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ABSTRACT 
Fuel cells are electrochemical devices with higher efficiencies and compact footprint for green 
energy. With an increasing demand for alternative energy sources, solid oxide fuel cells (SOFCs) 
directly convert chemical energy to electrical power without combustion products. Miniaturizing 
the fuel cell technology entails benefits such as lower operating temperatures and higher power 
densities for several applications. In this research, the direct-write process is employed to 
fabricate micro sized coplanar single chamber solid oxide fuel cells. Slurry compositions of the 
electrolyte, anode and cathode electrodes were optimized for depositing fuel cell components. 
The deposited electrolyte layer displayed coarse grain structure providing electronic insulation 
and conduction of the ions. Higher solid loadings upto 50% were demonstrated for both anode 
and cathode trace electrodes. The cathode electrode showed a porous microstructure without 
islands to permit electrochemical reactions for the oxidant. Post annealing analysis revealed that 
the consistent shapes of the extruded electrodes were retained. This study showed a good 
potential for fabricating a novel type of fuel cell design towards green energy.     

Key Words : Co-planar design, Direct-write manufacturing, Green energy device, Process 
parameters, Solid oxide fuel cell 

 
INTRODUCTION 

The rapid rise in technological advancements 
coupled with an increased demand for energy 
has created a critical need to investigate 
alternative energy sources. Renewable energy 
sources such as wind, solar and hydro power 
have been studied vastly. However, they 
primarily depend on external constraints such 
as topography and the unpredictable supply of 
the natural resource such as wind, water and 
solar radiation. Fuel cells provide a green 
energy alternative to traditional combustion 
cycle driven power plants. A fuel cell is an 
electrochemical device that converts the 
chemical energy within a hydrocarbon fuel 
directly into electrical energy. Typically fuel 
cells utilize hydrogen as the fuel and combine 
it with oxygen to produce electricity, with 
water and heat as its by-product. Fuel cells 
have higher energy conversion efficiencies and 
lower  noise of operation without any pollution  

emissions. Solid oxide fuel cells (SOFCs) are a 
special class of fuel cells that use a solid 
ceramic material (solid oxide) that is 
conductive to oxygen ions (O2-). SOFCs 
produce heat as a result of the electrochemical 
reaction which can be used for co-generation 
applications. These types of fuel cells have one 
of the highest energy conversion efficiencies 
up to 60% and can use common hydrocarbon 
fuels such as natural gas, diesel, gasoline and 
alcohol without the need to reform the fuel into 
pure hydrogen.1-3 Miniaturization of solid 
oxide fuel cells has benefits such as increase in 
the volumetric energy density and higher 
conversion efficiency.4 Modern devices 
incorporate micro-electromechanical systems 
(MEMS) which need a power source with a 
smaller foot-print.5 The use of nano materials 
and microfabrication techniques has resulted in 
micro single chamber solid oxide fuel cells (µ-
SC-SOFC) that can meet this requirement.6  
Thus,  several micro electrode/electrolyte units  *Author for correspondence 
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can be stacked   together to form a fuel cell array 
with higher power output.7 In conventional 
SOFCs, the fuel and oxidant is supplied to the 
two electrodes without mixing and are separated 
by the solid electrolyte. However, this design has 
problems such as failure of seals due to high 
operating temperatures and thus degradation of 
the fuel cell performance. To overcome this 
limitation, researchers have proposed the single 
chamber solid oxide fuel cell design where the 
anode and cathode components are placed co-
planar on the electrolyte substrate.8-10 In this 
research, we propose the direct writing method to 
fabricate micro single chamber solid oxide fuel 
cells. Direct writing involves the extrusion of a 
suspension filament on substrate and is amenable 
for mass production. In this method, the 
suspension‘s solid loading can be increased up to 
60%. Unlike soft lithography, the direct writing 
method can process suspensions with much 
higher viscosities. Prof. Jennifer Lewis 
introduced the direct ink writing method to 
generate three dimensional ceramic structures.11 
This approach allows one to design and rapidly 
fabricate ceramic materials in complex 3D 
shapes without the need for expensive tooling, 
dies or lithographic masks.12 The ability to 
pattern ceramic materials in three dimensions 
(3D) is critical for structural and functional 
requirements in fuel cell manufacture.13,14 In 
2005, Yong Bum Kim successfully implicated 
the direct write technique to fabricate serial-
connected integrated planar solid oxide fuel.15 By 
utilizing this method they deposited the anode 
(YSZ+NiO) and cathode (LSCF) electrodes on a  

Yttria stabilized zirconia substrate. Sung-Jin Ahn 
et al. used the direct write technique to extrude 
the anode (NiO-SDC-Pd) and cathode16 (LSM) 
onto the substrate of YSZ through a syringe 
nozzle. The average width of anode was about 
500µm and that of cathode was about 450µm. In 
2007, Melanie Kuhn used the direct write 
technique to fabricate parallel-connected SC-
SOFC on an electrolyte pie.17 According to her 
research, the electrolyte width was more than 
500 µm. The average gap between the electrodes 
was around 1mm.  

AIMS AND OBJECTIVES 
Our team proposes the fabrication of micro 
single chamber fuel cells components at much 
smaller dimensions with the appropriate 
microstructure to develop a novel fuel cell design.  

MATERIAL AND METHODS 
In the direct-write process, the powdered 
electrode materials were first synthesized into 
inks or slurries. These slurries were extruded 
through a micronozzle onto an electrolyte plate 
mounted on a motion-controlled platform. The 
microfabricated structures were sintered to 
remove the organic components of the slurries to 
obtain porous electrodes. Processing–structure 
relationships were obtained using systematic 
experimentation for the direct-write 
microfabrication of nickel oxide–yttria stabilized 
zirconia (NiO–YSZ) anodes and lanthanum 
strontium manganite (LSM) cathodes on a YSZ 
electrolyte substrate. Fig. 1 illustrates the 
fabrication of anode and cathode electrodes 
using the direct write process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                 Fig.1: Fabrication of anode and cathode electrodes using direct write process
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The direct writing system comprised of a 
micro extrusion system, pressure regulator, 
sample holder and motion controller. The 
micro extrusion system includes air cylinder, 
piston, reservoir retainer and micronozzle. The 
key research tasks for manufacturing the 
SOFC using the direct writing method include, 
(1) preparation of the electrolyte substrate, (2) 
formulation of the anode and cathode electrode 
slurries and (3) optimization of the direct 
writing systems parameters. The electrolyte 
substrate was made of 66% YSZ (particle size 
55nm) and 34% YSZ (particle size 5-10 nm). 
The electrolyte substrate was pressed at 10000 
lb for 5 minutes and sintered at 1350°C for 10 
hours. After sintering, the substrate surface 
was polished using 180, 360 600 sand papers 
under 12 tons for 15 min each.Slurry 
preparation is a critical step for the direct-writing 
process. The viscosity of the slurry affects the 
choice of the direct writing pressure, velocity and 
distance between the nozzle and the substrate. 
Viscosity also has an influence on the widths of 
electrode deposited on the substrate and the 
shape of the structure after sintering. The anode 
material consisted of 60wt% NiO and 40wt% 
YSZ (8 mol% YSZ, particle size 55nm). For the 
anode slurry, the anode powders were mixed 
with an organic solvent α-Terpineol. The powder 
solid loading was between 35 - 50wt%. Triton X-
100 was used as a dispersant with a range 
between 1% - 1.5%. The mixture was prepared 
by ball milling in Spex Mixer/Mill (Spex 800 M).  

After 1 hour of milling, around 10 - 15% of 
binder - polyvinyl butyral (PVB) was added and 
milled for another hour. The viscosity of slurry 
was around 25000~35000 cps. The cathode 
material consisted of Lanthanum Strontium 
Cobalt Ferrite (LSCF). The slurry was prepared 
with the similar slurry preparation protocol such 
as the anode slurry. The viscosity of the cathode 
slurry varied between 20000~35000cps. 

RESULTS AND DISCUSSION 
Scanning electron microscopy was used to 
evaluate the microstructure of the fuel cell 
components and deposition patterns based on 
different slurry compositions. The deposited 
electrode traces and electrolyte pattern were 
sintered at high temperatures to anneal their 
microstructure.  
Electrolyte substrate  
Fig. 2 shows the SEM micrograph of the 
microstructure of the electrolyte substrate. As 
seen in the figure the (YSZ) powders have 
sintered to form a crystallographic structure with 
coarse grain structure. This microstructure 
provides the electronic insulation and the 
conduction of ions to initiate the flow of 
electrons from the anode to cathode sides. To 
overcome surface roughness for the deposition of 
the anode and cathode electrodes the top 
substrate surface was polished with 180, 360, 
600, 800 grit sand papers under 15tons for 30 
min each, respectively. 

         
Fig. 2 : (a) Cross-section of the electrolyte substrate and (b) Top view of electrolyte substrate and 

anode layer 
Electrode slurry formulation 
Fig. 3 shows the top views of lines written 
by the different concentration ratios of the 

anode slurries. For lines written by low solid 
loading concentrations, there exist islands of 
anode electrode on the electrolyte surface 

Electrolyte substrate  
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(Fig. 3(a)). However, lines written by higher 
solid loadings and lower binder 
concentration (8%) resulted in crack 
formations in the anode electrode structure 
as seen in Fig. 3(b). Fig. 3(c) shows that the 
line written by slurry with 50% solid loading, 
1% dispersant and 12% binder which,               
has porous micro contracture without islands. 
Similar to it, Fig. 3(d) differs with 12% 
binder Fig. 4(a) and Fig. 4(b) shows the 
cross section of electrode traces written       
by   the    slurry    with   higher solid loading  

concentrations (50%). These figures show 
that the nano powders are sintered together 
to form an optimum microstructure. The 
electrode trace has consistent shape with a 
thickness around 10-15µm. This type of 
microstructure permits the absorption and 
ionization of hydrogen fuel at the anode side 
of the fuel cell, thereby enabling the flow of 
electrons through the external circuit as 
described in equation (1). 

 e2H22H                       (1) 

  
(a)  (b) 

  
(c) (d) 

Fig. 3 :  Top view of anode electrode written by slurry with (a) 35% solid loading, 1% 
dispersant and 20% binder, (b) 50% solid loading, 1.5% dispersant and 8% binder,(c) 50% 
solid loading, 1% dispersant and 15% binder, and (d) 50% solid loading, 1% dispersant and 

12% binder 
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(a) (b) 

Fig. 4 : Cross-section of anode electrodes written by slurry with (a) 50% solid loading, 1% 
dispersant and 12% binder and (b) 50% solid loading, 1% dispersant and 15% binder 

Fig. 5(a) shows the top view and cross section 
of the LSCF line written by the slurry with 
50% solid loading, 1% dispersant and 15% 
binder. The line thickness was less than 10μm. 

The nano powders were sintered together with 
consistent electrode shape. The printed 
electrode trace shows a porous microstructure 
without island (Fig. 5(b)).  

  
(a) (b) 

Fig. 5 : (a) Cross-section and (b) top view of cathode electrode deposited by direct writing 

This allows electrochemical reactions to occur 
on both sides of the electrolyte substrate. On 
the cathode side, oxygen is adsorbed and 
ionized by picking up the arriving electrons 
from the anode side as shown in equation (2). 
The oxide ion travels through the electrolyte to 
the anode. Further the hydrogen ions (cations) 
and the oxide ion form a molecule of water as 
shown in equation (3). 
   2

2 24 OeO                       (2) 

OHOH 2
2

2
12                                   (3) 

The direct write process enabled the 
fabrication of fine electrode trace thickness (10 
to 15µm) for both the anode and cathode 
electrodes. Thus, by narrowing the gap 
between the electrodes we can reduce the 
ohmic resistance of the fuel cell. Further, the 
micro patterned electrode structures can 
produce higher power density in a reliable 
manner.  

CONCLUSION 
This research demonstrates the fabrication      
of  micro  single chamber solid oxide fuel cells  
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using the direct write manufacturing method. 
Using a combinatorial approach the slurry 
compositions of the fuel cell components were 
optimized to obtain appropriate microstruc-
tures. Scanning electron microscopy images 
revealed homogeneous and porous grain 
structure for the electrolyte component. Lower 
solid loadings (30%) resulted in crack 
formations, while, higher solid loadings (50%) 
with increased binder concentrations (12%) 
resulted in consistent anode electrode shape. 
Significant island formation and cracks were 
observed at binder concentrations lower than 
10%. For the cathode slurry, a 50% solid 
loading, 1% dispersant and 15% binder 
concentration generated homogeneous and 
crack-free microstructure. Using the direct 
write method we have deposited anode and 
cathode electrodes with around 10µm line 
thickness using a 100 µm nozzle. This research 
lays foundation for the fabrication of 
miniaturized solid oxide fuel cell components 
at much smaller length scales thus increasing 
energy densities for green power sources.  
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