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Atmospheric plasma spray (APS) was used to prepare the planar positive/electrolyte/negative (PEN)
and mono-block layer built (MOLB) type PEN solid oxide fuel cells (SOFCs). On the basis of the
spraying conditions optimized previously and the self-developed functionally graded powder feeder
system, two types of PEN cells were fabricated. Then the microstructure and material composition of the
PEN cells were analyzed. The results show that graded layers formed between the electrodes and
electrolyte. Moreover, the material composition and the porosity of the graded layers vary gradually. In
particular, the porosities of the resultant anode and cathode reach 32.74 and 32.24%, respectively. Using
the AC complex impedance technique, the conductivity of the MOLB type composite electrode is tested.
The electrical conductivity of the MOLB type composite electrode with the graded layers is larger than
that without the graded layers.
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1. Introduction

The solid oxide fuel cell (SOFC) has drawn keen
attention because of its high energy efficiency, low envi-
ronmental hazards, high power density, and excellent
integration with a simple reformer. Thus, SOFC is ex-
pected to realize commercialization within a few years and
be a promising candidate for future energy conversion
systems in the 21st century (Ref 1-3). However, the status
of the development is still at a moderate level, and some
key technical issues have not been resolved yet.

Generally, intermediate-temperature SOFCs operate
under high-temperature conditions (�600 to 1000 �C).
The strict bonding among each cell component results in
mechanical constraints; thus a slight mismatch in the
coefficient of thermal expansion (CTE) of cell compo-
nents causes large thermal stress (Ref 4). As a conse-

quence, CTE matching among the cell components is
indispensable to reduce the internal stress. In addition, the
contact state of the interfaces between electrodes and
electrolyte severely influences the output power of the
SOFC. Therefore, it is important to improve the interface
bonding and to avoid the segregation and breakage caused
by thermal expansion under cyclic high-temperature con-
ditions.

Functionally graded materials (FGMs) provide a solu-
tion for many advanced applications, where two or many
kinds of materials with distinct properties are required to
be integrated together. Therefore, FGMs have received
interest and have been applied in a wide range of appli-
cations, such as navigation industry, nuclear power source,
electrical material, chemical industry, and so forth (Ref
5-7). Recently, the theory of FGM has also been used in
SOFCs to effectively release the mismatch in the CTE and
improve the interface bonding.

In FGM research, how to fabricate the parts with FGM
is one of the most important areas. In the past, a huge
spectrum of processing methods to prepare the FGM had
been reported (Ref 8-12), including centrifugal separation
method, powder metallurgy, hot pressing, sintering, and
atmospheric plasma spray (APS) (Ref 13-20). Due to its
wide range of spraying material, flexibility, and low cost,
APS is the most commonly employed among these
methods. However. Little information is available about
fabricating functionally graded positive/electrolyte/nega-
tives (PENs) for SOFC application.

In this paper, a new three-hopper powder feeding
device was designed and developed for transporting many
kinds of powders with different feeding rates at same time.
The functionally graded planar and mono-block layer built
(MOLB) type PEN cells were manufactured by APS.
Then the microstructure and the material composition of
the resultant PEN cells were investigated and analyzed.
Finally, the electrical conductivity of the MOLB type
composite electrode with and without the graded layers
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were tested and compared using the (alternating current
(AC) complex impedance technique. On the basis of the
Arrhenius equation, the influence of temperature on the
electrical conductivities was also analyzed.

2. Experimental

2.1 Powder Feeding Device and Design of FGM
Component

During fabrication of the functionally graded PEN, a
three-hopper powder feeding device was applied to feed
two or more kinds of powders into the plasma torch (Ref
21). Figure 1 illustrates the principle sketch and photo-
graph of the device. During spraying, the piston driven by
the stepper motor moves accurately and transports the
powder into the cavity. The powder is dispersed by the
flexible brush and then is penetrated into the plasma jet
with the help of the carrier gas N2.

Powder feeding rate and its uniformity directly influ-
ence the material composition and proportion of the lay-
ers, which influences the mechanical and physical-
chemical performances of the PEN cell. So the feeding
rate of the three hoppers needed to be controlled precisely
and be adjusted sensitively. For the device shown in Fig. 1,
the powder feeding rate of every hopper was determined
by:

m ¼ ðq� n� P� p� R2 � tÞ=i ðEq 1Þ

where m is powder feed mass, q is density of powder, n is
rotation speed of stepper motor, P is the screw pitch, R is
radius of steel bushing, and i is velocity ratio coefficient of
worm and gear. During the preparation process, n is the
only adjustable parameter during spraying. Therefore, the
powder feeding rate is determined by the rotating velocity
of the stepper motor (n). On the basis of the calibration
experiments, the relationship between the powder feeding

rate and the rotating velocity of the stepper motor is
shown in Fig. 2.

The functionally graded PEN presented in this paper
contained two additional graded layers between the elec-
trodes and electrolyte, which differs from the traditional
PEN with only three layers. The graded layer (PE) was
prepared between the anode and the electrolyte, and an-
other layer (EN) was prepared between the electrolyte
and the cathode. To gradually change the material com-
ponents and the performance of the graded layers, the PE
and EN layers were divided into 15 sublayers (PE1 to
PE15, EN1 to EN15). Each sublayer was presettled with
different spraying conditions illustrated in Fig. 3. During
the preparation of the graded layers, two powder hoppers
worked simultaneously, and two kinds of SOFC materials
were provided according to the different mixture ratio to
meet with the requirements of the graded PEN design.

Fig. 1 The principle sketch (a) and photograph (b) of the three-hopper powder feed device

Fig. 2 Variation of the powder feed speed versus the rotation
speed of the electric stepper motor
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2.2 Preparation of Material

Commercial 8YSZ (8 mol% yttria-stabilized zirconia
oxide, WIENER Corp., China) and Ni (WIENER Corp.,
China) (45 vol.%) powders were mixed for the starting
anode material. A quantity of carbon powder was added
to the starting anode material to increase the porosity of
the anode. The powder mixture after ball milling for 24 h
was dried at 80 �C in a baking oven and then crushed. The
powder mixed with polyvinyl alcohol was screened and
heated at 160 �C in an insulated box for 3 h to make it
suitable for APS. Then the particle dimension distribution
was adjusted to the range of 90 to �120 lm for good
flowability.

Commercial WIENER 8YSZ powder, which has a
primary particle size of �1.97 to 18.07 lm within a gran-
ule, was also ball milled and crushed by the same prepa-
ration means of the anode material mentioned previously.
Then the particle dimension distribution was adjusted to
the range of �70 to 100 lm prior to deposition of the
electrolyte coating.

Considering the good chemical-thermal stability and
high electric conductivity, La0.8Sr0.2Co0.5Fe0.5O3 primary
powder was prepared via the sol-gel route for the cathode
powder. Firstly, the stable solution was formed, mixing the
LaNO3 (lanthanum nitrate) solution, SrNO3 (strontium
nitrate) solution, Co(NO3)2 (cobalt nitrate) solution, and
Fe(NO3)3 (ferrum nitrate) solution according to the stoi-
chiometric proportion. After the solution flowed inversely
for �2 to 3 h at 80 �C and evaporated on a thermal plate,
a homogeneous sol formed that was then heated to form
the gel. The gel was calcined in a specific stove for 2 h and
crushed to form the La0.8Sr0.2Co0.5Fe0.5O3 primary pow-
der. To improve the flowability of the powder, the
La0.8Sr0.2Co0.5Fe0.5O3 primary powder was also screened
and heated at 160 �C in an insulated box for 3 h. Finally,
the particle dimension distribution was adjusted to in the
range of �90 to 120 lm.

2.3 Preparation of PEN

Mild steel plates (Q235) of size 100 by 110 by 4 mm3

were selected as substrates. They were previously grit
blasted and cleaned in acetone prior to spraying. The grit-
blasting material was corundum with the particle size of 83
to 840 lm, and the other conditions included gas pressure
of 6.5 MPa and distance of (120 mm. Other ceramic sub-
strates of size 120 by 80 by 15 mm3 were also used.
Experimental trails were carried out with a Metco 9MB
gun (Sulzer Metco Corporation supplied in China) under
ambient atmosphere.

Some major plasma spraying parameters, such as
plasma power, powder feeding rate, spray angle, robot
scanning step, velocity, and so on, significantly influence
the microstructure of as-sprayed coatings, which in turn
determines the catalytic activity and ionic conductivity of
all three components of PEN. These parameters also
influence the uniformity of the temperature and stress
distribution during the coating deposition, which deter-
mine the microstructure of the PEN SOFC. In particular,
the spray angle severely influences the porosity of the
electrodes. Generally, the porosity increases with the
decreasing of the spray angle, which is measured between
the axis of spray gun and the sprayed plane. So the APS
parameters must be optimized to process the cell com-
ponent material into the desired macrostructure and
favorable microstructure. On the basis of the simulation
and experimental results (Ref 22-23), the spray parame-
ters were optimized and are listed in Table 1.

The geometry model of the PEN is described in Fig. 4.
Figure 5 shows the flowchart of the PEN preparation
used for this paper; the functionally graded PEN was
separated from the substrate using the grinding method
(see Fig. 6).

Fig. 3 Powder feed rate and spraying time of the graded layers

Table 1 Processing parameters of the PEN fabricated
by APS

Power,
kW

Interval,
mm

Spray angle,
degrees

t,
min

Ni + YSZ8 28 12 65 48
Graded layer 36 11/10 75 to 82 20
YSZ 39 10 90 30
Graded layer 36 10/11 82 to 75 20
LSCF 32 10 65 40

Fig. 4 The CAD model of the corrugation type PEN prototype
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3. Results and Discussion

3.1 Material Composition and Microstructure
Analysis of PEN

Using the electron probe microanalyzer (EPMA-1600,
JINDAO International Trade Corp., Japan), the material
elements and microstructure of the PEN were analyzed
qualitatively and quantitatively. Figure 7 illustrates the
surface line-scan photograph of the planar and MOLB
type PEN coatings, respectively. The PENs are composed
of anode, graded layer, electrolyte, graded layer, and
cathode. In the two graded layers between the electrodes
and the electrolyte, the material compositions gradually
vary. The porosity of the PE graded layer changes grad-
ually from high to low, and the porosity of the electrolyte
is less than 3%. However, the porosity of the EN graded
layer gradually changes from low to high. The thicknesses
of the anode, the electrolyte, and the cathode are 200, 60,
and 100 lm, respectively. To prevent increasing the
resistance of cell, the graded layer is only �20 to 30 lm
thick.

According to the energy spectral analysis, four kinds of
material elements (La, Sr, Fe, Co) are observed in the
cathode layer, two kinds of elements (Y, Zr) are in the
electrolyte layer, and three kinds of elements (Y, Zr, Ni)
are in the anode layer, as shown in Fig. 8. Moreover, the
material composition in the PE and EN layers gradually
change according to the element distribution in graded
layers, so the performances of the graded layers may

gradually change. As a result, the mismatch of the thermal
expansion between the electrodes and electrolyte is re-
leased, which must decrease the possibility of the cracking.

Generally, the anode and the cathode layers of the
PEN need to be highly porous for better fuel/oxygen
permeability and catalytic activity, but the electrolyte
layer needs to be fully dense and thin. Using the Quanta
200-type Environmental Scanning Electron Microscopy
(ESEM; FEI Corp., USA), SEM (secondary electron)
micrographs of the anode, the electrolyte, and the cathode
were made (Fig. 9). The electrolyte layer exhibited a
dense lamellar microstructure, and the electrolyte porosity
was less than 3%. The anode and the cathode layers were
obviously porous, as shown in Fig. 9(b) and (c). Moreover,
using the image analysis method, porosity of the anode
and the cathode was tested and reached 32.7 and 32.4%,
respectively.

3.2 AC Complex Impedance Analyses

Alternating current complex impedance measurement
was carried out to test the resistance of the two kinds of
composite electrodes, one of which consisted of the cath-
ode, EN graded layer, and the electrolyte, and the other
consisted of the cathode and the electrolyte. The resis-
tance included the grain resistance (Rg), intergrain resis-
tance (Rgb), and the interface contact resistance between
components of the composite electrode (Rct) (Ref 24-25).
The corresponding ideal AC complex impedance plots
(Cole-Cole half circle) and the equivalent circuit are

Fig. 5 The flowchart of rapid preparation of PEN by plasma spraying

Fig. 6 Photograph of the ceramic prototype (a) and the PEN before separating from the ceramic substrate (b)
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shown in Fig. 10. According to the Cole-Cole half circle,
the resistances were defined as:

Z0 ¼Rg þ Rgb þ Rct -! 0

Z0 ¼Rg -!1
ðEq 2Þ

On the basis of the intercept of the Cole-Cole half circle
on the Z¢ axle, the grain resistance, intergrain resistance,
and the interface contact resistance were obtained.

The AC impedance device (VMP/2, Princeton Applied
Research Corp., USA) and the two-electrode method
were applied to test the electrical conductivity of the
composite electrodes. In the AC complex impedance
testing, Pt slurry, of the area of which was 5 mm diameter,
was coated on the electrolyte and electrode layer. Pt wire
was welded to contact with the Pt slurry areas, and then
the pigtail of the Pt wire contacted with the AC imped-
ance tester. Under the air and nitrogen environment, the
complex impedance of composite electrodes was tested.
Some AC complex impedance plots were obtained by
increasing the testing temperature from 500 to 800 �C and
changing the test frequency in the range of �10 to
200 MHz.

In general, the electrical conductivity of the composite
electrode varies with temperature. The variation relation
between the electrical conductivity and temperature is
described by:

r ¼ r0exp � Ea

KT

� �
ðEq 3Þ

where r is electrical conductivity, r0 is conductivity con-
stant, Ea is electric conduction activation energy of
material, K is Boltzmann constant, and T is testing tem-
perature.

Figures 11 and 12 show the AC complex impedance
plots of the two kinds of the composite electrodes. As can
be seen, the grain resistance and the interface resistance of
the composite electrodes decrease with the increase in

Fig. 7 Photographs of surface linear scan of the planar PEN (a)
and the MOLB type PEN (b)

Fig. 8 Element energy spectrum of the planar PEN (a) and the MOLB type PEN (b)
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temperature; namely, the negative temperature coefficient
(NTC) effects of composite electrodes appeared.

To investigate the variation of the resistance with
temperature quantitatively, Eq 2 was used to analyze the
testing results shown in Fig. 11 and 12, and the Arrhenius
curves (ln r - 1/T) of electrical conductivity and temper-
ature were obtained.

Fig. 9 Scanning electron micrographs of the electrolyte (a), the
anode (b) and the cathode (c) of the MOLB type PEN

Fig. 10 Ideal AC complex impedance plots and the equivalent
circuit diagram

Fig. 11 AC complex impedance plots of the PEN with the
graded layer

Fig. 12 AC complex impedance plots of the PEN without the
graded layer
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As shown in Fig. 13 and 14, in the testing temperature
range, logarithmic conductivities (ln r) of the two com-
posite electrodes vary linearly with 1/T. With the increase
in testing temperatures, the grain resistance and the
interface contact resistance decrease. In particular,
the interface resistance of the composite electrode with
the graded layer is far less than that of the composite
electrode without the graded layer. Because the material
and microstructure of the interface between the electro-
lyte and the graded layer and the interface between the

graded layer and the cathode were not obvious, and the
composition in the graded layers gradually change from
the cathode to the electrolyte, the conductivity of the
composite electrode gradually changes from the cathode
to the electrolyte through the graded layer. However, due
to the obvious variation of the material components and
microstructure, the interface resistance of the composite
electrode without the graded layer increased sharply.

4. Summary and Conclusions

Using a specially developed three-hopper powder
feeding system, the graded functional planar and MOLB
type PEN cells were fabricated by APS. Following the
adjustment of the spray parameters and the addition of
carbon powder into the anode powder, the porosities of the
anode and the cathode were 32.74 and 32.24%, respec-
tively, and the porosity of the electrolyte was less than 3%,
which is sufficient to the operating requirements of SOFCs.
The composition and microstructure of the PEN gradually
vary, and the thicknesses of the graded layers were con-
trolled in the range of �20 to 30 lm. According to the AC
complex analysis results and comparison with the electrical
conductivity of the MOLB type PEN without the graded
layers, the electrical conductivity of the MOLB type PEN
with the graded layers increased sharply.
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