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2. ABBREVATIONS AND SYMBOLS 
aO2  

oxygen activity 

BCY BaCe0.9Y0.1O3-δ 

BZY BaZr0.9Y0.1O3-δ 

Ce
x

Ce  
Ce4+ cation at a cerium site 

Ce
Će

  Ce3+ cation at a cerium site 

DC  direct current 
DSC  differential scanning calorimetry 
DTA differential thermal analysis 

D
x

Ce  
more easily reducible cation at a cerium site 

E  cell potential 
Ea,bulk activation energy for mobility in bulk 
Ea,gb  activation energy for mobility at grain boundary 
Ea,tot  total activation energy  

Eact  activation energy 
EDS  energy dispersive X-ray spectroscopy 
Endo endothermal 
Exo  exothermal 
GDC Gd-doped CeO2 

h·  electron hole 
HR  high resolution 
I  current density 
IT  intermediate temperature 
LSC  LaxSr1-xCoO3-δ 

LSCF LaxSr1-xCoyFe1-yO3-δ 
MS  magnetron sputtering 
n  flexible exponent value 
Nd:YAG Nd-doped yttrium aluminium garnet 
P  power density 
pO2  oxygen partial pressure 
PSC  PrxSr1-xCoO3-δ 

O
x

O  
O2- anion at an oxygen site 

OCP  open circuit potential 
OH

O   
 ·  positively charged protonic defect at an oxygen site 

PLD  pulsed laser deposition 
Pn  lower bound of electrolytic domain 
Ra  average roughness 
Rpol  polarization resistance 
Rs  high-frequency series resistance 
RF  radio frequency 
S  substrate 
ScSZ Sc-stabilized ZrO2 
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SDC  Sm-doped ceria 
SEM scanning electron microscopy 
SIMS secondary ion mass spectrometry 
Sm

Će 
Sm3+ cation at a cerium site 

SOFC solid oxide fuel cell 
SP  ultrasonic spray pyrolysis 
T  temperature 

Tb
x

Ce  
Tb4+ cation at a cerium site 

Tb
Će  

Tb3+ cation at a cerium site 

TEM transmission electron microscopy 
TG  thermogravimetry 
TOF  time-of-flight 
TSDC Ce0.9Sm0.1-xTbxO2-δ 
V

O   

 · ·  oxygen vacancy at an oxygen site 

XRD X-ray diffraction 
YSZ  Y-stabilized ZrO2 

Z'  real part of impedance 
Z''  imaginary part of impedance 

σ  conductivity 
σ0

el
   n-type electronic conductivity at log aO2

= 0 

σion  ionic conductivity 
σtot  total conductivity 
ω  angular frequency   
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3. INTRODUCTION 
Current world energy production is based mainly on extraction and burning of 
polluting hydrocarbon fuels (oil, coal, natural gas). The particulates and gaseous 
products (CO2, NOx, SOx) emitted from combustion processes have negative 
impacts on health and environment. In the light of these issues, more environ-
mentally friendly energy technologies are increasingly drawing more attention. 
Solid oxide fuel cell (SOFC) has been demonstrated to be a promising tech-
nology for efficient and cleaner power generation. Its attractiveness relies on 
high efficiency, and energy and power density. SOFC can be operated on a 
variety of fuels, including zero-emission hydrogen and renewable biofuels. 
Additionally, SOFC operated in reversible i.e. electrolyzer regime is suitable for 
energy storage application in smart-grids.  

The operation of SOFC is based on electrochemical oxidation of fuel with an 
oxidant. The core of SOFC consists of a dense ion conducting solid electrolyte 
sandwiched between porous anode and cathode. Each component must meet a 
specific set of requirements. The key requirements for the SOFC electrolyte are 
high density, good ionic conductivity but negligible electronic conductivity. 
Additionally, the SOFC electrolyte must have mechanical compatibility with 
the electrode materials and chemical stability over a wide range of temperature 
and oxygen partial pressure.  

Big efforts have been made to commercialize the SOFC technology by low-
ering its cost and extending lifetime of the SOFC systems. The main strategy is 
to lower the working temperature to intermediate temperature (IT) range (600–
800 ºC), while maintaining the high performance. As the classical SOFC elec-
trolytes based on stabilized ZrO2 have poor ionic conductivity within IT range, 
alternative mainly ceria based electrolyte materials have been considered. Due 
to their higher ionic conductivity and good stability with the cathode materials, 
Sm-doped CeO2 or Gd-doped CeO2 are the potential replacements for stabilized 
ZrO2 as an IT-SOFC electrolyte material. However, the main disadvantage of 
CeO2 based solid electrolytes is the partial electronic conductivity at moderately 
and highly reducing conditions, resulting in efficiency losses of SOFC. Several 
approaches have been studied to assess the possibility of suppressing the partial 
electronic conductivity. Previous experimental studies have demonstrated pos-
sible electron trapping by some 4f-elements, like Tb, used as a co-dopant for 
Sm-doped CeO2.  

SOFC cathode materials like LaxSr1-xCoO3-δ (LSC), PrxSr1-xCoO3-δ (PSC) or 
LaxSr1-xCoyFe1-yO3-δ (LSCF) are suitable cathode materials for the IT range. 
However, the main drawback is their tendency to react with stabilized ZrO2 at 
higher temperatures. This results in the formation of zirconates (SrZrO3) with 
low oxide-ion conductivity at the electrolyte|cathode interface. Due to its good 
chemical stability with LSC, PSC or LSCF, doped CeO2, usually Ce0.9Gd0.1O2-δ, 
has been used as a protective interlayer between the stabilized ZrO2 electrolyte 
and the cathode to suppress the formation of zirconates.   
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Various proton conducting oxides are also proposed as electrolyte materials 
for the IT-SOFC application. They possess higher ionic conductivity and lower 
activation energy at the IT range compared with oxide-ion conducting materials 
like stabilized ZrO2 and doped CeO2. Additionally, fuel utilization is higher in 
the case of proton conducting electrolyte, as the fuel is not diluted with water at 
the anode side. Therefore, several cerates and zirconates with different dopants 
have been tested as potential IT-SOFC electrolyte materials. Although doped 
BaCeO3 possesses the highest protonic conductivity, its chemical stability with 
respect to carbonate and hydroxide formation is rather poor in CO2 and steam 
containing environment, respectively. One method for increasing the chemical 
stability of BaCeO3 is to coat it with a thin-film protective layer. Chemically 
more stable doped BaZrO3 has shown some good protective behaviour, 
although its ionic conductivity is lower.  

Another strategy to compensate the decrease of ionic conductivity at the IT 
range is to reduce the thickness of SOFC electrolyte. Spray pyrolysis, based on 
atomization of the precursor solution, has turned up to be a cost-effective 
method for deposition of homogenous high quality oxide layers, compared with 
more complex chemical or physical vapor deposition techniques. Ultrasonic 
spray pyrolysis method has the advantage of building up an oxide layer with 
greater homogeneity. 

The aim of this work was to evaluate the ultrasonic spray pyrolysis process 
as a method for deposition of oxide-ion and proton conducting electrolyte layers 
with different protective functions for IT-SOFC application and to prepare 
homogenous functional layers. Ce0.9Sm0.1-xTbxO2-δ layers with protective prop-
erties against the electronic conductivity were deposited using the ultrasonic 
spray pyrolysis method. Influence of Tb dopant and thermal treatment on 
microstructural and electrical properties of the Ce0.9Sm0.1-xTbxO2-δ layers was 
studied. The ultrasonic spray pyrolysis (SP) method was also used to deposit 
Ce0.9Gd0.1O2-δ as a chemical barrier layer for separation of LSC cathode and 
YSZ electrolyte. CO2 resistant BaZr1-xYxO3-δ protective layers were deposited 
by using the SP method onto proton conducting membrane. Mobility of cations 
during thermal treatment of spray-pyrolyzed raw layers was studied using sec-
ondary ion mass spectrometry and transmission electron microscopy with 
energy dispersive X-ray spectroscopy method. More complex pulsed laser 
deposition and magnetron sputtering methods were also applied for deposition 
of layers and comparative analysis has been conducted. Influence of deposition 
method characteristics and thermal treatment regimes on physical and electrical 
properties of the protective layers has been analyzed in detail. 
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4. LITERATURE OVERVIEW 
4.1. SOFC 

Fuel cells are an attractive devices for generating electricity from a variety of 
fuels, including sustainable biofuels. Although the principles and effects of fuel 
cell operation were discovered by Schoenbein, Sir William Robert Grove 
demonstrated the first operating fuel cell in 1839. Long-lasting development of 
solid oxide fuel cell (SOFC) technology started when W. Nernst discovered 
solid electrolyte in 1899. First operating SOFC at 1000 °C was demonstrated by 
Paur and Preis in 1937. Intensive research and overwhelming development of 
practical SOFCs began in the early 1960s [1–7].  

SOFC is a solid-state energy conversion device that produces electricity and 
heat by electrochemical oxidation of fuel with an oxidant. Although the overall 
reaction is the same as that occurring in the combustion process, it is divided 
into two separate electrochemical reactions occurring at the opposite sides of 
the solid electrolyte separating anode and cathode electrode compartments. In 
the case of hydrogen fuel, the chemical reaction product is water. When 
hydrocarbon fuel is used, the exhaust gas contains also carbon dioxide. A single 
SOFC consists of two porous electrodes (anode and cathode) separated usually 
by an oxide-ion conducting solid electrolyte. The fuel is introduced to the 
anode, where it is oxidized by the oxide ions provided by the solid electrolyte. 
The oxidant (often oxygen from air) is fed to the cathode, where it is reduced to 
oxide ions. The electrons released in the anode are directed through the external 
circuit to the cathode producing direct-current in the electrical circuit. Current 
SOFC materials require high operating temperatures (600–1000 °C) for 
sufficient conductivity and high (moderate) electrode kinetics. A SOFC single 
cell produces less than 1 V potential difference (so-called cell potential), which 
is not sufficient for practical applications. In order to increase the SOFC 
electrical potential, SOFC stacks are built by connecting the single cells together 
with interconnects in electrical series [1–10].   

In addition to hydrogen, available hydrocarbon fuels like gasoline, diesel, 
alcohol, methane, butane and synthetic gas can be used as a fuel in SOFC. High 
operating temperatures promote rapid reaction kinetics, allowing internal 
reforming of hydrocarbon fuels within the fuel cell without an additional fuel 
processing unit. SOFC has significantly high theoretical fuel-to-electricity 
conversion efficiency of 45–60% compared with that of traditional coal and 
natural gas power plants. Since the chemical energy of fuel is converted directly 
into electrical energy and heat without combustion, the usual losses involved in 
the intermediate steps of fuel conversion (chemical energy → heat → 
mechanical energy → electrical energy) are avoided. The efficiency can be 
further improved to 70–80%, when the by-product heat is used to drive a gas 
turbine in a combined cycle system. Emissions of pollutants such as NOx, SOx, 
unburned hydrocarbons and particulates are either negligible or extremely low. 
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Due to the higher conversion efficiency, CO2 emissions generated from fossil 
fuels per kWh electricity are lower.  

The use of a solid electrolyte in a SOFC eliminates problems related to 
liquid electrolyte management. Unlike combustion engines and gas turbines, 
SOFC systems can be made in different sizes (in a wide power range from 
milliwatts to megawatts) and operated at part-load conditions without affecting 
the efficiency. Since no moving parts (except air blower and valves in the 
system) are included, SOFC systems have low maintenance costs. Additionally, 
vibration and noise levels are very low during operation. These very big 
advantages allow to use SOFC in urban residential areas [1–5,7–9]. 

Each component serves several functions in the SOFC and must adhere a 
very specific combination of requirements. SOFC components must have ade-
quate chemical, morphological and mechanical stability under operating condi-
tions, chemical stability with the neighbouring components and proper electrical 
properties. Additionally, the coefficients of thermal expansion of the compo-
nents must match to avoid separation or cracking during fabrication and opera-
tion, i.e., under fluctuating temperature conditions. The electrolyte must be a 
dense pure ion-conductor, while the electrodes must be porous with sufficient 
electrocatalytical activity and mixed conductivity. From a practical point of 
view, the SOFC components must have good fabricability and reasonable cost 
[1,2,5–7,10–13]. 

Despite excellent technical progress made in SOFC technology, further 
research activity is required in development of suitable materials and especially 
the cheap fabrication processes. Therefore, some novel stack designs are being 
developed. Issues related with time-stability, reliability and high cost of SOFC 
are hindering extensive commercialization of SOFC technology. Commerciali-
zation of SOFC systems for residential combined heat and power application 
has already begun. Multi-kilowatt SOFC systems have shown excellent perfor-
mance with adequate time-stability [1,6,8,10,14]. 

 
 

4.2. Intermediate temperature SOFC 

Current large-scale SOFC systems based on stabilized zirconia electrolyte are 
normally operated at temperatures of 800–1000 ºC in order to achieve adequate 
efficiency and power density. However, the high operating temperatures have 
several disadvantages. Higher thermal stresses are generated during thermal 
cycling of a multilayer device with the components having slightly different 
coefficients of thermal expansion. Additionally, larger temperature differences 
tend to develop and start-up time of the system is longer. Lowering the 
operating temperature to intermediate temperature range (600–800 ºC) reduces 
both the stresses and the start-up time, which is crucial for the commer-
cialization of SOFC. Radiation heat losses from the fuel cell stack can be 
reduced with decreasing operating temperature. Another advantage is the 
reduced intensity of coarsening and sintering processes, which otherwise will 
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make rather difficult to maintain the high specific surface areas of electrodes at 
high temperatures. The chemical and mechanical stability of some materials like 
ceria can be increased at the intermediate temperature range. A temperature 
reduction would allow greater flexibility in the choice of SOFC materials.  
A switch can be made from ceramic to inexpensive ferritic steel interconnects. 
Other issues that can be addressed with lower operating temperature are ele-
mental interdiffusion rate across interfaces, metallic corrosion, chromium 
vaporization from the interconnects and ceramic aging effects. Thus, IT-SOFC 
could have improved reliability, longer cell life and lowered cost [1,15–18]. 
Although, there have already been some thoughts about low temperature solid 
oxide fuel cells [19,20]. 

However, lowering the operating temperature causes some new problems. 
One is increased ohmic loss across the solid electrolyte, which would decrease 
SOFC performance. This problem has been addressed by replacing the stabi-
lized zirconia by solid electrolytes possessing higher ionic conductivity. There 
is a variety of alternative materials  proposed for SOFC electrolyte [5,17,18,21–
23]. Another strategy to reduce the ohmic loss is decreasing thickness of the 
electrolyte. A number of methods have been used for preparation of electrolyte 
layers with the thickness smaller than 10 μm [1,14,24–32]. 

 
 

4.3. SOFC electrolyte 

The solid electrolyte is the key component of SOFC. Its main function is the 
transport of ions under a gradient of chemical potentials between the electrodes. 
The flow of ions is balanced by the charge from the electron flow completing 
the electrical circuit in the fuel cell. The electrolyte also acts as a separator of 
the fuel and the oxidant compartments in the fuel cell. Thus, the electrolyte 
material must be stable in both reducing and oxidizing environments and have 
sufficient density in order to avoid electrical potential losses caused by gas 
cross-leakage. The electrolyte must have sufficient ionic conductivity and neg-
ligible electronic conductivity to prevent a decrease in the efficiency of SOFC 
due to the mixed conductivity of the electrolyte. The conductivity of the elec-
trolyte must be time-stable. Also chemical and thermal compatibility with the 
other cell components are required from room temperature to the operating and 
fabrication temperatures [1,2,12,13]. 

The operation of SOFC is based on oxide materials with ionic conductivity 
via mobility of the charged species in the crystal lattice [1,33]. The electrolyte 
must have ionic conductivity for one of the elements present in the gaseous 
reactants. The SOFC electrolyte can be either an oxide-ion or proton conductor. 
For some materials both conductivity types can occur simultaneously at the 
specific operating conditions. Electrolyte selection determines the ion type 
(conductivity) involved in the redox reactions and the direction of ion flow in 
the electrolyte. The oxide-ion conductors require electroreduction of oxygen 
occurring at the cathode and following transport to the anode to be reacted with 
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the fuel. In the case of the proton conductors, the protons generated in the anode 
are transported to the cathode, where they react with oxygen [1,16,34]. This 
means that the water is produced at the oxidant side, thus the fuel dilution 
causing a decrease of open circuit potential (OCP) is avoided and fuel utiliza-
tion is higher. The proton conductor SOFC is reported to have higher efficiency 
at lower temperatures compared with that of the oxide-ion conductor SOFC 
[35,36]. However, the stability issues in CO2 containing environments can occur 
for some proton conducting materials, making problematic to use syngas and 
hydrocarbon fuels. Additionally, SOFC based on the proton conductors is not be 
able to electrochemically oxidize CO, one of the components in syngas 
[1,16,37–39]. 

The oxide-ion conductors have received much attention as SOFC electrolyte 
material. Present SOFC is almost exclusively based on stabilized zirconia, alt-
hough doped ceria electrolyte has been also used, especially at the intermediate 
temperatures (600–800 °C). Implementation of the proton-conductor SOFC has 
been delayed by the low stability and quick degradation problems. Although 
these materials hold a lot of potential for future SOFC providing high power 
density values, further development work is required [1,16,34,39]. 

 
 

4.3.1. Doped ceria 

An ideal SOFC electrolyte must be a pure oxide-ion conductor under normal 
SOFC operating conditions. Oxides with the fluorite structure are the classical 
ionic conductors and attractive materials as the SOFC electrolytes. The general 
formula of the fluorite structure is MO2, where M is a large tetravalent cation. 
The materials with the fluorite structure are for example ceria (CeO2), urania 
(UO2) and thoria (ThO2). Doping the MO2 oxides by inserting cations with 
lower valence into the crystal lattice introduces the oxide-ion conductivity, 
because the oxygen vacancies are generated to maintain the overall charge neu-
trality and provide lattice sites for diffusion of the oxide ions in the crystal 
structure. Most oxide-ion conductors are actually mixed conductors having 
some degree of electronic conductivity. The electronic conductivity in an oxide-
ion conductor occurs via electrons or electron holes with high mobility. Low 
oxygen partial pressure of the surrounding environment could reduce some 
oxide-ion conducting SOFC electrolytes like ceria to a degree that their ionic 
transference number (the ratio of the ionic conductivity to the total conduc-
tivity) is significantly reduced and the efficiency of SOFC is decreased due to 
the electronic shorting. Due to the high mobility even very low concentrations 
of the electronic charge carriers decrease the ionic transference number. Thus, 
at fixed temperatures the doped fluorite-type oxide-ion conductors can have 
sufficiently large ionic transference number over a certain range of oxygen 
partial pressures [1,2,13,40,41]. 

Pure CeO2 exhibits n-type electronic conductivity with low oxide-ion con-
ductivity. The n-type conductivity takes place by a small polaron hopping 
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mechanism. The oxide-ion conductivity can be increased remarkably at higher 
temperature by doping CeO2 with a divalent or trivalent oxide. Rare-earth 
oxides like La2O3, Y2O3, Sm2O3, Gd2O3, and more cost-effective CaO and SrO, 
are just some examples of the dopants. The highest ionic conductivities have 
been reported for Sm2O3 and Gd2O3 dopants, which have the lowest ion size 
mismatch with CeO2. The dissolution of Sm into the CeO2 lattice can be written 
using the Kröger-Vink notation: 

        
 SmଶOଷ = 2Smେୣ, + 3O୓୶ + V୓ ••  (1)
 

where  Smେୣ,  , 	O୓୶ 	 and V୓ ••  represent a Sm3+ cation at a cerium site, an O2- 

anion at an oxygen site and an oxygen vacancy at an oxygen site, respectively. 
For every dopant there is a specific optimal concentration for the maximum 
conductivity. Doped CeO2 demonstrates the superior conductivity and the lower 
conduction activation energy compared with the stabilized zirconia (ZrO2) 
[12,13,21,34,42]. 

However, the tendency of doped ceria to undergo the partial reduction (Ce4+ 

→ Ce3+) at higher temperatures and lower oxygen partial pressures is the main 
issue, which limits its application as SOFC electrolyte material. The electronic 
conductivity of the ceria based electrolytes is caused by the hypostoichiometry-
generated small polarons. The reduction reaction of ceria can be written as: 

 
 O୓୶ + 2Ceେୣ୶ = 1/2Oଶ + V୓ •• + 2Ceେୣ,  (2)
 

where Ceେୣ୶  and Ceେୣ,  represent a Ce4+ cation and a Ce3+ cation at a cerium site, 
respectively. The n-type conductivity caused by the reduction of ceria lowers 
the SOFC performance as described above. Additionally, the partial reduction 
of ceria at the anode side causes additionally lattice expansion, which decreases 
the mechanical stability of the cell. Because of these problems, SOFC based on 
the doped CeO2 electrolyte has been considered for the intermediate and low 
temperature regimes only [12,13,21,34,42–44]. 

Characteristics of the electrolytic domain boundaries of doped CeO2 are 
influenced by the properties of dopant and temperature. It has been demon-
strated that the reducibility of doped CeO2 and its electronic conductivity is 
enhanced with increasing dopant concentration at intermediate temperatures 
[45,46]. The electronic conductivity of doped CeO2 has been suppressed by 
using co-doping strategy [1,12,32]. It has been reported by Maricle et al. [47] 
that 3 mol% of Pr as a co-dopant for Gd-doped ceria (GDC) increases the mem-
brane redox stability. Influence of Nd, La, Y, Sm and Pr ions as co-dopants for 
GDC have been studied comparatively with focus on the ionic and electronic 
properties of electrolytes [48]. The formation of an electron blocking  
BaO-CeO2-Sm2O3 ternary composite interlayer between the Ba containing 
anode and the Sm-doped ceria (SDC) electrolyte has been reported by W. Sun 
et al. [49]. However, one promising approach to suppress the partial electronic 
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conductivity of the ceria based electrolyte has been demonstrated using some 
4f-elements as electron traps [50].  In equal proportion with Sm, Tb was found 
to be an effective electron trap for the microcrystalline bulk specimen of ceria 
electrolyte. It was demonstrated by Yoo et al., that by co-doping of the SDC 
electrolyte with Tb, it is possible to suppress the partial electronic conductivity 
by half an order of magnitude compared with that established for the 10 mol%  
Gd-doped ceria [51]. This could result in the lower bound of its electrolytic 
domain (temperature and oxygen partial pressure range at which the material is 
dominantly an ionic conductor) extended by two orders of magnitude to lower 
oxygen partial pressures. It has been suggested that Tb (existing as a mixture of 
Tb4+ and Tb3+ valence states) as a co-dopant decreases the amount of Ceେୣ,  
species in reducing conditions. It was concluded that excess electrons are 
trapped on Tb due to its tendency to reduce more easily [51–53]. Trapping of 
electrons by more easily reducible species Dେୣ୶  could be expressed as: 

 
 Ceେୣ, + Dେୣ୶ = Ceେୣ୶ + Dେୣ,  (3)
 

Previous works have demonstrated that the magnitude of ionic and electronic 
conductivities are dependent on the Tb amount in electrolyte. In the case of 
small Tb concentrations doped ceria is still a pure ionic conductor. 
Considerably larger amounts of Tb caused the increase of electronic 
conductivity [32,54,55]. 

Doped ceria, usually Ce0.9Gd0.1O2-δ, is also proposed as a chemical barrier 
layer between YSZ and doped rare-earth cobaltite (LaxSr1-xCoO3-δ, PrxSr1-

xCoO3-δ or LaxSr1-xCoyFe1-yO3-δ) cathodes [14,56–58]. Contrary to zirconia, ceria 
has good chemical stability with these cathode materials suitable for the IT-
SOFC application [59]. The function of the barrier layer is to prevent chemical 
reaction and the consequent formation of zirconates (SrZrO3) with low oxide- 
ion conductivity [60,61] between  LaxSr1-xCoO3-δ (LSC), PrxSr1-xCoO3-δ (PSC) 
or LaxSr1-xCoyFe1-yO3-δ (LSCF) and yttria-stabilized zirconia (YSZ) layers. 
Previous studies have brought out different aspects about using the mentioned 
barrier layer [56–58]. Non-optimal preparation conditions of the GDC layer and 
cathode can result in interdiffusion of constituent cations between different 
layers resulting in the formation of new phases. High sintering temperature 
promotes diffusion of Sr and Zr cations causing the formation of SrZrO3 
between the cathode and GDC barrier layer [62]. Heat treatment of GDC at 
temperatures T>1200 ºC can also result in the formation of a less conductive 
solid solution between YSZ and GDC [57,63]. Sr diffusion is also influenced by 
the microstructure and thickness of GDC layer [57,58,64–70]. A positive 
influence of Sr on GDC densification has been reported [71]. The reaction rate 
and mass transfer parameters depend significantly on the method used for the 
preparation of GDC film, pretreatment of materials as well as on the heat 
treatment conditions like the duration and temperature of sintering and the 
thickness of the GDC barrier layer developed [31]. 
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4.3.2. Proton conductors 

Perovskite oxides with the general formula of ABO3, where A is a divalent or 
trivalent cation and B is a tetravalent or trivalent cation, are attractive SOFC 
electrolyte materials because of their higher conductivity and lower activation 
energy at intermediate temperatures compared with the conventional oxide-ion 
conductors. Although hydrogen is not present in their chemical composition, 
some perovskite oxides have the proton conductivity in a wet atmosphere at 
high temperatures. Doped perovskites exhibit either pure oxide-ion or mixed 
conductivity depending on the oxygen partial pressure. Usually the B-site cation 
in ABO3 is substituted with an appropriate cation possessing lower valency in 
order to introduce the oxygen vacancies. At high oxygen partial pressures, the 
oxygen vacancies are consumed by oxygen producing electron holes 
[1,17,38,72–74]. Under these conditions the material has both ionic and p-type 
conductivity. In a wet atmosphere, protonic defects are formed by water disso-
ciation reaction. Hydroxide ions formed occupy the oxygen vacancies and the 
protons combine with the lattice oxygen creating ሺOHሻ୓・defects with a positive 
charge:  

 
 HଶO + O୓୶ + V୓ •• = 2ሺOHሻ୓・ (4)
 

The positively charged protonic defects are capable for migration via the 
oxygen vacancies or sites adjacent to the oxide ions. Depending on the 
perovskite composition, temperature and water vapor concentration, the 
material can be purely proton or mixed ion conductive. The oxide-ion 
conductivity is increased in the case of lower water vapor pressures [1,38,72–74]. 

BaCeO3, SrCeO3 and BaZrO3, which are doped for example with Y, Gd or 
Yb cations, are the most studied perovskite oxides considered for SOFC appli-
cation characterized with high proton conductivity [1,2,38,72,75–77]. Doped 
BaCeO3 shows the highest proton conductivity, but also chemical instability. 
BaCeO3 and SrCeO3 are thermodynamically only weakly stabilized and the 
formation of carbonates and hydroxides takes place in the presence of CO2 and 
steam, respectively. The stability towards CO2 and humid atmospheres increases 
in the order of materials: cerate < zirconate < titanate, i.e., opposite to the direc-
tion of the increase of stability of protonic defects and as the B site cation elec-
tronegativity increases [30,74]. Some promising results have been achieved to 
overcome the instability problems with doping and/or mixing of different phase 
[76–79]. 

One of the promising approaches for achieving reasonable compromise 
between the chemical stability and conductivity is to prepare a bilayer mem-
brane with a well-conducting supportive membrane and a thin chemically stable 
less-conducting layer on top of it. However, so far only few studies have 
examined a multilayer proton conducting single cell. A few studies have ana-
lyzed the BaZr0.8Y0.2O3-δ protective layers with different thicknesses on the 
BaCe0.8Y0.2O3-δ supportive membrane [30,80,81]. The authors pointed out that 
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the protective layers were chemically stable and power density of SOFC single 
cell depends on the layer thickness. The chemical stability of the BaCe0.8Y0.2O3-δ 
membrane was increased when it was sandwiched between two 
BaZr0.7Pr0.1Y0.2O3-δ films [30,82]. 

 
 

4.4. Cation diffusion in fluorite-type structure 

Diffusion (mass transfer) in crystalline ceramics is a process based on ionic 
motion driven by the concentration gradient. Diffusion may be viewed as peri-
odic jumping of ions required to overcome an energy barrier (activation energy) 
in the process. Different diffusion mechanisms are possible, determined by the 
types of defects providing the pathway for mass transfer in the material. Bulk 
diffusion takes place in the lattice via point defects like vacancies and intersti-
tials. The bulk diffusion coefficient depends on the concentration of defects 
[83]. In addition to temperature and pressure, the concentration of point defects 
may depend also on the oxygen partial pressure, influencing the oxygen stoichi-
ometry and oxidation state of cations [84]. Grain boundary diffusion occurs 
through disordered grain boundary phases between the grains. Grain boundary 
diffusion is reported to have a higher rate compared with the bulk diffusion 
process (up to six orders of magnitude faster in the case of zirconia) due to its 
highly defective nature [83–85]. Grain boundary diffusivity is influenced by the 
grain size (microstructure) and charge effects [85]. Additionally, diffusion can 
occur within a thin surface layer of solids via vacancies and other types of 
defects. Thus, porosity of material could affect the diffusion of species [83,86]. 

Difference of dopant mobilities in bulk can be explained by size and charge 
effects of cations, which can distort their local environment depending on the 
size mismatch in respect to the host cation. Diffusion must take place in a man-
ner that the overall stoichiometry and electroneutrality in the solid is main-
tained. Simultaneous diffusion of different ions is determined by the most 
slowly diffusing one. The potential gradient, developed by the transport of 
faster ions, inhibits their further motion, but accelerates at the same time the 
diffusion of slower ions [83,85]. 

It is confirmed that the cation diffusion in the fluorite with oxygen deficit 
occurs through interstitial mechanism [87,88]. The cation mobility can be 
influenced by the type of dopant and concentration of oxygen vacancies. 
Acceptor dopants introduced into ceria are known for providing oxygen 
vacancies, which determine the concentration of cation interstitials and thus, the 
cation diffusivity. Cations, despite their smaller size, have typically lower 
diffusion coefficient (up to ten orders of magnitude lower) compared with 
oxygen and thus, are the limiting species for the mass transfer in oxide materials 
[87,88]. In the case of zirconia, the similar diffusivities for oxygen and cations 
were obtained only with low dopant concentrations and very high temperatures 
[85]. Fast cation diffusion was observed in the reduced Gd-doped ceria due to 
the large concentration of oxygen vacancies and reduced size mismatch between 
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the dopant and host ion [84,88]. The high mobility of Sc3+ ion in ceria was 
ascribed to the smaller size of the dopant and to the resulting local lattice 
distortion [87]. The self-diffusion of large Ce3+ or Ce4+ ions in undoped ceria is 
limited by the low concentration of interstitial defect [89]. 

Several studies have reported the grain boundaries as pathway for the fast Sr 
diffusion [57,66,86]. Wang et al. demonstrated the enhanced Sr and Zr diffusion 
into the LSCF|GDC interface under polarization condition [62]. Wang et al. 
reported that Co and Fe, which diffused from the LSCF cathode into the grain 
boundaries of the GDC barrier layer prepared by pulsed laser deposition 
method, have a strong influence on the diffusion of Sr and Zr [90]. The diffu-
sion of cations along the grain boundaries alters the grain boundary chemistry 
and thus, its electrical properties [91]. 

The size and valence of cation affects also the grain boundary mobility, thus 
influencing the rate of sintering and grain growth processes [87,88]. The 
slowest diffusing species will be rate-determining and determine the longevity 
and performance of the devices based on solid state ionics like SOFC. It has 
been demonstrated that the cations can diffuse in the length of hundreds of 
nanometers to a few micrometers along the grain boundaries within a few hours 
at 700–800 °C. Consequently, the grain boundary diffusion of cations may limit 
lifetime and performance of SOFC based on too thin electrolyte [91]. 

 
 

4.5. Methods for deposition of electrolyte layer 

4.5.1. Spray pyrolysis 

Spray pyrolysis involves forming small droplets by atomization of the precursor 
solution which are transported by carrier gas to the heated substrate. A wide 
variety of compounds like nitrates, chlorides and metal-organic salts containing 
the desirable metal ion can be used as precursor salts. After solvent evaporation 
and thermal decomposition the droplets of precursor solution form deposits on 
the surface of substrate. The film is built up by overlapping deposits during the 
spraying process for some period of time. In the case of the ultrasonic spray 
pyrolysis method, the atomization of the precursor solution results in a finer 
mist with a relatively narrow droplet size distribution compared to that formed 
using the simple pressurized spray pyrolysis method. As a result of the narrower 
droplet size distribution, the formation of defects and porosity in the raw film 
caused by differences in evaporation and deposition of the droplets with varying 
sizes noticeably can be suppressed. Therefore, the homogeneous thin films can 
be deposited in a more controlled manner [32,92–95]. 

Spray pyrolysis has proven to be a time- and cost-efficient method for depo-
sition of homogenous high quality thin films with reasonable cost compared to 
chemical or physical vapor deposition methods [32,92,93,96]. In addition, the 
spray pyrolysis method is suitable for deposition of metal oxide films on objects 
(supports) with comparatively large areas such as planar SOFC components 
[14,32,92]. It has been demonstrated that the pressurized spray pyrolysis 
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method is a convenient way to deposit dense homogenous GDC thin films with 
thicknesses of 100–800 nm using corresponding nitrates and chlorides as 
precursors [32,97–99] and the ultrasonic spray pyrolysis method has been 
applied for preparation of nanostructured thin films using metal–organic 
precursors [32,92]. Very few studies can be found for preparation of doped 
BaZrO3 thin film with spray pyrolysis method [100]. 

 
 

4.5.2. Pulsed laser deposition 

Pulsed laser deposition (PLD) method is a physical vapor deposition process, 
carried out in a vacuum system. The method is based on laser-activated removal 
of material from the surface of target, and its subsequent collection and 
deposition onto a substrate [12,101]. High energy densities with an optimum 
wavelength are absorbed by a small volume of material, resulting in 
vaporization that is not dependent on the vapor pressure of the constituent 
cations. Each laser pulse vaporizes a small amount of the material creating a 
plasma plume, which provides a material flux collected onto the substrate 
surface. The laser pulse is required to be short in duration, high in energy 
density and highly absorbed by the target material. In the case of ceramic target, 
short wavelength lasers operated in the ultraviolet range are most commonly 
used. High-energy ultraviolet laser pulses can be generated using excimer lasers 
or frequency-tripled or quadrupled Nd:YAG solid-state lasers. Both single, 
stoichiometric targets of the material or multiple targets for each element can be 
used for deposition of multi-cation films [101]. 

 A background gas is often introduced as a reactant (e.g. molecular oxygen 
for oxides) component of the flux [101]. Oxygen partial pressure with magni-
tude of 10-2 Pa or less is maintained, depending on the tendency for reduction of 
the deposit [102]. PLD requires temperatures of around 500–700 ºC to deposit 
high-quality crystalline films [27]. The amount of film growth per laser pulse 
will depend on multiple factors, including distance between target and substrate, 
background gas pressure, laser spot size and energy density. Each ablation pulse 
will typically provide material sufficient for the deposition of a sub-monolayer 
of the desired phase. Under typical conditions, the deposition rate per laser 
pulse can range from 0.001 to 1 Å /pulse [101]. Although very high deposition 
rates up to ~600 µm/h have been reported, however, rates of ~1 µm/h have been 
more typically employed when high quality, epitaxial thin films are desired 
[102,103].   

PLD method is attractive for its ability to deposit almost any oxide com-
pound regardless of the complexity of the crystal chemistry and preserve the 
required stoichiometry [27,101]. This method is applicable for deposition of a 
wide variety of materials, including many with relevance to SOFCs due to the 
low processing temperature and its capability to produce controlled nano-struc-
tures [12,102]. In various works doped ceria thin films with thicknesses of 0.2-5 
µm were deposited using PLD method [25,99,104–106]. 
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4.5.3. Magnetron sputtering 

Magnetron sputtering is also a physical vapor deposition process. It takes place 
in an evacuated chamber filled with a sputtering gas at a pressure of 0.4 Pa typi-
cally. Typically, argon is used as an inert gas because of its relatively low cost 
[107]. A large negative voltage is applied to the cathode. The sputtering gas 
forms a self-sustained plasma, which is shaped with a magnetic field. Physical 
sputtering of the target occurs, when positive ions from the plasma, which are 
accelerated in the electric field, strike the target surface [107]. Material ejected 
by the incident ions is mostly uncharged and moves away from the target. 
During the transport the particles lose their kinetic energy by thermalization and 
finally condense on the substrate surface. The sputtering process can dissociate 
an oxidized target surface. Therefore, the sputtered material may consist of both 
metal atoms and metal oxide molecules. The metal, metal oxide and oxygen 
species that arrive at the substrate are adsorbed and they are ultimately 
incorporated into stable nuclei to form a continuous film. These processes are 
the major factors determining film chemistry, short-range atom order, crystal-
lography and microstructure. In addition, magnetron sputtering provides ion 
irradiation of the film during deposition, which has been demonstrated to be 
important for obtaining high-density films at low temperatures [27]. In most 
cases, sputtering deposition results in a loss of more volatile material like oxy-
gen from a compound target. Thus, oxygen is often included in the sputter gas 
mixture even when an oxide target is used, as a means of controlling the metal 
to oxygen ratio on the target [102,107]. Ceramic thin films may be deposited on 
various substrate materials. During sputtering the substrate temperature usually 
does not exceed 70 ºC, although the substrate can be additionally heated [27]. 

Direct current (DC) magnetron sputtering applies magnetic field, which 
maintains electrons near the target surface. Using an appropriate arrangement of 
magnets, the electrons can be made to circulate on a closed path onto the target. 
The high flux of electrons creates a high density plasma from which ions can be 
accelerated towards the target. This allows a high sputtering rate with a lower 
potential and both low and high sputtering pressures. Using pulsed power mag-
netron sputtering allows dissipation of charge build-up on the target [107]. 
Radio frequency (RF) sputtering allows use of a non-conductive target or a 
metal target surface that has become oxidized, because the target is capacitively 
coupled to the plasma process [27,108]. Typical film growth rates are 0.15–0.5 
µm/h and depend on RF power, oxygen partial pressure, bias potential and other 
parameters. In the case of reactive magnetron sputtering, oxygen is introduced 
into the deposition chamber, which then reacts with the depositing particles in 
order to produce an oxide deposit on the substrate. One approach is to employ a 
single target consisting of an alloy of metals, another is to use multiple targets 
of the pure metals. By changing the sputtering sources and sputtering 
parameters, a wide variety of different compositions and structures with specific 
properties can be obtained. Film deposition rates mainly depend on the oxygen 
flow-rate. Homogeneous, large-area coatings can be obtained with this method. 
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Reactive magnetron sputtering with a metal target allows much higher 
deposition rates (2.5 µm/h) compared with RF sputtering using an oxide target 
[27,102]. 

The magnetron sputtering method has been widely applied to deposit a 
variety of films for different applications, components and protective coatings 
for SOFC. It is a versatile method that allows excellent control of composition 
and morphology with low processing temperatures [12,102]. RF magnetron 
sputtering using an oxide target have been utilized extensively to produce GDC 
films with thicknesses of 50–850 nm [109–112]. Pulsed DC and RF reactive 
magnetron sputtering (using metallic targets) have been also applied for 
deposition of GDC films with thicknesses of 0.3–5 µm [58,68,113,114]. Colum-
nar feature of the film was obtained by using the metallic target. However, no 
apparent columnar structure was formed by using the oxide target [112].  Doped 
BaZrO3 films with thicknesses of 200–750 nm have been deposited using  
RF-sputtering method [115–117]. 
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5. EXPERIMENTAL 
5.1. Preparation of Ce0.9Sm0.1-xTbxO2-δ layer 

Ce0.9Sm0.1-xTbxO2-δ (x = 0-0.05) (TSDC) layers were deposited using an ultra-
sonic spray pyrolysis process (SP). The precursor solution was prepared by 
dissolving stoichiometric amounts of cerium nitrate hexahydrate 
(Ce(NO3)3·6H2O, 99.99% trace metals basis, Aldrich), samarium nitrate hexa-
hydrate (Sm(NO3)3·6H2O, 99.999% trace metals basis, Aldrich) and terbium 
nitrate hexahydrate (Tb(NO3)3·6H2O, 99.999% trace metals basis, Aldrich) in 
mixed tetraethylene glycol (99%, Aldrich) and Milli-Q+ water solution. The 
volume ratio of water:tetraethylene glycol was fixed at 2:3. The final concen-
tration of the precursor solution (with respect to metal salt) used was 0.1 M 
[32]. 

The SP TSDC layers were deposited onto a single-crystal MgO(100) sub-
strate (MgO, Crystal GmbH) with a thermal expansion coefficient close to the 
one of Ce0.9Sm0.1O2-δ. Lateral dimensions and thickness of the substrate were 
10x10 mm and 0.3 mm, respectively. The micro-roughness of the polished 
working surface was low: Ra<0.5 nm. A MicroSpray ultrasonic atomizing 
nozzle (120 kHz, flat tip, Sono-Tek Corporation) was used for atomizing the 
precursor solution. The distance between the nozzle and the substrate was fixed 
at 12 cm. The precursor solution was delivered to the nozzle by a syringe pump 
(Sono-Tek Model 997, Sono-Tek Corporation) with a flow rate of 0.15 ml/min. 
Argon as a carrier gas at a pressure of 10 kPa was used. The substrate was 
heated on a melted mixture of Pb and Sn metals using the heating plate with the 
temperature set to 390 °C. The temperature of the substrate was controlled with 
a surface-mounted K-type thermocouple under carrier gas flow in order to 
determine its cooling effect. A computer controlled X-Y movement stage com-
bined by two positioning tables driven by a stepper motor along guide rails  
(T-LSR series, Zaber Technologies Inc.) was used for automated motion of the 
heated substrate during the spraying sequence in order to ensure the homoge-
nous distribution of the precursor solution on the substrate surface. The ultra-
sonic spray pyrolysis set-up used is illustrated in Fig. 1. A single spray step with 
a duration of 130 s was carried out as a preliminary experiment in order to 
verify the film formation mechanism. A fixed amount (0.485 ml) of precursor 
solution was sprayed during a single spray step. Due to the assumed cooling 
effect of the carrier gas, every spray run was stopped for 2 s after every 47 s of 
deposition during each step and a 5 min pause was left between every spraying 
step in order to allow the substrate temperature to rise to its initial value. The 
deposition rate was 479 pm/s. The layers deposited were additionally heated in 
the middle of the spraying sequence on the molten Pb+Sn bath for 1 h at 500 °C 
in order to ensure the burn-out of intermediate products [32]. 
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Figure 1. Ultrasonic spray pyrolysis set-up used for electrolyte layer deposition.  

 
 

As-deposited SP TSDC layers were subjected to heat treatment in a high tem-
perature furnace (HTF 1700, Carbolite). The layers were heated up to a temper-
ature of 600 °C with a heating rate of 1 °C/min in order to ensure smooth burn-
out of residue compounds, then annealed up to a temperature of 1200 °C with a 
heating rate of 3 °C/min and thereafter cooled with the rate of 2 °C/min. In the 
preliminary experiments the temperatures of 900 and 1300 °C were also tested 
in order to investigate the influence of the sintering temperature on the micro-
structure of the layer prepared [32]. 

 
 

5.2. Preparation of single cells for analysis of  
Ce0.9Gd0.1O2-δ chemical barrier layers 

Ce0.9Gd0.1O2-δ (GDC) barrier layers were deposited onto commercially available 
yttria-stabilized zirconia (YSZ) electrolyte (Kerafol) and onto Ni-YSZ|YSZ 
electrolyte half-cell using pulsed laser deposition (PLD), magnetron sputtering 
(MS) or ultrasonic spray pyrolysis (SP) methods [31]. 

 
 

5.2.1. Preparation of GDC layer using ultrasonic spray pyrolysis 

The spray pyrolysis process used was described above. The precursor solution 
for the deposition of GDC layer was prepared similarly by using cerium nitrate 
hexahydrate (Ce(NO3)3·6H2O, 99.99% trace metals basis, Aldrich) and 
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gadolinium nitrate hexahydrate (Gd(NO3)3·6H2O, 99.99% trace metals basis, 
Aldrich). Due to the different thermal properties, the optimized deposition tem-
perature for YSZ and Ni-YSZ|YSZ substrate was 405 and 500 °C, respectively 
[31]. 

As-deposited layers were heat treated in a high temperature furnace (HTF 
1700, Carbolite). The films were heated up to a temperature of 600 °C with a 
heating rate of 1 °C/min in order to ensure smooth burn-out of residue com-
pounds. Thereafter the samples were annealed at 950 °C with the heating up 
rate of 3 °C/min. The dwell time was 5 h. After the heat treatment step the sam-
ples were cooled with the rate of 2 °C/min [31]. 

 
 

5.2.2. Preparation of GDC layer using magnetron sputtering 

The GDC target for magnetron sputtering was prepared by pressing 
Ce0.9Gd0.1O2-δ powder into a 5.1 cm diameter and 2 mm thick disk and sintered 
at 1453 °C for 5 h. Finally the disk was silver-epoxy glued onto a copper plate. 
The GDC layer was deposited using a AJA International UHV magnetron sput-
tering system applying the following parameters: base vacuum 1.33·10-4 mPa, 
0.4 Pa Ar+O2 pressure (Ar flow rate 35 ml/min, O2 flow rate 1 ml/min), sample 
temperature 300 °C, 55 W radio frequency (RF) power. The deposition time 
during a single magnetron sputtering step was 19.6 h. The deposition rate was 
5.7 pm/s. To analyze the effect of GDC layer thickness on the electrochemical 
activity in detail, the deposition step was repeated twice or three times (using 
some new samples) to obtain thicker chemical barrier layers [31]. 

 
 

5.2.3. Preparation of GDC layer using pulsed laser deposition 

A KrF excimer laser (COMPexPro 205, Coherent, wavelength 248 nm, pulse 
width 25 ns) was used for the ablation of GDC material. The GDC layer was 
deposited using a laser pulse energy density of 3 J/cm2 on the GDC target and 
the repetition rate was 10 Hz. The substrate temperature was 600 °C and the 
distance between the substrate and the target was fixed at 7.5 cm. Oxygen pres-
sure in the deposition chamber was 0.1 Pa. The deposition rate of complex 
oxide was 31 pm/s [31]. 

 
 

5.2.4. Heat treatment of GDC layer 

The first set of systems with the GDC barrier layers deposited without addi-
tional thermal treatment (PLD GDC prepared at 600 °C, MS GDC prepared at 
300 °C, SP GDC pre-sintered at 950 °C) were studied. It should be noted that 
the preparation conditions and consequently the microstructures for as-prepared 
raw GDC layers vary because the different deposition methods applied require 
specific deposition regimes. The second set of samples with the GDC barrier 
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layers was subjected to the same heat treatment conditions by sintering for 3 h 
at 1300 °C, before printing and sintering of the cathode paste [31]. 

 
 

5.2.5. Preparation of LSC cathode 

All differently synthesized and thermally treated Ni-YSZ|YSZ|GDC and 
YSZ|GDC systems (half-cells) were studied in contact with LSC cathode. The 
La0.6Sr0.4CoO3-δ powder was prepared using the thermal combustion of nitrates 
based solution, where La(NO3)3·6H2O, Sr(NO3)2 (all from Aldrich, 99.9%) and 
Co(NO3)2·6H2O (98%, Riedel de Haën) as precursors and glycine (99%, Sigma-
Aldrich) as a reducing agent were used [118]. To prepare the viscous electrode 
pastes, terpineol, dispersant (Solsperse 3000), polyethylene glycol (as a binder) 
and polyvinyl butyral (as a plasticizer) were used. The LSC cathode printed was 
sintered at two different temperatures (950 and 1100 °C) in order to analyze the 
influence of cathode sintering temperature on the mobility of ions during this 
preparation step. To analyze the effect of GDC layer thickness on electro-
chemical activity, the LSC cathode was sintered at 1100 °C [31]. 

 
 

5.3. Preparation of single cells for  
analysis of BaZr0.9Y0.1O3-δ layer 

Thick supportive BaCe0.9Y0.1O3-δ (BCY) membrane was prepared from powder 
synthesized using ultrasonic spray pyrolysis method. BaZr0.9Y0.1O3-δ (BZY) 
layers were deposited onto these membranes using two different synthesis 
methods: the cost-effective ultrasonic spray pyrolysis (SP) and more time con-
suming magnetron sputtering (MS) method [30]. 

 
 

5.3.1. Synthesis of supportive BaCe0.9Y0.1O3-δ membrane 

Stoichiometric amounts of Ba(NO3)2 (99.95%, Alfa Aesar), Ce(NO3)3·6H2O 
(99.99%, Alfa Aesar) and Y(NO3)3·6H2O (99.9%, Alfa Aesar) were dissolved 
in  Milli-Q+ water, whereby the concentration of Ba2+ in the solution was  
2.5 mM. The solution was nebulized with a ultrasonic particle generator (Sonaer 
Model 241) applying 2.4 MHz ultrasonic frequency and introduced into a 
tubular furnace with two hot zones. In the first zone at 600 °C the generated 
aerosol of salt solution was dried and decomposed partially. In the second zone 
at 900 °C the salt powder decomposed finally and reacted mostly to form the 
composite oxide. The formed oxide powder was collected to a filter and cal-
cined at 900 °C to finish the formation of the well-characterized complex oxide. 
Afterwards de-agglomeration was carried out in isopropanol. Particle size dis-
tribution of the powder was obtained using a Microtrac S3500 Bluewave 
particle size analyzer. Dried powder was pressed to a BCY pellet with diameter 
of 11 mm using 40 kN force [30]. 
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The BCY pellet was sintered using the following optimized heating 
schedule: heating up to 400 °C with a rate of 3 °C/min, subsequently the tem-
perature was raised with the rate of 7 °C/min to 1500 °C, where the temperature 
was held constant for 30 h and then decreased to room temperature with the rate 
of 2 °C/min. To avoid Ba loss from the surface layer, the sintering of BCY 
pellet was carried out between porous BCY pellets [30]. 

 
 

5.3.2. Deposition of BaZr0.9Y0.1O3-δ layer using  
ultrasonic spray pyrolysis method 

The SP BZY layer was prepared using precursor solutions made from 
BaCl2·2H2O (99.999%, Alfa Aesar), Zr(C5H7O2)4 (98%, Sigma Aldrich) and 
YCl3·6H2O (99.99%, Sigma Aldrich) with stoichiometric proportions. For all 
the salts the content of crystal water was controlled implementing thermal anal-
ysis in oxidizing conditions. Diethylene glycol butyl ether (≥99.2%, Sigma 
Aldrich) was used as an organic co-solvent in proportional amount with water. 
The precursor solutions were prepared by dissolving the salts in Milli-Q+ water 
and then adding the organic solvent to obtain 0.1 M solution. Thereafter the 
constant stirring for 24 h was applied. YSZ (Kerafol) and BCY substrate were 
used for the optimization of deposition parameters and preparation of coated 
membranes, respectively. The precursor solution was sprayed onto the substrate 
using ultrasonic atomizer (Sonaer 241PG ultrasonic particle generator,  
2.4 MHz). Substrate was heated on the molten metal bath (described above) 
with the temperature fixed at 250 °C. Deposition was carried out applying 60 s 
long spraying cycles alternately with 60 s long thermal stabilization steps [30]. 

 
 

5.3.3. Deposition of BaZr0.9Y0.1O3-δ layer using  
magnetron sputtering method 

The MS BZY layer was deposited using a AJA International UHV magnetron 
sputtering system applying the following parameters: base vacuum 1.33·10-4 
mPa, 1.07 Pa Ar+O2 pressure (Ar flow rate 50 ml/min, O2 flow rate 5 ml/min), 
sample temperature was 250 °C, 15 W bias at the sample, 4 h 40 min deposition 
time and 18 cm distance from targets to the substrate. Reactive sputtering was 
carried out using simultaneously Zr0.9Y0.1 (>99.9%, AJA International) and Ba 
(99.5%, AJA International) targets with 7.62 cm diameter applying 170 W 
pulsed DC (3μs, 100 kHz) and 150 W RF sources, respectively. The deposition 
rate of BZY layer was 42 pm/s [30]. 
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5.4. Physical characterization methods 

5.4.1. Thermal analysis 

Thermogravimetry (TG) and differential scanning calorimetry (DSC) curves 
were recorded for the solid salts and precursor solution used in order to study 
thermal decomposition characteristics in different gas environments.  
A SETARAM Labsys Evolution 1600 system was used for thermal analysis of 
solid cerium and terbium nitrates. TG and DSC curves were recorded within the 
temperature range from 20 to 610 °C with a heating rate of 10 °C/min and gas 
flow rate of 30 mL/min. The sample amount tested was 20 mg. A SETARAM 
Setsys Evolution 1750 was used for thermal analysis of the precursor solution. 
Before analysis the precursor solution was heated in air atmosphere at 80 °C for 
3 hours in order to remove the water from the sample, to minimize the mass 
losses and thermal effects caused by water evaporation. TG and DSC curves 
were recorded in the temperature range up to 1000 °C with a heating rate of  
10 °C/min and gas flow rate of 60 mL/min. The sample amount used was 20 µL 
[32]. 

A NETZSCH STA 449 F3 Jupiter system was used for thermogravimetry 
(TG) and differential thermal analysis (DTA) of barium chloride and zirconium 
acetylacetonate. 20 µL of salt solution was measured into the ceramic crucible 
with a volume of 30 µL and was heated up to 1200 °C with a heating rate of  
10 °C/min and a gas flow rate of 60 mL/min in 21% O2 + 79% N2 gas [30]. 

 
 

5.4.2. X-ray diffraction 

XRD analysis of the TSDC and BZY layers was carried out using a Bruker D8 
Advanced Diffractometer with Cu Kα1 radiation (λ=1.540596 Å), Vario1 
focusing primary monochromator, two 2.5° Soller slits and a LynxEye line 
detector. XRD patterns were analyzed using DIFFRACplus Topas 4.1 software 
by Bruker AXS GmbH. The microstrain was determined from full width at half 
maximum using the Williamson-Hall method [119] after subtracting the instru-
mental peak broadening contribution. The latter was determined by measuring 
Al2O3 (NIST SRM 1976) data [30,32]. 

XRD analysis for the GDC barrier layers was performed at room tempera-
ture on a materials research X-ray diffractometer (SmartLab, RigakuTM) using 
CuKα radiation, poly-capillary focusing optics (CBOf) and a 0.2 mm collimator 
in θ/2θ scan technique. The X-ray optics enabled to analyze the sample surface 
in lateral resolution of about 0.3 mm [31]. 
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5.4.3. Atomic force microscopy 

The grain size of the SP TSDC layers was analyzed using the atomic force 
microscopy method on an Agilent Technologies 5500 scanning probe micro-
scope applying the non-contact mode method [32]. 

 
 

5.4.4. Electron microscopy 

Scanning electron microscopy (SEM) images of TSDC single deposits, BCY 
membrane and BZY layer were obtained using a Zeiss EVO® MA 15 scanning 
electron microscope. A Helios™ NanoLab 600 (FEI) high resolution (HR) 
scanning electron microscope was used for collection of detailed images with 
nanoscale features for the TSDC and GDC barrier layers. EDS analysis was 
carried out from spots with diameter of 15 nm by using a high resolution (HR) 
transmission electron microscope Tecnai 12 instrument with lateral resolution 
of <0.2 nm [30–32]. 
 
 

5.4.5. Time-of-flight secondary ion mass spectrometry 

The cross sections of all the single cells with GDC barrier layer were analyzed 
by a time-of-flight secondary ion mass spectrometry (TOF-SIMS, PHI TRIFT V 
nanoTOF) method before and after the thermal treatment of samples. A positive 
primary Ga+ ion beam and the accelerating voltage of 30 keV were applied. The 
data were collected within a raster of 10×10 µm. Concentration profiles for Zr4+, 
Ce4+ and Sr2+ cations were recorded in GDC and/or YSZ phase [31]. 

 
 

5.5. Electrochemical characterization methods 

5.5.1. Four probe DC technique 

The total conductivity σtot of the SP TSDC layers deposited onto MgO substrate 
were measured at different oxygen partial pressures and temperatures using the 
conventional four probe DC technique. The experimental setup for precise 
adjustment of oxygen partial pressure(s) for conductivity measurements was similar 
as described in reference [120], where 1% H2 mixture in Ar gas was used with a 
flow rate of 1.5 ml/min and oxygen was pumped electrochemically through the 
ScSZ membrane into the gas stream. An oxygen sensor based on a ScSZ membrane 
with Pt electrodes and an R-type thermocouple was set up with a distance of 
approximately 5 mm from the sample surface studied. A multichannel Solartron 
1470E Cell Test system was used for pumping oxygen for conductivity 
measurements. The oxygen activity in the gas stream was measured using a Fluke 
8846A 6-1/2 Digital Precision Multimeter. Electrical contacts on the 10x10 mm 
films were made 1 mm wide and with 3 mm distance between voltage measuring 
electrodes using Pt paste for brush application (Mateck) [32].     
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5.5.2. Impedance spectroscopy 

The cell potential was controlled and electrochemical measurements were per-
formed using a Solartron 1287A potentiostat/galvanostat and a SI 1260 fre-
quency response analyzer. All electrochemical measurements for the single cells 
with the GDC barrier layers were performed using 20% O2 + 80% N2 in cathode 
gas stream and 97% H2 + 3% H2O in anode gas stream. Electrochemical char-
acterization for the supportive BCY membrane and BZY layers was performed 
in the atmosphere of humidified mixtures of 95% Ar + 5% H2. Porous elec-
trodes made from platinum paste (Mateck) were used [30,31]. 
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6. RESULTS AND DISCUSSION 
6.1. Optimization of ultrasonic spray pyrolysis process  

According to the TG curve obtained, the thermal decomposition of 
Ce(NO3)3·6H2O (Fig. 2) in argon atmosphere was mostly complete at 297 °C 
with a corresponding mass loss of 56%. Complete thermal decomposition of 
Ce(NO3)3·6H2O into ceria is recommended, if the layers deposited are based on 
ceria. It will help to avoid stress build-up in the layer caused by the continuing 
decomposition processes. The mass loss value indicated that some nitrates or 
intermediate products were still present in the samples. The decomposition 
process of Ce(NO3)3·6H2O was endothermic. Switching the gas atmosphere 
from argon to air did not have any major effect on the nature of the decomposi-
tion process [32]. 

 
 

 
Figure 2. Thermogravimetry and differential scanning calorimetry curves for 
Ce(NO3)3·6H2O in argon. 

 
 

Using a purely aqueous precursor solution for the deposition process, the layers 
deposited were cracked with dried droplets occurring all over the surface. Based 
on the results of previous studies in the field of spray pyrolysis [94,98], tetra-
ethylene glycol was added as the high boiling point solvent in order to suppress 
the Leidenfrost effect and use sufficiently high deposition temperature ensuring 
complete decomposition of precursors. According to the TG curve, obtained for 
the precursor solution used for the deposition of SP TSDC layers (Fig. 3), most 
of the mass loss (92%) had occurred at below 313 °C, which can be attributed 
mainly to the vaporization of tetraethylene glycol. However, the final mass loss 
value 97% at 1000 °C indicated that some nitrates or carbon residues were still 
present in the sample after the decomposition process. It has been demonstrated 
by Rupp et al. that residual carbon impurities are inevitably present at tempera-
tures up to 1000 °C in the films deposited using spray pyrolysis method [119]. 
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As opposed to the argon atmosphere, the decomposition of tetraethylene glycol 
and nitrates in air atmosphere is far more exothermic illustrated by 3 major 
exothermic peaks in the DSC curve at 294, 310 and 347 °C, respectively  
(Fig. 3). The more exothermic nature of the decomposition process in the air 
atmosphere can be explained with the oxygen component in ambient gas 
promoting an additional oxidative decomposition of the organic solvent. Argon 
was chosen as carrier gas for the ultrasonic spray pyrolysis process to avoid the 
additional exothermic effects caused by oxidative decomposition of the organic 
solvent, which could affect the deposition conditions on the substrate surface 
[32]. 

 
 

 
Figure 3. Thermogravimetry and differential scanning calorimetry curves for precursor 
solution used for deposition of SP TSDC layers in argon and in air. 

 
 

Thermal analysis revealed that during the deposition process it is critical to 
maintain the surface temperature of the substrate above 300 C. At lower sur-
face temperature, the decomposition of main components of the precursor solu-
tion, which are the organic solvent and Ce(NO3)3·6H2O, would not be sufficient 
during the deposition process. This will result in layer cracking caused by the 
continuing slow decomposition and drying processes of the material deposited 
[32]. 

A single spray step with duration of 130 s, carried out as a preliminary 
experiment, produced perceptible deposits (Fig. 4) on the heated MgO substrate. 
The irregular shape of the deposits indicated their possible movement on the 
substrate due to the evaporation as it has been reported by Muecke et al. [32,98]. 
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Figure 4. Overall SEM image of deposits formed on the heated MgO substrate as a 
result of ultrasonic spray pyrolysis process with duration of 130 s. 

 
 

One critical parameter of the deposition process was the distance between the 
nozzle and the substrate. Too small distance resulted in too large amount of 
precursor solution sprayed on the substrate surface. A wet layer was formed, 
which cracked during drying. Initially the substrate was heated on the surface of 
heating plate. Great variations occurred in the quality of as-deposited raw 
layers, when the sample surface was observed from one edge to another. It was 
concluded that the substrate did not have complete contact with the heating 
surface and thus, heat-transfer was not even across the sample. Hereafter the 
substrate was heated on a melted mixture of Pb and Sn metals, which guaran-
teed a good contact between the substrate and heating surface. Several deposi-
tion regimes were tested in which a fixed amount of precursor solution  
(0.485 ml) was sprayed in a single spray step. Influence of interruptions in the 
deposition process and the number of deposition steps on the microstructure of 
layer was then studied (Fig. 5). Blocking the spray for 2 s after every 47 s of 
deposition during a step prevented delamination of the layer deposited (Fig. 5b). 
The interruption promoted increase of surface temperature during the process, 
thus, the additional decomposition of the intermediate products in the material 
already deposited. Additionally, reducing the number of deposition steps from 
16 to 10 ensured obtaining defect-free raw layers (Fig. 5c) with the certain 
thickness, which is not yet accompanied by stresses exceeding the fracture 
strength of the material [32,98]. 
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Figure 5. Overall SEM images of as-deposited SP TSDC layers prepared with different 
deposition regimes: without spray blocking and 16 deposition steps (a), with spray 
blocking for 2 s and 16 deposition steps (b) and with spray blocking for 2 s and 10 
deposition steps (c). 

 
 

According to the detailed analysis of the SEM data (Figs. 6a and b), crack-free 
homogenous SP TSDC raw layers with average thickness of 0.96 µm were 
deposited. After the heat treatment at 1200 ºC the average thickness of the layer 
was reduced to 0.7 µm (Fig. 6c). The decrease of layer thickness was 27%, 
which could be attributed to the burn-out of residual species and densification 
processes at higher temperatures. Good contact between MgO and STDC can be 
seen and the layers deposited had a crack-free structure with increased grain 
size (Figs. 6d and e) [32].   
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Figure 6. Detailed SEM images of SP TSDC layer deposited onto the MgO substrate: 
cross-section (a) and surface (b) of as-deposited raw layer, cross-section (c) and surface 
(d, e) of heat treated (T = 1200 C) layer. 
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TG curves obtained for Zr(C5H7O2)4 (Fig. 7) and BaCl2·2H2O (Fig. 8) indicate 
that the thermal decomposition process is mostly complete at 530 and 160 C, 
respectively. The substrate temperature used for the deposition of BZY layer 
was fixed at 250 C, well below the decomposition temperature of Zr(C5H7O2)4, 
which was one of the main components in the precursor solution.  

 
 

 
Figure 7. Thermogravimetry and differential thermal analysis curves for Zr(C5H7O2)4  
in air. 

 
 

 
Figure 8. Thermogravimetry and differential thermal analysis curves for BaCl2·2H2O  
in air. 

 
 

Optimization of the deposition process for BZY layer was started with the 
MicroSpray ultrasonic atomizing nozzle (120 kHz, flat tip, Sono-Tek Corpora-
tion). However, the size of droplets generated by this nozzle was sufficiently 
large, that precipitation of the precursor salts with low solubility occurred 
before complete evaporation of droplets. The deposits formed were not homog-
enous. In the next step the precursor solution was sprayed onto the substrate 
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using the ultrasonic atomizer (Sonaer 241PG ultrasonic particle generator,  
2.4 MHz). The droplets generated were smaller by one order of magnitude com-
pared with the ones generated by the MicroSpray ultrasonic atomizing nozzle. 
Thus, the evaporation of droplets was faster, allowing the formation of deposits 
with homogenous composition. 

As it can be seen from Fig. 9a, raw BZY layer deposited using the ultrasonic 
spray pyrolysis method (SP BZY) was homogenous and approximately 1.1 μm 
thick with some surface roughness. In the case of heat treated SP BZY layers, 
some closed porosity could be observed (Figs. 9b and c). The porosity could be 
caused by significant amounts of gaseous by-products formed at the following 
heat treatment step due to incomplete thermal decomposition of precursor salts 
during the deposition of SP BZY layer. Additionally, the poor sinterability of 
BZY should be mentioned here [121,122]. The heat treatment at 1150 °C 
reduced the thickness of BZY layer to 0.7 μm (Fig. 9b) compared with the raw 
layer, which was most likely caused by the decomposition of some residual 
carbonaceous compounds. The decrease of layer thickness was 36% [30]. 

 
 

 
Figure 9. SEM cross-section images of SP BZY layer, deposited onto the BCY sub-
strate: as-deposited raw layer (a), heat treated layer at T = 1150 °C (b) and  
T = 1350 °C (c). 
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Thus, the substrate surface temperature is the most important parameter for 
spray pyrolysis process as it has been mentioned in previous works [93,95]. 
Kinetics of the thermal decomposition of precursor salts and solution deposited 
onto the substrate is influenced by the surface temperature. Morphology of layer 
can be significantly affected by the burn-out processes of precursor species. 
Unfinished thermal decomposition in the layer has a negative effect on 
obtaining a ceramic with high density, which is one of the requirements for the 
SOFC electrolyte.  

 
 

6.2. Analysis of layer microstructure 

The grain diameter in the microstructure of heat treated SP TSDC layers 
exhibited nearly Gumbel distribution (Fig.10) [32]. 
 

 

Figure 10. Grain diameter distribution histogram for SP TSDC layer, heat 
treated at T=1200 °C. 

 
 

It is a well-known fact that the diffusion based sintering process is temperature 
dependent and accompanied by thermally activated densification and grain 
growth in the material. Additionally, the heat treatment causes crystallization of 
material with reduced concentration of defects in the lattice [83,119]. Although 
the spray pyrolysis method allegedly allows to obtain amorphous layers, the 
nanograins in the cross-section (Fig.6a) indicate the onset of the crystallization 
processes already at the deposition conditions. Higher sintering temperatures 
resulted in increased size of grain obtained for TSDC, GDC and BZY materials 
(Table 1).  
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Table 1. Dependence of grain diameter on heat treatment temperature for the layers 
deposited using ultrasonic spray pyrolysis method. 

Layer type Heat treatment temperature (°C) Grain diameter (nm) 

SP TSDC 900 25 

SP GDC 950 75 

SP BZY 1150 110 

SP TSDC 1200 210 

SP TSDC 1300 360 

SP GDC 1300 730 

 
 

In the case of the SP GDC layer sintered at 1300 °C, the grain growth was 
anisotropic. Larger grains were developed at the expense of the smaller ones 
[83]. Although the parameters of heat treatment and properties of materials 
varied, an obvious tendency can be observed between the grain size and heat 
treatment temperature. A considerable decrease of grain size from 495 to 360 nm 
was observed at 1300 °C with increase of Tb content from 0 to 3 mol%  
(Fig. 11) [32]. 

 
 

 
Figure 11. Dependence of grain median diameter on Tb dopant content and heat treat-
ment temperature, given in the figure.  
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It has been demonstrated in previous works that an increasing amount of dopant 
has a retarding effect on the sintering of doped ceria [52,123]. The established 
change in grain size can be explained by the effect of dopant cation and heat 
treatment temperature on the mobility of grain boundary of ceria. The decrease 
of grain median diameter with the increase of Tb dopant concentration can be 
explained with the so-called solute drag effect, which has been previously 
reported by Rupp et al. [119] and is more effective in the case of a solid solution 
compared to undoped material. The substitution of Sm as trivalent dopant with 
Tb, existing both in Tb4+ and Tb3+ valence states, could decrease the 
concentration of oxygen vacancies, thus, lowering the cation diffusion, and 
therefore the mobility of the grain boundary [52,87,124]. The increased 
microstrain at higher Tb dopant concentration could also be responsible for 
impeded grain growth similarly as it has been suggested for the doped ceria 
[52,125]. The decrease of grain size at higher sintering temperatures due to 
increasing Tb dopant amount can be ascribed to a higher fraction of Tb4+ and a 
resulting increase in microstrain [52]. HR-TEM EDS analysis (Fig. 12) of spots 
with diameter of 15 nm in the middle of grains and at the grain boundary did 
not show any differences in the ratios of signal intensities of Ce and Tb [32]. 

 
 

 

Figure 12. HR-TEM EDS analysis data for TSDC with 5 mol% of Tb dopant. The cir-
cles A, B, C and D mark the probed area. 

 
 

The microstructure of SOFC electrolyte deposited using ultrasonic spray 
pyrolysis method was influenced both by the heat treatment regime and dopant 
concentration. Although the grain structure was already present in the  
as-deposited raw layer, the final grain size was determined by the final heat 
treatment, which causes the considerable grain growth. The effect of dopant on 
the layer microstructure was notable at the highest heat treatment temperature, 
where the grain growth was probably limited by the respective changes in crys-
tal lattice influencing the grain boundary mobility. The final microstructure of 
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layer can have a considerable effect on the mobility of cations originating from 
the adjacent SOFC component during heat treatment step, as grain boundary 
can provide a fast pathway for cation diffusion.  

 
 

6.3. Analysis of crystal structure 

With the increase of the sintering temperature applied, the peaks in the XRD 
patterns (Fig.13), recorded for the SP TSDC layer with 5 mol% of Tb, exhibited 
an increase of intensity (compared with the as-deposited SP TSDC layer) refer-
ring to higher degrees of crystallinity. There was also a change in orientation of 
crystal structure with varying the sintering temperature. In the case of the  
as-deposited raw layer and sintering temperature 900 °C, the highest peak 
observed corresponds to the (111) plane. However, at sintering temperatures 
1200 and 1300 °C used, the (200) peak dominated. A similar tendency in grain 
orientation dependency on sintering temperature has been previously reported 
by Rupp et al. [119]. The Tb dopant caused minor shifts in the XRD peaks, 
indicating changes in the lattice parameters [32]. 

 
 

 
Figure 13. XRD patterns of as-deposited and heat treated SP TSDC layer, respectively 
(noted in the figure). All the XRD peaks, expect the one labelled with „S“ (substrate), 
can be attributed to the cubic fluorite structure of ceria. 

 
 

According to the detailed analysis of XRD data (Fig. 14), the lattice parameter 
of TSDC decreased from 5.4306 to 5.4109 Å, when the Tb dopant content 
increased up to 5 mol%. The decrease of lattice parameter is expected due to the 
different ionic radii of dopants introduced into the ceria lattice. The ionic radii 
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of Sm3+, Tb3+ and Tb4+ ions are 1.08, 1.04 and 0.88 Å, respectively 
[123,126,127]. The microstrain (describing the local variations in lattice spacing 
and ionic bond lengths [128]), calculated for the SP TSDC layers sintered at 
1200 °C, increased with Tb dopant concentration (with an exceptionally high 
value at the lowest Tb concentration). This effect can be explained with the 
substitution of Sm as dopant with Tb having a considerably smaller ionic radius. 
One reason for this effect could be the increasing fraction of Tb4+ ions of overall 
Tb amount having smaller radius compared with Tb3+ ions. It has been 
demonstrated that the fraction of Tb4+ ions increases with increasing Tb:Ce ratio 
and sintering temperature [32,52,54,129]. 
 

 

 
Figure 14. Dependence of lattice parameter and microstrain on Tb dopant content of 
heat treated (at T=1200 ⁰C) SP TSDC layer.  

 
 

The XRD results of the SP BZY layer after sintering at 1150 °C indicated that 
the lattice parameters were very close to the theoretical reference values. The 
corresponding lattice parameter values calculated for the SP BZY layers are 
presented in Table 2 [30]. The lattice parameter for the SP GDC barrier layer 
sintered at 950 °C decreased after the heat treatment at 1300 °C from 5.413 to 
5.360 Å, approaching the standard lattice parameter for bulk GDC. It is a well-
known fact that there are some residual stresses in an as-deposited raw layer, 
which are also affecting its lattice parameter. Post-deposition heat treatment can 
be used to remove these residual stresses from the layer, resulting in the change 
of the lattice parameter. The decrease of lattice parameter could be also 
explained by the substitution of Ce4+ ions (0.97 Å) by Zr4+ ions with a smaller 
ionic radius (0.84 Å) in the interlayer [31]. An opposite to this process, where 
Zr4+ ions in the SP BZY layer are substituted by Ce4+ ions from the BCY sub-
strate, could be the reason for the increase of BZY lattice parameters, when heat 
treatment temperatures higher than 1150 °C were applied (Table 2) [30]. The 
ionic substitution between different phases initiated cation mobility.  
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Table 2. Dependence of lattice parameters of BZY on heat treatment temperature for SP 
BZY layer. 

Lattice parameter (Å) 

Phase 1150 °C 1250 °C 1350 °C 

BaY0.1Zr0.9O3-δ  (100) 4.197 4.204 4.213 

BaY0.1Zr0.9O3-δ  (110) 2.968 2.973 2.979 

BaY0.1Zr0.9O3-δ  (111) 2.424 2.427 2.432 

BaY0.1Zr0.9O3-δ  (200) 2.098 2.102 2.107 

BaY0.1Zr0.9O3-δ  (210) 1.877 1.880 1.884 

BaY0.1Zr0.9O3-δ  (211) 1.714 1.716 1.720 

BaY0.1Zr0.9O3-δ  (220) 1.484 1.488 1.490 

 
 

The XRD data obtained confirmed the effect of dopant on the lattice parameter 
and microstrain of the SP TSDC layers. Heat treatment caused the increase of 
crystallinity and change of orientation in the crystal lattice. The lattice 
parameters changed also with the increasing heat treatment temperature, which 
can be ascribed to the relaxation of residual stresses or cation interdiffusion 
between different phases.  

 
 

6.4. Cation mobility 

Diffusion of cations has been studied using the HR-SEM and TOF-SIMS 
methods for the SP GDC barrier layers and SP BZY layers deposited onto the 
YSZ and BCY substrates, respectively. When the LSC cathode was sintered at 
950 °C, a slight accumulation of Sr was detected in the interface between YSZ 
and GDC (Figs. 15a and 17a) in the case of the raw SP GDC barrier layer, 
which had, without the additional sintering, a fine-grained structure (Fig. 16). 
When the cathode sintering step at 1100 °C was carried out with the raw SP 
GDC barrier layer, the mobility of Sr2+, Ce4+ and Zr4+ ions increased sig-
nificantly finalizing with a remarkable accumulation of Sr into the interface 
between YSZ and GDC and in the GDC phase (Figs. 15b and 17b) [31]. 
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Figure 15. TOF-SIMS distribution maps and element profiles for YSZ|SP GDC systems 
heat treated at 950 °C with LSC cathode sintered at 950 °C (a) and 1100 °C (b).    

 

Figure 16. SEM images of raw SP GDC layer: cross-section (a) and surface (b) of 
layer. 
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Figure 17. SEM images of YSZ|SP GDC system heat treated at 950 °C with LSC 
cathode sintered at 950 °C (a) and 1100 °C (b).    

 
 

The high-temperature treatment had a significant influence on the structure and 
behaviour of the SP GDC barrier layer. If a non-sintered SP GDC barrier layer 
was used, then the mobility of Zr4+, Sr2+ and Ce4+ ions has been established at 
both cathode sintering temperatures (950 and 1100 °C) (Figs. 15a and b). After 
the heat treatment at 1300 °C the visible thickness of the SP GDC barrier layer 
increased (Fig. 18a) from 0.7 to 1.1 μm because of the diffusion of Zr4+ ions 
into GDC with sub-micrograiny structure (Fig. 16) and Ce4+ ions into YSZ [31]. 

 
 

 
Figure 18. SEM images of SP GDC layer heat treated at 1300 °C: cross-section (a) and 
surface (b) of layer. 
 
 
The heat treatment of the SP GDC barrier layer at 1300 °C enhanced Sr 
blocking effect in the case of the LSC cathode sintered at 950 °C (Fig. 19a). It 
can be explained by decreased amount of grain boundaries (less pathways for 
the Sr diffusion) due to the anisotropic grain growth in the SP GDC barrier 
layer (Fig. 18b). If the heat treatment of the SP GDC layer was carried out at 



47 

1300 °C, followed by the LSC cathode sintering at 1100 °C, a significant 
increase of barrier layer thickness was observed (Fig. 20b). The increase of SP 
GDC barrier layer thickness was 121%. It was most likely caused by the mobil-
ity (mass transfer) of Zr4+ ions into GDC and Ce4+ ions into YSZ (Fig. 19b) and 
the formation of SrZrO3 crystallites into the GDC barrier layer or less conduc-
tive solid solution between YSZ and GDC. No intensive Sr accumulation at the 
interface between GDC and YSZ was established (Fig. 19b). It is likely that the 
relatively high concentration of Zr4+ ions in the GDC phase “consumes” mobile 
Sr2+ ions and Sr does not arrive to the YSZ interface to form denser SrZrO3 

layer. The diffusion of Sr into the GDC barrier layer was accompanied by 
microstructural changes in the GDC and also in YSZ phase. Two distinctive 
sub-layers are occurring in the case of the SP GDC barrier layers sintered at 
1300 °C with the LSC cathode sintered at 1100 °C (Fig. 20b). According to the 
TOF-SIMS data, the smoother sub-layer at the YSZ|GDC interface contains 
mainly Zr4+ and Ce4+ ions (Fig. 19b). A slightly coarser layer on top also con-
tained a significant amount of Sr2+ ions. The presence of Ce seems to lead to a 
smoother texture (bigger grains) of YSZ [31]. 

 
 

 
 

 
Figure 19. TOF-SIMS distribution maps and element profiles for YSZ|SP GDC systems 
heat treated at 1300 °C with LSC cathode sintered at 950 °C (a) and 1100 °C (b).    
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Figure 20. SEM images of YSZ|SP GDC systems heat treated at 1300 °C with LSC 
cathode sintered at 950 °C (a) and 1100 °C (b).    
 
 
The XRD patterns for the SP GDC barrier layer with the LSC cathode heat 
treated at 1100 °C contained four new reflections at the angles of 30.8, 44.1, 
54.7 and 64° (2θ), respectively, (Fig. 21) that can be attributed to the cubic 
SrZrO3 or the cubic Sr2LaZrO5.5. Both phases are equally probable because their 
distinctive reflections at about 36 and 38° (2θ) are too weak for reliable identifi-
cation [31]. 

 
 

 
Figure 21. XRD patterns of YSZ|SP GDC systems with LSC cathode. Processing con-
ditions and Miller indexes of four reflections presenting GDC phase are given in the 
figure. 

 
 

Diffusion of Ce4+ and Zr4+ ions between the BZY and BCY phases was 
confirmed by the results of TOF-SIMS analysis obtained for the cross-sections 
of BCY|BZY systems heat treated at temperatures T≥1150 °C. At lower temper-
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atures the active interdiffusion was not observed. These results are in good 
accordance with Fabbri et al. [81] who found that at 1100 °C there is no segre-
gation of BZY and BCY phases [30]. 

The TOF-SIMS data obtained demonstrated the influence of GDC barrier 
layer microstructure and heat treatment on the cation mobility. A fine-grained 
structure (characteristic of the spray-pyrolyzed layer after a moderate heat 
treatment) facilitated the efficient Sr diffusion during the cathode sintering due 
to the large fraction of grain boundaries. The diffusion was more intensive, if 
the sintering was carried out at higher temperature. The grain growth, achieved 
with the additional high-temperature treatment, effectively suppressed the Sr 
mobility in the case of moderate sintering temperature for the cathode. The 
high-temperature treatment was accompanied by the increase of layer thickness 
and formation of sub-layers in some cases. The mixing of cations from the pro-
tective layer and its support was observed at high heat treatment temperatures, 
confirmed previously by the XRD data.     

 
 

6.5. Comparison of different deposition methods 

While the visible thickness of the SP GDC barrier layer increased after the heat 
treatment at 1300 °C, the thickness of the PLD and MS GDC layers decreased 
(Figs. 22a, 22b, 23a and 23b) from 0.7 to 0.6 μm and from 0.4 to 0.2 μm, 
respectively. The reason for this was probably a slight densification of the PLD 
GDC layer and a significant densification of the MS GDC layer as a result of 
the additional heat treatment. On the other hand the average thickness of as-
deposited MS BZY layer (approximately 0.7 μm) (Fig. 24) did not change dur-
ing the heat treatment, which indicates its high density. It should be mentioned 
that the reactive sputtering method was used for the deposition of MS BZY 
layer, which was not the case for the MS GDC barrier layer [31]. 

While the surface of the SP GDC layer annealed at 950 °C exhibited the 
fine-grained structure (Fig. 16b), the surface of the raw PLD and MS GDC 
barrier layers was smooth and the microstructure of the substrate can be 
observed (Figs. 22c and 23c). As in the case of the SP GDC layer, the heat 
treatment at 1300 °C caused the grain growth for both the PLD and MS barrier 
layers (Figs. 22d and 23d) [31]. 

Lattice parameters obtained for the MS BZY layer heat treated at 600 °C 
were similar to the ones of SP BZY layer [30]. On the other hand, the GDC 
barrier layers deposited using different methods had non-matching lattice 
parameter values (Table 3). The dependence of lattice parameter on the synthe-
sis method of GDC have been previously discussed by Rupp et al. [31,128]. 

 
 



50 

 
 

 
 
 
 
 

 
 
 

Figure 22. SEM images of PLD GDC layer: cross-section of raw (a) and heat treated 
(T=1300 ⁰C) (b) layer, surface of raw (c) and heat treated (T=1300 ⁰C) (d) layer. 

 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 23. SEM images of MS GDC layer: cross-section of raw (a) and heat treated 
(T=1300 ⁰C) (b) layer, surface of raw (c) and heat treated (T=1300 ⁰C) (d) layer. 
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Figure 24. SEM cross-section image of MS BZY layer. 

 
 

Table 3. Lattice parameter values calculated for the SP, PLD and MS GDC barrier 
layers. 

 
 
 
 
 
 
 

 
 
Although the PLD and MS GDC barrier layers were macroscopically quite 
homogenous (Figs. 22c and 23c) compared with the SP GDC barrier layer 
before the additional high-temperature treatment at 1300 °C, the sintering of the 
LSC cathode at 950 °C caused the Sr diffusion into the YSZ|GDC interface 
(Fig. 25e) in the case of the MS layer. A significant decrease of MS GDC bar-
rier layer thickness (Figs. 26e and f) during the heat treatment of the LSC 
cathode at 950 °C as well as at 1100 °C suggests again the poor density of the 
as-prepared MS GDC barrier layer. The PLD GDC barrier layer as the densest 
one behaves during the LSC cathode thermal treatment at 950 °C as a relatively 
effective mass transfer blocking barrier (Fig. 25a). As in the case of the SP 
GDC barrier layer, the cathode sintering temperature of 1100 °C resulted in a 
remarkable accumulation of Sr at the YSZ|GDC interface and in the GDC phase 
(Figs. 25b and f), when the GDC barrier layers deposited using the PLD and 
MS methods were not additionally heat treated at 1300 °C [31]. 

 

GDC layer type 

Lattice parameter (Å) 

Raw layer Heat treated at 1300 °C 

SP GDC 5.413 5.360 

PLD GDC 5.430 5.400 

MS GDC 5.490 5.320 
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Figure 25. TOF-SIMS distribution maps and element profiles for YSZ|GDC systems 
with LSC cathode: YSZ|PLD GDC|LSC (a-d), YSZ|MS GDC|LSC (e-h). Processing 
conditions are given in the figure. 

 
 

If the heat treatment of the GDC layer was carried out at 1300 °C followed by 
the cathode sintering at 1100 °C, a significant increase of barrier layer thickness 
was observed (Figs. 26d and h). The increase of thickness was 114 and even 
175% for the PLD and MS GDC barrier layer, respectively. The increase of SP 
GDC barrier layer thickness was 121%, which was comparable with the one 
observed for the PLD GDC barrier layer. The additional heat treatment at  
1300 °C had the same positive influence on the behaviour of MS GDC barrier 
as in the case of the SP GDC barrier layer, if the heat treatment temperature for 
the LSC cathode was limited to 950 °C (Figs. 25g). The PLD GDC barrier layer 
was already effective without the additional heat treatment (Fig. 25a), which 
resulted only in mixing of Zr4+ and Ce4+ ions in the YSZ|GDC interface  
(Fig. 25c) [31]. 
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Figure 26. SEM images of YSZ|GDC systems with LSC cathode: YSZ|PLD GDC|LSC 
(a-d), YSZ|MS GDC|LSC (e-h). Processing conditions are given in the figure. 
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As in the case of the SP GDC barrier layer, two distinctive sub-layers were also 
occurring in the PLD GDC barrier layer heat treated at 1300 °C with the LSC 
cathode sintered at 1100 °C (Fig. 26d). A distinctive smooth sub-layer appears 
similarly between YSZ and Sr rich MS GDC barrier layer sintered at 1300 °C 
with the LSC cathode sintered at 950 °C (Figs. 25g and 26g). When the LSC 
cathode was sintered at 1100 °C, the cations were homogenously distributed 
throughout the MS GDC barrier layer (Fig. 25h) [31]. 

As in the case of the samples prepared using the SP method, the XRD pat-
terns for the PLD and MS GDC barrier layers with the LSC cathode heat treated 
at 1100 °C indicated the formation of the cubic SrZrO3 or cubic Sr2LaZrO5.5 

(Figs. 27). Additionally, the sample with the MS GDC barrier layer and the 
LSC cathode heat treated at 1300 and 950 °C, respectively, showed a weak 
reflection at 30.8°, confirming the formation of the new SrZrO3 or Sr2LaZrO5.5 

phase (Fig. 27b). This observation can be explained by the lower thickness and 
density of the MS GDC barrier layer, compared with the SP and PLD barrier 
layers, resulting in a higher diffusion rate of Zr into and through the GDC phase 
[31]. 

 
 

 
 

 
Figure 27. XRD patterns for YSZ|GDC systems with LSC cathode: YSZ|PLD 
GDC|LSC (a), YSZ|MS GDC|LSC (b). Processing conditions and Miller indexes of four 
reflections presenting GDC phase are given in the figure.  
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The comparison demonstrated that opposite to the SP GDC barrier layer the  
as-deposited PLD and MS GDC barrier layers did not have the fine-grained 
structure. This difference in the microstructures can explain the opposite 
behaviour of the PLD and MS GDC barrier layers during high-temperature 
treatment, where instead of the phase mixing the final layer thickness was 
determined by the densification. The overall effect of high-temperature 
treatment on the Sr mobility was similar, irrespective of the deposition method 
used, although some exceptions occurred in the case of the MS GDC barrier 
layer treated additionally at high temperature with the cathode sintered at 950 °C.  

 
 

6.6. Influence of protective layers on electrical performance 

6.6.1. TSDC layers 

The experimental data obtained (log σtot vs. log aO2
 dependencies) was fitted to 

the curve calculated using Eq. 5 with a flexible exponent value n. The results 
obtained are given in Fig. 28 [32]. 

 
௧௢௧ߪ  = ௜௢௡ߪ + ௘௟଴ߪ ሺ݌Oଶሻି௡ (5)
  
 

 
Figure 28. Dependence of total conductivity of SP TSDC layers on the oxygen activity 
at different temperatures and Tb concentrations, presented in the figure. Dashed and 
solid lines describe fitting results for different n values. Shape of the symbols in the 
figure indicates Tb concentration. 

 
 

Activation energy (seeming) values for ionic (from fitting and from experiment 
at pO2 = 0.21 atm) and electronic contribution for the SP TSDC layers with 
varying Tb concentration were obtained and are presented in Fig. 29. The acti-
vation energy of the ionic contribution depends on the Tb concentration. The 
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minimal value of activation energy at the lowest Tb concentration  
(1 mol%) can be explained with the suppression of oxygen vacancy ordering 
caused by the co-doping [130]. The activation energy increases at higher Tb 
concentrations. Similar dependence was observed for (Ce0.85Sm0.15)1-xTbxO2-δ

 

[131] and has been explained with the formation of associates between V
O

·· and 

Tb
Će as well as Sm

Će
 at higher Tb concentrations resulting in a decrease in the 

concentration of V
O

··. Another reason for the increase of activation energy could 

be the decrease in the concentration of V
O

··
 with the increase of Tb4+ amount 

[32,52,54]. 
 
 

 
Figure 29. Dependence of activation energy Eact calculated for ionic (Eact for σion) and 
electronic (Eact for σ0

el) conductivity of SP TSDC layer on Tb concentration. 
 
 

The difference between the activation energy values of ionic conductivity, 
based on the fitting results and experimental data at fixed pO2 = 0.21 atm, is 
caused by the downward deviation of experimental results compared with the 
fitting values at high oxygen partial pressures (Fig. 28). This tendency increases 
with the increase of Tb concentration and decrease of temperature. At the 
highest Tb concentration and at the lowest temperature the decrease of conduc-
tivity is approximately half an order of magnitude, very similar to the results 
presented by Yoo et al. [51]. One possible reason could be related to the oxygen 
incorporation process into the lattice at high oxygen partial pressures [51,132], 
leading to the consumption of oxygen vacancies (V

O

··) and formation of electron 

holes (h·) in the Sm-doped ceria system without Tb dopant, given as Eq. 6: 
  
 1/2Oଶ + V୓ •• = O୓୶ + 2h・ (6)

 
If the Tb

Će
 defects are present in the lattice, it is possible that they trap the elec-

tron holes, resulting in the formation of Tb
x

Ce
 species and shifting the reaction in 
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the direction of vacancy consumption. The dependence of the onset and mag-
nitude of p-type conductivity on temperature at high oxygen partial pressures in 
doped ceria [132] and the higher decrease of conductivity at higher Tb concen-
trations support this approach (Fig. 28) [32].   

The electronic activation energy for the SP TSDC layer (Fig. 29) does not 
depend on the Tb concentration or has a very slight tendency to increase at 
higher Tb concentrations. A significantly higher electronic activation energy 
value was obtained for the lowest Tb concentration (1 mol%). This interesting 
electrical behaviour of the layer with the lowest Tb concentration is difficult to 
explain based on the data currently available, but is confirmed by the XRD data 
(Fig. 14), where an exceptional microstrain value (statistically reproducible) has 
been obtained for the SP TSDC layer with 1 mol% Tb [32].   

The highest electronic activation energy value for the SP TSDC layer with 
the lowest Tb concentration is confirmed to be meaningful also in context of the 
temperature dependence of the lower bound of the electrolytic domain Pn  

(Fig. 30), where Pn is defined as oxygen activity (atm) at the point, where the 
ionic conductivity is equal to the electronic conductivity. Pn of the SP TSDC 
layer with 1 mol% Tb is one order of magnitude lower compared with the SP 
TSDC layer with 0 mol% Tb at 750 °C. However, the activation energy of ionic 
conductivity for 1 mol% Tb layer is relatively similar with the ionic activation 
energy values for the SP TSDC layers containing 0 mol% and 2 mol% Tb. 
Thus, the lower Pn might appear only if the electronic conductivity is strongly 
suppressed and its activation energy is high, as we see in the case of the SP 
TSDC layer with 1 mol% Tb. Further increase of Tb concentration leads to 
shifting of Pn to the higher oxygen partial pressures, which seems to be caused 
mainly by an increase of ionic activation energy and a decrease of ionic con-
ductivity, whereas the electronic activation energy remains constant.  

 
 

 
Figure 30. Lower bound of electrolytic domain vs. reciprocal temperature for SP TSDC 
layers with Tb concentrations given in the figure.  
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Considering the changes in crystal lattice and coinciding changes in microstrain 
and electrical properties, the role of Tb as co-dopant introduced in quite small 
amounts (1 mol%) must be emphasized, as it enhances the protective properties 
of the SP TSDC layer by shifting the lower bound of the electrolytic domain 
towards lower oxygen activity by up to one order of magnitude. It should be 
stressed that the activation energy values and lower bound of the electrolytic 
domain are characteristics of the SP TSDC layers studied as having specific 
composition and microstructure [32].   

 
 

6.6.2. GDC barrier layers 

The high-frequency series resistance Z'(ω→∞)=Rs values calculated from the 
impedance spectra (Fig. 31a) depend noticeably on the deposition method as 
well as heat treatment temperature of GDC barrier layers used for their deposi-
tion on the Ni-YSZ|YSZ half-cells. The Rs value for the single cell containing 
the SP GDC barrier layer heat treated at 1300 °C and the LSC cathode sintered 
at 950 °C was approximately 20% higher compared with the one obtained for 
the PLD GDC barrier layer with the same treatment, which exhibited the most 
lowest Rs value. Approximately 30% higher Rs

 value was measured for the 
single cell containing the raw PLD GDC barrier layer and the LSC cathode 
sintered at 950 °C. Electrochemical performance of the single cells containing 
the GDC barrier layers without the additional sintering at 1300 °C with the LSC 
cathode sintered at 1100 °C was the lowest. The single cell with the raw MS 
GDC barrier layer and LSC cathode sintered at 1100 °C exhibited a slightly 
higher Rs value compared with the one containing the raw PLD GDC and LSC 
cathode sintered at 950 °C. The single cell with the SP GDC layer heat treated 
at 950 °C and LSC cathode sintered at 1100 °C demonstrated the highest series 
resistance Rs value (Fig. 31a). The lower performance of the SP GDC barrier 
layer could be related to its characteristic fine-grained microstructure, which 
enabled more efficient cation diffusion throughout it. The single cells prepared 
using the higher cathode sintering temperature exhibited the lowest O2 electro-
reduction activity. Comparison of the data (Figs. 31b and c) demonstrates very 
low influence of the applied cell potential on the total polarization resistance 
Rpol values. Thus, the slow rate-determining step was most likely controlled by a 
slow mass transfer rate [31]. 
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Figure 31. Nyquist plots for differently synthesized and thermally treated GDC barrier 
layers based single cells at T=800 °C: at E=0.9 V in high-frequency range (a), at OCP 
(b) and at E=0.9 V (c). Synthesis method, thermal treatment temperatures and cathode 
sintering temperatures are given in the figure.   
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Cell potential and current density (E, I) curves (Fig. 32) show that the open 
circuit potential (within experimental potential measurement errors) was practi-
cally independent of the barrier layer properties, i.e. independent of the method 
used for the deposition of GDC onto the half-cell (Ni-YSZ|YSZ) surface. Power 
density dependencies on the GDC barrier layer as well as LSC cathode prepara-
tion and heat treatment conditions coincided with the tendencies of the Rs values 
calculated using the impedance data. Relatively low power density (P) values 
were measured for the single cells containing the as-deposited SP GDC barrier 
and LSC cathode sintered at 1100 °C. The additional heat treatment of SP GDC 
barrier layer at 1300 °C and lowering the cathode sintering temperature to 950 
°C somewhat increased the power density value. The PLD deposition method 
completed with the high-temperature (1300 °C) heat treatment step and mod-
erate (950 °C) cathode sintering step resulted in the best single cell with the 
highest power density accompanied by the lowest Rs

 value [31]. 
 
 

 
Figure 32. Cell potential and power density vs. current density plots for differently 
synthesized and thermally treated GDC barrier layers based single cells. Synthesis 
method, thermal treatment temperatures and cathode sintering temperatures are given in 
the figure.   

 
 

In good accordance with the impedance data, the influence of the GDC barrier 
layer sintering temperature on the Sr mobility is very well visible in TOF-SIMS 
pictures (Figs. 15, 19 and 25). When the LSC cathode was sintered at 950 °C 
onto the SP GDC barrier layer heat treated additionally at 1300 °C, some Sr 
mobility was observed (Fig. 19a), but the electrochemical performance was 
relatively good and not much influenced by the small concentration of Sr in the 
barrier layer. However, the PLD and MS GDC barrier layers with the same heat 
treatment exhibited larger resistance to the Sr mobility in the case of LSC 
cathode sintered at 950 °C (Figs. 25c and g) [31]. 
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Single cell performance was also influenced by the thickness of GDC barrier 
layer. The increase of GDC layer thickness from 0.7 to 1.4 µm decreased Rs 
value nearly 35% (Fig. 33). At the same time, Rpol value decreased nearly 60%, 
demonstrating that the increase of the GDC barrier layer thickness had a posi-
tive effect on the O2 electroreduction rate. However, further increase of GDC 
barrier layer thickness had a less pronounced influence. As it could be seen in 
Fig. 33, the layer thickness between 1.4 to 2.1 µm is nearly sufficient and fur-
ther increase of GDC layer thickness did not decrease the high-frequency 
resistance as well as the total polarization (charge transfer) resistance value for 
the system under discussion. Thus, charge transfer resistance was very strongly 
influenced by the thickness of GDC barrier layer. In the case of too thin barrier 
layer, the mobility of Sr and Zr was more intensive causing the contamination 
of YSZ|GDC interface, GDC|LSC interface as well as at the three-phase 
boundary for LSC cathode, GDC barrier layer and O2 phase by the formation of 
SrZrO3 or mixed phases (demonstrated in Figs. 21 and 27 by the XRD data) [31]. 

 
 

 
Figure 33. Dependence of single cell impedance on thickness of GDC barrier layer at 
T=600 °C and E=0.9 V. LSC cathode was sintered at 1100 C. 

 
 

In general, the results of the electrochemical tests are in good accordance with 
the results obtained using XRD, TOF-SIMS and SEM analysis and show that 
better homogeneity and higher thickness of the GDC barrier layer prevents the 
mobility and accumulation of Sr onto/into the interlayer between GDC and YSZ 
electrolyte. The as-deposited SP GDC barrier layer was the most susceptible to 
cation diffusion probably because of its fine-grained microstructure. The addi-
tional high-temperature treatment somewhat suppressed the cation mobility by 
reducing the fraction of grain boundary in the layer. The growth of SrZrO3 
crystallites in the GDC layer during the high-temperature (1300 °C) treatment is 
probably less harmful than the accumulation of Sr rich layer onto the interface 
of GDC and YSZ layers, which initiates the formation of relatively dense non-
conductive SrZrO3 layer [31]. 
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6.6.3. BZY layers 

In the Arrhenius plots constructed for the BCY|BZY samples typically two 
characteristic linear regions were detected. This behaviour indicates that pro-
cesses with different nature take place at temperature ranges with different 
slopes. Several previous studies [133,134] have proposed that the low tempera-
ture process (at temperatures ∼400–600 °C) is characteristic of the proton con-
duction behaviour, while the mixed conduction of protons and oxide ions takes 
place at higher temperatures [30]. 

All activation energies presented in this work (Table 4) are characteristic of 
proton conduction process in temperature range from 550 to 650 °C. Total acti-
vation energy value for proton mobility in BCY was 0.35 eV, which was also 
obtained by Fabbri et al. [81]. The influence of BZY layer on the total activation 
energy was very low, showing tendency to slight increase when the layer was 
heat treated at a very high temperature (1350 °C), where the interdiffusion of 
Zr4+ and Ce4+ ions and mixing of BCY and BZY phases occurred. The activa-
tion energy values for bulk process Ea,bulk in the bilayer membranes, sintered at 
1350 °C, were slightly higher compared to Ea,bulk for BCY. This phenomenon 
could be explained by the fact that too high heat treatment temperatures can 
lead to formation of BaCe0.9-xZrxY0.1O3-δ phase, which at certain x values have 
higher activation energies [135]. If Zr starts to dissolve from BZY into the sur-
face of BCY, a layer with certain stoichiometry and higher activation energy is 
probably formed at certain depth [30]. 

Activation energies for proton mobility in grain boundary region Ea,gb were 
slightly higher for the systems sintered at lower temperatures (600 and 1150 °C) 
and lower for the systems sintered at 1350 °C. Very strong influence of grain 
size on the grain boundary resistance in the case of BZY samples has been 
described in several studies [74,136] and it was suggested to be related to the 
effect of grain size on the conduction properties of grain boundary region. 
Specific conductivities calculated for BCY substrates with and without the BZY 
layer used in this work are presented in Table 4. Variation of conductivity by 
one order of magnitude as a function of grain boundary structure of material is a 
well-known phenomenon and has been studied in details in the case of BZY 
[30,137]. 

Stability test was carried out for differently deposited and heat treated BZY 
barrier layers at 700 °C in CO2 atmosphere. When the BZY barrier layer was 
sintered at 600 or 1150 °C, the formation of BaCO3 and CeO2 was not observed.  
The formation of BaCO3 and CeO2 crystals occurred when the BCY substrate or 
BCY substrate with the BZY barrier layer, sintered at 1350 °C, were used. This 
behaviour confirms the chemical stability of BZY barrier layer in CO2 atmos-
phere, if the BZY and BCY phases are not mixed. Based on these experiments, 
it can be accentuated that the sintering of BZY barrier layer on top of BCY at 
higher temperatures than 1150 °C is not possible without the loss of BZY pro-
tective properties [30]. 
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Table 4.  Activation energies characteristic of processes at temperature range from 550 
to 650 °C and specific conductivities at 600 °C measured in 4.8% H2 + 3% H2O + 
92.2% Ar atmosphere. 

Substrate Ea,bulk 
(eV) 

Ea,gb 
(eV) 

Ea,tot 
(eV) 

σ (S cm-1) 

BCY 0.35 0.34 0.35 1.610-3 
BCY with MS BZY (600 °C) 0.25 0.39 0.35 1.710-3 
BCY with SP BZY (1150 °C) 0.33 0.59 0.35 1.410-3 
BCY with MS BZY (1350 °C) 0.36 0.33 0.36 1.710-3 
BCY with SP BZY (1350 °C) 0.39 0.26 0.36 1.110-3 

 
 

The protective properties of BZY layer were achieved by applying optimal heat 
treatment regime which is not accompanied by phase mixing. Although the 
higher heat treatment temperatures resulted in the grain growth with reduced 
activation for grain boundary process, the formation of new phase probably 
increased the activation energy for bulk process. Higher activation energy 
values obtained for the SP BZY can be ascribed to its lower density. It can be 
concluded that the protective BZY layers deposited using the SP and MS 
methods had only a minor influence on the total conductivity of BCY|BZY 
bilayer membrane, if the particular BCY membranes are used [30]. 
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7. SUMMARY 
Ultrasonic spray pyrolysis method was successfully used for deposition of up to 
1.1 μm thick oxide-ion and proton conducting electrolyte layers with different 
protective functions for IT-SOFC application. Although the method is attractive 
for its low cost and simplicity of experimental set-up, the deposition process of 
the specific layer must be thoroughly optimized prior to application. As the 
layer formation is based on thermal decomposition of the precursor salts, the 
most important parameter for the spray pyrolysis process is the surface temper-
ature of the substrate. For the deposition of homogenous ceramic layers, which 
was one of the aims of this work, the complete thermal decomposition of pre-
cursor material was required in order to ensure high density of the layer. Rela-
tively moderate heat treatment temperatures were required to achieve the high 
density of layers, which might be a positive aspect, if an additional high tem-
perature treatment of supportive electrolyte|protective layer system should be 
avoided in order to avoid interdiffusion of cations. 

The microstructure and crystal lattice of layers deposited using ultrasonic 
spray pyrolysis method was influenced both by the dopant concentration and the 
thermal treatment regime. Effect of Tb co-dopant on the microstructure of 
Ce0.9Sm0.1-xTbxO2-δ layer was notable at higher thermal treatment temperatures, 
where the grain growth was probably limited by the respective changes in crys-
tal lattice influencing mobility of the grain boundary. The XRD data obtained 
confirmed the effect of Tb co-dopant on the lattice parameter and microstrain of 
Ce0.9Sm0.1-xTbxO2-δ layer. The heat treatment caused the considerable grain 
growth and some changes in the crystal structure determining the final micro-
structure of the layer. The lattice parameter change with the increasing heat 
treatment temperature, observed for the Ce0.9Gd0.1O2-δ and BaZr1-xYxO3-δ pro-
tective layers, can be ascribed to relaxation of residual stresses or cation inter-
diffusion between the different phases.  

The XRD, TOF-SIMS and SEM data obtained demonstrated the consider-
able effect of final microstructure of Ce0.9Gd0.1O2-δ barrier layer on the cation 
mobility. Due to the large fraction of grain boundaries providing a fast pathway 
for cation motion, the fine-grained structure (characteristic of the spray-pyro-
lyzed layer after a moderate heat treatment) facilitated the efficient Sr diffusion 
from LaxSr1-xCoO3-δ cathode during the sintering process at temperatures 950 
and 1100 °C. The diffusion was more intensive at higher sintering temperatures. 
Additional high-temperature treatment at 1300 °C accompanied by the grain 
growth effectively suppressed the Sr mobility in the case of moderate sintering 
temperature for the cathode. The Ce and Zr interdiffusion caused by the high-
temperature treatment was accompanied by the increase of layer thickness and 
formation of sub-layers in some cases. The mixing of Ce and Zr was also 
observed between the BaZr0.9Y0.1O3-δ protective layer and BaCe0.9Y0.1O3-δ sup-
port at higher heat treatment temperatures. 

Opposite to the ultrasonic spray pyrolysis method, the deposition of 
Ce0.9Gd0.1O2-δ barrier layer using pulsed laser deposition and magnetron sput-
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tering methods resulted in homogenous material without the fine grains. The 
high-temperature treatment was accompanied by the layer densification, 
reducing its thickness without any significant phase mixing. It can be explained 
with different layer microstructures formed. The overall effect of high-temper-
ature treatment on the Sr mobility was similar, irrespective of the deposition 
method used, although some exceptions occurred. The differences in the micro-
structure, crystal lattice and behaviour of the barrier layers (location and 
appearance of SrZrO3 phase) demonstrated the significant influence of deposi-
tion method on SOFC materials. 

The lowest amount (1 mol%) of Tb as a co-dopant turned out to be bene-
ficial for Sm-doped ceria electrolyte applied as a protective layer, lowering its 
lower bound of electrolytic domain by up to one order of magnitude toward 
lower oxygen partial pressures. The activation energy for the ionic conductivity 
component was lowered in that case, while the activation energy for electronic 
conductivity component was increased. The lowered electrolytic domain 
boundary characteristics mean lower electronic conductivities at redox condi-
tions occurring in SOFC anode|electrolyte systems and leads to higher power 
density and total efficiency of the SOFC system.  

In general, the results of the electrochemical tests are in a good accordance 
with the results obtained using XRD, TOF-SIMS and SEM analysis for the 
Ce0.9Gd0.1O2-δ chemical barrier layers. The SOFC single cell with the raw 
Ce0.9Gd0.1O2-δ barrier layer deposited using the ultrasonic spray pyrolysis 
method exhibited the lowest power density values probably due to the Sr diffu-
sion. The additional high-temperature treatment at 1300 °C somewhat enhanced 
its electrochemical properties by reducing the fraction of grain boundaries in the 
layer.  

The performance of Ce0.9Gd0.1O2-δ barrier layer was influenced also by its 
thickness. The increase of thickness from 0.7 to 1.4 µm improved significantly 
the properties of Ce0.9Gd0.1O2-δ barrier layer. The growth of SrZrO3 crystallites 
in the Ce0.9Gd0.1O2-δ barrier layer during the high-temperature treatment is prob-
ably less harmful than the accumulation of Sr at/into the Ce1-xGdxO2-δ|Zr1-xYxO2-

δ interface, which initiates the formation of relatively dense non-conductive 
SrZrO3 layer. In order to obtain the best performance of SOFC, application of 
different deposition methods require specifically optimized thicknesses and 
specific thermal treatment conditions of the Ce0.9Gd0.1O2-δ barrier layer. The 
sintering temperature of cathode containing mobile cations should be also opti-
mized. 

The protective properties of BaZr0.9Y0.1O3-δ layer were achieved by applying 
the optimal thermal treatment regime which is not yet accompanied by the 
phase mixing. Activation energy and total conductivity values depended on the 
deposition method and heat treatment conditions used, i.e. on the structure of 
BaZr0,9Y0,1O3-δ layer. Although the higher heat treatment temperatures resulted 
in the grain growth with the reduced activation energy for the grain boundary 
process (decreased fraction of resistive intergranular phase), formation of new 
phase by the interdiffusion of Ce and Zr probably increased the activation 
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energy for the bulk process and degraded the required CO2 tolerant chemical 
properties. Higher activation energy values obtained for the BaZr0.9Y0.1O3-δ 
layer deposited using the ultrasonic spray pyrolysis can be ascribed to its lower 
density. It can be concluded that the protective BaZr0.9Y0.1O3-δ layers deposited 
had only a minor influence on the total conductivity of BaCe0.9Y0.1O3-

δ|BaZr0.9Y0.1O3-δ bilayer membrane, if the particular BaCe0.9Y0.1O3-δ membranes 
were used.  
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9. SUMMARY IN ESTONIAN 
Ultraheli-pihustuspürolüüsi meetodiga  

sadestatud elektrolüüdikihid kesktemperatuursele 
tahkeoksiidsele kütuseelemendile  

 
Käesolevas doktoritöös rakendati ultraheli-pihustuspürolüüsi meetodit erinevate 
kesktemperatuurses tahkeoksiidses kütuseelemendis kasutust leidvate kaitsvate 
homogeensete kihtide sadestamiseks ning uuriti sünteesimeetodiga kaasne- 
vaid piiranguid. Hinnati valmistatud Ce0.9Sm0.1-xTbxO2-δ, Ce0.9Gd0.1O2-δ ja 
BaZr0.9Y0.1O3-δ elektrolüüdikihtide kaitsvaid omadusi, mis toimivad vastavalt 
elektronjuhtivuse, Sr difusiooni ja CO2 kahjuliku toime vastu. Ultraheli-
pihustuspürolüüsi meetodit kasutati kuni 1.1 μm paksusega kihtide sadesta-
miseks. Kuigi antud meetod on atraktiivne oma odavuse ja lihtsuse tõttu, on 
soovitud omadustega kihi saamiseks vajalik eelnev sadestamisprotsessi opti-
meerimine. Kuna antud meetodi puhul põhineb kihi moodustumine lähteainete 
termilisel lagunemisel kuumutatud substraadil, on kõige olulisem kontrollitav 
parameeter substraadi pinnatemperatuur. Ühtlaste tihedate keraamiliste kihtide 
sadestamiseks tuleb saavutada lähteainete täielik lagunemine. Antud meetodi 
puhul on positiivne, et tiheda kihi saamiseks on vajalik töötlustemperatuur 
küllaltki mõõdukas, mis aitab vältida soovimatut katioonide difusiooni kandva 
elektrolüüdi ja kaitsva elektrolüüdikihi vahel. 

Ultraheli-pihustuspürolüüsi meetodiga sadestatud kihtide mikro- ja kristall-
struktuur sõltus nii dopandi kontsentratsioonist kui ka termilise töötluse 
parameetritest. Kaasdopandi Tb mõju Ce0.9Sm0.1-xTbxO2-δ kihi mikrostruktuurile 
tuli välja kõrgematel töötlustemperatuuridel, kus sadestise tera kasv oli 
nähtavasti takistatud vastavatest muutustest materjali kristallstruktuuris,  
mis omakorda mõjutasid terade vahelise piirpinna omadusi, kaasa arvatud  
ioonide liikuvust. Röntgenstruktuuranalüüs kinnitas kaasdopandi Tb mõju  
Ce0.9Sm0.1-xTbxO2-δ kihi kristallstruktuurile. Termiline töötlus määras kihi 
lõpliku mikrostruktuuri läbi tera kasvu ja muutunud kristallstruktuuri. 
Ce0.9Gd0.1O2-δ ja BaZr1-xYxO3-δ kihtide puhul termilise töötluse käigus toimunud 
võreparameetrite muutused saab omistada kihi moodustumisel materjali sisse 
jäänud pingete relakseerumisele või katioonide difusioonile erinevate faaside 
vahel.    

Röntgenstruktuuranalüüs, lennuaja sekundaarioonide massi-spektromeetria 
ja elektronmikroskoopia näitasid mikrostruktuuri märkimisväärset mõju katioo-
nide liikuvusele Ce0.9Gd0.1O2-δ barjäärkihis. Suur terade vahelise piirpinna 
osakaal mikrostruktuuris hõlbustas katioonide difusiooni. Seetõttu toimus 
peeneteralise mikrostruktuuri (iseloomulik omadus pihustuspürolüüsi meetodiga 
sadestatud kihtide puhul, mida on töödeldud mõõdukatel temperatuuridel) 
korral intensiivne Sr difusioon LaxSr1-xCoO3-δ katoodi termilisel töötlemisel.  
Katoodi töötlustemperatuuri tõstmine 950 °C-lt 1100 °C-le tõstis Sr difusiooni 
intensiivsust veelgi. Täiendava kõrgtemperatuurse töötlemisega temperatuuril 
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1300 °C kaasnenud tera kasv Ce0.9Gd0.1O2-δ barjäärkihis vähendas märkimis-
väärselt Sr difusiooni juhul, kui katood oli töödeldud mõõdukal temperatuuril. 
Mõningatel juhtudel põhjustas kõrgtemperatuurse töötlemisega kaasnenud Ce 
and Zr omavaheline segunemine Ce0.9Gd0.1O2-δ barjäärkihi paksuse kasvamist ja 
erinevate koostiste ning struktuuridega alamkihtide moodustumist selle sees. Ce 
ja Zr omavaheline segunemine oli samuti märgatav kõrgematel töötlemis-
temperatuuridel BaZr0.9Y0.1O3-δ kaitsekihi ja BaCe0.9Y0.1O3-δ membraani vahel.        

Erinevalt ultraheli-pihustuspürolüüsi meetodist moodustus impulss-laser- ja 
magnetronsadestamise meetodite puhul Ce0.9Gd0.1O2-δ barjäärkiht, millel oli 
mitteteraline homogeenne mikrostruktuur. Kõrgtemperatuurse töötlusega kaas-
nes materjali tihenemine, mis viis kihi paksuse vähenemiseni. Märkimisväärset 
Ce and Zr omavahelist segunemist ei esinenud impulss-laser- ja magnetron-
sadestamise meetodite puhul, mis on seletatav sadestatud Ce0.9Gd0.1O2-δ barjäär-
kihtide erineva mikrostruktuuriga. Täiendava kõrgtemperatuurse töötluse mõju 
Sr difusioonile Ce0.9Gd0.1O2-δ barjäärkihis oli koos mõningate eranditega üldiselt 
sama, sõltumata kasutatud sadestusmeetodist. Ce0.9Gd0.1O2-δ barjäärkihtide 
varieeruv mikrostruktuur, kristallstruktuur ja käitumine barjäärkihina (Sr and Zr 
omavahelise segunemise käigus moodustunud SrZrO3 faasi jaotus Ce0.9Gd0.1O2-δ 

faasis) erinevate sadestusmeetodite korral toovad välja sadestusmeetodi valiku 
mõju tahkeoksiidse kütuseelemendi komponendi omadustele.    

Madalaim (1 mool%) kaasdopandi Tb kontsentratsioon parandas Sm-
dopeeritud tseeriumoksiidse elektrolüüdi omadusi, laiendades selle tööpiirkonda 
kuni ühe suurusjärgu võrra madalamatele hapniku osarõhkudele. Ioonjuhtivuse 
aktivatsioonienergia antud juhul alanes, kuid samas elektronjuhtivuse aktivat-
sioonienergia kasvas. Elektrolüüdi tööpiirkond madalamatel hapniku osa-
rõhkudel tähendab väiksemat elektronjuhtivust anood|elektrolüüt sektsioonis 
valitsevates redokstingimustes ning tahkeoksiidse kütuseelemendi suuremat 
võimustihedust ja efektiivsust.    

Üldiselt on Ce0.9Gd0.1O2-δ barjäärkihtide kohta elektrokeemilise analüüsiga 
saadud andmed kooskõlas vastavate röntgenstruktuur-analüüsi, lennuaja 
sekundaarioonide massi-spektromeetria ja elektronmikroskoopia tulemustega. 
Tahkeoksiidse kütuseelemendi ühikrakk, kus kasutati ultraheli-pihustus-
pürolüüsi meetodiga sadestatud Ce0.9Gd0.1O2-δ barjäärkihti ilma täiendava kõrg-
temperatuurse töötluseta, näitas kõige madalamaid võimsustihedusi. Termiline 
töötlus temperatuuril 1300 °C vähendas terade vahelise piirpinna osakaalu 
Ce0.9Gd0.1O2-δ barjäärkihis ja parendas sel viisil selle elektrokeemilisi omadusi.  

Ce0.9Gd0.1O2-δ barjäärkihi toimimine sõltus ka selle paksusest. Paksuse kasv 
0.7 µm-lt 1.4 µm-le parendas märkimisväärselt Ce0.9Gd0.1O2-δ barjäärkihi oma-
dusi. Nähtavasti on kõrgtemperatuursel töötlusel aset leidev SrZrO3 kristalliitide 
teke Ce0.9Gd0.1O2-δ barjäärkihis vähem kahjulik kui Sr akumuleerumisel Ce1-

xGdxO2-δ|Zr1-xYxO2-δ piirpinnale tekkiv tihe mittejuhtiv SrZrO3 vahekiht. Pari-
mate võimsuskarakteristikutega tahkeoksiidse kütuseelemendi jaoks on vajalik 
erinevate meetodite rakendamisel Ce0.9Gd0.1O2-δ barjäärkihtide sadestamiseks 
läbi viia optimeerimisprotsess nii kihi paksuse kui ka termilise töötluse jaoks. 
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Kergelt difundeeruvaid katioone sisaldava katoodi termilise töötluse tempe-
ratuur peab olema samuti optimeeritud. 

  BaZr0.9Y0.1O3-δ kihi kaitsvad omadused saavutati rakendades termilist 
töötlust, millega veel ei kaasnenud faaside segunemist. Aktivatsioonienergiate 
ja summaarsete juhtivuste väärtused sõltusid nii kasutatud sadestusmeetodist 
kui ka termilise töötluse tingimustest, mis määrasid ära BaZr0.9Y0.1O3-δ kihi 
lõpliku struktuuri. Kõrgemate töötlustemperatuuridega kaasnes tera kasv 
(viletsate juhtivuslike omadustega terade vahelise piirpinna osakaal mikro-
struktuuris vähenes) ja alanenud aktivatsioonienergia terade vahelisel piirpinnal 
toimuvate protsesside jaoks. Samas Ce ja Zr omavahelise segunemisega 
kaasnenud uue faasi teke nähtavasti tõstis aktivatsioonienergiat faasisisemuses 
asetleidvate protsesside jaoks ning viis alla materjali CO2 taluvuse. Kõrgemad 
aktivatsioonienergiad saadi BaZr0.9Y0.1O3-δ kihtide korral, mis olid sadestatud 
ultraheli-pihustuspürolüüsi meetodiga. See on seletatav nende kihtide madalama 
tihedusega võrreldes magnetronsadestamise meetodil valmistatud BaZr0.9Y0.1O3-δ 
kihtidega. Kokkuvõtvalt saab väita, et antud töös kasutatud BaCe0.9Y0.1O3-δ 
membraanide korral oli kaitsvatel BaZr0.9Y0.1O3-δ kihtidel küllaltki väike mõju 
BaCe0.9Y0.1O3-δ|BaZr0.9Y0.1O3-δ süsteemide summaarsele juhtivusele. 
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