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Abstract

In this work, a porous nickel anode for thin-film solid oxide fuel cell prepared by 
the simple powder hot-pressing method is investigated. Powders of Ni and pore-
forming agent (PFA) were thoroughly mixed in different ratios, pressed in a mold 
and further sintered. The polishing technique with Yttria-Stabilized Zirconia (YSZ) 
powder has been developed to decrease the surface roughness of Ni-based anode in 
order to deposit a crack-free electrolyte layer. The 3 μm YSZ thin-film electrolyte 
was deposited by the pulsed laser deposition technique on the surface of the anode. 
Morphological and elemental analyses of the samples were characterized by scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analyses. 
X-ray diffraction was used for phase analysis and structural characterization. The 
specific surface areas of the resulting anodes were calculated from their isotherms 
of N2 adsorption and desorption using the Sorbtometer and calculated by Brunauer 
Emmett-Teller (BET) method. As a result, the highest mechanical strength and 
specific surface area (15.42 m2g-1) possessed a sample with the content of PFA 
equal to 40%, while its ionic conductivity at 800 °C reached 6.4∙10-2 S/cm.
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1. Introduction

Currently, the rapid pace of world economic de-
velopment has a negative impact on the environ-
ment due to the fact that fossil fuels are the main 
source of energy in the world [1], and it is estimat-
ed as 80% [2]. The lack of traditional fossil fuels, 
their low efficiency and environmental potential 
have led to the active development, study and ap-
plication of alternative energy sources [2–4]. This 
trend is crucial in the development of new highly 
efficient energy systems and the creation of an en-
vironmentally friendly society. Recently, fuel cells 
(FC) have been actively investigated as an effec-
tive source of environmentally friendly energy [5].

Solid oxide fuel cells (SOFCs) in near future 
have the excellent opportunity to be one of the 

“greenest” and highly efficient energy technologies 
in the field of direct conversion of chemical fuels 
to electricity [6–8]. Today, economically competi-
tive SOFC systems already exist, apparently ready 
for commercialization, but the widespread penetra-
tion of the technology into the market requires con-
stant innovation of materials and manufacturing 
processes to increase the system service life and 
reduce the costs [9]. 

Among the numerous types of FC, such as alka-
line FC [10, 11], FCs with proton-exchange mem-
brane [12–14], FCs based on carbon compounds 
[15, 16], solid oxide fuel cells (SOFCs) based on 
oxygen-conducting solid electrolytes, which have a 
high efficiency (up to 60%) and can use not only 
pure hydrogen but also various hydrocarbons as 
a fuel, should be highlighted. The main structural 
components of these SOFCs are porous electrodes 
(anode and cathode) and a solid gas-tight electro-
lyte (ZrO2: Y2O3 (YSZ)) located between them [1].
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The main advantage of the SOFCs over other 
FCs is that they are characterized by high efficien-
cy and possess the ability to convert chemical fuel 
directly into electrical and thermal energy without 
the use of expensive catalysts [16]. Various types 
of fuel, such as hydrogen or natural gases, can be 
used in the operation of the SOFCs [17]. The mech-
anism of SOFCs operating is the following: at the 
anode part, hydrogen is oxidized, and the released 
electrons are removed to the external circuit [18]. 
Air is supplied to the cathode part, and oxygen is 
reduced to O2- by reacting with electrons from the 
external circuit. The oxygen ions pass through gas-
tight and an ion-conducting electrolyte between the 
anode and cathode under the condition of heating 
the electrolyte to ~ 900 °C, depending on the na-
ture of the electrolyte material [19]. Subsequently, 
on the anode part, the oxygen ions combine with 
the H2 to form water vapor. Water and CO2 are 
the main reaction products on the anode part. The 
known most effective material for the creation of 
anodes is the so-called “cermet”, which is a com-
posite based on Ni (or NiO) and YSZ [9, 8–20].

When manufacturing SOFCs, the anode layer 
must meet some conditions: 

1) the contact between nickel particles must be 
good enough, otherwise, the electrochemical reac-
tion will be limited only by the surface and the cur-
rent will flow only along the ion paths through the 
porous YSZ layer, which will cause large ohmic 
losses; 

2) the tight contact between YSZ particles is a 
important factor because the thickness of the layer 
in which the electrochemically active sites are dis-
tributed is determined by the ratio of the ohmic re-
sistance of ion transfer and polarization resistance 
at the Ni-YSZ contact; 

3) the close contact between nickel and YSZ is 
required for the long-term stability of the material 
since if there is empty space around the nickel par-
ticles, they will start to sinter. 

To avoid this, the space between them must be 
evenly filled with YSZ. However, a certain number 
of pores should still remain to facilitate the trans-
port of reacting and formed gases, since low values 
of the gas diffusion coefficients affect the perfor-
mance of the entire element [9].

The way to reduce the operating temperature of 
the SOFCs is to fabricate electrolytes with a layer 
size less than 10 μm. This approach will reduce the 
internal resistance and increase the power of the el-
ement. In our research, the step of reducing the size 
of electrolytes is the main solution for lowering the 

operating temperature of SOFCs. However, in tra-
ditional SOFC systems, a significant reduction of 
the electrolyte layer can critically affect the fuel 
cell due to the strength characteristics, since the 
electrolyte acts as a supporting element of the en-
tire cell [21, 22]. In this regard, the current study is 
focused on the fabrication of half-cell SOFC with 
the highly porous structure of Ni anode with yttria 
stabilized zirconia (YSZ) particles between the an-
ode and electrolyte layer deposited by pulsed laser 
deposition technique (PLD).

2. Experimental

2.1. Fabrication of macroporous nickel

Macroporous Ni was obtained by mixing of na-
noscale Ni powder (Alfa Aesar, 99.999%, 70‒100 
nm) with a pore-forming agent (PFA, ammonium 
compound) in various ratios (95:5, 90:10, 80:20, 
70:30, 60:40), followed by pressing, evaporation, 
and annealing of the resulting mixture. The mix-
ture was placed in a steel mold and pressed under 
the 500 kg/cm2 pressure. The resulting sample of 
a round shape with a diameter of 2 cm was then 
heated for 2 h at 80 °C for uniform evaporation of 
PFA. Further, the sample was sintered and reduced 
in a furnace at 900 °C in the atmosphere of hydro-
gen to density Ni particles and eliminate from PFA 
completely.

2.2. Polishing the surface of macroporous nickel 
with Ni-YSZ powder

The surface of the porous nickel was polished 
at a mechanical polishing machine. The Ni-YSZ 
powder with the ratio 3:1, mixed with a glycer-
in binder, was used as a polishing agent. The re-
sulting paste was deposited on the surface of the 
porous Ni sample, the sample was polished for 
15‒30 min and annealed up to 900 °C in the at-
mosphere of hydrogen again. This process helps to 
clog macropores of Ni with YSZ to provide a tran-
sit layer between anode and electrolyte.

2.3. Deposition of a thin layer of YSZ electrolyte 
on polished Ni-YSZ by PLD 

Thin layer deposition was performed on the 
PLD equipment with the KrF excimer laser (Lamb-
da Physik, LPX210 model) with a wavelength of 
248 nm. The electrolyte and cathode layers were 
deposited on the porous surface of a nickel anode 
under a frequency of 7 Hz and energy of 380 mJ. 
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The stainless steel chamber was evacuated down 
to 10-6 Pa pressure with the use of a turbomolec-
ular pump. The substrate surface was heated up 
to 600 °C by the holder resistive heater, the target 
was located at a distance of 6 cm under the sub-
strate holder. Before deposition, to prevent drop-
let ejection and to remove surface impurities, the 
laser beam irradiated the target [23]. The dense 
layer of YSZ electrolyte with a thickness of about 
3 μm was deposited on the Ni-YSZ at 650 °C in the 
mixed atmosphere of argon and hydrogen (96:4%) 
to prevent nickel oxidation. Figure 1 presents a 
schematic illustration of a half-cell SOFC fabrica-
tion process.

2.4. Sample impedance measurement technique

The impedance was measured in single chamber 
equipment made entirely of fused silica. The plati-
num paste was applied to the electrolyte serving as 
electrode contacts (Fig. 2). The cell was uniform-
ly heated in a tubular furnace, and the impedance 
spectra were recorded in the frequency range from 
0.1 Hz up to 100 kHz. The amplitude RMS (the 
root mean square) value of the alternating current 
was 20 mV, the temperature range of 500‒800 °C 
[24]. The gas supply was about 30 sccm, while the 
pressure in the chamber was controlled by continu-
ous pumping of the chamber. Before the measure-
ments, the sample was heated at 800 °C for 6 h to 
eliminate the possible contaminants [24–26]. 

2.5. Sample characterization

YSZ (111, 200, 220, 311) film and porous Ni 
anode (111, 220) were characterized using several 
techniques. The deposited films surface morphol-
ogy was studied by scanning electron microscopy 
and atomic force microscopy (SEM and AFM). 
The thickness of the cell and interface of the films 
was studied by cross-section SEM. The orienta-
tion and crystallinity of the deposited layers were 

Fig. 1. Schematic illustration of half-cell SOFC fabrication process.

Fig. 2. Scheme of electrolyte layer impedance 
measurements.

determined by X-ray diffraction (XRD). The spe-
cific surface areas of the resulting anodes were cal-
culated from their isotherms of N2 adsorption and 
desorption using the Sorbtometer and calculated 
by Brunauer Emmett-Teller (BET) method.

3. Results and discussion

The SEM and EDS analysis of Ni powder are 
presented in Fig. 3a and b. From SEM images, 
the powder has a particle size of about 100 nm 
with good homogeneity. Powder grains’ size is an 
essential factor in obtaining anode with a homo-
geneous and extensive porous structure [27]. The 
high porosity of the anode is the main requirement 
for the unhindered delivery of hydrogen to the an-
ode/electrolyte reaction zone. The results of EDS 
analysis confirm the presence of Ni with no impu-
rities. 

The furnace annealing profile stages are present-
ed in Fig. 4a. It was experimentally found that it is 
important to heat the anode as slowly as possible; 
this is due to the process of pore formation in the 
nickel structure. Sharp temperature jumps provoke 
active evaporation of the PFA, which forms mac-
ropores, causing surface cracking and destruction 
of the entire sample [28]. Thus, a slow pore-for-
mer evaporation rate (120 min) was chosen and the 
sample was cooled for 6 h. Figure 4b demonstrates 
the treated and polished porous nickel anode sam-
ples with dimensions 10×10 mm.
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Fig. 3. SEM image (a) and EDS analysis (b) of Ni powder.

Fig. 4. The temperature profile (a) for the annealing process and the porous nickel anode after polishing (b) 10×10 mm.

The SEM surface analysis showed that the nick-
el particles were well sintered together forming a 
porous homogeneous structure (Fig. 5a). The EDS 
was conducted to verify the purity of the porous 
Ni sample composition after annealing. The SEM 
image and EDS analysis are presented in Fig. 5a 
and b, demonstrate that the sintered anode contains 

Fig. 5. The surface morphology of Ni porous anode (a) and EDS analyses (b) of polished porous nickel anode with 
dimension 10×10 mm.

about 99 wt.% of Ni, which confirms the complete 
evaporation of PFA during annealing.

After the sintering of anodes, their surface mor-
phology was studied by SEM (Fig. 6a‒е). From the 
images, the surface of Ni-based anode is presented 
by porous structure with diameter of pores in the 
range from 200 nm up to 1 µm. It can be seen that 

(a) (b)

(a) (b)

(a) (b)
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nickel powder particles were sintered together after 
they reached the melting phase, which improves the 
mechanical properties of the whole anode. With an 
increase in the amount added to the mixture PFA, 
the number and quality of pore-channels observed 
in the images increases [29].

Gas adsorption was performed using Sorbtom-
eter equipment. Adsorption was conducted using 
N2 gas (99.999%). It was experimentally found 
that the highest value of specific surface area 
(15.42 m2g-1) exhibited the sample with 40% of PFA 
(Fig. 7). From the graph, it can be seen that specific 

Fig. 6. SEM images of the porous nickel anodes with different Ni: PFA ratios: (a) ‒ 95:5%; (b) ‒ 90:10%; 
(c) ‒ 80:20%; (d) ‒ 70:30%; (e) ‒ 60:40% .

surface area is growing in the range of PFA addi-
tion starting from 5 up to 40%, at which it reached 
the highest value. Further increase in PFA content 
in the system led to upsize of pore diameter and 
decrease mechanical strength of the samples [30].

PLD deposition of YSZ electrolyte was carried 
out on an untreated sample of a porous Ni-based an-
ode, the surface morphology of which is presented 
in Fig. 8a. The deposited layer uniformly coated the 
surface of the anode, repeating its structure gran-
ularity. Non-electrolyte-coated pores were found 
on the surface (Fig. 8b), which is unacceptable in 

(a) (b)

(c) (d)

(e)
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fuel cells due to possible hydrogen leakage. In this 
regard, it was decided to conduct the surface treat-
ment of the anode by polishing and smoothing its 
surface to deposit the uniform layer of electrolyte.

The mechanical treatment process of the anode 
surface was carried out for the formation of a solid 
and flat surface. The pore diameters of Ni-based 
anode are less than 500 nm, so that the thin electro-
lyte layer can be deposited as a solid sealed layer, 
which is beneficial for avoiding the passage of gas-
es from the anode and cathode parts. The polishing 
was carried out by using a mixture of Ni and YSZ 
powders, which make it possible to form a smooth 
surface at the anode/electrolyte interface and in-
crease a triple-phase boundary area.

Figure 9 presents SEM image of the surface 
morphology of the polished Ni-based anode. It 
can be seen that the surface of Ni anode became 
smoother, its diameter of pores slightly decreased 
compared to the surface of Ni-based anode with-
out polishing (Fig. 6). Thus, the formation of the 
smooth surface structure after polishing is benefi-

Fig. 8. SEM images of surface morphology of Ni-based 
anode before PLD (a) and after deposition of a thin YSZ 
electrolyte layer (b).

Fig. 7. Graph of dependence of the specific surface on 
PFA.

Fig. 9. SEM morphology of Ni-based anode after 
polishing with YSZ powder.

cial for avoiding the degradation of the fuel cell 
due to the coefficient of thermal expansion of the 
cermet structure during the operation of SOFCs. 
As a result, the smooth anode surface allowed de-
positing a homogeneous layer of YSZ electrolyte 
with a thickness of ~ 3 μm, which effectively pre-
vents the traveling of hydrogen to the cathode part 
of the SOFC.

The cross-section and surface morphology of 
the resulting Ni/YSZ based SOFC was character-
ized by SEM (Figs. 10a and b). From Fig. 10a it is 
seen that the deposited YSZ electrolyte layer has 
a thickness of ~ 3 μm with no cracks in the struc-
ture. However, the surface of YSZ electrolyte is 
not uniform, in some areas it repeats the surface 
of the porous nickel. Long duration of PLD results 
in the complete coating of porous Ni surface with 
electrolyte and filling the pores, thus increasing the 
triple-phase boundary of the SOFC.(a)

(b)
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Figure 11 demonstrates the X-ray diffraction 
patterns of the porous anode (black line) and re-
sulting SOFC based on NI/YSZ, obtained by PLD 
(red line). The X’Pert HighScore with the database 
PDF-2 2013 was used for processing the X-ray dif-
fraction patterns data. From the spectra it can be 
seen that the reflections occur at 2θ equal to 45.8°, 
53°, 77.3° which corresponds to the Ni orientation 
planes (111), (200), (220) (black line). The red line 
in Fig. 11 presents the reflections at 2θ equal to 30, 
35, 46, 50, 53, 59 and 77 corresponding to YSZ 
(111), YSZ (200), Ni (111), YSZ (220), Ni (200), 
YSZ (311) and Ni (220), respectively. Based on 
the results of XRD it can be concluded that after 
annealing of the sample, no extraneous elements 
were found in its structure, the process was chem-
ically pure.

Fig. 11. XRD of the obtained SOFCs based on porous Ni 
anode coated with YSZ electrolyte (red line) and porous 
free-electrolyte Ni (black line).
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Fig. 12. Ionic conductivity of the YSZ phase.

Figure 12 presents the dependence of the ion 
conductivity of half-cell SOFC based on porous 
Ni/YSZ against 1000/T. The value of activation 
energy in the temperature range from 700 up to 
800 °C is equal to 0.42 eV. It was experimentally 
found that the ionic conductivity of YSZ phase is 
6.4∙10-2 S/cm at 800 °C, while the value of ionic 
conductivity of YSZ described in [31] is lower, it 
reached approximately 4×10-2 S/cm for 8 mol.% 
YSZ. This can be explained by the low thickness of 
YSZ electrolyte layer (~ 3 μm) deposited by PLD 
technique.

4. Conclusion

In summary, the possibility of forming SOFCs 
anode using nickel nanopowder and PFA in var-
ious ratios has been studied. Based on the results 
of SEM and measurements of the specific surface 

Fig. 10. SEM images of cross-section of obtained porous Ni-based anode with YSZ electrolyte layer (a) and its surface 
morphology (b).

(a) (b)
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area, it can be noted that the most developed porous 
structure in a pair with good sinterability of nickel 
nanoparticles was possessed by a sample with Ni 
to PFA ratio as 60:40%. The EDS analysis con-
firms the purity of experiments and the absence of 
elemental impurities in the resulting materials. The 
purposed technique of polishing macroporous Ni-
based anode by Ni-YSZ powder allows depositing 
uniform and defect-free thin YSZ electrolyte layer 
by PLD, which decreases thermal expansion dif-
ference, and increases the triple-phase boundary of 
the fuel cell, whereas anode polishing reduces the 
pore size at the junction with the electrolyte. The 
measured ionic conductivity of ~ 3 μm thin-film 
electrolyte reached 6.4∙10-2 S/cm at 800 °C, which 
is several orders of magnitude higher compared to 
the existing analogs. This can be explained by the 
fact that with the decrease of electrolyte film thick-
ness, its total conductivity increases by about an 
order of magnitude. At the same time, an increase 
in the content of zirconium dioxide leads to a de-
crease in the contribution of the bulk conductivity 
to the total ionic conductivity.
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