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The microstructure and properties of solid oxide fuel cell (SOFC) 

connected to the fabrication process are discussed in this paper. In 

this research, we investigate the relationship between 

electrochemical performance in solid oxide fuel cells and the 

evolution of the morphology of its electrodes. This work fabricated 

a planar multilayer anode-supported, anode functional layer (AFL), 

electrolyte, and cathode solid oxide fuel cell through slurry-based 

3D printing. After drying and sintering, scanning electron 

microscope (SEM) images a multilayer porous structure with large 

pores up to several microns and smaller pores of 100 nm, and the 

constituent particles' microstructure for anode-cathode layers were 

observed. The electrolyte layer structure was dense and without 

pores. In the study of electrochemical properties, the maximum 

power density at the output voltage of 0.5 V was achieved at 0.84 

W/cm2  at an open-circuit voltage (OCV) of 1.06 V at 800 °C with 

H2 gas as fuel. The impedance curve values under open-circuit 

voltage were 0.23 V and 1.25 V at high and low frequencies, 

respectively.  
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1. Introduction 
Fuel cells are some sort of energy converter that 

convert chemical energy directly into electrical 

energy. Fuel cells function the same as batteries; 

however, in contrast to batteries, they will never stop 

working as long as they are supplied with fuel and do 

not need recharging [1]. Various types of fuel cells, 

have been produced to date, but since the chemical 

reaction results in a high temperature, the solid oxide 

type of these cells known as solid oxide fuel cells 

(SOFCs), is more attractive. The performance of a 

SOFC is based on the following electrochemical 

reaction [2]:  

 

2H2(g) => 4H+ + 4e-           (anode reaction) 

O2(g) + 4H+ + 4e- => 2H2O(l)     (cathode reaction) 

2H2 (g)+ O2(g) => 2H2O(l)            (cell reaction) 

 

SOFCs have so far been produced using various 

methods, including screen printing [3], sol-gel [4, 5], 

electroless plating [3], electrophoretic deposition [3], 

electrochemical vapor deposition (EVD), physical 

vapor deposition (PVD) [6, 3], and thermal spray 

(atmospheric plasma spray; APS) [7]. In recent years, 

the use of the 3D printing method for producing fuel 

cells has received attention from a few scientists [8, 

9].  

A desirable generation of energy in a SOFC 

necessitates sufficient thickness and appropriate 

morphology for each of the layers, including the 

anode support layer, the AFL, the electrolyte layer, 

and the cathode layer. In this regard, the size and 

distribution of the particles forming the base anode 

and the functional anode must be in such a way as to 

yield a porosity of 20-30%. As the porosity exceeds 

30%, the electrical conductance decreases gradually 

[10-14]. The electrolyte layer must be condensed and 

nonporous; thus, particles of this layer are very fine 

and uniformly distributed [15-17]. The cathode layer 

is deposited on the electrolyte layer and requires a 

porosity of nearly 40%. The particle size and 

distribution of the cathode layer affect its degree of 

porosity [18-21]. Excessive porosity in the anode and 

cathode layers would reduce their interface with the 

electrolyte layer, reducing the cell's effective reaction 

surface, thereby reducing the region of triple-phase 

boundaries (TPBs) and, consequently, the 

electrochemical properties and the fuel cell 

efficiency. The TPBs are the area of connection 

between the three phases of electrolyte, electrode, 

and fuel gases, and all reactions occur within these 

three phases [22]. Low porosity in the electrodes 

causes disturbance in the fuel gas and the oxygen gas 

flow, resulting in improper reaction [23]. Therefore, 

as both high porosity and low porosity result in 

disturbance, an appropriate degree of porosity is of 

interest.   

Suitable thickness in a fuel cell is one factor that 

improves its electrochemical performance. The 

performance temperature of the cell for an electrolyte 

layer with a thickness of 200 μm is within the range 

of 600-1000 °C [1]. A reduction in the thickness of 

the electrolyte to 10-12 μm reduces its electrical 

resistance such that the same amount of energy can 

be generated at a temperature of 150-200 °C [24]. For 

the anode layer, the maximum efficiency and the 

maximum power density are obtained when the 

anode layer has a medium thickness of about 0.5 mm. 

Thinner anodes can utilize less amount of the 

produced H2, which in turn leads to a lower average 

current density, efficiency, and power density. 

However, higher amounts of H2 are produced in thick 

anode layers, which increases the exothermic 

reaction rate, leading to a decrease in cell 

performance [25].  

In the present research, the deposition of the anode, 

electrolyte, and cathode layers was initially 

performed by a 3D printer. Subsequently, sintering 

the layers was followed by examining the structure, 

porosity, density, and thickness of the layers by 

XRD, SEM, and mapping. The other stages of the 

present work include determining the 

electrochemical properties such as polarization, 

current density, power density, generated voltage by 

the I-V diagram, and the impedance of the fabricated 

cell.  

 

2. Experimental Procedure 
2.1. The cell layers fabrication 
To fabricate the cell layers, the percentage 

composition of materials according to Table 1 was 

used. The 8 mol% Y2O3-stabilized ZrO2 (8 yttria-

stabilized zirconia; 8YSZ) was applied with an 

average particle size of about 0.25 µm (Tosoh 

Corporation, Japan). The NiO powder was used with 

an average particle size of about 0.25 µm (Merk, 

Germany). The powders have been mixed with a 

composition of 65 wt% NiO-YSZ (60:40 wt%)-35 

wt% and with the pellet maker, parts with an 

approximate thickness of 0.5 to 2 mm and a diameter 

of 20 mm as a support layer were made. The pellet at 

a thermal rate of 3 oC/min was heated to 180 °C for 

one hour and dried. Then by 3D printer, an  AFL layer 

with a combination of  NiO-YSZ and ethanol solvent, 

additives such as dibutyl phthalate (DBP), polyvinyl 

chloride (PVC), and polyethylene glycol (PEG) at a 

rate of 700 mm/min on pellet about 40 microns thick 

was printed. The AFL layer was also dried with the 

above conditions. The obtained substrate was heated 

to 600 °C with 2 h soaking time to ensure removal of 

pore former, and then it was sintered at 1200 °C for 4 

h. Finally, the pellet was heated to 1000 °C for 4 h in 

a tube furnace with a hydrogen atmosphere to reduce 

the nickel oxide to nickel element. After the first 
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layer, the YSZ electrolyte slurry was directly spread 

at a speed of 2000 mm/min and a thickness of about 

20 microns on the green AFL layer by the 3D printing 

process. The sample was allowed to dry at 90 °C and 

then co-sintered at 1400 °C for 4 h with a heating rate 

of 1 °C min−1 before 600 °C and 2 °C min−1 after 600 

°C in an air atmosphere to remove the organics to 

prevent crack (formation half-cell formation). To 

cool, it was first cooled from 1400 to 600 °C at a 

thermal rate of  -3 oC/min for 3.5 h and then removed 

from the oven and cooled in the open air to room 

temperature. After that, for the fabrication of a 

complete solid oxide cell, lanthanum strontium 

manganite (LSM) solid powder with solvent 

materials and additives was produced as a slurry 

suitable for the nozzle and finally, the cathode layer 

was deposited by a 3D printer on the electrolyte layer 

set with a speed of 700 mm/min and a thickness of 40 

microns. The printed structures were dried at 90 °C, 

then heated at 600 °C with 1 h holding time, and 

finally sintered at 1200 °C for 2 h with a rate of 5 

°C/min in air. Fig. 1 shows the 3D printer during 

printing, layer formation, and SEM image of the 

cross-section and surfaces of the anode, cathode and 

electrolyte layers. 

 
Table 1 The composition of slurry for deposition of different layers 

Composition(%) 

layer type 

YSZ NiO LSM PEG PVC DBP Ethanol-Tolouen (1:1) 
solvent 

AFL layer 2.8 2.8 - 0.1 0.1 0.1 94.1 

Electrolyte layer 10.7 - - 0.1 0.1 0.1 89 

Cathode layer - - 1.45 0.1 0.1 0.1 96.8 

 

 
Fig. 1. The picture of the 3D printer during printing, layer formation and SEM image of the cross-section and surfaces 

of the anode, cathode and electrolyte layers 

 

2.2. Characterization 
The open porosity of the anode pellets was calculated 

by Archimedes' water displacement method (ASTM 

C373-2014). To detect phases existing elements, 

determine the microstructure and thickness of anode, 

cathode, and electrolyte layers and connections 

between layers [26] of  X-ray diffraction (XRD) tests 

by the device (Equinox 3000, Intel: using Cu-Kα (λ 

= 0.154 nm), Scanning electron microscopy (SEM), 

energy dispersive X-Ray analysis (EDX) and 

mapping tests were performed using the device Field 

emission scanning electron microscopy (FE-SEM; 

Mira 3 XMU, Tescan). To obtain the electrochemical 

properties, the current density-voltage-power (I-V-P) 

curve was first measured by (Linear sweep 

voltammetry) with a scanning rate of 5 mV/s [27] and 

a constant flow and purity of oxygen at variable 

temperatures of 700, 750, and 800 oC. Impedance 

spectra were measured in combination with the 

electrochemical interface in a frequency range of 0.1 

Hz to 910 kHz with a voltage range of 10 mV under 
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open-circuit voltage (OCV) using an impedance 

device (Solartron Instruments, Hampshire, UK). 
 

3. Results and discussion 

3.1. Morphology and microstructure of the 

cell 
Fig. 2 shows the XRD patterns of the anode  support,  

AFL,  cathode   and   electrolyte components and the 

reference phases Miller indices. the presence of NiO 

phase observed the peak splitting of the cubic phase 

in adapting with the standard XRD data of ICDD#00-

047-1049, at 2θ = 37.0600, 43.0950 and 

62.6200 which are indicated (111) (200) and (220) 

plans, respectively [28-30]. Also, the presence of the 

Ni phase exhibited the only single peaks that assigned 

to (200) and (220) at 51.860 and 76.390 of 2θ, 

respectively [29]. As the presence of YSZ phase of 

the cubic phase in adapting with the standard XRD 

data of  ICDD#00-048-0224, the peaks at 30.1°, 

34.9°, 50.2°, and 59.6° of 2θ, corresponding to the 

(111), (200), (220) and (311) planes, respectively 

[29- 30]. The other peaks observed at an angle (2θ) 

of 32.40° and 32.70° which have been identified as 

LSM with the standard XRD data of ICDD#00-040-

1100 [31] corresponds to (110), (200), crystal planes, 

respectively. 

 The EDX and mapping images (Fig. 3a,b) obtained 

from the anode layer indicate the presence of the O, 

Ni, Zr, and Y elements in the anode layer before the 

reduction, in which all the elements, except O, are 

shown after reduction. Carbon was added to the 

anode before the reduction to create suitable porosity, 

as shown in Fig. 3b (right).  

As can be seen in Fig. 3c (left), the NiO-YSZ layer 

had a dense structure with stochastic and 

heterogeneous porosity before the reduction. As the 

anode is placed in the reductive atmosphere (5%H2-

95%Ar), NiO is gradually reduced to Ni. According 

to Fig. 3c (right), the reduction is followed by the 

formation of the porous anodes of  Ni-YSZ. The 

presence of carbon during the reduction operation 

results in the production of CO and CO2 gases, the 

consequence of which is a higher porosity [13]. 

Based on the SEM image in Fig. 3c (right) and the 

Archimedes test, a porosity of 28% was estimated for 

the anode. The effective factors in the degree and 

formation manner of porosity and the microstructure 

of the anode layer include the size, amount, and 

distribution of the NiO and YSZ particles and the 

amount of carbon [13]. Heterogeneous distribution 

and inappropriate amount and size of the anode 

particles prevent a suitable connection between the 

anode layer and the electrolyte, which causes a 

reduction in the TPBs region, leading to decreased 

electrochemical properties. The average particle size 

of the porosity (Fig. 3c (right)) is nearly 5.0 μm, 

which is consistent with previous work [23]. The 

existence of appropriate porosity along with a 

uniform microstructure throughout the layers can 

improve the electrochemical properties of the cell. 

However, high porosity, large size, and non-

homogeneous distribution reduce the contact surface 

between the electrode and electrolyte layers and the 

surface area of the TPBs region, resulting in the 

declined electrochemical properties. Moreover, low 

porosity prevents the appropriate passage of the 

electron flow and appropriate electrochemical 

reaction. Therefore, a 30% porosity with uniform 

distribution is helpful for appropriate electrochemical 

properties. Similar results were reported previously 

[14,15,18,23,33-35]. According to these results, it 

can be concluded that the 3D printer has good 

capability for ceramic slurry printing to create 

appropriate anode layers.  

The mapping images in Fig. 4a and EDX image in 

Fig. 4b, obtained from the electrolyte layer, prove the 

presence of Zr and Y elements in the electrolyte 

layer. The SEM images of the electrolyte membrane 

(Fig. 4c) indicate a condensed and uniform 

electrolyte layer as well as a very limited, dispersed, 

and, of course, superficial porosity. The electrolyte 

density was tested by the nitrogen passage test, in 

which the nitrogen gas passage through the 

electrolyte was very insignificant and approximately 

equal to zero, indicating the very insignificant 

porosity of the electrolyte layer. Some of the small 

pores in the electrolyte were eliminated due to the 

sintering temperature (about 1400 °C) of the 

electrolyte layer, resulting in a dense layer with very 

limited and fine porosities. Factors affecting the 

density of the electrolyte layer generally include the 

particle size and uniformity as well as the quality and 

amount of sintering in terms of time and temperature. 

Similar results were reported previously 

[14,15,18,32-35].
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Fig. 2. XRD patterns of NiO-YSZ, YSZ and LSM synthesized layers 
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Fig. 3. (a) The elemental mapping images, (b) EDS spectrums of anode support, before reduction (left) and after 

reduction (right) and (c) (left) FE-SEM images anode pellet before reduction  and (right) FE-SEM images anode pellet 

after reduction by H2 
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Fig. 4. (a) elemental mapping images of electrolyte layer,  (b) EDS spectrums of electrolyte layer, and (c) (left) low-

resolution electrolyte layer FE-SEM image, and (right) high-resolution electrolyte layer FE-SEM image 

 

In SOFCs, LSM as a conductor at high temperatures 

is commonly used for the cathode. The elemental 

analysis of mapping and EDS spectrum (Fig. 5a,b) 

obtained from the cathode layer proves the Sr, La, 

and Mn presence in this layer. Regarding the 

microstructure, the SEM images of the cathode layer 

(Fig. 5c) illustrate the fine size and uniform 

distribution of the LSM particles. The electrolyte ions 

are reduced in the cathode. Therefore, the first feature 

of the cathode is that it must be able to quickly 

transfer the oxygen to the TPBs through its porous 

surface.  

Also, the cathode must have a good degree of 

porosity in order to be able to transfer oxygen ions 

well after reduction. Since the oxygen molecule and 

ion are larger than hydrogen, the cathode must 

necessarily have a higher porosity than the anode to 

facilitate the passage. The SEM images of the 

cathode layer (Fig. 5c) indicate the presence of a 

relatively porous layer. The cathode porosity was 

estimated to be 40% using the SEM images and the 
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Archimedes standard method. As reported previously 

[36], the porosity range of 40-50% provides the best 

conditions for the suitable gas passage of LSM. The 

following Archimedes formula was used to measure 

the porosity of the cathode layer [36]:  

𝑝0 =
𝑊𝑏 − 𝑊𝑎

𝑊𝑏 − 𝑊𝑐
 

where Wa, Wb, and Wc indicate the weight of the dry 

layer, the weight of the water-saturated layer, and the 

weight of the layer immersed in distilled water (with 

a density of 1g/cm3), respectively [36]. Similar 

results were obtained in previous studies [19, 21]. 

Modifying the microstructure of the cathode 

significantly affects the resistance of the whole cell. 

A reduction in the grain size, provided that the high 

porosity is maintained, is very effective for 

improving the current density [25]. Fine-grained 

particles increase the density of the TPBs region and, 

thus, cause the rapid penetration of gas and reduction 

of resistance against polarization, leading eventually 

to increased electrochemical performance of the cell 

[37, 38].

 

 

 
Fig. 5. (a, b) The elemental mapping images and EDS spectrums of cathode layer, respectively, and (c) FE-SEM images 

of the cathode layer. 
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Fig. 6. (a, b) EDS spectrums and elemental mapping images of cell layers, and (c) Cross-section FE-SEM images of cell 

layers 
 

3.2. Electrochemical performance of cells 

3.2.1. Current density-voltage-power (I–V–P) 

curves 
According to Fig. 7, it is observed that the open-

circuit voltage (OCV) at the lowest current density is 

about 1.06 volts, which is in good agreement with the 

values estimated by Nernst's law. The exhibited 

lower OCVs than the Nernst theoretical voltage 

(1.11V) can be related to the relatively dense 

microstructure of the electrolyte [39,40]. This curve 

shows that as the temperature increases, the current 

density and power density increase, so the voltage 

decreases. Therefore, at maximum temperature, the 

maximum power densities at the output voltage of 0.5 

V and current density 1.43 A.cm2 were reached 0.57, 

0.68, and 0.84 W/cm−2 at 700, 750, and 850 °C, 

respectively. The obtained maximum power density 

at 800 °C is about up to 1.8 times is higher than the 

reported values for anode supported SOFC with 

similar compositions [41,42]. The high value of 

power density in the present work can be related to 

the composition and microstructure of electrodes and 

electrolytes. As mentioned, the high porosity 

microstructure of anode substrate by using pore 

former has an important role in the enhancement of 

performance of the cell. Also, a fine uniform 

structure across the layers can improve power 

density. These results are consistent with the report 

presented in reference [43] that a 3D printer makes 

solid oxide fuel cell layers. 

3.2.2. Impedance measurement 
One of the preferred methods of impedance displays 

is the Nyquist curve. In this display format, the data 

are plotted in complex coordinates including the real 

impedance Z' and the imaginary impedance Z'' in the 

range of the excitation frequency. To determine the 

impedance, a small alternating current (AC) of 5-10 

mV is applied at a certain frequency. This wave with 

a certain frequency after contacting the surface of the 

cell causes turbulence in the arrangement of atoms 

and, therefore, the number of frequency changes. The 

magnitude of this turbulence is actually the amount 

of resistance to current flow. These changes are 

measured by a frequency analyzer (FRA). In this 

analyzer, there are electrical circuits that calculate the 

changes made in these circuits by complex numbers. 

Therefore, the impedance Z (ω) is calculated as a 

complex number and has two parts, real and 

imaginary. The real part of it is due to the presence of 

resistors in the circuit and is known as (Z'), which is 

expressed by the ZR=R equation. The imaginary part 

is related to other components of the circuit such as 

magnetic field radiation, capacitor and inductor  and 

the like, which is expressed by (Z″), which with its 

equation is as follows: 

𝑍C =
1

𝐽ωC
                    (1) 

Fatemeh Sadeghzadeh et al. [37] reported that if the 

frequency is at its highest, Zc will be to zero in 

measuring impedance. In this case, the impedance 

will be related only to the real component, which is 

significantly related to the resistance between the 

contact layers and the intentional conductivity of the 

electrolyte and if the frequency is at its lowest value 

and towards zero, the value of Zc reaches its highest 

value and the total impedance is related to the 
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imaginary part. Also, the contact resistance between 

electrodes’ surfaces and the current collector can 

affect total resistance. As well ohmic resistance of 

cathode has a remarkable role in total resistance. 

Therefore, the modification of cathode 

microstructure remarkably affects total resistance. 

These values correspond to previously obtained 

information from sources [44-46].  

Cell conduction behaviour is investigated by 

impedance spectroscopy under open-circuit 

conditions at 800 °C. According to Fig. 8, the 

impedance value at Zc=0 and the first intersection 

with the real ohmic axis R are equal to 0.23 Ωcm-2 , 

in which case R is the resistance between the layers 

related to the electrolyte layer thickness and the 

connection between the YSZ electrolyte and the Ni-

YSZ electrode. The second intersection with the real 

axis and the tracking of the first and second 

intersection exhibit the total resistance and the 

electrode polarization resistance, respectively at low 

frequencies [44,47]. In this case, according to Fig. 8, 

the total resistance at high values of Zc will be 1.25 

Ωcm-2.

 

 
Fig. 7. I-V-P curves of the slurry-based 3D-printed cell at 700, 750, and 800 °C in H2  fuel with a flow rate of 50 mL 

min-1 

 

 
Fig. 8. Impedance spectra of the cell at 800 °C under OCV condition using H2 fuel. 

 

4. Conclusion 
In this research, the production of solid oxide fuel 

cells with Ni-YSZ/Ni-YSZ (AFL)/YSZ/LSM layers 

was done using a new method using a 3D printer and 

new solvents additives. The Ni-YSZ (50:50 wt%), 

YSZ, and LSM layers were successfully fabricated 

on Ni-YSZ (60:40 wt%) support by slurry-based 3D 

printing. The particle distribution of the AFL and 

cathode layers with a thickness of about 40 µm is 

uniform, and the distribution of its pores is large, 

medium, and small cavities. The electrolyte layer is 

completely dense and about 20 µm thick. Solid load 

content can control the microstructure and porosity 

in slurry, deposition rates, and sintering conditions. 

In this case, a single cell produced by a 3D printer 

was able to produce a maximum power density of 

0.84 W/cm2 at 800 °C. This porous structure of the 

anode and cathode and the dense structure of the 

electrolyte increases the active region and increase 

the penetration and effect of the gas, which in turn 

leads to an increase in the electrochemical 

performance of the cell. 
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