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A brief overview is given of the main types and principles of solid-state proton conductors with perovskite
structure. Their properties are summarized in terms of the defect chemistry, proton transport and chemical
stability. A good understanding of these subjects allows the manufacturing of compounds with the desired
electrical properties, for application in renewable and sustainable energy devices. A few trends and highlights
of the scientific advances are given for some classes of protonic conductors. Recent results and future prospect
about these compounds are also evaluated. The high proton conductivity of barium cerate and zirconate based
electrolytes lately reported in the literature has taken these compounds to a highlight position among the most

studied conductor ceramic materials.
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1. Introduction

The mineral perovskite was discovered in the Ural Mountains,
Russia, by Gustav Rose, in 1839, and received this name in tribute to
the Russian mineralogist Lev Aleksevich von Perovski. Although the
name perovskite was originally used to describe the mineral CaTiO,,
currently it is commonly employed to name a specific group of oxides
with general formula ABO, and similar crystal structure. Compared to
other oxide families such as pyrochlore, perovskite related compounds
can be synthesized with a wide variety of combinations of chemical
elements, because cations of large (site A) and small (site B) ionic
radius fit well in the crystalline structure and in addition that structure
is highly tolerant to vacancy formation. In these oxides with formula
ABO,, the A-site can be filled either by cations M* (Na, K), M*
(Ca, Sr, Ba) or M3 (Fe, La, Gd), and the B-site can be occupied
either by M>* (Nb, W), M* (Ce, Zr, Ti) or M** (Mn, Fe, Co, Ga). As a
result of the combination of different ions, the materials may present
insulating, semiconducting, ionic conducting and superconducting
behavior being useful for technological applications in sensor devices,
refractories, electronic components, solid oxide fuel cells (SOFC),
catalytic membrane reactors for hydrogen production, and so on'.

Table 1 lists the properties and applications of some commonly
studied perovskites.

Solid electrolytes with perovskite structure, such as barium cerate
(BaCeO,) and barium zirconate (BaZrO,) are applied in a variety of
electrochemical devices. In all of them the electrolyte performs three
essential functions: 1) separation of two chambers, of the oxidant
and the reducer sides, 2) electronic insulator to force the electrical
current to pass through an external circuit, and 3) high conduction
of ions to provide the balance for the electronic current in the
external circuit. Applications of proton conducting ceramics can be
classified according to two fundamental functions: 1) electromotive
force based on a chemical potential gradient, and 2) electrochemical
hydrogen transport driven by an external power source. Using a
proton conductor as an electrolyte in a chemical potential gradient,
the generated voltage can be utilized as an electrical power source
(SOFC) or a signal that depends on the chemical potential of
hydrogen in a specified chamber (sensor). Protonic conductors can
also perform as a pathway for preferential hydrogen transport when

*e-mail: ecsouza@ipen.br

an external driving force is present. This function can be utilized as a
hydrogen extraction from mixed gases or hydrogen production from
hydrocarbons or alcohols? .

A solid oxide fuel cell is a conversion energy device that produces
electricity and heat from the chemical reaction between a fuel
(H,, natural gas, ethanol, biodiesel) and an oxidant agent (O,). In
this specific type of electrochemical converter, the main components
responsible for reduction and oxidation reactions (electrodes) and
ion transport (electrodes and electrolyte) are solid state conductor
ceramics. Similar to a battery, it is formed by two electrodes (cathode
and anode) separated by an electrolyte, but unlike a battery it does not
need any recharge, requiring a continuous feed by a specific fuel for
electrical generation. The fuel such as H,, ethanol or biodiesel feed
the anode and is oxidized, releasing electrons to the external circuit
in the cathode direction, producing a direct current (dc). The H*
species produced spread through the proton conductor membrane to
the cathode, where in the presence of oxygen and electrons from the
external circuit, they react with O, molecules leading to the formation
of water vapor, as illustrated in Figure 1.

A motivation to study solid electrolytes based on barium cerates
or barium zirconates in solid oxide fuel cells is the possibility of
decreasing the operation temperature (500-700 °C), relatively to
the high temperature solid oxide fuel cells based on oxygen ion
conductors (800-1000 °C). This allows minimizing the reaction on
the interfaces, implying in higher Nernst (E) voltages. Moreover,
protonic conductor membranes allow the formation of water vapor
on the cathode side, avoiding the dilution of the fuel vapor, other
important factor to optimize the cell potential (E).

A large amount of the hydrogen consumed around the world
is produced from the catalytic reforming of the natural gas and is
used for the production of ammonium, fertilizers, methanol, and
also in the petroleum refining process. Over the last few years
special attention has been focused on development of hydrogen
production technologies, mainly because it is a renewable fuel of
high energy density, essential to supply some devices for energy
production such as solid oxide fuel cells. Alternative processes for
hydrogen production have been developed based on renewable fuels,
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Table 1. Properties and applications of perovskites.

Property Application Material References
SOFC
electrolyte
Proton Hydrogen BaCeO,, SrCeO, 234
conductivity sensor BaZrO, >
H, production/
extraction
Ionic Solid
conductivity  electrolyte (La,Sr)(Ga,Mg)0,; >
Mixed SOFC LaSr.CaMnO,
conductivit electrode LaCo0, 6,78
Y (La,Sr)(Co,Fe)O, ,
Piezoelectric
Ferroelectric/  AnSAUCET BTiO, PHZETHO, 4 |,
piezoelectric  Thermistor Pb(Mg,Nb)O, ’
actuator
Catalytic Catalyst LaFeO,, La(Ce,C0)O, 11,12
Multilayer
capacitor
El.ectrlcz.ﬂ/ Dielectric BaTiO.. BaZiO 13
dielectric ressonator 3 3
Thin film
resistor
Magnetic
Magnetic memory GdFeO,, LaMnO, 14-16
Ferromagnetism
Electr0<1)pt1cal (Pb,La)(Zr,Ti)O,
Optical modulator : 17-20
Laser YAlOS, KNbO3
Super- Ba(Pb,Bi)O,,
conductivity Superconductor BaKBiO, 21-23
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l 4e,
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Figure 1. Representation of a solid oxide fuel cell based on proton conductor
electrolyte.

Materials Research

for instance: photo-electrolysis, photo-biologic processes, water
electrolysis, thermolysis, etc. Initially, H, can be also produced
through steam reforming or partial oxidation of many other fuels
as methanol, ethanol and biodiesel. In the presence of methane and
water vapor, for example, the products of catalytic reforming are H,
and CO. Then, hydrogen needs to be separated from the gas mixture
to attain the suitable purity level to be commercialized?*?’. In general,
a high temperature in the range from 800 to 950 °C?® is necessary
for an appropriate conversion of the natural gas in H,. The study
of ceramic membranes of perovskite structure has received great
attention, mainly due to the possibility of reducing that temperature
regime (500-700 °C) and also due to the low cost in relation to the
commonly used palladium membranes®. Other great advantage in
using the protonic conductor membranes such as barium zirconate is
the possibility to perform, in the same electrochemical device, both
processes of reforming and gas separation, simultaneously.

Ideally, the solid electrolyte must present ionic and electronic
conductivities to avoid extra energy to protons migration to the
cathode direction, minimizing energy losses. As yttrium doped barium
zirconate is a predominantly ionic conductor, the mixture of metallic
particles to the electrolyte has been suggested as an alternative to
increase its electronic conduction. At the high operational temperature
there is possibility of using low cost catalysts (eg. Ni) in both opposite
surfaces of the membrane. Besides promoting the oxidation of the
fuel and consequent production of hydrogen, the H, molecules are
also oxidized on the surface of the catalyst, generating protons and
electrons, 2H* + 2e-, that spread through the mixed conductor up to
the electrocatalyst corresponding to the cathode, where protons are
reduced to produce H,, as can be observed in the Figure 2.

2. Perovskite Cubic Structure

In the ideal perovskite structure with space group PM-3m, the
sites correspondent to the A-cation are located at the vertices of the
unit cell, B-site cations in the center, and oxygen ions at the faces,
as illustrated in Figure 3. However, this structure is seldom attained
at ambient conditions of temperature and pressure due to differences
among the A, B and O ionic radii. The Goldschmidt tolerance
factor, t, based on the geometrical packing of charge spheres has been
introduced to describe the distortion of the perovskite structure from
the ideal configuration.

The Goldschmidt tolerance factor is determined taking into
account the ionic radii of the species A, B and O, and can be written
as (Equation 1):

= (VA +r0) (1)
\/E(rB +19)

CO ©=@ H* ©
© H*
CH,+H,O H © H
+
—— (0) o 1 | @® ——
TV O |1 o
© H*
CH, +H,0 = 3H, + CO 6H* + 6e = 3H,
Catalyst/ Mixed Catalyst/
oxidation conductor reduction

Figure 2. Illustration of hydrogen production from the mixture of methane
and water.
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Figure 3. Schematic representation of the ideal perovskite structure, ABO,,
with A =Baand B =Zr.

The ideally packed perovskite structure is considered simple
cubic, as represented in Figure 3, presenting a tolerance factor
t = 1. However, this structure may present some distortion from
the ideal configuration, with t varying in many cases between
0.75 and 1, resulting in different systems such as orthorhombic,
rhombohedral or tetragonal. K. S. Knight** proposed four distortion
mechanisms in perovskite structures: 1) distortions of the BO,
octahedra, 2) displacement of the B-site cation within the octahedron,
3) displacement of the A-site cation, and 4) tilting of the octahedrons
relative to one another. The second and third mechanisms are typical
of ferroeletric distortions in BaTiO,. The fourth is typically observed
when the A-cation is too small for the dodecahedral site, such as Sr
and Ba in SrCeO, and BaCeO.,.

The cubic structure of the barium cerate, BaCeO,, was initially
reported by Hoffmann?! in 1934, and only in 1972 Jacobson et al.*
noted the presence of an orthorhombic distortion. Since the beginning
of the 1980’s this material has been extensively studied and Iwahara
et al.’ started investigating the doped BaCeO,, and thereafter this
protonic conductor was proved to be a potential electrolyte material
in solid oxide fuel cells*. Consequently, several investigations about
structure, transport properties and chemical stability of aliovalent
cations doped BaCeO, were reported, leading this oxide to be a
promising proton conductor electrolyte for SOFC.

The structure and phase transitions of BaCeO, have been
investigated by several physical characterization techniques such
as X-ray diffraction, neutron diffraction, Raman and infrared
spectroscopies. As an example, the phase transitions of the
barium cerate from room temperature to higher temperatures were
investigated.*® It has been observed that the transition from the
orthorhombic phase with space group Pmcn to other orthorhombic

phase (Incn) occurs at ~290 °C and then to rhombohedral (F32/n)
at 400 °C. The crystallization in the cubic perovskite structure was
detected only at higher temperatures (900 °C).

3. Proton Conductivity

Historically, the first conduction mechanism studied was the
electron conductivity of metals and semiconductors. Subsequently,
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ionic conductors based on several chemical species such as lithium,
sodium, potassium, silver, copper and oxygen ions were widely
investigated and used to produce commercial devices. Compared
to other ionic species, proton is the only one that due to its small
size and lacking of electrons, connect to the anion with which is
associated through the electrons of the valence shell. In the specific
case of oxides, for example, the oxygen radius is ~1,4 A, while the
length of the O-H bond is ~0,9 A*. The small size of the proton and
the strong interaction with the oxide anion turn unlikely its jump
from a crystallographic site to another. This fact has directed many
research groups to the study and formulation of models associated
with proton transport in oxides with perovskite structure, as will be
described later.

The conductivity of each ionic species is directly proportional to
the density of mobile ions, n, with a specific charge q and mobility p
(Equation 2).

G =ngu 2

The density of the mobile species can be usually controlled via
defect chemistry, whereas the mobility is a function of the intrinsic
properties of the material and its temperature. The mobility u can
be described following the Nernst-Einstein equation (Equation 3):

D
n=-"1 3)
kgT
where k;, is the Boltzmann constant and the diffusivity D for each
charge carrier can be expressed as a function that depends on the

average carrier jump frequency f and the distance of the jump, A
(Equation 4):

D=72 “4)

The frequency f can be described as derived from a thermally
activated process, following the Equation 5:
f= Zwoe—Ea/kﬂT

&)

where z is the number of directions in which the jump can occur, w_is
a combination of activation entropy AS and lattice vibration frequency
Vy W, =V, e and E_is the jump activation energy.

Combining Equations 2 to 5 results in the conductivity expression
as a function of temperature (Equation 6):

oT = Ae Ea’ksT (6)
where
A= mw, g\
6k

Through the expression of conductivity as a function of the
reciprocal temperature it is possible to determine the activation energy
E, for the ion transport (Equation 7).

Ino7)= Zaliima )
kg T

In general, in mixed conducting solid electrolytes electrons and
holes require a low activation energy (~0.25 eV) for the conduction
process, while for the O* ion conductivity the value of E_is much
higher (~0.6-1.2 eV)*. In perovskites based on barium cerate and
barium zirconate under saturated water vapor atmosphere and at
an intermediate temperature range, 400 to 700 °C, the electrical
conductivity of these compounds is considered negligible, and the
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proton transport dominates the conduction mechanism. In this case,
the activation energy for the proton conductivity has an intermediate
value, varying in many cases from 0.4 to 0.6 eV3*¥. Conceptually
speaking, these activation energy values mean, in a first interpretation,
that the temperature dependence of the conductivity is lower in
comparison to the oxygen ion conductors. Moreover, a minor energy
to the proton transport indicates that these perovskites may present, at
low temperatures, higher total conductivity than the ionic conductors
based on cerium oxide. Hence the investigations of some properties,
such as defect formation, proton transport and chemical stability
have fundamental importance for the optimization of the proton
conductivity. Taking this into account, there is a great possibility of
employing those materials in electrochemical devices for generation
of clean energy and hydrogen production, from renewable fuels such
as ethanol and biodiesel.

4. Defect Chemistry

As already mentioned, several scientific papers have focused
on the study of defect chemistry and transport properties of doped
BaCeO,, after the first report of proton conductivity on that material®.
The temperature and the atmosphere have significant influence
on the transport properties in most of the ionic conductors. It has
already been proved that, at specific temperature and H,O/H, partial
pressure ranges, doped barium cerate presents a considerable proton
conductivity?*3$,

The introduction of defects into the perovskite structure and
their distribution in the crystalline lattice are important factors that
determine the proton conductivity. Ideally, the substitution of trivalent
ions at B-sites for Ce** occurs, according to the Kroger-Vink* notation
(Equation 8):

2Ce¥, + O + M,0; — 2M, + Vg +2Ce0, )

However, factors such as atmosphere, non stoichiometry and size
of the dopant influence defect formation. The substitution of the Ba**
A-sites by a higher ionic radius dopant like La** or Sm** has been
proposed after theoretical calculations* (Equation 9).

2Baj, + M,05 + V5 — 2Mp, +Og +2Ba0 ©

This “reaction” consumes oxygen vacancy instead of creating
new ones, lowering then the proton conductivity. Studying the
phase equilibrium of the Nd,0,-BaCeO, system, Makovec et al.*!
proved experimentally that through the microanalysis of the formed
solid solutions, they could be represented by a general formula
Ba Nd Ce Nd O, . in which the Nd** ion occupies both Ba*
and Ce* sites. The ratio between the amounts of Nd* incorporated
at A- and B-sites is a function of the starting composition, varying
from 1 in the part with larger CeO, contentto 0.1 in the part with
larger BaO content of the BaO-CeO,-Nd, O, system. Thus, further
studies have been proposed to investigate the substitution of Ba** sites
for different ions and the consequent impact of these dopants in the
proton conductivity of the barium cerate. Similarly, the effects of the
aliovalent dopants on Ce** sites have not been explored completely
and special attention is also important to consider. In the analysis of
the influence of the Ba** content on the Ba Ce Y, O, s compounds,
0.8 <x < 1.2, Iwahara et al.*’ reported a maximum conductivity value
of ~0.015 S.cm™ for that material at 600 °C, for x = 0.95. Somewhat,
the relatively high proton conductivities attained by that composition,
comparable to the ionic conductivity of samarium doped ceria®, have
influenced many research groups to choose yttrium as the dopant
cation for the study of solid electrolytes based on BaCeO,.
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Beyond the influence of the cation dopant, stoichiometry
losses due to barium oxide volatilization given the high sintering
temperatures (>1500 °C) have also been considered a problem for
the optimization of the proton conductivity. Hence, studies showing
new directions towards the development of chemical synthesis
methods and for powder processing techniques have been presented,
aiming to decrease the sintering temperature of that material**.
The densification is important to guarantee just the proton and not
molecular transport in those compounds.

5. Incorporation and Proton Transport Mechanisms

When barium cerate is exposed to water vapor, oxygen
vacancies are filled by hydroxyl groups. That means that protons
are incorporated into the perovskite structure, as described by the
equation of defect formation (Equation 10):

H,0 ga5) + Vo + 05 «——20H (10)

The enthalpy of water incorporation or dissolution enthalpy
(AH,, ), which determines the extent of protonation at a given
2 . .
temperature, can be described as (Equation 11):

AHy o =2Eqy —E(V5) + Epr (1n

E,, is the energy related with the substitution of O* by the
hydroxyl group OH-, E(V)") is the energy for creating an oxygen-ion
vacancy and E, the energy of the gas phase energy proton transfer
reaction. Results of atomistic simulations yielded a negative water
dissolution enthalpy for CaZrO,, SrZrO, and BaCeO,, indicating that
the proton conductivity is predominant at low temperatures in these
perovskites, in agreement with experimental results***#° Tt is known
that the enthalpy of water incorporation, AHHZO, changes with the type
of the dopant and in lower magnitude with its content. Theoretical
calculations have indicated a change of E, with different amounts
of dopant and also that the association between proton and cation
may occur, which might be a limiting factor for the proton mobility
in compounds with high dopant levels.

The fundamental thermodynamic parameters describing the
defect chemistry of a proton conductor with perovskite structure can
be extracted through the equilibrium constants associated with the
applicable defect creation reactions. According to the Equations 12
and 10 that represent these defects,

1 - .
E02+Vo<—’“—>og+2h (12)
H,0 gs) + Vo + 05 «—20H,, (10

the concentration of different charge carriers can be expressed as
(Equations 13 and 14):

p=K[V51" po) (13)
[H'1= K, (V51" piio (14)

where K and K, are the equilibrium constants of the Equations 10 and
12, p, [H'] and [V] are the concentration of electron holes, protons
and vacancies, respectively, p, and Puo the oxygen and water vapor
partial pressures. Then, the generic electroneutrality condition is
proposed for doped BaZrO, or BaCeO, as (Equation 15)

2AVG T+ p+[H1=[My ] (15)
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where [M'ZLCE] is the concentration of trivalent dopant on Zr or Ce-site.
By the in situ thermogravimetry analysis the water solubility can
be measured in a given perovskite proton conductor. In addition,
thermodynamic parameters may be also estimated from the
equilibrium constants associated with the defect creation reactions. In
the evaluation of the defect chemistry formation and its relationship
with the transport properties, some process variables such as dopant
concentration, temperature, water and oxygen partial pressure must be
considered. These variables are closely related to the charge carriers
concentration (oxygen vacancies, protons, electrons and holes) and
for example, at higher temperatures and under oxidizing conditions
it has been shown that protons, oxygen vacancies and electron holes
can all coexist***.

Basically, from thermogravimetry experimental data the weight
change can be collected, assuming it is caused only by water uptake.
Considering this, the water incorporation expression represented by
the Equation 10 provides an estimated proton concentration. Then,
the equilibrium constant, KHZO for the water incorporation reaction
can be written as (Equation 16)

____[oHg] (16)

K
Oy olVEII04]

where [OH_] and [V] are the proton and vacancy concentration,
respectively, Puo is the water partial pressure and [O}] the oxygen
ions in the normal oxygen sites.

Given specific oxygen, water partial pressure and determined
dopant level, the concentration of a specific mobile species can be
calculated from Equations 13 to 15. The calculation itself is not
trivial and although the hydrogen concentration is taken from the
Equation 16, the equilibrium constant cannot be determined directly
from it, because [V.] and [O}] are not known. In addition to these
charge carriers, electron holes can also occur in cerate and zirconate
based compounds. Under oxidizing conditions, for example, oxygen
vacancies can be consumed in a process represented by Equation 12,
previously mentioned. In addition, some doped barium cerate
compounds may present a good stability under reducing atmosphere,
and even the oxygen ion conductors based on cerium oxide show
significant electronic conduction at pO, lower than 102’ atm at
600 °C°'.

The enthalpy AH,, o0 and the entropy AS | 0 ., Of water incorporation

can be determined through the equation that relates K o, With these
thermodynamic parameters (Equation 17):

Ki1,0 = exp(ASy o /R)exp-AHy ¢ /RT) (17)

where R is the universal gas constant and T the absolute temperature.
From a simple consideration of defects formation, under oxidizing
atmosphere changes in the sample weight are expected, reflecting in
the increase in the O} content and changes in water concentration.
With these assumptlons the equilibrium constant, K o, can be
rewritten as (Equation 18)

4[OH; T (18)
7 1-[OHg 1-p)([Y,]-[OH ]-p)

H,0

Pu,o (6-[Y.

In this case it is usual to consider that the hole concentration,
p is negligible (p = 0) and applying the methodology of Equation
18 to the thermogravimetry data measured, the value of KHZO can be
evaluated as a function of the reciprocal temperature, in Arrhenius
form, as represented in Figure 4. It is worth noting the presence of
two regions with different characteristics, and at low temperature the
linearity has been clearly observed in Yamazaki, Babilo and Haile*,
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Figure 4. Arrhenius representation of the equilibrium constant for the water
incorporation reaction.

as expected. However, at high temperatures the behavior deviates
substantially from linearity, displaying a strongly change in slope, at
approximately 450 °C5334, This behavior may be related to certain
physical-chemistry phenomena, such as the temperature dependences
of the entropies and enthalpies of water incorporation, beyond the
influences of hole and oxygen concentrations at high temperatures
seem to be more eligible®®>>%7. Thereby, as a consequence of a physical
artifact, AH,, , and AS , extracted from the curve may present
inconsistent values in a w1de temperature range. Not surprisingly,
the resulting hydration entropies and enthalpies from 50-500 °C
(-22 to -26 kJ/mol and -39 to -44 J/K.mol, respectively) of yttrium
doped barium zirconate found by Yamazaki et al.”> were smaller
in magnitude than those reported in the literature. As an example,
at higher temperature range, 550-900 °C, the values of AHHZO and

ASHZO reported by Kreuer et al.** were -93.3 kJ/mol and -103.2 J/K.

mol, respectively, showing the difference must be due to a physical
phenomenon and not just to an experimental artifact.

The fundamental thermodynamic parameters describing the
defect chemistry of a proton conductor with perovskite structure
can be extracted through the equilibrium constants associated with
the applicable defect creation reactions. Then, the knowledge of the
constant behavior with increasing temperature allows one to describe
the water incorporation process in a given solid electrolyte’°. With
this, extracting such parameters from Figure 4 also permits to evaluate
if certain perovskite is thermodynamically more favorable to water
solubility, being closely associated with the transport properties of
that material.

The proton transport mechanism has been studied by several
groups. Two main mechanisms are well accepted, although
there are still some divergences: the vehicular and the Grotthuss
mechanisms®¢, In the former, proton diffuses on a vehicle like H,O",
for example. This mechanism can be found in some compounds such
as HF, HCI, Nafion and SnO,.nH,0*%. In the latter, the Grotthuss
mechanism, proton diffuses by a combination between a molecular
reorientation around the oxygen and jump of the proton from oxygen
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to a nearest neighbor ion. The orientation of the O-H group directs the
H* close to the adjacent oxygen ion. The rotation period to a complete
revolution is about 107'%s and the jumping time ~10~ s in which is
considered the limiting step of the conduction mechanism®%. That
mechanism is found in solid acid salts (CsH,PO,) and perovskites
like BaCeO, and BaZrO,, reported in this work. A schematic
representation of the Grotthus mechanism is presented in Figure 5.

It is important to observe that during the proton jump, the O-H
bond of a site is withheld, while simultaneously the O-H bond with
the adjacent oxygen ion is formed (Figure 5b). The proton transfer
is carried out by a mechanism in which the formation of one bond is
followed by breaking another one, and the strong interaction between
the proton and the two oxygen neighbors avoid the need of extra
energy to break the O-H bond®.

6. Chemical Stability

In spite of compounds based on barium cerate have relatively
high proton conductivity values at relatively high temperatures,
these materials present low chemical stability under CO, and
H,O atmospheres, leading to the formation of alkaline earth metal
carbonates (Equation 19) or hydroxides (Equation 20) 67,

BaCeO; +CO, — BaCO; +Ce0, (19)

BaCeO; + H,0 — Ba(OH), + CeO, (20)

This reactivity may lead to degradation of the electrolyte, limiting
its application in electrochemical devices that act under severe
conditions like solid oxide fuel cells (SOFCs) or catalytic membrane
reactors. Scholten MJ et al.” showed that BaCeO, reacts with CO, at
high temperatures. However, to keep stable the SOFC behavior, the
operation temperature should present a maximum value and the CO,
partial pressure should be low enough to minimize the electrolyte
reaction. Thereby, different variable processes and changes in the
electrolyte have been investigated to solve the problem of low stability,
without damaging its high proton conductivity, which is also essential
for the commercialization of that material. The replacement of Ce*
(R = 0,87 A) by ions of different sizes such as Nd*(R = 0.983 A),
Gd*(R = 0.938 A) and Zr**(R = 0.72 A), for example, has been an
alternative found to minimize the effects of cerate reactivity in CO,
rich atmospheres®. For this purpose, it has been observed that the
addition of cations to the ABO, system of barium cerate contributes
significantly to improve its stability in CO, saturated atmospheres. The
influence of different ionic radii on the lattice parameters of the unit
cell has been also investigated, leading to changes in the cell volume,
as expected, mainly with increasing the Zr** level, with its small size.

Figure 5. Scheme of the Grotthus mechanism for proton transport.
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However, the increase of the chemical stability observed with addition
of different dopants is also followed by a significant reduction of
the proton conductivity, undesirable for commercialization of that
material. Following this point of view, it has been noted that through
the manipulation of chemical species and dopant concentration in
BaCeQ,, it is possible to get a specific chemical composition that
results in an electrolyte or electrode material with higher conductivity
and improved chemical stability. Liu et al.”’ showed that the
replacement of low contents of Ce** in the B-sites by Zr*" ions in the
BaZr, Ce .Y, Yb, O,  composition and also inserting Yb** cations
as part of the defect formation mechanism were quite satisfactory for
obtaining a relatively high ionic conductivity. At 450 °C, for example,
the ionic conductivity observed in water vapor saturated atmosphere
was 1.102 S.cm™, approximately twice the value of the conductivity
of the similar compound without Yb*. Moreover, the system anode/
electrolyte, Ni-BaZr, Ce Y, Yb, O, /BaZr, Ce Y Yb, O,
showed to be largely tolerant to hydrogen sulfide (H,S) and power
densities relatively high (~1,1 W.cm™) were attained at 750 °C.

7. Conductivity of Barium Zirconate

Unlike proton conductor membranes based on barium cerate,
barium zirconate displays excellent chemical stability in CO,*”7",
which is very attractive for applications in devices that require
aggressive environments. The first reports about doped barium
zirconate listed in the early 1990s presented this material as a poor
proton conductor in comparison to BaCeO, based electrolytes.
Although the electrical conductivities of both perovskites differ in
approximately two orders of magnitude, the maximum electrical
conductivity value of the doped barium zirconate was 1.2 x 10 S.cm’!
at 600 °C. Afterwards the properties of this solid electrolyte were
better evaluated and substantially revised in 1999, when Kreuer”
reported the conductivity of the yttrium-doped barium zirconate
as 5.107° S.cm™ at a temperature as low as 140 °C. This result was
quickly confirmed by Schober and Bohn in 20007, The interpretation
on the limited conductivity of BaZrO, at 600 °C came from its
refractory nature, leading to sintered samples with submicron average
grain size and high grain boundaries density. As a consequence, the
large electrical resistivity of the interfaces results in a material with
low total electrical conductivity suggesting, in this case, a more
detailed investigation of the influence of the microstructure on the
electrical conductivity, for obtaining improved macroscopic transport
properties. Following this reasoning, Yamazaki et al.”* showed that
submicron grain size in BaZr Y ,O, ; is a highly resistive factor
to the intergranular component of the total electrical conductivity.
Through the study of the proton transport properties in samples with
different average grain sizes (D_ ), it was observed that the proton

grain
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conductivity of the electrolyte with larger D, . values was at least
2.5 times higher. Moreover, at 450 °C, for example, the total electrical
conductivity attained by this electrolyte was ~1 x 10 S.cm™, higher
than the total ionic conductivity of samarium-doped ceria at this same
temperature, as illustrated in Figure 6.

The relatively high proton conductivity results (at intermediate
temperatures) obtained for the BaZr Y O, ; solid electrolyte and also
its high chemical stability in CO,-rich atmosphere, established this
material as a promising solid electrolyte. However, it is important to
emphasize that the aggressive processing conditions for obtaining this
material, which generally requires very high sintering temperatures
(>1600 °C), may lead to stoichiometry losses and further reduction
of the conductivity. In this case, special attention must be taken for
development of new methods of chemical synthesis and processing
techniques for obtaining ceramic powders of high sinterability. The
major target is to decrease the sintering temperature and to avoid the
deleterious effect due to barium losses. One should consider that a
previous quantitative analysis for determining cation contents in the
sintered sample is of prime importance, to minimize the influence of
nonstoichiometry on the transport properties.

Among several techniques for thin films deposition, the Pulsed
Laser Deposition (PLD) technique”™’ has been suggested as a
useful solution for minimizing stoichiometry deviations because
of its relative low deposition temperature (~400-800 °C). Over
the last few years this technique has attracted a great attention due
to its simplicity and versatility for deposition of a wide variety
of materials such as metallic superconductors, metals, polymers,
ceramic materials and semiconductor oxides. Interesting results,
like obtaining structures in nanometric scale and progress in this
method have been attained, mainly by the possibility of varying
process parameters such as plasma density, ionization level, energy
of the ion, substrate temperature and geometric arrangement of the
deposition chamber. Particularly, the ability of manipulating the film
growth kinetics trying to obtain a material with optimized properties
is highly desirable. Other great advantage of PLD is the fact that the
stoichiometry of the target can be preserved in the deposited film,
avoiding segregation process. In the case of the electrochemical
devices for hydrogen production, for example, the efficiency is
directly related with the protons transport rate through the membrane,
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Figure 6. Arrhenius plots of the total electrical conductivity of doped barium
zirconate and some electrolytes commonly studied. Figure adapted from
Yamazaki, Sanchez and Haile™.
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which may be optimized by forming ultrathin films. Moreover, there
is the possibility of depositing electrolyte/electrode double layer,
giving possibility to decrease the overpotential due to the interfacial
resistance between the components. Our objective here is not to give
to the reader a concise detail about that technique, but only to expose
some advantages that seem to be very useful for the development of
this research area. The development of micro solid oxide fuel cells
(-SOFCs) refers to another context in which the PLD method is
situated. The thin films deposition applied to the fabrication of this
type of device is a rising field and of great interest due to some reasons.
The typical operation temperature of a SOFC based on perovskite
proton conductors comprehends the range from 500 to 750 °C.
Operation temperatures relatively high may lead to complications
with the sealing of the device as well as stability losses between the
components of the cell””’¥, not excluding the energy consumption to
heat the system. Currently, lowering that temperature is one of the
main targets of the research groups. To compensate performance
losses with decreasing operation temperature, the production of
cell components as thin films with lower ohmic resistance has been
investigated. The choice of a more appropriated deposition technique
is highly influenced by the material and characteristic of the desired
film. The research line involving the manufacture of submicron
solid oxide fuel cells has been developed by a select research group,
because the development of all instrumentation necessary to the
construction and also to optimizing the deposition system parameters
is not trivial. Although the first works on thin films deposition by
PLD have been reported about 30 years ago, that research field is
relatively recent and it has been more highlighted only over the last
5 years. Some works involving the mechanism of ceramic oxide
deposition by PLD for fabrication of u-SOFC have been reported
in the literature. Solid electrolytes and electrode components based
on perovskites, electrolytes such as gadolinium doped ceria (GDC),
yttrium stabilized zirconia (YSZ) and lanthanum gallate also have
been deposited by this technique™?®'. Thin films of high relative
density and with nanometric grain size have been attained, and the
relation between structure and microstructure of those oxides with
their electric properties has been evaluated. As an example, the
microstructure and the electrochemical properties of cathode materials
(La, Sr,,MnO, and La Sr  CoO,) obtained by PLD were studied
by Koep et al.®> Although the results do not reveal any change in the
impedance diagram of thin films with submicrometric thickness, the
crystalline structure after deposition is dependent on the temperature
and the substrate material. The power densities (P,) of micro SOFCs
containing electrolyte membranes (Y SZ) with thickness varying from
50 to 150 nm were studied by F. B. Prinz® and relatively high P
values were achieved at lower temperatures. At the temperature of
400 °C, the electrochemical system H,, PUYSZ/Pt, Air presented a
power density of 400 mW.cm™, significantly higher than most values
reported, at this same temperature, for SOFCs with thick components.
Besides decreasing the electrolyte thickness, the higher charge
carriers transport rate at the interfaces electrode/electrolyte due to
the reduction of the interfacial resistance, given the larger contact
surface, were the main factors which contributed to increasing that
micro device performance. Applying their feedback on thin films
deposition of proton conductors with perovskite structure, F. B. Prinz
et al.* have recently evaluated the structural and microstructural
properties of BYZ films with 100 nm thickness, approximately, as
well as the fuel cell performance. In general, the power densities
of the cells with ultrathin membranes supported on Si substrates
and covered by platinum electrodes were higher in magnitude than
reported thicker cells®*. Considering the thickness of the proton
membrane consisting of a few grains, the ohmic loss across the
electrolyte was negligible at 450 °C, as presented in the polarization
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curve. The cell overpotential, in this case, can be considered as the
sum of the overpotentials at the electrodes. According to previous
results, assuming the electrode losses were dominated by cathodic
reactions¥’, the calculated charge transfer coefficient was in the range
of 0.2-0.3, in agreement with reference values of cathode reactions
in typical proton conducting fuel cells®. Although further analysis
is needed for a quantitative understanding about those reactions and
the influence of the ultrathin film electrodes in power density, one
can conclude that the deposition of electrolytic membranes with
submicrometric thickness is of prime importance to minimize the
cell overpotential, as expected.

8. Final Considerations

In general, protonic conductors with perovskite structure have
attracted much attention over the last few years due to their high
applicability in electrochemical devices for energy generation and
hydrogen production. Therefore, the investigation and knowledge
of the defect chemistry and proton transport properties in these
ceramic electrolytes are of great interest and important to enlarge the
possibilities of application in an industrial scale process.

Specifically for cerates and zirconates with barium in their
general formula, the required typically high sintering temperatures
have been an obstacle to guarantee the desired stoichiometry and to
avoid the deleterious effects, due to the barium deficiency, on the
electrical properties of the sintered material. Lacking of chemical
synthesis methods really effectives and processing techniques for
ceramic powder production are limiting factors, which have led
these materials to be so little explored. Obtaining nanoparticles with
morphological control and high surface activity might be an early
departure for getting ceramic membranes of high relative density at
lower temperatures (<1300 °C).

The chemical instability of solid electrolytes based on
barium cerate in CO,-rich atmospheres at high temperatures has
taken several research groups to employ barium zirconate as an
alternative electrolyte in research work for application purposes. The
manipulation of the elements in the BaCeO, structure by inserting
dopant cations, mainly at B-sites, has been an alternative to minimize
the chemical reactivity and also to optimize the ionic conductivity
of that material. Although several reports have commented about the
relatively low conductivity of zirconates in relation to barium cerates,
some results show that the large electrical resistivity due to the high
grain boundaries density can be reduced simply via grain growth.
Electrical conductivity values relatively high (~1 x 102 S.cm™)
at intermediate temperatures (450 °C) have been attained for both
BaCeO, and BaZrO, based compounds, leading the proton conductors
with perovskite structure to a highlight position among the most
studied ceramic solid electrolytes.
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