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Abstract  

The microstructure of the anode in anode-supported solid oxide fuel cells has 

significant influence on the cell performance. In this work, microtubular Ni-yttria 

stabilized zircona (Zr0.8Y0.2O2, YSZ) anode support has been prepared by the phase 

inversion method. Different compositions of non-solvent have been used for the 

fabrication of the Ni-YSZ anode support, and the correlation between non-solvent 

composition and characteristics of the microstructure of the anode support has been 

investigated. The presence of ethanol or isopropanol in the non-solvent can inhibit the 

growth of the finger-like pores in the anode support. With the increase of the 

concentration of ethanol or isopropanol in the non-solvent, a thin dense layer can be 

observed on the top of the prepared tubular anode support. In addition, the mechanism 

of pore formation is explained based on the inter-diffusivity between the solvent and 

the non-solvent. The prepared microtubular solid oxide fuel cells (MT-SOFCs) have 

been tested, and the influence of the anode microstructure on the cell electrochemical 

performance is analyzed based on a polarization model. 
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1. Introduction  

Solid oxide fuel cell (SOFC) is a promising energy conversion device due to its high 

energy conversion efficiency, environmental benign and excellent fuel flexibility. [1-6] 

Among various configurations of SOFCs, anode supported micro-tubular SOFCs (MT-

SOFCs), which was initially proposed by Kendall et. al. [7], exhibit several unique 

advantages such as higher volumetric density, faster start-up and higher tolerance of 

thermal cycling compared with other SOFC configurations. Therefore, many efforts 

have been devoted to developing anode supported MT-SOFCs [8]. It is well known that 

the anode microstructure plays a critical role in dictating the cell performance of anode-

supported SOFCs by affecting mass transport as well as the electrochemical reactions 

in the anode [9-10]. Consequently, fabricating micro-tubular anode support with 

optimized microstructure has been an important endeavor for enhancing the cell 

performance of MT-SOFCs. So far, several methods have been adopted to control the 

anode microstructure. [11-13] Among them, SOFC anode fabricated by phase inversion 

process, a method that was initially developed by Loeb and Sourirajan for polymer 

membrane preparation[14], shows a unique asymmetrical microstructure, [15] in which 

the layer with finger-like pores can function as desirable facile mass transport channels, 

and provide sufficient mechanical strength as well, while the layer with sponge-like 

pores close to the electrolyte side can enlarge the triple-phase boundaries (TPBs) and 

effectively enhance the electrochemical reactions in the anode. Based on this unique 

asymmetrical microstructured anode, MT-SOFCs with excellent electrochemical 

performance have been reported [16,17]. Moreover, Chen et al. investigated the 

correlation of this novel anode microstructure with the cell performance by establishing 

a numerical model [18]. 

To further optimize the anode microstructure in order to enhance the cell 

performance, the influence of fabrication parameters on microstructure has been 

extensively investigated such as slurry composition, polymer additive, inner solvent, et 
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al. [19-22]. In addition, employing a mixture of external coagulants is also one of these 

strategies to effectively tailor the microstructure. However, there is still discrepancy in 

the pore formation mechanism by using a mixture of coagulants among different studies. 

Jin et al. [23] correlated the microstructure with the non-solvent composition by the 

solubility criterion, which is based on the interaction between solvent and non-solvent. 

Deshmukh and Li [24] investigated the PVDF-DMAc system and indicated that the 

solvent and non-solvent interaction was not able to explain system with progressive 

reduction of precipitation rate, and they concluded that the mass transfer between 

solvent and non-solvent was the dominating factor affecting the pore formation. 

Currently, for the PESf-NMP system, which is the most used for MT-SOFC fabrication, 

its pore formation mechanism is still not explicitly unveiled. 

In this work, phase inversion method using the PESf-NMP system with a mixture of 

non-solvent compositions is adopted to fabricate the NiO-YSZ anode supports. The 

pore formation mechanism is investigated and interpreted based on the inter-diffusivity 

between solvent and non-solvent. Furthermore, anode-supported MT-SOFCs with 

different microstructure are fabricated and tested, and the obtained current density-cell 

voltage (I-V) curves are analyzed based on a polarization model. Finally, the correlation 

between the anode microstructure and electrochemical performance of the anode-

supported MT-SOFCs is also discussed.  

2. Experimental  

The microtubular anode supports were fabricated by the phase inversion method [16]. 

NiO and yttria stabilized zircona (Zr0.8Y0.2O2, YSZ) powders were mixed in the weight 

ratio of 6:4 and ball milled using ethanol as milling media for more than 24 hours, and 

then dried. The polymer binder polyethersulfone (PESf, Ameco Performance Radel A-

300) was dissolved into the 1-methyl-2-pyrrolidone (NMP, HPLC grade, Sigma-

Aldrich) solvent (1:7 in weight ratio, with a concentration of 0.147g/mL). The NiO-

YSZ mixed powders were dispersed into the polymer solution (1:1 in weight ratio), and 

then ball milled for 24 hours with a rotation speed of 800r/min to achieve a stable 

casting slurry. Deionized water, water-ethanol mixture, and water-isopropanol mixture 

were used as the non-solvent in the external coagulant. At room temperature (25oC), 
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the micro-tubular anode supports with asymmetrical microstructure were prepared 

through a coating method, which has been described in detail previously [19], and the 

precipitation time of this experiment was 24 hours. The prepared tubes were first heat-

treated at 600 oC for 2 hours to decompose the organic additives, and then heat-treated 

at 1200 oC for 2 hours to obtain adequate mechanical strength for the electrolyte 

fabrication. YSZ thin film was deposited on the pre-sintered tubular samples using dip-

coating method and then sintered at 1450 oC for 5 hours to achieve the dense electrolyte. 

The (La0.80Sr0.20)0.95MnO3-x (LSM) powder was synthesized using the glycine nitrate 

process [25]. Glycine was added into the La, Sr, and Mn nitrate solution in a molar ratio 

of 2:1. The solution was then heated while stirring to evaporate water until self-

combustion occurred. Subsequently, the precursor powder was calcined at 800 oC for 2 

hours to obtain the LSM powders. LSM-YSZ composite cathode was fabricated by a 

brush painting method and then sintered at 1100 oC for 2 hours. The anode 

microstructure was examined by SEM (Zeiss Ultra plus FESEM). The prepared MT-

SOFCs were tested at 750 oC using humidified H2 (3 vol% H2O) as fuel with the flow 

rate of 40 sccm for the anode and ambient air as the oxidant for the cathode. The 

electrochemical impedance spectra (EIS) and I-V curves were measured by multi-

channel VersaSTAT (Princeton Applied Research). EIS was performed with an AC 

amplitude of 10 mV and frequency range from 100KHz to 0.1Hz. 

3. Results and discussion 

3.1 Microstructure of the NiO-YSZ anode support 

The microstructure of samples fabricated with different non-solvent is shown in Fig. 

1. Deionized water, 20vol%, 50 vol %, 80 vol % ethanol-water mixture, 20 vol %, 50 

vol %, and 80 vol % isopropanol-water mixture was used as the non-solvent for 

precipitation. Fig. 1(a) shows the microstructure of pre-sintered sample prepared with 

deionized water as the non-solvent, where the typical asymmetric microstructure with 

two layers can be observed: a top layer (close to the exterior of the tube) with sponge-

like pores and a sub-layer with larger finger-like pores. Fig. 1(b)-1(d) show the pre-

sintered anode supports using 20 vol %, 50 vol %, and 80 vol % ethanol-water mixture 
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as non-solvent, respectively. It can be observed that the length of the finger-like pores 

in the samples become shorter and the quantity of pores decreases as the increase of the 

ethanol content in the non-solvent, and a layer without finger-like pores forms close to 

the inner side of the tubes when using high ethanol content of the non-solvent. 

Moreover, the cross-section of the samples prepared with high ethanol content in the 

non-solvent shows that the wall thickness of the tube is not uniform, as shown in Fig. 

1(d). The microstructure of the anode supports prepared using isopropanol-water 

mixture as the non-solvent with 20 vol %, 50 vol %, and 80 vol % isopropanol content 

can be seen from Fig. 1(e)-1(g). The inhabitation of finger-like pore formation and the 

generation of macrovoid-free layer close to the inner side of the tubes can also be 

observed as the isopropanol content increases. In Fig. 1(g), the cross-section of the 

samples fabricated with 80 vol % isopropanol content as the non-solvent shows that the 

wall thickness of the tube becomes irregular, and the tube seems to be obviously 

deformed, compared with the sample showing in Fig.1(a).  

The mechanism of the asymmetric microstructure formation can be explained based 

on the solvent and non-solvent interaction, when just considering the thermodynamic 

influence [24]. From this point of view, the solubility difference between the solvent and 

non-solvent is the main criterion for the microstructure predication. It has been reported 

that the solvent and non-solvent pair with larger solubility difference tends to start an 

instantaneous demixing and finally forms a porous geometry with finger-like pores [26]. 

As shown in Table 1, the increase of the volume ratio of ethanol or isopropanol in the 

non-solvent, the solubility difference decreases, which is calculated based on previous 

report [23]. According to the solubility criterion, the presence of ethanol or isopropanol 

in the non-solvent is expected to increase the probability to obtain finger-like geometry. 

However, as it can be observed in Fig 1, finger-like pores are inhibited by using the 

non-solvent containing ethanol or isopropanol. Previously, Bottino et al. [27] indicated 

that in the PVDF system, thermodynamics had no significant influence on the final 

microstructure of the membrane and concluded that the inter-diffusivity of the solvent 

and non-solvent pair was the essential factor affecting the pore formation. Li and his 

co-authors [24] also studied the ethanol influence on the membrane microstructure in the 
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PVDF system and indicated that in some systems mass transfer could be a major 

controlling factor in the pore formation process.  

In the PESf-NMP system, the inter-diffusivity has been taken into consideration, as 

shown in Table 2; D values are estimated by Tyn and Calus method [28] by the following 

equation: 

0.15
0.267
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8.93 10 B B
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

 
  
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 

                   (1)                                                                                       

where ABD  is the diffusivity when A diffuses into B, iV  represents the molar 

volume at normal boiling point of solution i , i  represents the viscosity of solution 

i , i  is the surface tension of solution i, and T is the temperature. It can be seen that 

NMP waterD  (0.821×10-5 (cm2/s)) and NMP ethanolD   (0.867×10-5 (cm2/s)) are comparatively 

close to each other and PrNMP i OHD   (0.412×10-5 (cm2/s)) shows almost half of the value 

of the NMP waterD  and NMP ethanolD  , indicating that the rate of NMP diffusing into 

isopropanol is much smaller than that diffusing into deionized water and ethanol. It can 

also be seen that water NMPD  (1.461×10-5 (cm2/s)) is larger than ethanol NMPD   (1.061×10-

5 (cm2/s)) and Pri OH NMPD   (0.947×10-5 (cm2/s)). Therefore, water diffusing into the 

casting solution is faster than ethanol and isopropanol. After the precipitation is 

triggered, the low diffusion rate of the non-solvent (ethanol-water or isopropanol-water 

mixture) into the solvent (NMP) tends to reduce the rate of precipitation and finally 

inhibits the growth rate of the finger-like pores [24]. The microstructure results observed 

in Fig 2 can also be well explained based on the inter-diffusivity influence. The 

microstructure of the anode supports prepared with deionized water only, or with 50 

vol% ethanol is shown in Fig. 2(a) and Fig. 2(b), respectively. In Fig. 2(b), membranes 

with dense top layer can be observed, while in Fig. 2(a), membrane with a porous top 

layer is prepared by using only deionized water as the non-solvent. This result is also 

caused by different precipitation rates, and the slow diffusion rate of the non-solvent 

into the casting solution and the comparatively fast diffusion rate of the solvent out of 
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the casting solution are tended to form a dense top layer according to the diffusion-

controlled model [29]. Immediately after the dense top layer is formed, this layer will 

further hinder the diffusion of the solvent and non-solvent into each other. Non-solvent 

with high content of ethanol and isopropanol has smaller diffusion rate into the casting 

solution, and the diffusivity will also be reduced due to the formed dense layer, leading 

to the collapse of the mass flow between the casting solution and the coagulation bath. 

The hollow fiber has to deform to compensate the reduction of the amount of the non-

solvent entered into the membrane, as shown in Fig. 1g.  

3.2 Performance of MT-SOFCs  

Three types of MT-SOFCs are prepared based on the anode supports fabricated using 

deionized water only, 20vol% ethanol-water mixture or 50vol% ethanol-water mixture 

as the non-solvent, respectively, which show a gradual reduction of the finger-like pores 

in the anode microstructure. The cells are denoted as cell-a, cell-b and cell-c, 

respectively. Samples prepared with high ethanol content mixture and isopropanol 

mixture are not selected for cell fabrication due to the deformed noncircular cross-

section of the anode supports. Fig. 3 shows the cross section of the tested tubular cells 

(cell-a, cell-b and cell-c), and the anode containing a functional layer and a gas diffusion 

layer with gradient finger-like pores can be observed, while the YSZ electrolyte is dense 

with a thickness of around 20μm. Fig. 4 shows the electrochemical performance of cell-

a, cell-b and cell-c tested at 750 oC. The open circuit voltages (OCV) of cell-a, cell-b 

and cell-c are 1.02V, 1.03V and 1.06V, respectively. With the same testing condition, 

cell-a exhibits the best performance with the peak power density of 437 mW/cm2, which 

is higher than 372 mW/cm2 for cell-b and 293 mW/cm2 for cell-c. Fig. 5 shows the EIS 

spectra of the different cells, revealing that cell-a has the smallest polarization 

resistance of 1.13 Ωcm2 comparing with the others (1.54 and 2.53 Ωcm2 for cell-b and 

cell-c, respectively). The different cell performances are expected to be attributed to the 

anode side because of the identical electrolyte and cathode materials are used for the 

cell fabrication. Previously, the enhancement of cell performance has been often 

ascribed to the optimal microstructure of the anode [16], and the anode support with 
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longer finger-like pores is expected to be beneficial to the cell electrochemical 

performance because of the significantly decreased gas transport resistance in the anode. 

3.3 Analysis of MT-SOFC performance 

To further investigate the influence of the anode microstructure on the cell 

performance, a polarization model has been employed to analyze the I-V curves, 

showing the relationship of the current density (i) and the operating cell voltage (Vc): 

0 , ,c i act a conc c conc leakV V iR                           (2) 

where i is the current density (Acm-2), Ri is the area specific ohmic resistance (Ωcm2), 

Vo is the theoretical OCV (V) calculated by the Nernst equation, ηact is the activation 

polarization (V) resulting from both electrodes, ηa,conc and ηc,conc are the anodic and 

cathodic concentration polarization (V) respectively, and ηleak is the overpotential 

resulting from the imperfect sealing (V).  

The Vo can be calculated by the Nernst equation. Since the YSZ electrolyte is dense, 

the discrepancy between the theoretical voltage and the measured value may be caused 

by the imperfect sealing, which is denoted as ηleak in Eq. (2). The main contribution of 

Ri results from the ohmic resistance of the electrolyte, as well as the ohmic resistance 

of the electrodes and the contact resistance from the interface between the different 

layers of the cell.  

The activation polarization (ηact) arises from the charge transfer at the interface of 

the electrodes and electrolyte, and the relationship between activation polarization and 

current density can be described by the Butler-Volmer equation:

 
0 0

1
exp exp actact

n Fn F
i i i

RT RT

     
    

   
                                (3)  

where F is the Faraday constant, R is the universal gas constant, i0 is the exchange 

current density, α is the transfer coefficient, n is the number of the electrons involved 

in the basic reaction of the SOFC operation. In this work, the electron transferred per 

reaction is 1 based on the electrochemical reactions occurring at cathode 

( 2
21 4 + 1 2O e O  ) and anode ( 2

2 21 2 +1 2 1 2H O H O e   )[30]. For the transfer 
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coefficient, a symmetrical activation barrier has been proposed by Chan [30] and the 

transfer coefficient is taken as 0.5. Then, the equation can be expressed as  

0 0

0.5 0.5
exp expact actF F

i i i
RT RT

    
     

   
                  (4) 

To rewrite and solve the equation, the relationship between the activation polarization 

and the current density can be described as [31]  

2

0 0

2 1
ln 4

2
act

RT i i

F i i


             
       

                      (5) 

where ηact represents the activation polarization from both the cathode and anode. The 

concentration polarization is derived from the mass transportation of gas through the 

porous electrodes. The cathodic concentration polarization can be expressed as [32]:  

 2

2

'

, 0
ln ln 1

4 4

o i

c conc

o cs

pRT RT i

F p F i


   
           

                (6) 

where ���
�  is the oxygen partial pressure outside of the cathode surface, and ���(�)

� is the 

oxygen partial pressure at the interface of the cathode and electrolyte. ics is the cathode 

limit current density. When the current density reaches to the ics, the ���(�)

� is zero. In 

this work, it is assumed that the cathode limit current density will not be affected when 

varying the microstructure of the anode. 

For the anodic concentration polarization, it can be expressed as:  

  22 2

2 2 2

' 0 0

, 0 ' 0
( )

ln ln 1 ln 1
2 2 2

H OH i H

a conc

H H O i as H O as

p p p iRT RT i RT

F p p F i F p i


    
                  

   (7) 

where ���(�)

� is the hydrogen partial pressure at the interface of the anode and electrolyte, 

����(�)

�  is the partial pressure of water vapor at the interface between the anode and 

electrolyte, ���

� and ����
�  are the hydrogen partial pressure and the partial pressure of 

water vapor outside the anode, respectively. ias is the anodic limit current density that 

can be described as [32] 
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02 eff
H H H O
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a
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i

RTl


                             (8) 

where �������
���

 is the effective binary diffusivity of H2 in H2 and H2O system. la is the 

thickness of the anode, which is ~500μm.  

In summary, the relationship of the current density (i) and the operating cell voltage 

(Vc) can be rewritten as:  

2
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 
   

 

        (9) 

The experimental data (I-V curves) have been fitted to Eq. (11) with five adjustable 

parameters, namely, Ri, ias, ics, i0 and ηleak. Fig.6 compares the best fit to the 

experimental I-V data of different cells measured at 750oC, and the parameters 

corresponding to the best fit are given in Table 3. The cathode limit current density (ics) 

of the cells is in the same order of magnitude. Fig.7 shows the cathodic concentration 

polarizations calculated based equation (6) as a function of current density, and the 

concentration polarization loss from the cathode side shows small value even at a high 

current density. It has been reported that for the anode-supported cells with much 

thinner cathode, the cathode limit current density usually can not be precisely 

determined by the curve fitting [32]. Therefore, the gas diffusion performance of the 

cathode was not further analyzed in this work. The fitted exchange current density (i0) 

ranges from 0.11 to 0.13A/cm2 due to the identical operating conditions and the same 

LSM-YSZ composite cathode employed. For the area specific ohmic resistance, the 

fitted results have good agreement with the measured ohmic resistance Rmeasure, which 

are extracted from the EIS spectra of the cells (Fig. 5), as listed in Table 3. The result 

shows that cell-c has a larger value of the area specific ohmic resistance than the other 

two cells. It has been known that the total ohmic resistance mainly coming from the 
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electrolyte resistance and contact resistance between layers. Therefore, the increased 

ohmic loss of cell-c is likely due to the imperfect contact between the cathode and 

electrolyte, as shown in Fig.3(c). The anodic limit current density (ias) varies with the 

anode microstructure, where cell-a based on the anode support fabricated by using 

water as non-solvent shows the highest ias among the tested cells. Based on this result, 

the concentration polarization values from the anode side can be calculated using 

equation (7) as a function of current density from Fig.8. It shows that the anode 

concentration polarization values of cell-c and cell-b increase rapidly as the current 

density increases comparing with cell-a, indicating that the anode fabricated using 

water as non-solvent is beneficial to reducing the concentration polarization losses from 

the anode side. Moreover, the gas diffusion property of the anode microstructure can 

also be analyzed by estimating the effective binary diffusivity �������
���

 uisng Eq. (10), 

and the result is also listed in Table 3, showing that the effective binary diffusivity of 

the anode decreases from 7.8×10-3 to 5.1×10-3 cm2s-1 corresponding from cell-a to cell-

c. It has been reported that the effective binary diffusivity is significantly affected by 

the anode microstructure, and the relation can be described by the following equation 

[33]  

                      
2 2 2 2

=eff
H H O H H O

p
D D

 
                       (10) 

Where
2 2H H OD    is the gas diffusivity that does not account for the porous media, p and 

τ are the volume porosity and tortuosity factor of the anode microstructure, respectively. 

As a result of the same fuel composition and cell operating temperature, the 
2 2H H OD   

should be identical for every cell, according to the Chapman-Enskog equation [33]. 

Therefore, the value of the effective gas diffusivity is only affected by the parameters 

p and τ involving with the anode microstructure. The result suggests that anode support 

fabricated by using water as non-solvent with the largest �������
���

 is expected to be 

benefited from the long finger-like pores in the microstructure. Furthermore, the radial 

arranged finger-like pores can facilitate the fuel gas transportation, resulting in lower 

concentration polarization. It indicates that the anode with longer finger-like pores 
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shows advantages over the anodes with other microstructure features, and water is a 

very promising non-solvent for the preparation of high-performance anode. 

4. Conclusion 

The composition of the non-solvent coagulation is one of the key factors affecting 

the microstructure of the anode supports when selecting the NMP-PESf system. The 

formation of finger-like pores will be inhibited as the increase of the content of ethanol 

or isopropanol in non-solvent. The pore formation mechanism is interpreted based on 

the diffusion between the solvent and non-solvent. Three types of anode-supported MT-

SOFCs are fabricated and tested corresponding to anodes with different finger-like pore 

length. Maximum power output of 437, 372 and 293 mW/cm2 have been achieved for 

these three types of cells. The I-V curves have been fitted by a polarization model, and 

MT-SOFCs based on the anode support fabricated by using water as non-solvent show 

the largest anodic limit current density, indicating that the longer finger-like pores in 

the anode can improve the gas transportation in the anode and decrease the anodic 

concentration polarization. This study reveals that the solvent and non-solvent pair with 

larger inter-diffusivity tends to promote the formation and growth of finger-like pores 

while MT-SOFCs with longer finger-like pores in the anode show better 

electrochemical performance. Our findings can provide insight to prepare high-

performance anode-supported MT-SOFCs. 
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Nomenclature 

ABD                 Binary diffusion coefficient of liquid species A and B, cm2s-1 

iV                    Molar volume at normal boiling point of solution i, m3mol-1 

i                                          Viscosity of solution i, kg m-1s-1 

i
                                       Surface tension of solution i, Nm-1 

T                                                       Temperature, K 

Vc                                               Operating cell voltage, V 

V0                                              Theoretical cell voltage, V 

ηact                                             Activation polarization, V 

ηa,conc                                            Anode concentration polarization, V 

ηc,conc                                          Cathode concentration polarization, V 

ηleak                                Overpotential resulting from the imperfect sealing,V 

F                                               Faraday constant, Cmol-1 

α                                                    Transfer coefficient 

R                                         Universal gas constant, Jmol-1K-1 

���
�                           Oxygen partial pressure outside of the cathode, atm 

���(�)

�       Oxygen partial pressure at the interface of the cathode and electrolyte, atm 

���(�)

�      Hydrogen partial pressure at the interface of the anode and electrolyte, atm 

����(�)

�
   Water vapor partial pressure at the interface between the anode and 

electrolyte, atm 

���

�                            Hydrogen partial pressure outside the anode, atm 

����
�                         Water vapor partial pressure outside the anode, atm 

la                                              Thickness of the anode, μm 

ics                                      Cathode limit current density, Acm-2 

ias                                       Anode limit current density, Acm-2 

i0                                         Exchange current density, Acm-2 
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2 2H H OD      Binary diffusion coefficient of gaseous hydrogen and water vapor, cm2s-1 

2 2

eff
H H OD 

    Effective binary diffusion coefficient of gaseous hydrogen and water vapor, 

cm2s-1 

τ                                                       Tortuosity factor  

p                                                             Porosity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

Figure and table captions： 

Figure 1. Microstructure of NiO-YSZ hollow fiber fabricated by non-solvent composed 

of (a) deionized water, (b) 20 vol% ethanol: 80 vol %water, (c) 50 vol % ethanol: 50 

vol %water, (d) 80 vol % ethanol: 20 vol %water, (e) 20 vol % isopropanol: 80 

vol %water, (f) 50 vol % isopropanol: 50 vol %water, (g) 80 vol % isopropanol: 20 

vol %water. 

Figure 2. Microstructure of YSZ-NiO anode support fabricated by non-solvent 

composed of (a) deionized water, (b) 50 vol% ethanol: 50 vol% water. 

Figure 3. Cross-sectional fracture surface micrograph of cell-a (a), cell-b (b) and cell-c 

(c). 

Figure 4. I-V curve and I-P curve of three types of cells with different anode structures, 

using humidified hydrogen (3 vol% H2O) as fuel and ambient air as oxidant at 750oC. 

Figure 5. Electrochemical impedance spectra of cell-a, cell-b and cell-c at 750 oC under 

open circuit condition.  

Figure 6. Experimental I-V curve of cell-a, cell-b and cell-c at 750 oC and corresponding 

polarization modeling results. 

Figure 7. Calculated cathode concentration polarization of cell-a, cell-b and cell-c at 

750 oC 

Figure 8. Calculated anode concentration polarization of cell-a, cell-b and cell-c at 750 

oC 

Table 1. Differences of solubility parameters of NMP solvent and the different non-

solvent 

Table 2. Diffusion coefficients of NMP, ethanol and isopropanol 

Table 3. Fitted parameters for the MT-SOFC 

 

 

 

 



20 
 

Table 1. Differences of solubility parameters of NMP solvent and the different non-

solvent 

 

Non-solvent Solubility parameter (  
2

  ) MPa1/2 

H2O 35.4 

20% ETOH 30.46 

50%ETOH 23.7 

80%ETOH 17.05 

20%i-PrOH 30.07 

50%i-PrOH 22.31 

80%i-PrOH 15.16 
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Table 2. Diffusion coefficients of NMP, ethanol and isopropanol 

 

Diffusion coefficient D×10-5 (cm2/s) 

NMP waterD   0.821 

NMP ethanolD   0.867 

PrNMP i OHD    0.412 

water NMPD   1.461 

ethanol NMPD   1.061 

Pri OH NMPD    0.947 
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Table 3. Fitted parameters for the MT-SOFC 

 

 

MT-SOFC 

 

Ri/Ωcm2 

 

Rmeasure 

/Ωcm2 

 

ias /Acm-2 

 

ics/Acm-2 

 

i0/Acm-2 

 

ηleak/V 

2 2

eff
H H OD 

/cm2s-1 

Cell-a 0.053 0.071 1.837 3.648×105 0.1195 0.1609 7.8×10-3 

Cell-b 0.068 0.092 1.461 3.638×105 0.1104 0.1605 6.2×10-3 

Cell-c 0.204 0.186 1.195 7.917×105 0.1338 0.1526 5.1×10-3 
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Figure 1. Microstructure of NiO-YSZ hollow fiber fabricated by non-solvent composed 

of (a) deionized water, (b) 20 vol% ethanol: 80 vol %water, (c) 50 vol % ethanol: 50 

vol %water, (d) 80 vol % ethanol: 20 vol %water, (e) 20 vol % isopropanol: 80 

vol %water, (f) 50 vol % isopropanol: 50 vol %water, (g) 80 vol % isopropanol: 20 

vol %water. 
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Figure 2. Microstructure of YSZ-NiO anode support fabricated by non-solvent 

composed of (a) deionized water, and (b) 50 vol% ethanol: 50 vol% water. 
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Figure 3. Cross-sectional fracture surface micrograph of cell-a (a), cell-b (b) and cell-c 

(c). 
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Figure 4. I-V curve and I-P curve of three types of cells with different anode structures, 

using humidified hydrogen (3 vol% H2O) as fuel and ambient air as oxidant at 750oC. 
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Figure 5. Electrochemical impedance spectra of cell-a, cell-b and cell-c at 750 oC under 

open circuit condition.  
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Figure 6. Experimental I-V curve of cell-a, cell-b and cell-c at 750 oC and corresponding 

polarization modeling results. 
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Figure 7. Calculated cathode concentration polarization of cell-a, cell-b and cell-c at 

750 oC 
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Figure 8. Calculated anode concentration polarization of cell-a, cell-b and cell-c at 750 

oC 

 


