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INTRODUCTION

Solid�oxide fuel cells (SOFC) represent attractive
electrochemical generators that efficiently convert
chemical energy of the hydrogen reaction with oxygen
into electric energy with the minimum effect on the
environment. However, the high working temperatures
of SOFC (800–1000°C) give rise to two main problems
typical of this type of fuel cells. First, to reach the work�
ing temperature, a SOFC should be heated at a low rate
(slower than 300°C h–1) to avoid destruction of ceramic
parts of its structure due to the difference in their coef�
ficients of thermal expansion (CTE). Second, the high
temperatures were found to be responsible for the oxi�
dation or corrosion of most of metals, the diffusion of
electrode materials to the electrolyte to form noncon�
ducting compounds, and the appearance of mechanical
strains due to different CTE.

To be used in industry, the cost, the mechanical
reliability, and electrochemical characteristics of
SOFC must be improved, which can be achieved by
lowering down the SOFC working temperature. This is
why the active studies were aimed at decreasing the
electrolyte resistance by changing Y2O3�stabilized
ZrO2 (YSZ) for other materials, e.g., cerium�doped
samarium or gadolinium oxides that exhibited the
higher ionic conductivity [1–3], or by decreasing the

electrolyte thickness and thus minimizing the Ohmic
losses [4].

So far, the majority of SOFC were fabricated based
on tubular or planar fuel cells. A planar SOFC had a
simpler design and its modification with a carrying
anode made it possible to generate high power densi�
ties due to the low Ohmic resistance of the main sub�
stance [5]. The YSZ electrolytes were synthesized by
different methods. For example, the methods of slip
casting [6], screen printing [7], electrophoretic depo�
sition [8], coating by dipping [9], and semidry pressing
[10] were popular. However, the majority of men�
tioned methods failed to deposit micron layers. Meth�
ods conventionally used for the deposition of such
YSZ films included high�frequency magnetron depo�
sition, the sol�gel process, pulse laser evaporation,
chemical gas�phase deposition, and dc magnetron
deposition. In contrast to other methods, the magne�
tron deposition allowed the uniform and isotropic
coatings to be obtained, was characterized by stability,
provided independent control over the deposition
parameters and the possibility of coating supports with
high surface areas.

For SOFCs with the carrying anodes, the thin�film
gas�impermeable electrolyte layer (1–3 μm thick)
should be prepared on the surface of a porous support.
For minimization of concentration losses, the support
usually had the porosity of ca. 40% and the pore sizes
from several hundred nanometers to ten micrometers.
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Hence, it is evident that to obtain a highly gas�perme�
able ZrO2–Y2O3 (YSZ) layer, the porous SOFC anodes
should be subjected either to surface modification
aimed at the development of modified and interfacial
layers on their surfaces or at the modification of the
thin YSZ layer in order to increase its gas�proof prop�
erties [11–13].

In the present publication, we considered the char�
acteristics of a mid�temperature SOFC operating at
temperatures below 800°C, which comprised a cermet
Ni/YSZ anode, an YDZ electrolyte deposited by mag�
netron sputtering, and a “spread” LaSrMnO3 cathode.
An important feature of our method of SOFC prepa�
ration was the use of pulse electron�beam treatment in
the intermediate stage of electrolyte deposition. As the
result of such treatment, the irradiated layers acquired
the nanograin structure with unique properties [14,
15]. SOFC Units were studied in the temperature
range from 600 to 800°C by voltammetric and imped�
ance spectroscopic methods. Scanning electron
microscopic investigations were performed with the
aim of studying the effect of the electron�beam treat�
ment on the structure and morphology of the YSZ
electrolyte surface. The dependence of electrochemi�
cal characteristics of fuel cells on the conditions of
deposition of electrolyte layers, the temperature, and
the consumption of working gases was analyzed.

EXPERIMENTAL

Preparation of Fuel Cells

The initial material for porous anodes represented
a mixture of nickel oxide with yttrium�stabilized zir�
conium oxide shaped as a ribbon. The latter was man�
ufactured by ESL ElectroScience (USA) by a method
of slip casting; the suspension used included powders
of nickel oxide and YSZ, a thermoplastic binder, and a
surface�active substance. Prior to high�temperature
sintering, the anode samples were 24 mm in diameter

and ca. 550 μm thick. Sintering of NiÎ/YSZ samples
was conducted in air atmosphere, at temperature of
1450°С and with 2�h isothermal exposure. After sin�
tering, the sample diameter decreased to 20 mm.
Anodic supports represented double layer structures
which consisted of the main (0.5 mm thick, pore
diameter 1.5–2 μm) and the functional (15 μm thick,
pore size ~0.6 μm) layers. The functional layer adja�
cent to electrolyte acted as the electrochemically
active layer and consisted of small Ni and YSZ grains
in order to increase the interface and decrease the
polarization losses. The main layer served as the cur�
rent�collecting and gas�distributing layer and for this
purpose had the pore size sufficient for the delivery of
fuel to the electrolyte and the removal of reaction
products. The gas�permeability (G) of this double�
layer anode was ~6.3 × 10–5 mol m–2 s Pa.

The cathode was formed by spreading and drying
the La0.80Sr0.20MnO3 – x paste manufactured by Nex�
Tech Materials, Ltd. (USA). Broadly speaking,
LaxSr1 – xMnO3 (LSM) was the most popular material
in the production of SOFC due to its good compatibil�
ity with YSZ.

Table 1 shows all fuel cells under study that had
similar anodes and cathodes and differed only in the
electrolyte thickness and deposition methods. To
apply a single�layer thin�film electrolyte on samples 1,
2, and 3, we used a method of pulse reactive magne�
tron sputtering of a Zr0.86Y0.14 cathode. The thickness
of electrolyte layers of these samples was 3, 5, and
9 μm, respectively. The YSZ electrolyte was applied in
the Ar/O2 atmosphere at a pressure of 0.2–0.3 Pa on
supports heated to 600°С. The magnetron operated in
the pulsed mode with the frequency of 50 kHz and the
discharge power of 1.5 kW. The deposition rate of the
YSZ film was 2.5 μm h–1.

Fuel cells 4–7 were prepared with the double�layer
electrolyte. In the first stage, a YSZ sublayer with the
thickness of 0.35, 1, 1.5, and 2 μm, respectively, was

Table 1. Characteristics of fuel cells with thin�film YSZ electrolyte

Fuel cell no. Single�layer YSZ 
electrolyte thickness, µm

Double�layer YSZ electrolyte, µm
Unl, 

mV at 650°C
P, mV cm–2

 at 650°C
sublayer main layer

1 3 – – 0.75 60

2 5 – – 0.85 60

3 9 – – – –

4 – 0.35 2.5 0.92 155

5 – 1 2.5 1.02 125

6 – 1.5 2.5 1.03 210

7 – 2 2.5 1.02 250
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applied on the porous anode. Then the samples were
subjected to the pulse electron beam processing with
the following characteristics: electron energy Ee = 10–
12 keV, beam current ~15 kA, beam energy density
Es = 0.8 J/cm2, pulse length 2.5 μs, number of effective
pulses N = 2–3. The melt quenching rate reached
~1010 K s–1 on the surface. The working pressure in the
chamber was at a level of 5.07 × 10–6 Pa. After the elec�
tron�beam processing (EBP), the second electrolyte
layer with a thickness of ~2.5 μm was deposited and
then the LaSrMnO3 cathode was applied. The cathode
was dried at a temperature of 125°С and its sintering
occurred only in the course of fuel cell testing at work�
ing temperatures of 600–800°С. The experiments on
the EBP of porous anodes and the YSZ sublayer were
described in more detail in [16].

Fuel Cell Tests

Figure 1 illustrates the ProboStatTM (NorECs, Nor�
way) unit for studying the characteristics of individual
SOFCs. The studied cell was fixed on a tube of alumi�
num oxide with the diameter of 20 mm; a sealing glass
ring was used for its sealing. Platinum gauzes with the
diameter of 15 mm were used as both anodic and
cathodic current collectors. Each collector was connected
with a platinum wire; these wires were used for measuring
the current and the voltage. The sample was heated to the
working temperature at a rate of 300 deg h–1. Wetted
hydrogen and air (oxygen) were supplied to a fuel cell at
the rates of 20–80 ml min–1 and 50–250 ml min–1,
respectively. The fuel cell characteristics were studied by
voltammetric and impedance spectroscopic methods
using the following instruments: P�150S potentiostat

and Z�500P impedancemeter (Elins, Russia). The
impedance was measured in the frequency range of
0.2–5 × 105 Hz and the ac signal amplitude of 10 mV
under open circuit conditions and under a load. The
obtained impedance spectra were analyzed using the
Z�View 2.3f program (Scribner Associates Inc., USA)
by the method of equivalent circuits.

Studies of Sample Microstructure

After studying the electrochemical characteristics,
the fuel cells were analyzed by a scanning electron
microscope Philips SEM 515. The real thicknesses of
fuel cell components were also measured by electron
microscopy.

Gas�Permeability Measurements

The gas permeability of electrolyte layers with
respect to nitrogen was studied on a home�made
setup, which represented two hermetically sealed
compartments divided by the sample under study.
Each compartment was equipped with gas�delivery
tubes through which the head compartment was filled
with nitrogen and the working compartment was freed
from the gas that diffused into it. The amount of nitro�
gen passed through the sample was measured by the
volumetric method (by measuring the volume of gas
passed at a constant pressure). The gas that diffused
through the sample entered a capillary of a constant
cross section and the amount of gas flowed in time was
assessed by the travel of a liquid drop in the capillary.

RESULTS AND DISCUSSION

Microsctructure of Fuel Cells 
with Thin Film YSZ Electrolyte

Figure 2 shows the cross sections of the anode/sin�
gle�layer electrolyte and anode/double�layer electro�
lyte structures and also the electrolyte surface. Appar�
ently, the YSZ coatings applied by magnetron deposi�
tion on a porous support had the columnar structure
(Fig. 2a). However, the films were sufficiently dense
and demonstrated good adhesion to the anode. The
gas permeability of sample 2 with the thickness of 5 μm
amounted to 2.1 × 10–7 mol m–2 s–1 Pa–1, which was
300 times lower as compared with the original anodic
support (6.25 × 10–5 mol m–2 s–1 Pa–1).

Figure 2b shows the cross section of sample 6 with
the double�layer electrolyte the formation of which
started with the deposition of 1.5 μm thick YSZ sub�
layer followed by electron�beam processing. As the
result, the sublayer was recrystallized due to the high�
rate heating and cooling, the columnar electrolyte
structure transformed into a denser structure, which
was also accompanied by surface smoothing. Hence,
the growth and the formation of the second electrolyte
layer on the processed sublayer started on the smooth
surface of the latter rather than on the vertexes of Ni
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Fig. 1. Illustration of a unit used for measuring electro�
chemical characteristics of SOFC: (1) Pt gauze, (2) cath�
ode, (3) anode, (4) furnace, (5) thermocouple, (6) Pt wires,
(7) an Al2O3 tube for fixing the fuel cell, (8) sealing,
(9) electrolyte.
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and YSZ grains in the porous anode that would inevi�
tably favor the formation of pores in the coating. The
surface state is known to play an important role in the
initial stage of coating formation and largely deter�
mine the future structure. As the result, the second
electrolyte layer had the pore�free structure of the pro�
cessed sublayer and the boundary between two layers
was absolutely indistinguishable. The gas�permeabil�
ity of the double�layer electrolyte prepared using the
electron�beam processing was twice lower as com�
pared with the single�layer electrolyte of the same
thickness and equal to 1.01 × 10–7 mol m–2 s–1 Pa–1.

Voltammetric Characteristics of Fuel Cells 
with Thin Film YSZ Electrolyte

Figure 3 show voltammetric and power character�
istics of samples with single�layer (fuel cell 2) and
double�layer (fuel cell 6) electrolytes. The no�load
voltage Unl of these samples at temperatures of 600–
800°C was equal to 840–960 and 950–1060 mV,
respectively. The Unl values of samples with double�
layer electrolyte approached those theoretically pos�
sible in air (1080 mV). This pointed to the lower gas�
permeability of the double�layer electrolyte, which
correlated with both the directly assessed permeabil�
ity and the electrolyte structure observed by an elec�
tron microscope.

Voltammetric characteristics (VAC) of both cells
shown in Fig. 3 are nonlinear. The first “fast” VAC
region (from 0 to 40–400 mA, depending on the tem�
perature) was associated with the activation losses due
to the energy consumption in several processes. The
latter involved the gas�phase diffusion of reagents to
electrodes, the adsorption, the dissociation and the
ionization, the surface diffusion to electrochemically
active centers, and the penetration of ions into elec�
trolyte and electrodes.

At high current densities (above 1 mA cm–2), in fuel
cell 6, the voltage drop accelerated due to the appear�
ance of concentration losses. This kind of polarization
was associated with the fact that the concentration of
species in the reaction zone through which a current
flowed differed from the concentration of reagents in
the anode bulk, because the delivery and the removal
of substances lagged behind their consumption on the
electrode.

At a temperature of 800°C, the power densities
generated by fuel cells 2 and 6 differed more than two�
fold being 300 and 600 mW/cm–2, respectively, at the
potential of 400 mV. As the temperature lowered down
to 600°C, the difference between power densities of
these cells increased to four�fold. Apparently, this is
due to the smaller resistance of the double�layer elec�
trolyte, which testifies that EBP combined with mag�
netron deposition holds much promise in the manu�
facturing mid�temperature SOFC.

5 μm 5 μm

5 μm1 μm

(a) (c)

(d)(b)

Fig. 2. Cross sections of samples with the following structures: (a) Ni�YSZ/single�layer YSZ electrolyte, (b) Ni�YSZ/double�layer
YSZ electrolyte, (c, d) surfaces of (c) single� and (d) double�layer YSZ electrolytes.
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Impedance Spectroscopy of Fuel Cells 
with Thin Layer YGZ Electrolyte

Figure 4 shows impedance spectra of cells 2 and 4
measured in the no�load mode at temperatures of 600,
650, and 700°C. They are described by two partly over�
lapping semicircles with small radii at high frequencies
and large radii at low frequencies. The high�frequency
semicircle was poorly discernible but became more
pronounced as the temperature decreased. According
to the general theory of electrochemical impedancem�
etry, the intersection point of the high�frequency
hodograph region with the impedance real axis corre�

sponded to the Ohmic resistance of a fuel cell (RE),
which included the resistances of the electrolyte, two
electrodes, current collectors, and connecting wires.
The intersection point of the low�frequency
hodograph region with the impedance real axis deter�
mined the total resistance of a fuel cell (RE + Rp) com�
prising the Ohmic resistance of the cell, its resistance
associated with concentration polarization (mass
transfer resistance), the polarization resistance caused

by the charge transfer  and other types of polar�

ization resistance induced by, e.g., adsorption pro�
cesses, etc. Thus, the total polarization resistance of
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Fig. 3. Voltammetric and power characteristics of fuel cells (a) 2 and (b) 6 at different temperatures, °C: (1) 550, (2) 600, (3) 650,
(4) 700, (5) 750, (6) 800. H2: 40 ml min–1; air: 150 ml min–1.
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electrodes (Rp) could be determined from the imped�
ance spectra as well.

For fuel cell 2, the Ohmic resistance increased from
0.25 to 1.8 Ω as the temperature decreased from 800 to
600°С. For fuel cells 4, 6, and 7, as the temperature
decreased in the same temperature range, RE increased
from 0.27 to 0.92, 0.42, and 0.31 Ω, respectively. Thus
for 800°С, the Ohmic resistance of samples under
study was approximately unchainged and equal to
0.25–0.27 Ω but, as the temperature increased, the
samples with double�layer electrolytes had substan�
tially lower Ohmic resistances. Moreover, the differ�
ence between RE of fuel cells with single� and double�
layer electrolytes increased with a decrease in the tem�
perature. Insofar as the obtained samples differed only
in the methods preparation while the electrolyte thick�
nesses and the Ohmic resistances of electrodes, cur�
rent collectors, and connecting wires were the same
for all cells, the changes in RE were directly associated
with the changes in the conductivity of the YSZ elec�
trolyte. The lower resistance of an electrolyte sub�
jected to EBP was explained by the fact that the pulse
fusion was capable to form layers with the ultrafine�
grain and nanocrystalline structure [17].

According to Fig. 4, fuel cell 4 with the double�
layer electrolyte exhibited not only the lower Ohmic
resistance as compared with a cell with single�layer
electrolyte but also the smaller polarization resistance

Rp. For samples 4–7, the polarization resistance was in
the range of 10–16 Ω, whereas for fuel cell 2, this value
was equal to 22 Ω. This means that the EBP affected
not only the properties of the YSZ sublayer but also
changed the surface of the contact between the
Ni/YSZ anode and the YSZ electrolyte. This could
increase the three�phase boundary between the anode
and the electrolyte and decrease the polarization resis�
tance associated with the charge transfer.

Figure 5 illustrates the effect of gas consumption on
the impedance spectra of fuel cell 4. The measure�
ments were performed in the no�load mode. It is evi�
dent that in the high�frequency range, the hydrogen
and oxygen consumption had no effect on the cell
impedance, whereas in the low�frequency range, the
impedance decreased with the increase in gas con�
sumption. Voltammetric and power characteristics
indicated that for different gas consumption rates at
low current densities, the cell potential remained
unchanged. However, for a high current density, the
gas consumption had a considerable effect on the
VAC. This suggested that the characteristics of a fuel
cell were largely limited by the mass transport and the
electrochemical reaction at the interface. As the gas
consumption decreased, the maximum power den�
sity decreased. The power density decreased from
170 to 150 mW cm–2 as the hydrogen consumption
decreased from 80 to 20 ml min–1 and from 240 to
225 mW cm–2 as the oxygen consumption dropped
from 250 to 50 ml min–1.

As was already noted above, the impedance of a cell
with the thin�film YSZ electrolyte in the no�load mode
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was characterized by the presence of large�circle arcs at
low frequencies and small�circle arcs at high frequen�
cies. Under a load, the cell impedance had a similar
form. This suggested that at least two different electrode
processes could be responsible for the high� and low�
frequency arcs. The similar impedance spectra were
observed [18] for SOFC that comprised a carrying
anode, an YSZ electrolyte, and a LSM�YSZ/LSM dou�
ble�layer cathode.

The impedance spectrum of fuel cell 7 was mod�
eled by an equivalent circuit shown in Fig. 6, where RE
is the total Ohmic resistance, (R1, Q1) and (R2, Q2) per�
tain to the high� and low�frequency arcs, respectively.
The equivalent circuit included two series circuits each
containing a resistance and a constant phase element
(CPE) connected in parallel.

The CPE was often used in equivalent circuits for
modeling the impedance and expressed as

 where A is the pseudocapacitance,
F cm–2 sn; ω is the angular rate, rad s–1; j = (–1)1/2; and
n is the power index of CPE. For n = 1, the constant
phase element represented a pure capacitance; for n = 0,
CPE was a resistance, and at n = 0.5, CPE trans�
formed into the Warburg element and modeled the
diffusion of reagents. The presence of a CPE in the
equivalent circuit could point to the reactivity distrib�
uted over the surface, the surface heterogeneity,
roughness, or fractal geometry, the electrode porosity,
the current and potential distribution according to the
electrode geometry [19].

( )1 ,nQ A j −
−

= ω

In the Z�View program we used for analyzing the
impedance, the constant phase element was given by
two parameters designated as CPE�T and CPE�P. The
CPE�T parameter corresponded to pseudocapaci�
tance A and CPE�P was identified with the power
index n in Eq. (1) that characterized the geometric
properties of the surface [20].

Resistances RE, R1, R2 and constant phase elements
Q1, Q2 for fuel cell 7 were calculated based on imped�
ance spectra measured in the no�load mode at differ�
ent temperatures (Table 2).

At 800°С , the Ohmic resistance of fuel cells with
double�layer electrolyte was ~0.23 Ω cm2. Based on
the YSZ conductivity equal to ~0.04 S cm–1 at 800°С
(the Ohmic resistance of the YSZ electrolyte with the
thickness of 10 μm ~0.025 Ω cm2) [21], the Ohmic
resistance of the YSZ electrolyte 3–5 μm thick should
be ~0.008–0.012 Ω cm2. The difference observed in
practice was probably due to the additional contact
resistance at the LSM/YSZ interface, because, in our
case, the LSM cathode was not sintered at tempera�
tures commonly used in practice (1100–1250°С) and
also due to the resistance at the electrode boundary
with current collectors.

As the working temperature increased, the polar�
ization resistances R1 and R2 and also the time con�
stants R1Q1 and R2Q2 corresponding to high� and low�
frequency arcs considerably decreased. For instance,
R1 and R2 at temperature 750°С were equal to 0.67 and
2.14 Ω, which was 2� and 6�fold lower than their cor�
responding values at 650°С. The time constants R1Q1
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Fig. 6. Impedance spectra of fuel cell 7: calculated (curve) and measured (points) at650°С and also the equivalent circuit of fuel
cell. H2: 40 ml min–1; air: 150 ml min–1.



RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 47  No. 4  2011

MID�TEMPERATURE SOLID OXIDE FUEL CELLS 501

and R2Q2 also substantially decreased as the tempera�
ture lowered from 650 to 750°С , i.e., by the factors of
15 and over 100, respectively. For 800°С , the small�
circle arc corresponding to the high�frequency spec�
tral range disappeared altogether and the impedance
was modeled by a single circuit comprising a resistance
and a CPE connected in parallel.

The power index n fitted a range from 0.7 to 0.9 in
both the high� and low�frequency regions (Table 2).
Its values were close to those obtained in a study [22]
devoted to the kinetics of the electrochemical reaction
at the LSM/YSZ interface. The power index n for
cathodes sintered at different temperatures changed
from 0.5 to 0.8. However, it remained unclear why n
increased with the increase in the temperature; the
analogous dependence was mentioned in the literature
[18, 22].

Insofar as the contribution of the anodic polariza�
tion to the overall losses in a fuel cell was far below the
cathodic contribution, the electrode polarization in a
SOFC was assumed to be mainly cathodic [22]. In
[24], the impedance spectra measured for a SOFC
with the composite LSM�YSZ cathode was also
approximated by two semicircles. The first semicircle
pertaining to the high�frequency spectrum part corre�
sponded to the transfer of oxygen ions from the elec�
trode to the electrolyte. The second located in the low�
frequency zone corresponded to the dissociative
adsorption of oxygen and/or its surface diffusion.

The decrease in the voltage on a fuel cell upon
imposing a load was accompanied by a decrease of
polarization resistances R1 and R2 and also of the time
constants R1Q1 and R2Q2. This suggested that the pro�
cesses of oxygen ion transfer and the surface dissocia�
tion with diffusion were activated with the application
of an electric load [18].

The obtained results demonstrated that the pro�
posed method of formation of a thin�film electrolyte
allowed fabricating SOFC with sufficiently high spe�
cific characteristics at moderate (650°С) temperatures
and also that the further improvement of the SOFC
characteristics should be directed at the elimination of
the polarization resistance, especially, of the cathode.
We are planning to use a composite LSM�YSZ cath�
ode for this purpose, because the use of composite
cathodes allows the three�phase boundary between the
cathode and the electrolyte to be substantially
increased thus decreasing the polarization resistance
to the charge transfer.

CONCLUSIONS

In this study, we demonstrated that the methods of
magnetron deposition and electron�beam processing
showed promise in the formation of a thin�film elec�
trolyte for mid�temperature solid�oxide fuel cells. The
maximum power density of fuel cells prepared by the
aforementioned methods was 200–250 mW cm–2 at
650°С. This several times exceeded the power densities
typical of fuel cells with the carrying electrolyte under
the given conditions and was achieved due to both the
decrease in the YSZ electrolyte thickness and resis�
tance and the optimization of its structure. The func�
tional characteristics of the developed mid�tempera�
ture SOFC can be substantially improved by lowering
down the cathodic polarization and decreasing the
contact resistances at the cathode/electrolyte and
electrode/current collector interfaces.
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