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bstract

y using the atmospheric plasma spraying (APS) technique for SOFC fabrication, we can avoid the thermal failure between the components of
OFC which made from the traditional sintering method at high temperature. The advantage of porous metal supported SOFC produced by the
PS process is that the process is simple and low cost. The purpose of this study was to manufacture a porous Ni/CeO2 anode of intermediate

emperature SOFC. By introducing the pore former into the feedstocks, the porous structure of the Ni/CeO2 anode was obtained by plasma spraying
ethod. In this study, the feedstock of the NiO/CeO2/Na2CO3 powder made by the spray granulation is spherical; the powder structure is compact

nd a hollow hole inside the powder, hence more porosity (29.1%) of the as-sprayed coating was found and the pore distribution is more uniform.
he remainder oxygen vacancies are existed in the reduced anode coating. Use of undoped ceria as an anode material appears to be feasible.
he NiO/CeO2/Na2CO3 powder formed the higher bonding strength coating with 33.6 MPa. The electron conductivity was obtained with around
00 S/cm in 700 ◦C. The other properties of the anode were discussed in the paper.
 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Solid oxide fuel cells (SOFCs), which use solid oxides
s electrolyte, are electrochemical devices that transform the
hemical energy of fuel (hydrogen natural gas, etc.) directly
o electrical energy. SOFC possesses some unique advantages
ver the traditional power generation technologies, including
nherently high efficiency, low greenhouse emissions and fuel
exibility. As highly efficient and pollution-free energy sources
OFCs have been intensively studied during the past decade.1

Conventional solid oxide fuel cells (SOFCs) based on
ttria stabilized zirconia (YSZ) are normally operated at very

◦
igh temperatures, above 800 C. High-temperature operation
hat induces considerable reactions at electrode/electrolyte and
lectrode/interconnect interfaces, resulting in deteriorated cell

∗ Corresponding author.
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erformance and lifetime. To overcome these problems, most
ecent research and development activities have focused on
he development of intermediate-temperature solid oxide fuel
ells (IT-SOFCs) that can be operated at a temperature range of
00–700 ◦C.2–5 The research and development of SOFCs oper-
ted at 500–700 ◦C is very important because it can lead to the
se of low-cost metallic alloys in SOFCs with a fast start-up.

Several approaches of fabricating SOFC components are
xisted. They include chemical vapor deposition (CVD), electro-
hemical vapor deposition (EVD), sol–gel method, tape-casting,
creen-printing, physical vapor deposition (PVD) and plasma
praying.6–15 Among these approaches, atmospheric plasma
praying (APS) is a fast process, no or only slight post process-
ng of the product is necessary. It is known that the conventional
hin film techniques, such as tape casting, screen printing and
ip molding, have to go through a high temperature sintering

rocess. For large area cells, this step will inevitably introduce

 lot of defects, such as warp, crackle and pore. Meanwhile,
igh temperature sintering processes can also induce reactions

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.001
mailto:ycyang@ntut.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.001
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Fig. 1. (a) Morphology and cross-sectional view of the NiO/CeO2/Na2CO3
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etween function layers, but, the plasma spraying process is a
ast sintering process, interaction between electrode interface
ould be reduced.16,17 The main advantage of porous metal-
ic supported thin-coating cell fabricated by APS is to allow
nlarging the cell area without sintering defects and improve its
echanical properties.18 In addition to high material deposition

ates, plasma spraying processes can easily control the compo-
ent composition and microstructure through variation of spray
arameters, hence, plasma spraying process has thus appeared as

 promising candidate for inexpensive and fast cell production,
nd attracted much attention.17,19

As stated, the porous structure in a plasma sprayed anode
or SOFC might be very important for the efficiency of the
ell system and success in application, but, academic stud-
es on this subject are scarce. In the work of Zheng et al.,20

i/8YSZ anode coating were deposited onto a porous Ni-plate
ubstrate by atmospheric plasma spraying. By proper selec-
ion of the spray parameters to decrease the particles velocity
nd temperature, the sprayed NiO/8YSZ coating after reduc-
ng with hydrogen shows a good electrocatalytic activity for H2
xidation. Hwang et al. used the agglomerated nanostructured
iO/YSZ powders to produce nanostructured NiO/YSZ coat-

ngs by plasma spraying.21 After reduction in 7% hydrogen, a
ovel SOFC anode with nano pores and nano pore channels were
roduced. These nanostructured features can provide more triple
hase boundaries for hydrogen oxidation reactions and that are
xpected to have a lower polarization loss for SOFC anode appli-
ations. Ma et al. mentioned that a porous Ni/LDC anode layer
as been produced in the solution precursor plasma spray (SPPS)
rocess.22 The SPPS-deposited anode coating is highly porous
ith porosity 40–45%. Unlike the case of disk-like pores in con-
entional plasma spraying, the SPPS will produce near-sphere
haped pores. However, the over porosity might damaged the
node structure and lower the durability of cell system, espe-
ially for the anode support SOFC. In the past work, it was
hown that Young’s modulus of NiO-YSZ decreases almost by
alf with increase in porosity from 0 to 23 vol%.23

Among the most used electrolyte materials, ceria, in particu-
ar, represents a considerable challenge because of its insulating
roperties, remarkable chemical stability and small lattice mis-
atch with Nickel.5 At present, a cermet consisting of Ni-metal

nd doped ceria is widely used as an anode material in intermedi-
te temperature SOFCs. Coating prepared through plasma spray
rocess from high temperature (over powder melting point) to
apid cooling contains plenty of amorphous phases and dis-
layed the low crystallinity. For electrolyte material, the plasma
prayed undoped ceria coating represents partial amorphous
tructure, it could be considered as the conduction path of oxy-
en ion. Due to the low cost of undoped ceria as compared
ith SDC or GDC, the plasma sprayed undoped ceria with ionic

onductivity might be a low cost electrolyte for industrial appli-
ation. Therefore, in the present study, the undoped ceria was
mployed. The porous electrode coating of Ni/CeO2 on the stain-

ess steel was made by the plasma spraying. We introduced the
a2CO3 powder as the pore former into the NiO/CeO2 compos-

te powder, the composite NiO/CeO2/Na2CO3 powder from the
pray granulation was employed for the plasma spraying. The

s
m
t

omposite powder, (b) morphology of the as-sprayed N1 coating and the mag-
ified needle-like crystal.

icrostructures, porosity, phase composition and crystallinity
f the anodes made from various spraying parameters were
ompared.

. Materials  and  methods

.1.  Specimens  preparation

In this study, the commercial NiO with particle size of
.2–0.5 �m and the CeO2 with particle size of 0.07–0.1 �m were
mployed as the raw materials. Composite powder for plasma
praying process was fabricated by spray granular method
spray dry) after ball milling. The composition of the com-
osite feedstock is NiO, CeO2 and the Na2CO3 as the pore
ormer (NiO:CeO2:Na2CO3 = 6:4:1 wt%). Fig. 1(a) shows the
orphology of the granulated feedstock with around 30–70 �m

n diameters with a good flowability, which is suitable for
he plasma spraying process. The inset is the cross sectional

icrostructure of the powder. The typical structure with a
hrinked hole was found after the drying and granulating pro-
ess. In the porous shell part, the gray NiO and white CeO2
article were mixed well with pore former.

Among all fabrication techniques, the atmospheric plasma

pray (APS) procedure seems to be the most cost-effective
ethod. One more important advantage is that APS is effec-

ive for any shape of substrate, so that the coating could be



Journal Identification = JECS Article Identification = 8287 Date: September 17, 2011 Time: 1:37 pm

Y.-C. Yang, Y.-C. Chen / Journal of the Europea

Table 1
Plasma spraying parameters of the NiO/CeO2/Na2CO3 coating.

Spraying parameters NiO/CeO2/Na2CO3

N1 coating N2 coating

Power (kW) 50 25
Torch current (A) 660 660
Primary gas (Ar) (l/min) 50 50
Secondary gas (H2) (l/min) 14 0
Stand-off distance (cm) 7.5 7.5
Feedstock carrier gas (l/min) 2.5 2.5
Powder feed rate (rpm) 20 20
Surface speed, Vs (rpm) 150 150
T
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make ventilation for fuel gases. Fig. 2(b) shows cross section of
ransverse speed, Vt (mm/sec) 5 5

asily coated on the tubular substrate. Discs of 304 stainless
teel, measuring 3 mm (t) ×  25.4 mm (φ), were selected as sub-
trates. Prior to spraying, all the substrates were cleaned in
cetone ultrasonically and then grit blasted with Al2O3 sand to
oughen the surface (Ra = 3.5 �m). In plasma spraying process,
he feedstock powder was carried by high purity argon gas to
he plasma torch of the plasma spraying system (Sulzer Metco),
he feedstock powder were vertically injected into the plasma jet
enter and then highly deposited onto substrate. The spraying
arameters and specimen conditions are shown in Table 1, two
praying power 50 kW and 25 kW were employed and two kinds
f anode coating were prepared (N1 and N2). The as-sprayed
iO/CeO2/Na2CO3 anode was soaked in DI water to remove

he pore former (Na2CO3). Finally, the soaked anode coating
as processed with reduction treatment at 800 ◦C for 2 h in the

tmosphere of 5% hydrogen, and then the Ni/CeO2 anode was
btained.

.2. Characterization  of  plasma  sprayed  anode

The melting characteristics of the feedstocks were assessed
rom the surface morphology of the sprayed anode coatings via
EM. The porosity of the coatings were examined cross sec-

ionally by BEI (backscattering electron image) of SEM, and
hen quantitatively determined by an image analyzer (Image-
ro Plus 5.0). The phase constituents of the anode coating and

he prepared feedstocks were identified by X-ray diffractome-
ry. Moreover, the index of crystallinity (IOC, %) of the coating
as evaluated from the ratio of the main peak intensities of the

node coating (Ic) and the raw powder (Ip) by the relation of
OC (%) =  (Ic/Ip) ×  100%.24,25 This method suggests that the
OC of the raw powder is 100%. To ensure that the data obtain
orrectly, all the measurements must be carried out under the
ame conditions, such as sample weight, X-ray diffractometer’s
onditions and parameters of measurement.

The Raman mode of cerium and the oxygen vacancy in
he as-sprayed and reduced anode coating were obtained from
he Raman shift profile. Raman spectra were taken in the
ackscattering configuration and analyzed using Omicron Laser

ontroller software. We used the 532 nm line of laser as an
xcitation source. The conductivity of the reduced Ni/CeO2
node was measured in the atmosphere of 5% hydrogen from

t
i
i
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oom temperature to 800 ◦C by the DC four-terminal method
sing Agilent Technologies 34970A and 6645A data acquisi-
ion/switch units with silver as the metallic electrode and wire.

The bonding strength of the anode coating was tested using
 standard adhesion test (ASTM C-633)26 that was especially
esigned for plasma-sprayed coatings. The test bar was a cylin-
rical rod of 304 stainless steel, measuring 2.54 cm in diameter
nd 5.5 cm in length. Anode coating with a thickness of around
50 �m were plasma sprayed on the substrate fixtures. The fac-
ngs of the loading fixtures were grit-blasted and attached to the
urface of the HACs using special adhesive glue (METCO EP-
5) with an adhesive strength of about 60 MPa. The assembly
as held perpendicularly and placed in an oven at 180 ◦C for 2 h.
fter the bonding glue was cured and hardened, the assembly
as loaded in the Instron machine for the measurement of the

ensile bonding strength.

.3.  Porous  metallic  substrate

The powders for the development of metallic substrates were
04 stainless steel and nickel powder, 9 wt% PVA was added as
he binder and the pore former. Metallic powders with particle
izes between 10 and 30 �m have been used for the press-less
intering process with which the substrates were produced. The
intering was progressed in the vacuum furnace with 10−6 torr.
he heating program was holding at 600 ◦C an hour for debind-

ng and sintering. Then, the metallic powders were sintered at
000 ◦C with 1 h, 2 h and 3 h holding time in respectively. The
orosity, gas permeability and strength of metallic substrate
ere evaluated under various sintering time. After then, the
iO/CeO2 anode coating was plasma sprayed onto the porous
etal substrate using the N1 spraying parameters in Table 1.

. Results  and  discussion

.1.  Characteristics  of  N1  anode  coating

Fig. 1(b) shows surface morphology of the as-sprayed N1
node coating. The coated surface reveals high roughness and
orosity. From the figure evidently observed are a number of
eedle-like crystals, known as sodium compounds by EDS anal-
sis. Whether they are sodium oxides or sodium carbonates is
et to be clarified. Compared with what observed in Fig. 1(a),
he needle-like crystals were not found in the original feedstock
owder, suggesting that they should grow during the melting
rocess. The needle-like crystals could be dissolved after soaked
he as-sprayed N1 coating in the water, leaving holes in the coat-
ng surface, as shown in Fig. 2. In Fig. 2(a), the observation
s apparently porous coating surface with large roughness. The

icrostructure reveals holes that resulted from dissolution of the
eedle-like crystals by water, with hole-size of about 1–2 �m or
maller. With the structure that the holes are channeled up-and-
own with one another, in SOFC these connected channels will
he coating layer under BEI mode. Thickness of the coating layer
s about 50–80 �m. Size of the holes distributed in the coating
s about 0.5–5 �m. In the structural profile of coating, the light
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Fig. 2. (a) Morphology of the soaked N1 anode coating with porous and rough
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Fig. 5(b) shows the XRD pattern of as-sprayed N1 anode coating,
it can be found that the main composition is NiO and CeO2, but
in the figure observed is a small amount of metallic Ni, formed
urface, (b) cross sectional view of the soaked N1 anode coating with porous

tructure.

olor is cerium oxide while the grayish is nickel oxide. These
wo materials are uniformly distributed in the coating.

The N1 anode coating was processed then with reduction
reatment at 800 ◦C for 2 h in the atmosphere of 5% hydrogen.
ig. 3(a) shows the resultant surface of the coating, due to vol-
me shrinkage when the nickel oxides were reduced to nickel,
bserved in the inset are holes of sub-microns (as pointed out
y the arrow) besides those formed after the spraying process
ith addition of pore former. In addition, particles of size about

 �m were observed on the coating surface, as shown in the posi-
ion marked 1 of the inset. By EDS analysis, the particles were
ickel (Fig. 3(b), spectrum 1). In area of the coating with sub-
icron holes (Fig. 3(a), in the position marked 2), the material is

omposed of nickel and CeO2 (Fig. 3(b), spectrum 2). Fig. 4(a)
hows the cross section of the coating with clear stratum and
ore structures. Fig. 4(b) shows that the sub-micron holes are
istributed throughout the coating. Increase of these tiny holes
nhanced amount of the triple phase boundary (TPB) of the
node coating. Furthermore, by the mapping analysis shown in
ig. 4(b), the uniform distribution of nickel and cerium demon-
trates that a large number of TPB were formed in the anode
oating layer, increasing conductivity of electrons and oxygen
ons in the anode and enhancing the rate of electrochemical

eaction.

Fig. 5(a) shows the NiO and CeO2 diffraction peak of the
eedstock (NiO/CeO2/Na2CO3 composite powder) made from

F
a
N

ig. 3. (a) Morphology of the reduced N1 anode coating, (b) EDS analysis of
he particles in the positions marked 1 and 2 in (a).

he spray granulating, while the pore former Na2CO3 was not
een in the XRD pattern because of its weak diffraction signal.
ig. 4. (a) Cross sectional view of the reduced N1 anode coating, (b) mapping
nalysis and illustration of the sub-micro channel, pores and cracks in the reduced
1 anode coating.
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Fig. 6. (a) Morphology of the N2 as-sprayed coating, (b) morphology of the N2
c
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the distribution of pores was more uniform. Moreover, appar-
ig. 5. X-ray diffraction pattern of (a) feedstock powder, (b) N1 as-sprayed
oaing, (c) N1 reduced coating, (d) N2 as-sprayed coating.

y reduction of NiO in the spraying process. The XRD pattern of
he reduced N1 anode is shown in Fig. 5(c), where the diffraction
eak of NiO disappears. Rather, it shows the diffraction peak of
etallic Ni. That manifests the coating was a porous anode of
i/CeO2 after the hydrogen reduction.

.2. Characteristics  of  N2  anode  coating

In this study, the gases for plasma spraying are argon and
ydrogen (Table 1). The diffraction peak of metallic Ni observed
n Fig. 5(b) was presumably that the hydrogen used in the spray-
ng process reduced a small amount of NiO into Ni. As a proof,
praying process did not use H2 as a secondary gas and spraying
ower greatly reduced to 25 kW per N2 spraying parameters, as
hown in Table 1. The XRD spectrum of N2 anode coating is
hown in Fig. 5(d). The diffraction peak of metallic Ni is not
bserved. It is evident that the use of hydrogen caused reduction
f a small amount of Ni in the making of anode coating with the
1 spraying parameters.
Fig. 6(a) shows surface morphology of the N2 coating.

ecause decrease of spraying power diminished molten state of
he coating, the layer was mostly accumulation of semi-molten
plats; also, the growth of needle-like crystals was not obvious
hat resulted from residue of the pore former. The remaining pore
ormer would be dissolved after the N2 coating was soaked in the
ater, leaving holes on the coating surface, as shown in Fig. 6(b).
ompared with the N1 coating, the N2 coating was mostly accu-
ulated by semi-molten splats because of lower spraying power.
his phenomenon actually enhanced coating porosity; size of the
oles in the N2 coating was about 0.5–3 �m. Fig. 7 shows cross
ectional view of the N2 coating with thickness of 50–70 �m
fter soaked in the water. Because the N2 coating was prepared
y low power, the molten state of the powder was lessened but the

orosity was enhanced and the pores were uniformly distributed.

In Fig. 8(a) the morphologies of the reduced N2 coating is
bserved. The volume of nickel oxides shrank during the reduc- F
oating after soaking in the water.

ion process, resulting in holes of sub-microns in the coating,
esides those formed after the spraying process with addition
f the pore former. Fig. 8(b) shows cross sectional view of the
oating that contains clear layer and pore structures. It evidently
hows that the sub-micron holes distributed throughout the coat-
ng. Increase of these tiny holes enhanced the amount of triple
hase boundary (TPB) of the anode coating. Compared with the
1 coating, the N2 coating had inferior molten powder and there-

ore loose coating structure, but the porosity was enhanced and
ig. 7. Cross sectional views of the N2 anode coating soaking in the water.
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ig. 8. (a) Morphology and (b) cross sectional views of the reduced N2 anode
oating.

ntly the number of triple phase boundaries (TPB) was much
ore than that in the N1 coating.
The porosity of SOFC anode must be greater than 30% for

eveloping better function. Therefore, porosity is an important
ndex in improving anode preparation. Fig. 9 shows the porosity
f as-sprayed N1 coating can be up to 29.1% and that of N1
node is 34.1% after reduction. Furthermore, Fig. 9 also shows
he porosity with 32.1% of the as-sprayed N2 coating, and it can

e up to 37.2% after reduction. With general plasma sprayed
oating, the porosity is only about 20% in the coating. Thus, the
ddition of pore former to initial composite powder in the gran-

ig. 9. Porosity of the plasma sprayed anode coatings before and after reduction
n H2 atmosphere.

s
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ig. 10. Bonding strength of the plasma sprayed anode coatings before and after
eduction in H2 atmosphere.

lation process can effectively enhance porosity of the anode
oating.

.3. Bonding  strength  between  anode  coating  and  substrate

Bonding strength between anode coating and substrate is
hown in Fig. 10. The bonding strength was 33.6 ±  4.8 MPa
or the as-sprayed N1 coating (NiO/CeO2) prepared by high-
ower spraying, while that was 25.6 ±  3.7 MPa after reduction,
ower than the value before reduction. The difference was mainly
ue to increase of the porosity in the anode after reduction
hat affects the bonding strength of the coating. Similar result
as obtained with the N2 coating that was prepared by low
ower spraying, as in Fig. 10, that the bonding strength after
eduction (24.4 ±  4.0 MPa) was lower than that before reduc-
ion (35.0 ±  4.4 MPa). Moreover, the N1 and N2 coatings were
imilar in strength of bonding with the substrate. It is worth not-
ng that the porosity of the two as-sprayed coatings was more
han 30% and the bonding strength is above 24.4 MPa after coat-
ng reduction. Both met the specification of general purpose in
equirement of whether porosity or bonding strength of coating.

In this study, thickness of specimens used for bonding
trength measurement was above 100 �m, complying with the
STM-C633 standard. Cross sections of fracture after bonding

trength tests and failure modes are shown in Fig. 11. Illustrated
n Fig. 11(a) is a schematic diagram of two failure modes: cohe-
ive failure of coatings and adhesive failure of interfaces. The
ailure mode applied in this study was hybrid breaking. Part of
he failure was applied between the anode and the substrate;
he other part of the breaking was applied inside the coatings.
iewed from the fracture surface, the failure can be divided into
rea failure and point failure, as shown in Fig. 11(b). Region

 shows point failure that fracture started in the coating or
etween coating and substrate interface; the section area of each
ndividual facture was very small. Therefore, on the fracture sur-
ace, granular protrusions were observed on the loading fixture
urface while granular concavities were observed for substrate
xture surface. Region B shows area failure that the section area

f single fracture was larger than that of point failure; fracture
tarted in the coating or between coating and substrate interface.
rom literatures it showed that the lower the bonding strength
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Fig. 11. Illustrations of the failure mode analysis after bonding strength test,
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Table 2
Oxygen vacancies in the CeO2 of anode with various conditions.

As-sprayed CeO2 Reduced CeO2

N1 coating N2 coating N1 coating N2 coating

Oxygen vacancy (IN/IM) 0.61 0.17 0.06 0.03
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a) illustration of the adhesive and cohesive failure mode in the coating, (b) the
ailure site observation with the point failure (A) and the area failure (B).

etween the coating and the substrate, the more failure tended
o be large area failure; on the contrary, the higher the bonding
trength, the failures were almost point failure.

.4. Raman  spectra  analysis

Raman spectra of plasma sprayed undoped ceria before and

fter reduction are shown in Fig. 12. These spectra display
he intense Raman bands with maximum amplitude at around
54 cm−1 and 463 cm−1. The main band of both reduced anode

Fig. 12. Raman spectra of the N1 and the N2 coating.

f
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rystallinity, IOC (%) 42% 58% 78% 87%

oating (N1, N2) at 463 cm−1 is the only allowed Raman
ode, which can be assigned to F2g symmetry as a symmet-

ic breathing mode of the oxygen atoms around the cerium ions
n the cubic fluorite.27–29 Raman mode in as-sprayed N1 and
2 anode are positioned at 454 cm−1 and 452 cm−1, respec-

ively. The shift of Raman peak from 463 to 454 cm−1 was
bserved due to the expansion of lattice as the short range order
ccurred in amorphous ceria, that is, the shifted Raman peak
ith pronounced asymmetry characteristic for very fine, non-

toichiometric nanocrystals.30,31 Moreover, the broadening of
hese two Raman peaks also implies a smaller grain size. The
egree of crystallinity and size of crystal grains explained the lit-
le difference in the Raman mode of CeO2 in the coating before
nd after reduction (454 cm−1 vs. 463 cm−1).32 It was because
he crystallinity of coating was low right after plasma spraying
s shown in Table 2, and the coating existed more amorphous
hases and short range order structures. When the coating was
educed at 800 ◦C in hydrogen, crystalline phases were recrys-
allized from the amorphous phases. Thus, crystallinity of the
oating was increased and grains also grew. Hence, the symme-
ry Raman mode of the reduced anode coating at 463 cm−1 was
bserved.

Another broad Raman band near around 560–620 cm−1 was
ttributed to the presence of defects, in our case the defect
eak corresponds to disorder in the oxygen sublattice (oxygen
acancies).28,33 It is also consistent with the results obtained
rom other characterization studies discussed so far.30,34,35 Dif-
erence in crystallinity and grain size (i.e. the number of grain
oundaries) of cerium oxide in the coating also affected the num-
er of oxygen vacancies in undoped cerium oxide. This can be
bserved in Fig. 12. The ratio of intensity between the Raman
and of the oxygen vacancies (N) and CeO2 (M) served as a rela-
ive indicator for the concentration of oxygen vacancies.36,37 As
hown in Table 2, the ratio of oxygen vacancies in as-sprayed N1
nd N2 coating are 0.61 and 0.17 in respectively. The difference
f the amount of oxygen vacancy is due to the high amorphous
ontent in the N1 coating and that result in the high oxygen
acancy content. After anode reduction, the oxygen vacancies of
erium oxide in the coatings were decreased due to the increasing
f crystallinity.

Plasma sprayed coating usually reveals amorphous phase
ue to the rapid solidification of the melting feedstock. From
able 2, N1 anode made by higher spraying power exhibited

ower crystallinity due to the better melting feedstock. Zhang
t al.38 mentioned that the size of the ceria nanocrystals with
 nm diameter is so small that the crystal distortion (larger lat-
ice constant) and oxygen vacancies appear. Therefore, we can
nfer that the short range order structure exist in the amorphous
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Table 3
Permeability and porosity of the porous 304 stainless steel substrate.

Sintering
temperature and
holding time

Porous substrate of stainless steel

Porosity (%) Permeability (Darcy) Thickness (mm)

1000 ◦C/1 h 40.4 2.02 1.9
1000 ◦C/2 h 46.2 1.95 1.9
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of commercial porous substrates. Fig. 14(a) shows surface mor-

T
P

S

1
1
1
1

000 ◦C/3 h 46.8 2.12 1.9

hase can be considered as the nanocrystal. That is amorphous
hase with oxygen vacancies and serves as the path of oxygen
on conduction. This inference is consistent with the data in
able 2, the as-sprayed anode with lower crystallinity showed
igher concentration of oxygen vacancies. After reduction treat-
ent, the crystallinity of the reduced anode is increased and that

esults in the decreasing of oxygen vacancies. The remainder
xygen vacancies are existed in the reduced anode coating. Use
f undoped ceria as an anode material appears to be feasible, so
hat can reduce production costs in industry. However, the result

entioned above is contradictory to the behavior of the 100%
rystalline ceria, that is, oxygen vacancies of the doped ceria are
ncreased in the reduction environment. In fact these two things
ould not be confused due to the different sources of oxygen
acancy. It needs more evidences to verify our statements. The
esearch work in regard to the oxygen vacancies exist in amor-
hous undoped ceria is under way; another report will focus on
his topic.

.5. Conductivity  of  anode  coating

Conductivity of the N1 anode coating after reduction by
ydrogen was analyzed. Porosity of the anode was up to 34.1%.
he conductivity measured by the four-line method (two probes)

s shown in Fig. 13. In the room temperature, the anode con-
uctivity was as high as 5000 S/cm. As temperature increased,
tomic vibration in the coating increased, as well as moving
istance of electrons, the conductivity decreased. At tempera-
ure between 500 and 700 ◦C the conductivity remained between
00 and 200 S/cm. At temperature of 800 ◦C, the conductivity
ould be keep in 181.8 S/cm, which consistent with the objec-
ive that the anode conductivity at 700 ◦C should be 200 S/cm.
owever, compared with other literature, the conductivity with

00 S/cm is improvable. Kwon et al.39 reported their values are
20 and 190 S/cm at 800 ◦C for Ni/YSZ coating prepared from
arious feedstocks materials. All the phases with small size in

p
1
o

able 4
ermeability and porosity of the porous nickel substrate.

intering temperature and holding time Porous substrate of n

Porosity (%)

000 ◦C/1 h without pore former 32.4 

000 ◦C/2 h without pore former 21.3 

000 ◦C/1 h with spherical PMMA 52.7 

000 ◦C/1 h with elliptic PMMA 54.1 
ig. 13. Relationship between the conductivity and temperature of the reduced
1 anode.

node have close contact with each other that will lead to more
riple phase boundaries and higher conductivity. In our case,
owever, the NiO particle is comparatively large and the con-
acts between phases are poor. This is the reason for the inferior
lectrical conductively of the anode coating.

.6. Metal  support  anode

In the third generation of SOFC, thin cermet anode is
eposited on metal support to lower the cost. The metal sup-
orted solid oxide fuel cells (SOFC) are publicly recognized as a
romising alternative to traditional cermet or ceramic supported
olid oxide fuel cells. The metal supported solid oxide fuel cells
ave high mechanical strength, good ductility, and fewer issues
n matching thermal expansion coefficients with other devices.
s a porous metal support, the porous substrate itself must have
ood ventilation effect so that fuel can flow smoothly and water,
he byproduct of battery reaction, can flow out. Therefore in
reparation of porous substrates the porosity and permeability
hould be intensively explored; high permeability is sustained
nder certain strength.

As shown in Table 3, the porosity of 304 stainless steel
304SS) did not change significantly, maintained above 40%
nd the permeability could reach 1.95–2.02 (Darcy). The per-
eability of the 304SS porous substrate was close to the one
hology of the porous 304SS substrate sintering at 1000 ◦C for
 h. From the microstructures, the connectivity of pores can be
bserved. Table 4 shows porosity and permeability of porous

ickel

Permeability (Darcy) Thickness (mm)

0.03 1.8
0.01 1.8
0.04 1.8
0.15 1.8
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Fig. 14. Morphologies of the porous 304 stainless steel substrate (a), and the
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National Science Council in Taiwan under Contrast Nos. NSC
orous Ni substrate (b).

ickel substrate sintering at 1000 ◦C for 1 h and 2 h. The poros-
ty of the nickel substrate apparently decreased with increase
f temperature holding time, from 32.4% decreased to 21.3%.
ermeability of the nickel substrate was also obviously much

owered, compared with that of porous 304SS substrate. For
ncreasing permeability of the porous nickel substrate, round
nd oval-shaped PMMA pore formers were added into nickel
ubstrate to enhance connectivity of pores and porosity of the
ubstrate. Table 4 shows that with addition of the PMMA pore
ormer the porosity apparently increased to 52.7% and 54.1%.
or permeability, addition of the elliptic PMMA pore former
nhanced connectivity of pores in the substrate. The permeabil-
ty could reach 0.15 (Darcy) higher than that one with spherical
MMA (0.04 Darcy). However, it was some distance to the
ermeability of commercial porous substrate. Fig. 14(b) shows
icrostructure of porous nickel substrate sintering at 1000 ◦C

or 1 h. Relative to the 304SS, the porous nickel substrate had
ore delicate pore structure. Observed from Fig. 14(b), the

onnectivity of pores was inferior to that in the porous 304SS.
This study tried to use plasma spraying technique on the

repared porous substrates to form anode coatings. Results are
hown in Fig. 15, it is found that after coating was sprayed over
he porous substrate the surface of the coating contained concave
oles of about 50 �m. Large concave holes were easily formed

n the coating due to porous property of the porous substrate.
n the future, surface planarization or sealing treatment for the

9
t

ig. 15. Cross sectional view of the N1 as-sprayed coating on the porous sub-
trate.

ores should proceed before plasma spray in the preparation of
he coating.

. Conclusions

Plasma sprayed Ni/CeO2 anode displayed the well porous
icrostructure and mechanical property. The N2 coating made

rom the low spraying power showed the higher porosity than
hat of the N1 coating made by the high spraying power. The
orosity can be up to 37.2% after reduction. On the contrary,
he bonding strength of the N1 coating was 33.6 ±  4.8 MPa pre-
ared by high-power spraying, while that was 25.6 ±  3.7 MPa
fter reduction. The bonding strength of N1 coating is higher
han the N2 coating due to the less porosity because of the well

elting and impact. It is worth noting that the porosity of the
wo as-sprayed coatings was more than 30% and the bonding
trength is above 24.4 MPa after coating reduction. Both met
he specification of general purpose in requirement of whether
orosity or bonding strength of coating. In addition, the coating
ade via high spraying power shows the large amount of amor-

hous phase and the low crystallinity due to the well melting of
eedstocks. From Raman analysis, the amounts of oxygen vacan-
ies in N1 and N2 coating are 0.61 and 0.17 in respectively. The
ifference of the amount of oxygen vacancy is due to the various
rystallinity of the coating. After anode reduction, the oxygen
acancies of ceria in the coatings were decreased. With regard
o the electric property, the conductivity of N1 anode could be
ept in 181.8 S/cm at 800 ◦C, consistent with the objective that
he anode conductivity at 700 ◦C should be 200 S/cm. This study
ried to use plasma spraying technique on the prepared porous
ubstrates to form anode coatings. It shows that large concave
oles were easily formed in the coating during spraying. In the
uture, surface planarization or sealing treatment for the pores
hould proceed before plasma spray in the preparation of the
oating.
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