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ABSTRACT

Optimization of the fabrication process of NiO-yttrium doped barium zirconate (BZY) composite anode substrates using tape-

casting for high performance thin-film protonic ceramic fuel cells (PCFCs) is investigated. The anode substrate is composed of a

tens of microns-thick anode functional layer laminated over a porous anode substrate. The macro-pore structure of the anode sup-

port is induced by micron-scale polymethyl methacrylate (PMMA) pore formers. Thermal gravity analysis (TGA) and a dilatome-

ter are used to determine the polymeric additive burn-out and sintering temperatures. Crystallinity and microstructure of the

tape-cast NiO-BZY anode are analyzed after the sintering.
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1. Introduction

any advantages of solid oxide fuel cells (SOFCs), such

as high efficiency, fuel flexibility, no use of Pt catalyst,

no leakage of electrolyte, and no need for water manage-

ment allow these devices to be considered as the most prom-

ising fuel cell type for next generation energy conversion

systems.1-5) The high operating temperature range (800 -

1000oC), however, causes fast thermal degradation, slow

start up, and increase of the system size and component

material costs.6-8) From this viewpoint, a variety of intensive

efforts to reduce the operating temperature have been made

by many researchers in the past decade. 

Adoption of thin film electrolytes on porous anode sup-

ports is the most common strategy to lower the operating

temperature.4,5,9-13) Thin electrolytes reduce the ohmic resis-

tance in ion transport, resulting in an enhancement of the

performance of SOFCs at lower temperatures.12,13) Although

another type of SOFCs, free-standing membrane micro-SOFCs,

show highly enhanced performance at low temperatures with

much reduced electrolyte thicknesses (60 - 200 nm), their

weak physical strength and limited effective area hinder

practical use.14-16) In the anode support type SOFCs, the

thick anode supports (typically about 1 - 2 mm) provide

enough physical strength to the whole cell and enable the

formation of a large effective area. In addition, the large vol-

ume of the composite anode structure provides sufficient

anodic reaction sites in the cell operation.17)

Another possible way to lower the operating temperature

is to use materials with superior properties at low tempera-

tures. Protonic ceramics, also called proton conducting

oxides, are good candidates as electrolyte materials due to

their high conductivity and low activation energy in the low

temperature regime of ~ 600oC.18-20) The proton mobility in

the lattice oxide is preferably generated by dissociating

water vapor into a hydroxide ion and a proton rather than

by incorporating hydrogen into gas phase because of the

energetic preference.21-23) Hence, wet hydrogen or hydrogen

containing fuels are generally used in the cell operation.

Among the protonic ceramics, yttrium doped barium zir-

conate (BZY) has been acknowledged as the proper ceramic

for the anode composite due to its excellent chemical stabil-

ity under a high portion of water atmosphere.24,25) However,

it is challenging to obtain an anode support body with

proper structural integrity based on BZY because the mate-

rial requires a high sintering temperature. 

Especially for the successful fabrication of protonic

ceramic fuel cells (PCFCs) with thin electrolytes, fabrication

of anode supports is very important because the anode sur-

face crucially affects the quality of the thin electrolytes that

are deposited. High roughness or microstructural artifacts

like large open pores on the anode surface can cause pin-

holes and cracks in thin electrolytes, resulting in severe

open circuit voltage (OCV) drop and cell failure.26) There-

fore, sensitive conditioning is needed before/after the anode

fabrication. Thus, in the current study, a fabrication process

optimization for NiO-BZY composite anode supports for
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thin-film electrolytes is performed. Thermal behaviors of

the tape-casted NiO-BZY are investigated to determine

optimal sintering conditions; crystallinity and microstruc-

ture are observed.

2. Experimental Procedure

Two type of anode tapes were prepared following the fab-

rication procedure shown in Fig. 1. One tape contained poly-

methyl methacrylate (PMMA) pore-formers to generate

macro pores after sintering; the other did not. The latter

was laminated to form an anode functional layer (AFL) on

the anode body formed by the former. Commercialized pow-

ders, NiO (Sumitomo) and BaZr0.85Y0.15O3–δ (BZY, Kceracell),

were used as raw materials and mixed at a volumetric ratio

of Ni:BZY = 40:60 after the reduction of NiO. Mono-dis-

persed PMMA (Sunjin Chemical Co.) with particle size of 5

µm was added as the pore-former to one set of the NiO-BZY

powder at 30 vol%. Hypermer KD-1 (a polyester/polyamine

condensation polymer, Uniqema) was added to both mixed

powders as a dispersant; mixture was ball-milled for 24 h in

composite solvents of ethanol and toluene with zirconia

balls. Dibutyl phythalate (DBP, JUNSEI) and polyvinyl

butyral B-79 (PVB-79, Monsanto) were added as a plasti-

cizer and a binder, respectively; mixture was ball-milled

again for 24 h. Tape-casting of the slurries was conducted

using a customized system (STC-28C, Hansung Systems,

Inc.). The thicknesses of the anode body and AFL tapes

were set at 200 and 40 µm, respectively, after drying at

room temperature.

One layer of the AFL tape on top of the 6 layers of the

anode body tapes was laminated with a size of 5 cm × 5 cm;

this was followed by uniaxial pressing under 15 MPa at 75oC

for 15 min. The green tape after lamination had a thickness

of 1.2 mm and was sintered at 1450oC for 10 h in ambient

air. Flat NiO-BZY plates previously fabricated by powder

packing and sintering at 1500oC were lain on the top and

bottom of the anode tape during the sintering process.

Thermal behavior of the green tape in terms of weight loss

and shrinkage profile was investigated using differential

scanning calorimetry-thermal gravimetric analysis (DSC-

TGA, TA Instruments DSC 2010) and dilatometric mea-

surement (NETZSCH DIL 402C). The crystallinity of the

raw powders and the sintered anode substrates was con-

firmed by X-ray diffraction (XRD, Bruker D8 Advance).

Scanning electron microscopy (SEM, FEI SL-30 FEG)

images of the surface and cross-section of the sintered anode

substrate were used to observe its microstructure.

3. Results and Discussion

While the organic additives play important roles in the

fabrication of highly dispersed and fully connected compos-

ite anode structures, these additives may introduce micro-

structural failures such as cracks or pin-holes during

sintering.27) Hence, sensitive conditioning in the sintering

step is required to provide enough time for the additive

polymers to burn out and for the constituent materials to

rearrange themselves at the appropriate temperatures. To

determine the burn-out schedule of the organic additives

and pore-formers, DSC-TGA profiles of the green anode

tape after the lamination were investigated, with results

shown in Fig. 2. Two decomposition ranges was identified at

Fig. 1. Flow chart of fabrication process of the NiO-BaZr
0.85

Y
0.15

O
3–δ

 anode substrate via tape casting.

Fig. 2. Results of the differential scanning calorimetry and
thermal gravimetric analyses of the NiO-BaZr

0.85
Y

0.15

O
3–δ

 green tape, represented by blue and black lines,
respectively.
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140 - 230oC and 230 - 400oC; these ranges are perfectly

matched with the decomposition temperatures of the

organic additives and PMMA, respectively, which can be

found in the literature28,29) and in data sheets provided by

manufacturers. Thus, holding stages at the higher tempera-

tures of 300oC and 450oC for 150 min each to sufficiently

burn out the additives were put into the heating schedule;

another holding stage at 600oC for 2 h was incorporated to

complete the decomposition of the residual polymers.

The sintering temperature was determined by the ther-

mal shrinkage behavior profile, which can be seen in Fig. 3.

The slight expansion behavior under 1000oC might have

come from sensing or calibrating errors that are frequently

found in dilatometric measurement, but there was no influ-

ence on the interpretation of the sintering trend. The

shrinkage of the NiO-BZY tape, which is generated by the

sintering with reduction of the inter-particle distance,

begins from 1000oC and has a steep slope over 1450oC. This

indicates that rapid densification of the composite develops

at temperatures over 1450oC. It is well-known that a high

sintering temperature close to 1700oC is required to obtain

fully sintered BZY, due to this material’s poor sinterabil-

ity.30,31) Thus, the beginning of the shrinkage under 1300oC

is mostly led by the sintering of NiO particles. According to

the constraining network model of composite powders,32)

pre-sintered NiO forms a constrained matrix surrounding

BZY particles and imposes compressive stresses on the BZY

particles, allowing the BZY particles to be sintered at tem-

perature lower than 1700oC. With this understanding, it

can be explained that the changed shrinkage slope over

1450oC represents the simultaneous sintering of both mate-

rials. Therefore, the sintering temperature of 1450oC in the

study is sufficient for the fabrication of a fully sintered NiO-

BZY tape anode; the duration time was set at 10 h.

Figure 4 provides XRD patterns of the NiO (red line) and

BZY (blue line) raw powders and of the NiO-BZY anode

(black line) after sintering. The single phase XRD patterns

of the raw powders offer good references for each component

of the tape-cast anode, showing perfectly matched peak

positions. This indicates that no secondary phase is gener-

ated from the NiO-BZY composite during the sintering step.

Cross-sectional SEM images of the NiO-BZY anode after

sintering are provided in Fig. 5. Both layers of the AFL and

anode body are clearly discernable in the low magnification

SEM image given in Fig. 5(a). The thickness of the AFL was

identified as being about 30 µm in the observation. It is

shown that the spherical pores generated by the PMMA

pore-formers are well-dispersed in the anode body and the

denser AFL layer fully covers the anode body. In the high

magnification SEM image provided in Fig. 5(b), the well-

developed interconnectivity of the grains implies that the

tape-cast anode was fully sintered under the present sinter-

ing condition. From the SEM images, good adhesion at the

interface, without any cracks or delamination, between both

layers (AFL and anode body) is confirmed, indicating that

the fabrication conditions, including the use of organic addi-

tives, lamination, pressing, and a multistage heating sched-

ule, are appropriate to obtain NiO-BZY anode substrate as

intended. 

The surface morphology of the sintered NiO-BZY AFL is

presented in Fig. 6(a). Large NiO particles with a size of

approximately 5 µm can be observed on the fully dense sur-

Fig. 3. Thermal shrinkage behavior of the NiO-BaZr0.85Y0.15

O
3–δ

 green tape after lamination, obtained via dilato-
metric measurement.

Fig. 4. X-ray diffraction patterns of the NiO and BaZr0.85
Y

0.15
O

3–δ
 raw powders and of the tape-cast NiO-Ba

Zr
0.85

Y
0.15

O
3-δ

 anode after sintering at 1450oC for 10 h.

Fig. 5. Cross-sectional scanning electron microscopy images
of the tape-cast NiO-BaZr0.85Y0.15O3–δ anode after sin-
tering at 1450oC for 10 h with (a) low and (b) high
magnification.
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face, as shown in the SEM image. It is postulated that these

larger NiO particles originate because the relatively high

sintering temperature of 1450oC, due to the poor sinterabil-

ity of BZY, induces excessive grain growth of the NiO phase.

The over-grown NiO particles on the surface can cause dis-

continuity and weak interface adhesion in the deposited

electrolyte film on the anode substrate. Therefore, slight

surface grinding was conducted to remove the NiO parti-

cles; the surface SEM images of the AFL are provided in

Fig. 6(b). A surface morphology smooth enough to accept a

deposit of a dense oxide film is obtained on the AFL after

grinding. If the AFL is completely polished out, the anode

body is exposed and the surface morphology appears as

shown in Fig. 6(c). Large pores produced by PMMA on the

surface can critically harm the integrity of the thin electro-

lyte. Thus, it is important not to expose the anode body

layer during the AFL surface grinding.

On this optimized NiO-BZY anode substrate, stable and

reproducible high OCVs of around 1 V at 600oC were con-

firmed with merely ~ 2.5 micron-thick thin-film electrolytes,

along with highly enhanced fuel cell performance;33) on the

other hand, poor OCVs below 0.4 V were observed in the

thin-film PCFC fabricated on the anode substrate before

optimization. These results indicate that rather careful opti-

mization of the NiO-BZY anode is essential to achieve high

performance of the PCFC, particularly when using thin

electrolytes, because of the tricky sintering characteristics

of BZY. 

4. Conclusions

Proton conductive NiO-BZY composite anode substrate for

thin film electrolytes consisting of a dense AFL and porous

anode body is fabricated by the tape casting and sintering

process. The multi-stage sintering conditions are optimized

in the study based on measurement results from DSC-TGA

and dilatometry of laminated NiO-BZY tape, resulting in an

anode substrate with structural integrity. No secondary

phase is found in the XRD analysis, indicating that the com-

posite anode is obtained without any serious chemical reac-

tion between NiO and BZY during the sintering process. In

the SEM observations, it was found that the dense AFL

fully covers the macro pores exposed on the surface of the

anode body and induced by the PMMA pore-formers. Exces-

sively grown NiO particles, however, are observed on the

AFL surface; these are inevitably formed by the high sinter-

ing temperature of 1450oC, and thus additional grinding of

the surface is required for subsequent thin film electrolyte

deposition.
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