seen from Fig. 8(b) and (d), the porous anodes for FC-2

and FC-4 have similar morphologies since they all contain

the same glycine–nitrate derived NiO. The anode of cell

FC-4 has a smaller average grain size and a more homog-

enous microstructure than FC-2. On the other hand, FC-1

and FC-3, fabricated from coarser NiO precursor powder,

have substantially different morphologies. Though some

larger Ni grains are visible in the FC-1 C–C anode (see

Fig. 8(a)), the two phases (Ni and GDC) are uniformly

distributed and well connected, which is desirable for anodic

reactions and electronic conduction. For the anode of FC-3,

it is seen that the finer GNP-derived powders tend to

aggregate more easily, forming islands of isolated GDC

grains. In forming these islands, the fine particles shrank

substantially to leave larger pores in the anode as seen in

Fig. 8(c). Accordingly, these GDC ‘‘islands’’ and larger

pores resulted in poor Ni distribution.

It is known that fine grain size, large surface area,

adequate porosity, and sufficient nickel content in the anode

are essential to achieve high performance. For a Ni-GDC

anode, the distribution and contact area between Ni and

GDC particles are also of great importance. The nickel

grains in a Ni-GDC cermet are regarded as the active sites
l cells FC-1 to FC-4 as a function of operating temperature.



Fig. 8. Cross-sectional views (SEM micrographs) of electrolyte and anode components after fuel cell performance testing. The precursor powders for the

anodes were (a) commercial NiO and commercial GDC, (b) GNP NiO and commercial GDC, (c) commercial NiO and GNP GDC, and (d) GNP NiO and GNP

GDC, respectively.
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for H2 oxidation, while the GDC grains act as a mechanical

support for nickel and the supplier of oxygen ions in

addition to their partial role in hydrogen oxidation. Ideally,

the two phases of nickel and GDC should be intimately

mixed to increase the triple phase boundary length. Further,

the composite anode should be sufficiently porous to allow

rapid gas transport. The microstructure of the anode in FC-4

satisfies all the requirements for high performance. In

contrast, the larger Ni and GDC grains and the poor

distribution observed in the FC-3 anode are responsible

for the high anode/electrolyte interfacial resistance, resulting

in much lower fuel cell performance compared with cell FC-

4. It is also found that the anodes of FC-3 always had poor

adhesion with the electrolyte layer after cell testing. When

the cell was removed from the testing apparatus, the FC-3

anodes were easily peeled off or even delaminated from the

electrolyte layer. In contrast, this has never occurred on the

other fuel cells tested.
3.5. Effect of anode firing temperatures on fuel cell

performance

Two fuel cells with C–C and G–G anode fired at 1350

jC for 4 h (named FC-12 and FC-42, respectively) were

also investigated. All other fabrication conditions and cell

configurations were kept identical to those of the cell FC-1

to FC-4. Shown in Fig. 9 are the surface and cross-sectional

views of the anodes of fuel cell FC-4 and FC-42 after firing.

It can be clearly seen that the anode of FC-42, fired at 1350

jC, has coarsened, leaving much lower porosity compared

to that of FC-4 fired at 1250 jC.
Fig. 10 shows the power output of the two fuel cells

operating at 600 and 700 jC with anodes of different

microstructures. The cells with more porous anodes show

better performance. For example, the peak power densi-

ties of FC-1 are 248 and 135 mW/cm2 at 700 and 600

jC, respectively, while those of FC-12 are 131 and 58



Fig. 9. Comparison of surface and cross-sectional views of anodes for fuel cell FC-4 with the anode fired at 1250 jC for 4 h (a and b), and FC-42 with the

anode fired at 1350 jC for 4 h (c and d).
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mW/cm2. On the other hand, the concentration polar-

izations at high current densities become apparent for the

cells with anodes fired at higher temperatures, especially

for the cell FC-42, as shown in Fig. 10(b). However, the

polarization resistances in cell FC-1 and FC-4 are much

smaller. It is believed that the coarsened anode micro-

structure in the FC-12 and FC-42 is responsible for the

poor performance. Moreover, open circuit voltages of FC-

12 and FC-42 also decreased by 0.02 V compared to

those of FC-1 and FC-4 over the entire measured

temperature range. The lower OCVs are a consequence

of large interfacial resistance for cells based on an

electrolyte with some mixed conduction as discussed

previously [15].

Fig. 11 shows the area specific resistances of the anode/

electrolyte interfaces in 4 cells (FC-12, FC-42, FC-1, and

FC-4) as a function of temperature. It can be seen that the

interfacial resistance between anode and electrolyte in-
creased dramatically when the anode firing temperature

was increased from 1250 to 1350 jC.
4. Conclusions

GDC electrolyte-supported fuel cells were fabricated

and tested at intermediate temperatures. Impedance spec-

tra showed that the resistances of anode/electrolyte inter-

faces depend strongly on the anode microstructure, which

in turn was essentially determined by the compositions

and fabrication conditions. Anodes consisting of finer

precursor powders of NiO and GDC exhibit excellent

performances. The anode/electrolyte interfacial resistances

are about 0.06 and 0.05 V cm2, translating to maximum

power densities of 220 and 402 mW/cm2 at 600 and 700

jC, respectively, for a fuel cell based on a 210 Am thick

GDC electrolyte. Further, substantial decrease in perfor-



Fig. 10. Comparison of the performances of fuel cells: (a) FC-1 and FC-12, and (b) FC-4 and FC-42.

Fig. 11. Anode/electrolyte interfacial polarization resistances of FC-12 and FC-42 as a function of temperature, together with those of FC-1 and FC-4 for

comparison.
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mance was observed when the firing temperature of the

anodes was increased from 1250 to 1350 jC.
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