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Abstract:Cone-shaped tubular anode substrates were prepared successfully by phase inversion 
technique. The effect of several kinds of organic additives on the microstructure development of 
NiO-YSZ anode support has been investigated. The scanning electron microscopy (SEM) results of 
NiO-YSZ anode supports show that the organic additives can greatly influence microstructure of the 
anode. Electrochemical testing shows that the single cell provides a maximum power output of 
350mW/cm-2 at 800°C using PEG-1000 as additive. The correlation between the electrochemical 
performance of single cells and microstructure of the anodes had been analyzed in detail. In addition, 
a two-cell-stack was assembled by connecting cone-shaped anode-supported single cells in series. 
The chemical performance of the stack had also been tested. 

Introduction 
Solid oxide fuel cells (SOFCs) have attracted more and more interest due to their fuel 

flexibility, low pollution emission and high conversion efficiency in converting the chemical energy 
of fuel into electrical energy[1-6]. Cone-shaped tubular SOFCs, as one of the SOFC designs, are 
composed of a series of cone-shaped anode-supported cell units[7-9]. Each unit as a single cell is 
connected with the next to form tubular structure, which the gas and electricity could transmission in 
it. This so-called cone-shaped SOFC possess the advantage of higher power density and more flexible 
stack structure compare to the long tubular design[10-11].   

In general, the cone-shaped anode substrates are fabricated by several techniques, such as slip 
casting, dip coating and so on. Phase inversion technology, as a formation process for polymeric 
asymmetric membrane, were successfully used for preparation cone-shaped anode substrates in 
previous works [12-15]. In this so-called phase inversion processes, homogeneous solution of polymer 
and solvent are mixed together and then immersed into a coagulant (non-solvent) which is miscible 
with the solvent but immiscible with the polymer. Phase instability of the solution is induced 
exclusively by counter diffusion between the solvent and non-solvent, leading to phase separation to 
form membrane with a so-called sandwich structure [16-17], which is a continuously transitional 
structure with a thick layer of finger-like pores inside and a thin layer of small pores outsides. This 
asymmetric structure could provide a fast and convenient channel for gas transporting. The 
performance of single cells could also be benefited for this asymmetric structure. 

As we known, Microstructure of the anode has significant influence on the performance of 
single cell. The performance of the single cell can be improved significantly by optimizing the 
microstructure of the anode. Anode supports with specific microstructures can be fabricated by 
controlling processing parameter of phase inversion technology. However, since the 
diversity and complication of the phase inversion, the mechanism of the structure formation is far 
from fully understood. Jin Chao [18] investigated the effect of non-solvent such as water, ethanol and 
isopropanol etc. on the microstructure of the anode. Different microstructure of anode supports has 
been obtained in their research along with variation of the non-solvent.  
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Moreover, organic additives in the polymer solution, as an important factor that could 
influence the anode structure, is the key question and one of research hot spots in phase inversion 
system[19-20].  Till now, the effect of organic additives on the anode microstructure has not been 
clarified. In this paper, the cone shaped SOFC anode supports were successfully fabricated by phase 
inversion method. For demonstration the mechanism of phase inversion processes, several kinds of 
organic additives such as NMP, PEG-1000, acetone and oleic acid were added in the polymer solution 
(solvent), respectively. The effect of organic additives in the polymer solution on the microstructure 
of anode supports was tried to investigate in our work. The performance of single cells was also 
discussed subsequently. Then, the so-called segmented-in-series SOFC was assembled by two single 
cone-shaped cells, electrochemical property and impedance of the cell stack were investigated in 
details. 

Experimental  
Preparation and characterization of cone-shaped anode supports:YSZ (TZ-8Y, Tosoh Co., 

Japan) and NiO (Inco Co., Canada) anode powders with a weight ratio of 50:50 were mixed with 
graphite (10 wt.%) as pore former and ethanol as medium by ball milling for 4 h. Then the mixture 
was dried. Polyethersulfone (PESf), as the polymer (33 wt.%), was dissolved in 
N-methyl-2-pyrrolidone (NMP) ,as solvent, with the same mass ratio to form a polymer solution. The 
NiO-YSZ anode powder was then mixed with the solution to obtain a viscous anode slurry. A 
cone-shaped mould was then immersed into the slurry to prepare the anode substrates. The diameter 
of the mould’s open end is 35 mm and that of the closed end is 20 mm. Layers of NiO-YSZ slurry 
were formed on the mould wall, using dip-coating technique [21]. The mould with layers of the slurry 
was immersed in pure water for 12 h, which acted as a coagulant (non-solvent), to solidify the slurry. 
The phase inversion processes were shown in Fig.1. 

 

 
Fig.1 Preparation processes of phase inversion technology 

 
Furthermore, for demonstration the effect of different organic additives on the anode 

microstructure, several kinds of organic additives such as NMP, PEG-1000, acetone and oleic acid 
were added into the polymer solution with different weight, respectively. The detailed polymer 
solution composition of the slurry and additives is listed in table1 (Sample A-H). The corresponding 
anode substrates were prepared by the same procedures. 

After that, the green substrates were removed from the mould and dried in an oven at 120°C. 
The green anode substrates were then heated with a temperature raising rate of 1°C/min and 
maintained at 400°C for 2h to remove the organic binder and additives, then pre-sintered at 1200°C 
for 2 h (2°C/min). The green anode substrates and the anode after sintered were shown in Fig.2. 
Moreover, the anode microstructure after sintered possessed a typical asymmetric structure with the 
surface contacting water, while the other side isolated from water was a sponge-like structure. These 
results were already illustrated in our previous works[22]. 
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Tab. 1 Composition of the slurry with organic additives  
Sample     NiO+YSZ   Graphite   NMP+PESf    NMP   PEG-1000   oleic acid 
                                                                          (Mass/g) 
A                   30              3                 40                0                 /               /                
B                   30              3                 40              10                 /               /                         
C                   30              3                 40              15                /               /         
D                   30              3                 40              20                 /              /                           
E                   30              3                 40              10                10            /        
F                    30             3                 40              10                15            /        
G                   30             3                 40              10                20            /        
H                  30              3                 40              10                 /             10        

 

 
Fig.2 Green supports and supports after sintered at 1200°C 

 
Preparation and characterization of the single cells and cell-stack: YSZ electrolyte layers 

were coated on the outer surface of the anode supports with dip-coating technique [23]. Then the 
bilayers were fired at 1400°C for 4 h to form dense electrolyte films. La0.8Sr0.2MnO3 (LSM) cathode 
powder was prepared by citric nitrate process [24]. An LSM-YSZ composite cathode layer was applied 
on the YSZ film of each bi-layer using a brush painting method and then a pure LSM layer was 
painted on the cathode for current collection. The sets with cathode were fired at 1200°C for 2 h. The 
cathode area of each cell is 3.8 cm2. Each of the cells was attached to a ceramic tube using silver paste 
as sealing and joint materials [25]. The single cell performance was tested in a temperature range of 
600-800°C, with an interval of 100°C, using humidified H2 (3%H2O) as fuel and ambient air as 
oxidant. Subsequently, The so-called segmented-in-series SOFC was assembled by two single 
cone-shaped cell. The performance of two-cell-stack was measured by the same procedures. After the 
electrochemical test, the cells were fractured and examined using a scanning electron microscope 
(SEM).  

Results and discussion 
Effects of organic additives on the microstructure of anode: Fig.3 shows the microstructure 

of the NiO-YSZ anode sintering at 1200°C with 0, 10, 15 and 20 g NMP as additives, respectively. 
Fig.3 (a) shows the anode microstructure with 0g NMP as additives. We can see form the Fig.3 (a) 
that the anode supports with so-called sandwich structure have been obtained. However, the 
finger-like pores is not symmetry. Some big pores are appeared below the finger-like pores. This 
could mainly due to viscosity of the anode slurry is too high. The phase inversion processes could be 
impeded by the high viscosity. Fig.3 (b) shows the anode structure with 10g NMP as additive. With 
the addition of NMP, the finger-like pores are extended and the big pores are reduced dramatically. 
The anode structure became more homogeneous. We can see from the Fig.3 (c) the anode structure 
become asymmetrical again along with the addition of 15g NMP. Fig.3 (d) shows the anode with 20g 
NMP. The finger-like pore decreased further and big pores are increase obviously. The variation of 
the anode structure in Fig.3 (c) and (d) could be caused by viscosity decreases of the anode slurry. 
Combination of the above results which are shown in Fig.3, anode structure with 10g NMP as 
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additive might be most appropriate for SOFC. Hence, the viscosity of the anode slurry must be 
maintained in a certain range by phase inversion technology. High or Low viscosity could both 
interrupt the formation of sandwich structure.  

 

     
 

     
Fig.3 SEM photos of anode with NMP as additives（a Sample A, b Sample B，c Sample C, d Sample D） 

 

 

     

      
Fig.4  Photos of anode with PEG-1000 and C18H34O2 as additives（a Sample E, b Sample F，c Sample G, d Sample H） 

 
In order to further describe the effect of different organic additives on the anode structure by 

phase inversion method, PEG-1000 and oleic acid were also added in the anode solution as organic 
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additives. The details are shown in Tab1. Fig.4 is SEM pictures of anode after sintered with 10, 15 
and 20g PEG-1000 as additive, respectively. We can see from Fig.4 that anode structure changed 
along with the increase amount of PEG-1000. Fig.4 (a) is the anode structure with 10g PEG-1000. As 
is shown in Fig.4 (a), the anode structure has changed a lot compare to the anode without PEG-1000. 
The small pores area enhanced and the finger-like pore decreased after 10g PEG-1000 added. As can 
be seen in Fig.4 (b) and Fig.4 (c), the anode structure become more and more compact and the 
finger-like pores are decreased further with 15g and 20g PEG-1000. These results are most likely 
because the addition of PEG-1000 could enhance the viscosity of the NMP-PESf solution, which 
could also affect the microstructure of the anode. The change of anode structure could also impact the 
performance of the single cell, which is discussed in detail later in this paper. As is shown in the Fig.4 
(d), the sandwich structure completely disappeared when using 15g oleic acid as additive. Till now, 
the effect of organic additives on the anode microstructure has not been completely clarified. Some 
further studies are still needed.  

 Single Cell Performance: Fig.5 shows power density for single cells at 600, 700 and 800°C 
with 0, 10 and 15g NMP, respectively. We can see from the Fig.5 that the cells both show the highest 
power density at 800°C. As is shown in the Fig.5, it is clear that the single cell with 10g NMP has a 
higher performance, which is 195mW/cm2 at 800°C. The reason may be that 10g NMP could improve 
the microstructure of the anode as is shown in the SEM pictures. Optimization of anode structure 
could benefit the performance of the single cell. Correspondingly, the performance of single cell with 
0 and 15g NMP are both decreased (Fig.5 (a) and (c)). The finger-like pores is decreased further with 
20g NMP as well as the single cell performance, which is not shown in this paper. Hence, 10g NMP 
could be optimal for the performance of single cell.   
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Fig.5 Performance of the single cells with different anode supports (a Sample A, b Sample B，c Sample C, d 

Sample E) 

 
Fig.5 (d) shows the power density of single cells with 10g PEG-1000 as additive. As can be 

seen in Fig.5 (d), addition of PEG-1000 could enhance the power density of the single cell, which is 
350mW/cm2 at 800°C. The output power is 1.33w of the single cell. These results are 
consistent with the SEM pictures of the anode structures. The performance of single cells with 15 and 
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20g PEG-1000 has not been tested yet, performance of single cell with oleic acid as additive is also 
needed further testing.  

 
Two Cells Stack Performance : Fig.6 shows the performance of the two-cell-stack at different 

temperatures. Each single cell was prepared by phase inversion technology using 10g PEG as 
additives. The open circuit voltage (OCV) of the cell stack is 1.8V at 800°C. The maximum output 
power density is 250mW/cm2 at 800°C. It can be seen that the average output power of each single 
cell in the two-cell-stack is 0.95w, which is less than the single cell that is shown in Fig.5 (d). This can 
be explained for the preparing technique of single cell is not so stable and electrochemical 
performance of each cells composing the stack are not identical. It also can be seen from the Fig.6 that 
high concentration polarization is exit when the cell is operated at higher temperature. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.5

1.0

1.5

2.0

0.00

0.05

0.10

0.15

0.20

0.25

po
w

er
 d

en
si

ty
/(

w
⋅)c

m
-2
)

vo
lta

ge
/(V

)

current density/(A⋅ )χµ
-2
)

 600oC

 700oC

 800oC

 
Fig.6 Powder density of the two-cell-stack 

 

Conclusion 
Cone-shaped tubular NiO-YSZ anode supports were fabricated by phase inversion technology. 

NMP was added in polymer solution as additive for improving the anode structure. The SEM results 
show that the anode with 10g NMP as additive has a better structure, the finger-like pores and the 
small pores of the anode is appropriate. The difference of anode structures with different amount of 
NMP could be attributed to the viscosity changes of the polymer solution. The single cell with 10g 
NMP provides a higher electrochemical property, which is 195mW/cm2 at 800°C. In addition, 
PEG-1000 was then added in the polymer solution when 10g NMP as additive. The anode structure 
was further optimized with addition of PEG-1000. The maximum power density of single cell is 
350mw/cm2 at 800°C with 10g PEG-1000. The SEM picture shows that the finger-like pores 
disappear when using oleic acid as additive. Moreover, two cells stack were successful prepared and 
tested. The cells stack provides maximum power density of 250mW/cm2 at 800°C.  
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