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Preface

The field of research into advanced metallic and ceramic thin film materials for
energy and environmental applications has been rapidly moving forward. This book
provides the latest information of the developments in the field. It also gives the
perspective of future research. This book collects the contributions by several
established worldwide researchers from academia, industry, and a government
research laboratory. The book covers the fundamental mechanisms, processing,
and applications of advanced thin film and coating materials.

The book covers a broad range of topics related to thin film and coating
materials, including overview of advanced ceramic and metallic coatings, surface
modification, magnetic materials, thermoelectric materials, solar energy materials,
solid oxide fuel cells, coatings in solid-phase microextraction process, and model-
ing and simulation of thin film materials.

This book is primarily aimed at researchers in thin film and coating fields in both
academia and industry. It can be used as a reference book for graduate and
undergraduate students in materials science and mechanical engineering.

Indianapolis, IN, USA Jing Zhang
Changwon, Gyeongnam Republic of Korea Yeon-Gil Jung
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Chapter 1

Overview of Advanced Ceramic and Metallic
Coating for Energy and Environmental
Applications

Zhe Lu, Yeon-Gil Jung, and Jing Zhang

1.1 Introduction

Advanced ceramics have gradually become an important part as the new and key
materials in developing modern technologies, affecting the advancement and pro-
gress in industries. A series of excellent properties in advanced ceramics, specifi-
cally fine structure, such as superior strength and hardness, wear-resisting,
corrosion resistance, high temperature resistant, conductive, insulation, magnetic,
pervious to light, piezoelectric, ferroelectric, acousto-optic, semiconductor and
superconductor, and biological compatibility are widely used in national defense,
chemical industry, metallurgy, electronics, machinery, aviation, spaceflight, bio-
medicine, etc. Also, the development of advanced ceramics is a new growth point of
national economy, and its status—research, application, and development, embodies
acountry as an important symbol of comprehensive strength of national economy. At
present, the worldwide advanced ceramic technology is rapidly progressing, its
application area is expanding, and the stable growth trend in market is obvious.
The United States and Japan are leading the development and application of
advanced ceramics. The United States National Aeronautics and Space Agency
(NASA) is in the development of structural ceramics and a processing technology is
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to implement a massive research and development program, focusing on the key
closed-loop implementation of aircraft engine, engine ceramic replacement, at the
same time of nanostructured ceramic coatings, biological medicine, and photoelec-
tric ceramic research and industrialization on funding [1]. There are ten big plans,
like America’s “brittle material design” and so on. One of federal plans is “the
advanced material and equipment,” with cost up to $2-$2.5 billion in a year for
materials research and the construction, in order to improve its international
competitiveness. The advanced ceramics in Japan, related to the advanced
manufacturing equipment and excellent product stability, are also gradually becom-
ing the leader of the international market, especially in functional ceramics areas
including thermal, pressure sensitive, magnetic susceptibility, gas sensor, photosen-
sitive monopoly in the international market gradually [2]. One of Nippon Provincial
fine ceramics production research and development plans is “moonlight”; one of
items is the development of 300 MW gas turbine [3]. In addition, the EU countries,
especially Germany and France, have carried on the key researches in the field of
structural ceramics, mainly concentrated in the power generation equipment, new
energy materials and ceramic components of engine, etc. The European Union,
including Germany, France, Britain, and other countries, are adopting some
corresponding measures to the development of new materials, such as “eureka
program” [4]. The United States department of ceramic industry statistics shows
that average annual growth rate in advanced ceramics market is about 12% in the
United States, Japan, and the European Union—Annual average growth rates of EU,
United States, and Japan are 15-18%, about 9.9%, and about 7.2%, respectively [5].

This chapter is aimed at providing a comprehensive review of two major coating
materials, i.e., thermal barrier coating and environmental barrier coating. The
historical evolution and latest advancement of the materials are presented.
Suggested future development is also provided.

1.2 Thermal Barrier Coating (TBC)

1.2.1 Overview of TBC

The gas turbine cycle usually describes the relationship between air volume (V) and
pressure (P) in the system. The Brayton cycle (1876) called as a simple cycle of gas
turbine is a representation of the properties of a fixed amount of air as it passed
through a gas turbine in operation (Fig. 1.1a). These same points are also marked in
the engine schematic in Fig. 1.1b. The useful work (from 3’ to 4 in Fig. 1.1a) is the
energy available to cause output shaft power for a land-based gas turbine (for power
generation), or thrust for jet aircraft. Unlike the aircraft engine, land-based gas
turbine added other equipments to increase efficiency and/or the output of a unit
such as regeneration, intercooling, and reheating. The regeneration involves in the
installation of heat exchanger to heat the exhaust gas before entering combustor.
Thus, this regenerated process increases the efficiency by 5-6%. The intercooler is
a heat exchanger that cools compressed gas during the compressing process.



1 Overview of Advanced Ceramic and Metallic Coating for Energy. . . 3

Heat added
through
combustion

; \
Output Work to
Run Compressor

p M

@ H %
s Pressure is increased
L trough compressor as
v volume is reduced
a
3 Useful work -
available for shaft
| power or thrust
v
Start Exhaust heat
Volume of Air

1 Inlet 3

(b)

Fig. 1.1 Brayton cycle diagram: (a) pressure—volume diagram for a unit mass of working fluid
and (b) gas turbine schematic showing relative points

In the system consisting of a high and low pressure unit, the intercooler is mounted
between them and reduces the necessary work for compressing in the high pressure
compressor. The reheating located between high pressure turbine and low pressure
turbine can be used to “reheat” the flow. The combined cycle gas turbine (CCGT)
power plant combined with gas turbine and steam turbine achieves greater efficiency
with using the exhaust gas of gas turbine to stream turbine heat resource. Actually
efficiency values have obtained as high as 52-58% with CCGT [6]—now days the
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efficiency is increasing to 62%. As gas turbine engine is designed to meet demands
for higher power or lower specific fuel consumption, the engine must accommodate:
(1) increased mass airflow, (2) increased pressure ratio, (3) increased maximum
allowable turbine inlet and outlet temperature, and (4) improved efficiency of the
compressor and turbine sections [7]. Several technical progresses have been achieved
to satisfy these demands, and one of them is thermal barrier coating (TBC).

Numerous types of coating are applying to protect structural engineering mate-
rials from corrosion, erosion, wear, etc., providing more hardness, lubricant and
thermal insulation. Especially, TBCs are the most complexity structure due to high
operating temperature and high rotating speed of aircraft and industrial gas turbine
engines. TBCs have been used since 1970s (jet engine for aircraft) and 1980s (gas
turbine for power generation) to protect the metallic parts in hot section compo-
nents of gas turbine engine. TBCs comprise (1) a substrate, (2) a metallic bond coat,
(3) a TGO (thermally grown oxide), and (4) a ceramic top coat, which can improve
durability and efficiency in the gas turbine as insulating turbine and combustor
engine components from the hot gas stream (Fig. 1.2). Demands for advanced TBC
systems for enhanced performance and longer lifetime have continuously been
emerging at higher operating temperature [8, 9].

Low- Low-Pressure
Pressure Compressor Fan
Turbine ;
Combustor _ High-

Pressure
Compressor A
14
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Pressure
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N //\‘;‘\“" s‘ ;;'
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Fig. 1.2 Cutaway view of Engine Alliance GP7200 aircraft engine and photograph of a turbine
blade with TBC from the high-pressure hot section of an engine, and microstructure image of TBCs
(Engine image courtesy of Engine Alliance, turbine blade photograph courtesy of YXLON) [10]
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Over the past 60 years, the development of high temperature engineering alloys
has been a primary driver of increased operating temperatures in gas turbine
engines [11]. The temperatures that turbine blades are exposed to can be close to
the melting point of superalloys. Therefore, TBCs are extensively employed in high
temperature components of gas turbine engines, such as turbine blade, turbine vane,
and combustion, to increase the turbine inlet temperature, hence increasing the
efficiency and performance of gas turbine engines [12]. TBCs can be considered a
four-layered material system as mentioned above, consisting of the following
aspects: (1) a substrate of the nickel- or cobalt-based superalloy, (2) an oxidation-
resistant metallic bond coat of MCrAlY formed by the air plasma spray (APS),
vacuum plasma spray (VPS), low-pressure plasma spray (LPPS), and high velocity
oxy-fuel (HVOF) methods, (3) TGO layer, typically a-Al,O5 or spinel structure
oxide, formed during heat treatment or in service, and (4) a ceramic top coat of
6—8% (mass %) yttria (Y,03)-stabilized zirconia (ZrO,: 6-8 YSZ) deposited by
either APS or electron beam-physical vapor deposition (EB-PVD) processes
[13, 14]. APS, twin wire-arc spraying, and HVOF spraying are the most popular
deposition processes from an economic point of view and involve many small
particles being accelerated by the high-power plasma or combustion flow to form a
coating layer. It is well known that many new techniques, such as solution-
precursor plasma spraying (SPPS) and EB-PVD, have exhibited an increasing
potential in improving the thermal durability of TBC systems [15-17].

The common processes used to deposit the ceramic top coat are APS and EB—
PVD. The EB-PVD method has been developed to enhance adhesive strength and
improve strain resistance. The APS method with its economic benefits is still
preferred commercially, in contrast to the use of the complex and expensive EB—
PVD [8, 18, 19], although it has a relatively low strain tolerance compared with
coatings prepared by more advanced coating methods. The bond coat plays an
important role in ensuring structural effectiveness and affording extra adhesion of
the top coat to the substrate. Many techniques, such as LPPS, APS, high-frequency
pulse detonation, and HVOF, have been applied to form the bond coat [20-23]. The
APS process is widely used to create the bond coat in a TBC system because of its
economic benefits. However, to meet the requirement in increasing working tem-
perature and improving fuel efficiency in gas turbines and diesel engines, the HVOF
process is employed for the bond coat. Unfortunately, the oxidation environment
required for the HVOF process may affect the subsequent oxidation properties of
the top coat, which are important in the applied high-temperature working envi-
ronments. A dense bond coat without oxide formation during spraying can be
deposited by LPPS or VPS [24, 25]. Therefore, the bond coat prepared by LPPS
or VPS has been employed in the most advanced TBCs [26-29], although their
wide application is limited because of their high costs.

Numerous factors have to be considered in practical applications of TBCs,
including high melting point, thermal stability, low thermal conductivity, chemical
inertness, thermal expansion match and good adhesion with the metallic substrate,
low sintering rate, and thermo-mechanical properties [30, 31]. Among them, the
thermal stability or durability in high-temperature environments, especially in
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cyclic thermal exposure, is essential factor to improve the reliability and lifetime
performance of TBC system, and the thermal durability of TBC system is closely
related with its microstructure. There are three ways to enhance TBC performance,
specially focused on the lowering of thermal conductivity of TBC system: (1) study-
ing about coating materials with a low thermal conductivity, (2) controlling the
porosity in TBC, and (3) increasing the thickness of TBC. The effects of porosity
and material on thermal conductivity of TBC have been reported, indicating that
thermal conductivity is strongly dependent on the porosity and material composi-
tion [32]. When the thicknesses of TBCs using APS are greater than 1.5 mm, the
TBCs spontaneously fail during preparation or service [27, 28, 33-35], which
makes other coatings or processes preferable, such as a dense vertical crack
(DVC) TBC, gradient or high-porosity coatings, and SPPS process [15, 35, 36].

1.2.2 Current Research Status of TBC
1.2.2.1 Research Background

The industrial development of TBCs started in the 1950s with the manufacture of
the first enamel coatings for military engine components [37]. In the 1960s the first
flame sprayed ceramic layers with NiAl bond coats were used in commercial aero
engines [38]. The science and technology of TBCs have advanced considerably
since reports of the first test on turbine blades in a research engine in 1976. Today,
TBCs are flying in revenue service in a low risk location within the turbine section
of certain gas turbine engines [39]. To improve combustion efficiency and reduce
fuel consumption, the operation temperature of gas turbine engines is increased as
high as 1600 °C. A high operation temperature requires the use of many advanced
structural materials, extensive cooling of components, and adoption of various
coatings. Currently, single crystal Ni-based superalloys have been employed to
the environment with a maximum temperature of approximately 1100 °C. There-
fore, more temperature gain can be obtained by developing TBCs [40, 41].

1.2.2.2 TBC Materials

Demands for higher operating temperature and more efficiency in gas turbines were
originally met with the development of superalloys. However, the addition demand
to increase the operating temperature has been continuously requesting and it has
been achieving with evolution of cooling technology and TBCs that are used to
protect hot section components, especially in blade and vane. The hot section
components in a gas turbine engine are subjected to serve mechanical, chemical,
and thermal stresses. Hence, requirements demanded in TBC materials are (1) high
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Fig. 1.3 A schematic diagram showing the temperature reduction provided by TBC

melting point, (2) no phase transformation under temperature changes, (3) low
thermal conductivity, (4) chemical inertness, (5) high coefficient of thermal expan-
sion (CTE), (6) bonding strength, and (7) high sintering resistance [41].

1.2.2.3 Structure of TBC

The typical TBC system can be considered as a four-layered material system as
mentioned above [13, 14]. The insulation top coat of usually 6-8YSZ is deposited
either using APS or EB-PVD process. The bond coat protects the substrates from
oxidative and corrosive attacks and improves the bonding between the top coat and
the substrate. The top coat has a significantly lower thermal conductivity than the
metallic substrate and it is possible to establish a large temperature drop (general
reduce of 100—150 °C) across the top coat by applying an internal cooling inside the
components as shown in Fig. 1.3.

1.2.3 Material Selection for TBC

Material selection guidelines are desirable in identifying and developing alternative
materials for higher temperature capability of TBCs in protective and insulative
coatings on hot section components of gas turbines and their applications, like
blade, vane, and combustion chamber, resulting in improving turbine efficiency and
increasing service temperature [42, 43]. Some relate to candidate materials that
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exhibit particularly low values of thermal conductivity at high temperatures and
others relate to thermodynamic stability in contact with the TGO formed between
the bond and top coats [44, 45]. First, a thermally protective TBC with a low
thermal conductivity is required to maximize the thermal drop across the top coat.
Also, the top coat is likely to have a CTE that differs from the component (substrate
or bond coat) to which it is applied. Therefore, the top coat should have a high
in-plane compliance to accommodate the thermal expansion mismatch between the
bond and top coats, and/or between the coating layer and the underlying superalloy-
based substrate. In addition, it must be able to retain the thermal and mechanical
properties and its low thermal conductivity during prolonged environmental expo-
sure [46, 47].

1.2.3.1 Ceramic Material for Top Coat

The selection of TBC materials for top coat is restricted by some basic requirements
as mentioned above: (1) high melting point, (2) no phase transformation between
room temperature and operation temperature, (3) low thermal conductivity,
(4) chemical inertness, (5) thermal expansion match with metallic substrate,
(6) good adherence to metallic substrate, and (7) sintering resistance at operation
temperature [37, 41, 48-51]. The number of materials that can be used as TBCs is
very limited. So far, only a few materials have been found to basically satisfy these
requirements [31, 52].

The applications of pure ZrO, are restricted because it shows polymorphism. It is
monoclinic (m) at room temperature and changes to tetragonal phase (f) from above
1100 °C, as shown in Fig. 1.4 [53]. This involves a large change in the volume (4-5%)
and causes extensive cracking. Hence ZrO, has a low thermal shock resistivity. The
addition of some oxides results in stabilizing the cubic phase and the creation of one
oxygen vacancy, as shown in Fig. 1.5. However, YSZ is a mixture of ZrO, poly-
morphs, a cubic phase (c¢) and a metastable tetragonal ZrO, phase (¢’) obtained with
specific amount of stabilizer. Hence YSZ is also called tetragonal zirconia polycrystal
(TZP). This has one of the lowest thermal conductivity (~2.3 W m ' K~ 'at 1000 °C
for fully dense material) due to its high concentration of point defects (oxygen
vacancies and substitutional solute atoms), which scatter heat-conducting phonons
(lattice wave) [54]. YSZ also has a high CTE (~11 x 10~® °C™"), which helps to
alleviate arising stress between the top coat and the bond coat (~14 x 10 °°C™"). YSZ
has relatively the low density (~6.4 kg m ™), which is critical for parasitic weight
consideration in high speed rotating engine component [55]. The hardness (~14 GPa)
of YSZ can also have the resistance to erosion and foreign material impact [8].

The amount of yttrium is an important parameter since it has an influence on the
grain size, the temperature of the martensitic transformation, strength, and degra-
dation behavior, especially in humid environment [7]. In practice, a Y,O5 concen-
tration in the range of 6—8 wt.% is generally used since this composition maximizes
spallation life due to the formation of the “non-transformable” metastable tetrago-
nal YSZ phase (), which is remarkably resistant and does not undergo the
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transformation to the monoclinic phase under stresses [56, 57]. However, the
metastable tetragonal YSZ phase () undergoes a phase separation by diffusion
when aged at temperatures greater than 1200 °C, which can allow the t — m
transformation upon cooling. From a crystallographic point of view, the ratio of
the cell parameters can be used to distinguish between the two tetragonal phases,
tand 7 the ratio ¢/a\2 tends to 1.010 for the # cell parameters while it is superior to
1.010 for the ¢ phase [58]. The 7-8 YSZ is the most widely studied and used as TBC
material in high-temperature applications such as diesel engines and gas turbines,
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and reports about this material are numerous [59]. The TBCs prepared with by 7-8
YSZ have been proved to be more resistant against the corrosion of Na,SO,4 and
V,05 than the ZrO, coating stabilized by CaO or MgO [31, 60].

1.2.3.2 Intermetallic Material for Bond Coat

The bond coat provides environmental resistance, oxidation and corrosion protec-
tion, adherence, and chemical and mechanical stability between the top coat and the
superalloy substrate. Due to the high oxygen penetrability of the external top coat,
the oxidation protection of substrate is imposed to the bond coat. This metallic
coating is engineered to ideally ensure the formation of a slow-growing, uniform,
and defect-free a-Al,O5 scale (TGO) that acts as an oxygen diffusion barrier for the
substrate. Thus, a sufficient aluminum reservoir is a necessary constituent of the
coating chemical composition. Therefore, the bond coat is one of the most impor-
tant components of the TBC system, and that is very decisive in determining TBC’s
durability [61, 62].

The bond coat provides a rough surface for the mechanical bonding of top coat,
protects the underlying substrate against the high-temperature oxidation corrosion,
and reduces the CTE mismatch between the substrate and the top coat. The bond
coat is an oxidation resistant metallic layer, 75-300 pm in thickness, and it
essentially dictates the spallation failure of the TBC. The bond coat is typically
made of intermetallic alloys and deposited by using the APS or HVOF process.
Other types of bond coat are made of aluminides of Ni and/or Pt, which are
deposited electroplating in conjunction with diffusion aluminizing or chemical
vapor deposition. In a minority of cases, the bond coat consists of more than one
layer, having a different chemical/phase composition [63—65]. But due to their lack
of oxidation and corrosion resistances, these materials are protected by nickel
aluminides or MCrAlY (where M = Co, Ni or Co/Ni) coatings. NiCoCrAlYTa
presents a very good corrosion resistance and is used as a standalone coating or as a
bond coat in TBC systems [65-67]. The usual ways of coating preparation are
physical vapor deposition (PVD), LPPS, VPS, APS, or HVOF spraying, and finally
electrolytic deposition methods are also applied [68—70].

The high temperature microstructure of MCrAlY coating is mainly composed of
two phases: y-Ni provides ductility and p-NiAl provides Al-reservoir for the
oxidation resistance. The proper contents of Cr and Al in the metallic bond coat
are adjusted to provide an adjustment between oxidation and corrosion resistance.
The concentrations of Cr and Al typically vary between 15-25 wt.% and 10-15 wt.
%, respectively. The quantities of Cr in the alloy reduce the necessary amount of Al
for exclusive alumina formation scale [71]. Co improves the ductility and the
corrosion resistance because of increasing solubility of Cr in the y-matrix phase,
reducing the tendency to form brittle phase such as y'-NizAl and a-Cr. Furthermore
Co reduces the stacking fault energy (SFE, a measure of the mobility of dislocations
inside the material), since SFEs for Ni and Co are 300 mJ/m? and 25 mJ/mz,
respectively, and thus improves the creep resistance of the MCrAlY [72]. Some
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commercial MCrAlY coatings could include Re, amount of 1-3 wt.%, for improv-
ing the oxide scale adherence, thermomechanical fatigue resistance, and retardation
of inter diffusion with substrate [73, 74]. Ta reacts with the upward diffusing carbon
and titanium from the substrate, and thus, prevents their inclusion in the oxide scale.
Ta-contained MCrAlY coating improves creep resistance and yield strength [75]. Ti
diffusion from the substrate causes TGO to degrade the adherence of alumina oxide
by forming TiO, [76]. The reactive elements are usually added to the bond coat to
mainly improve the oxide scale adherence. Comparing with the oxides of other
main elements (Ni, Co, Cr.), the oxide of Al, alumina («-Al,O3, TGO) has a lower
formation energy, and is always the chosen oxide to form a continuous and dense
scale against high-temperature oxidation in MCrAlY coatings.

1.2.4 Fabrication Method of TBC

The widely used TBCs for various applications can be classified into two categories
as diffusion coating and overlay coating [77, 78]. The diffusion coating process is a
thermally activated high temperature oxidation/corrosion/wear resistance coating
for iron-, nickel-, cobalt-based metals in severe operating conditions. It provides a
chemically bonded, tenacious coating which acts as a diffusion barrier against
oxygen and other elements into the substrate [79, 80]. Diffusion coating has the
superior oxidation, corrosion, and erosion resistance for the base metal up to
1150 °C without spallation, providing highly reliable substrate for critical compo-
nents. It is commonly used for gas turbine engine components, such as blades,
vanes, cases, seals in power generation, pump impellers, and valve gates in diesel
applications. The overlay coatings are mostly deposited by using PVD and APS
techniques [81-83]. The PVD describes a variety of vacuum deposition methods
used to deposit thin films by the condensation of a vaporized form of the desired
film material onto the surfaces of various work pieces [84, 85]. The PVD coatings
show sometimes harder and more corrosion resistant than coatings applied by the
electroplating process. Most coatings have high temperature and good impact
strength, excellent abrasion resistance and are so durable that protective top coats
are almost never necessary [86, 87].

The thermal spraying techniques are a kind of coating process in which melted
(or heated) materials are sprayed onto a surface. The thermal spraying techniques
are widely used for coating the materials such as metallic, ceramic, polymeric, and
cermet. Thermal spraying can provide thick coatings (approx. thickness range is
20 pm to several mm, depending on the process and feedstock), over a large area at
high deposition rate as compared to other coating processes such as electroplating
and vapor deposition. They are fed in powder or wire form, heated to a molten or
semi-molten state, and then accelerated toward substrates in the form of
micrometer-size particles. Combustion or electrical arc discharge is usually used
as the source of energy for thermal spraying. Resulting coatings are made by the
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Fig. 1.6 Typical
microstructure of top coat
prepared by EB-PVD

accumulation of numerous sprayed particles. The surface may not heat up signif-
icantly, allowing the coating of flammable substances.

1.2.4.1 EB-PVD Process

The EB-PVD method has been developed to obtain a good microstructure, enhance
adhesive strength, and improve strain resistance. The EB-PVD TBCs have been
used in production since 1989. The TBCs produced by EB-PVD have a columnar
microstructure with elongated inter-columnar pores that become predominantly
aligned perpendicular to the plane of the coating as its thickness increases [54]. A
typical microstructure for an EB-PVD is shown in Fig. 1.6, exhibiting a columnar
structure with a gap between the columns that extend from the interface between the
bond and top coats to the surface. The columnar structure, with a certain space
between the individual columns, can improve the strain tolerance, resulting in good
thermal durability under service conditions. Usually, the fine intra-columnar pores
contribute a moderate reduction in thermal conductivity as they are generally
inclined to the heat flow. Even though the EB-PVD TBC (which are currently
being used in jet aircraft engines) usually exhibits higher durability, extending its
lifetime performance, the lower deposition rate and higher cost of the EB-PVD
process limits its application [88]. In addition, when the material composition is
complicated, the process is more difficult due to the element’s vapor pressure. The
performance of EB-PVD TBC has been studied extensively for several decades and
a new technology and an advanced TBC are still proposed [89, 90].

1.2.4.2 APS Process

Plasma spraying is the most commonly used method for depositing TBCs and has
been used since 1950s to protect hot section components of gas turbine engines [91—
93]. In plasma spraying process, the material to be deposited (feedstock)—typically
as a powder, sometimes as a liquid, suspension or wire—is introduced into the
plasma jet, emanating from a plasma torch. In the jet, where the temperature is on
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the order of 15,000 °C, the material is melted and propelled toward a substrate. The
molten droplets flatten, rapidly solidify, and form a deposit. Commonly, the
deposits remain adherent to the substrate as coatings; free-standing parts can also
be produced by removing the substrate. There are a large number of technological
parameters that influence the interaction of the particles with the plasma jet and the
substrate, and therefore the deposit properties. These parameters include feedstock
type, plasma gas composition and flow rate, energy input, torch offset distance,
substrate cooling, etc. [94-96].

In recent decades, the development of advanced coatings and processing
methods has been a field of active research in TBCs. Many new techniques, such
as SPPS, electrostatic spray assisted vapor deposition, electron beam-directed vapor
deposition (EB-DVD), and EB-PVD, have been used to create advanced TBCs
[97, 98]. Economical coating methodologies that enable a high degree of control
over the coating morphology are desired in land-based gas turbines. The APS
process, with its economic benefits, is still preferred commercially, because of the
relatively low cost and simple process compared with advanced coating methods,
such as EB-PVD and EB-DVD [99-101]. The APS process also has its own
advantages in producing the large and complex-shaped TBCs. Numerous factors
have to be considered in practical applications of TBCs, such as thermal durability,
thermal conductivity, chemical inertness, CTEs, and thermomechanical properties.
Among them, the thermal durability in cyclic thermal exposure is an essential factor
for the reliability and lifetime performance of APS—-TBC system, which is closely
related to its microstructure. In addition, there are many ways to enhance TBC
performance, such as controlling the porosity of TBC, employing materials with a
low thermal conductivity, and increasing the thickness of TBC [102, 103]. The
TBCs prepared by APS method present a strong damage tolerance under the most
severe operating conditions, even when a high number of defects are present, such
as pores and microcracks. The typical microstructure (cross-sectional microstruc-
ture) with horizontal “splat” boundaries/cracks, pores, and unmelted powders in the
top coat is shown in Fig. 1.7, in which both coats, the bond and top coats, are
prepared by using APS process. The bond coat indicates a general microstructure
prepared by using APS process with oxide layer, and some pores and unmelted
powders.

Fig. 1.7 Typical
microstructure of TBC
system prepared by APS
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1.2.4.3 HVOF Process

A thermal spray process utilizing the combustion of gases such as hydrogen or a
liquid fuel such as kerosene has been developed in 1980s, which is HVOF process.
The HVOF spraying is commonly used for its versatility to deposit dense metallic/
alloy and cermet coatings. By these HVOF process features the coating generally
near bulk density and low residual tensile stress, in most case, compressive stress,
which enable to product thicker coating than other processes (e.g., cold spray, arc
coating, flame coating, plasma spray). Fuel and oxygen mix and atomize within the
combustion area under conditions that monitor the correct combustion mode and
pressure. There are two distinct differences between conventional flame spray and
HVOF. HVOF utilizes a confined combustion and an extended nozzle to heat and
accelerate the powdered coating material [104, 105]. Typical HVOF devices
operate at hypersonic gas velocities, i.e., greater than MACH 5. The extreme
velocities provide kinetic energy which help to produce coatings that are very
dense and very well adhered in the as-sprayed condition (some of which exceed
83 MPa, or 12,000 psi). The HVOF process efficiently combusts oxygen and a
gaseous or liquid fuel to produce high kinetic energy with controlled heat input.
Depending on user requirements, both gas fuel (propylene, propane, hydrogen, or
natural gas) and liquid fuel (kerosene) can be used. The coating material, in powder
form, is introduced into and uniformly heated by the hot gas stream to a molten or
semi-molten condition [106—108]. The flame and powder are accelerated by a
converging and diverging nozzle (air cap) to produce supersonic gas and particle
velocities, which propel the powder particles toward the substrate to be coated.

As a result, the injected particles flatten plastically and they impact on the
surface of substrate. For this reason, coating microstructure shows homogeneous
and fine granular structure. Coating formed by high velocity particle impact of
spray particles on the substrate in solid state provides the compressive residual
stress state. This is very beneficial about lifetime of coated components under
dynamical load. Additionally, the actual flame temperature can be affected by the
ratio between combustible and oxygen flow rate. And the choice of the combustible
must also be taken under consideration of the required supply pressure that should
be higher than the combustion chamber pressure (modern guns can exceed 1 MPa).
More recently, HVOF coatings due to its low cost and high quality deposits have a
similar oxidation rates with VPS coatings at high temperature, being sometimes
even lower than this one [105, 108]. The bond coat prepared by HVOF process has
outstanding characteristics, even above other thermal spray processes, that include
high density, high bonding strength, optimum hardness, improved toughness,
thicker coating thickness, beneficial residual stress, and superior corrosion resis-
tance [109, 110]. A typical microstructure of the bond coat prepared by HVOF
process is shown in Fig. 1.8.
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Fig. 1.8 Typical
microstructure of bond coat
prepared by HVOF

1.2.4.4 LPPS Process

The LPPS process, also known as VPS, has been employed at higher chamber
pressure than 2 kPa during the coating operation. However the chamber is usually
evacuated to nearly 1 Pa before it is flooded with an inert gas to the required
working pressure. The LPPS process is a low velocity and high temperature
spraying process that is performed in a near-vacuum argon atmosphere. The
LPPS and VPS processes are two different designations for the same process. The
“flame” (no fire is actually involved in the process) is high temperature plasma and
the spraying is performed in a low-pressure argon atmosphere. This process enables
materials, so-called MCrAlYs, which are sensitive to oxidation to be sprayed
[111, 112]. The coating features high density (porosities of coatings are less than
1 or 2%), homogeneous and oxide-free microstructure on the bond coat. The
surface roughness is strongly dependent on the particle size used for the spraying.
Normally, a relatively high degree of roughness is created and the surface will be
smoothened by a shot peening and/or polishing process after coating production.
The LPPS process is the preferred metallic coating technology for single airfoil
components. It is also used for the production of metallic anti-corrosion coatings
[20, 113, 114].

The bond coats of TBCs are typically manufactured using the APS and HVOF
processes. The predominant drawback of these techniques is that their inherent high
temperatures inevitably lead to changes in the coating microstructure, namely oxide
inclusions. The MCrAlY bond coats prepared using the APS and HVOF processes
show oxide contents of 1.8 and 0.94 wt.%, respectively, which are attributed to the
oxidation during spraying [96, 115-117]. A dense bond coat without oxide forma-
tion during spraying can be deposited by VPS process. Significantly, the oxide
content in the bond coat prepared by LPPS process is about 0.16%, which is lower
than bond coats prepared by the APS and HVOF processes [118]. A typical
microstructure of the bond coat prepared by LPPS process is shown in Fig. 1.9,
indicating that there is less oxide content compared with those of the APS and
HVOF processes shown in Figs 1.7 and 1.8, respectively.
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Fig. 1.9 Typical microstructure of TBC with bond coat prepared by LPPS: (a) overall micro-
structure and (b) bond coat microstructure

1.2.5 Advanced Thermal Barrier Coatings
1.2.5.1 Rare-Earth Oxides

Advanced TBCs with low conductivity and high thermal stability have been
developed using a multi-component oxide defect-clustering approach. The
advanced coatings are designed by incorporating multi-component, paired-cluster
rare-earth oxide dopants into conventional ZrO, and hafnia—Y,0; oxide systems
[119]. As the atomic radius of rare-earth oxide dopants is increased with a certain
range, the thermal diffusivity can be reduced due to the addition of expansion
distorted. TBCs with advanced multi-component and low conductivity oxide have
been developed based on an oxide defect-clustering design approach and using a
laser high-heat-flux thermal conductivity technique. The laser test approach empha-
sizes real-time monitoring of the coating conductivity at high temperatures in order
to assess the overall coating thermal conductivity performance under engine-like
heat-flux and thermal gradient conditions. Although the advanced coatings with
oxide cluster follow a similar trend as the pseudo-binary ZrO,—Y,0Oj3 coatings in the
furnace cyclic behavior where the cyclic lifetime of coating generally decreases
with increasing the total dopant concentration, the oxide cluster coatings show a
promise to have significantly better cyclic durability (comparable to that of
zirconia—4.55 mol% Y,03) than the binary ZrO,-Y,0j3 coatings with equivalent
dopant concentrations [118]. Under the NASA Ultra-Efficient Engine Technology
(UEET) program, the durability of the advanced low conductivity coatings was
evaluated using cyclic furnace tests. In terms of performance the rare-earth oxide
dopants into conventional ZrO, and hafnia—Y,0O; oxide systems provide superior
low conductivity, longer cycling lifetime performance and higher stability com-
pared to the current YSZ coatings at high temperature. Through advanced coating
system design, optimized dopant and composition, and improved processing tech-
nologys, it can be expected in the future that the cycling lifetime performance of the
coating will be more extended.
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1.2.5.2 Lanthanum Hexaaluminate (LHA)

Lanthanum hexaaluminate (LHA) with a magnetoplumbite structure is a promising
competitor to Y-PSZ as a TBC, since most ZrO, coating’s lifetime performance
significantly decreases, including undesired densification at temperatures exceed-
ing 1100 °C. The microstructure of calcined lanthanum hexaaluminate powders and
thermally sprayed coatings show a platelet structure [120]. Due to its high melting
point, high thermal expansion, low thermal conductivity, excellent longtime
sintering resistance, and structural stability up to 1800 °C, these materials have
also been found advantageous for TBC applications. The nominal composition is
(La, Nd) MAI,;0;9 where M could be Mg, Mn to Zn, Cr, Sm [121]. Also the
addition of Li has been proven to be advantageous [122]. Among these, the most
interesting one is LaMgAl;;0,9 which has been extensively investigated in terms of
its thermophysical properties and processing issues during air plasma spraying
[123-126]. The plasma sprayed coating is partly amorphous in the as-sprayed
condition due to the rapid quenching from the molten state. Upon an initial heat
treatment recrystallization occurs over the temperature range from 800 to 1200 °C
which is marked by a large decrease in the volume of the free-standing
coatings [125].

It characterizes that the magnetic structure is highly charged lanthanum cation
located in an oxygen position of a hexagonal close-packed oxygen ions. Ion
diffusion strongly inhibits perpendicular to the crystallographic c-axis, thereby
obstructs the densification by sintering. Compared to Y-PSZ, the LHA shows
similar thermophysical properties, outstanding structural and thermochemical sta-
bility. LHA crystallizes in the magnetoplumbite structure, a super lattice of the
spinel structure as shown in Fig. 1.10. In contrast to the oxygen ion conducting
ZrO,, LHA permits operating temperatures above 1300 °C because of its thermal
stability and electrically insulating properties.

Fig. 1.10 Crystallographic
unit cell of lanthanum
hexaaluminate (LHA)
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1.2.5.3 La,Ce,0; (LC)

La,Ce,O; (LC) is proposed as a promising TBC material which is the solid
solution. CeO, has higher CTE and lower thermal conductivity than YSZ, and the
addition of CeO, into YSZ coating is supposed to be effective for the improvement
of thermal cycling lifetime performance. Remarkable improvement of thermal
shock tolerability could be attained by the addition of CeO, into YSZ [127-
129]. The CeO,-doped coating has a better thermal shock resistance because
mainly: (1) there is little phase transformation between the monoclinic and tetrag-
onal phase in the CeO, + YSZ coating [130], (2) stress generated by bond coat
oxidation is smaller in the CeO, + YSZ coating due to better thermal insulation,
and (3) the CTE of CeO, + YSZ coating is larger than that of YSZ coating.
However, the addition of CeO, has some negative effects, such as the decrease of
hardness and stoichiometry change of the coating due to the vaporization of CeO,
[127], reduction of CeO, into Ce,03, and accelerated sintering rate of the coating
[131, 132]. Some previous investigations declare that the LC solid solutions with
more CeO, content than LC have higher CTEs below 400 °C—it should be
effective to reduce the stress induced by the CTE mismatch between the substrate
and the top coat in the low temperature range. Obviously the LC is used as an outer
layer due to its lower thermal conductivity and good phase stability at high
temperatures compared to YSZ. However, the CTE of LZ suddenly reduces at
low temperature range (200-350°C).

1.2.5.4 Graded TBC

Commonly TBCs include a metal layer (substrate) and a ceramic layer (top coat)—
the substrate has a high thermal conductivity, toughness, and ductility properties,
and the top coat has high hardness, wear resistance, corrosion, and high temperature
resistance performance. However, the CTE, the elastic modulus, and other proper-
ties between the top coat and the substrate provide with a great diversity, and there
exists an obvious interface. Therefore, the bond layer (coat) alleviates the thermal
expansion mismatch between the top coat and the substrate, and improves high
temperature oxidation resistance performance. TBC structure is divided into three
types: (a) double layer system, (b) multilayer system, and (c) graded system, which
are shown in Fig. 1.11. Among them, the double layer system mainly composed of
the top coat and the bond coat has a simple structure and mature technology
advantages. However, the CTE and elastic modulus of the top coat and the bond
coat have the deviation in temperature during thermal cycling easy to delaminate.

Therefore, in order to release the physical properties mismatch at the interface,
the multilayer system has been developed which is mainly composed of substrate,
heat insulation multilayer, Al,O3 anti-oxidation layer, and the top coat. Compared
with the double layer system, the multilayer system can reduce the growth rate of
the oxide (TGO) layer and improve the oxidation resistance of the coating, but the
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Fig. 1.11 Three kinds of TBC structure: (a) normal structure, (b) layered structure, and (c) graded
structure

sophisticated technological process and performance poorly in thermal shock
resistance restrict application in the field of aero engine areas. As a consequence,
the graded system design in order to further improve the mechanical properties and
high temperature oxidation resistance of TBCs can reduce the residual stress and
effectively prevent delamination of the coating by changing chemical composition,
organization structure, and mechanical properties with coating thickness along the
direction of the gradient changes.

1.3 Environmental Barrier Coating (EBC)

1.3.1 Overview of EBC

One key barrier to the application of advanced silicon-based ceramics and com-
posites for hot section structural components in gas turbines is their lack of
environmental durability. A new class of coating, environmental barrier coating
(EBC), has been developed in the 90s to protect Si-based ceramics and ceramic
composites from the degradation by water vapor, even though silicon-based
ceramics exhibit excellent oxidation resistance in clean and dry oxygen environ-
ments, by forming a slow-growing and dense silica scale [133, 134]. Oxide coatings
are a promising approach to provide environmental protection for advanced heat
engine components because oxides are in general more resistant than silicon-based
ceramics to corrosive environments [135].

There are several key issues that must be considered in selecting coating
materials [136, 137]. Figure 1.12 schematically shows the key issues. Firstly, the
coating must possess the ability to resist reaction with aggressive environments, as
well as low oxygen permeability to limit the transport of oxygen. Secondly, the
coating must possess CTE close to that of the substrate material to prevent delam-
ination or racking due to CTE mismatch. Thirdly, the coating must maintain a stable
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Fig. 1.12 Key issues in selecting coating materials for EBCs

phase under thermal exposure. Phase transformation typically accompanies a vol-
umetric change, disrupting the integrity of the coating. Fourthly, the coating must
be chemically compatible with the substrate to avoid detrimental chemical interac-
tion [138]. Early coatings work focused on protecting Si-based ceramics from
molten salt corrosion. Mullite has attracted interest as a coating for Si-based
ceramics mainly because of its close CTE match with SiC.

1.3.2 Development of EBC

The first generation water vapor-resistant EBC was developed by combining the
crystalline mullite coating with an Y,Os-stabilized ZrO, (YSZ, ZrO,—8 wt.%
Y,03) top coat [139, 140]. In the first generation EBC, the mullite bond coat
provided adherence, while the YSZ top coat provided protection from water
vapor. The relatively high silica activity in mullite and the resulting selective
volatilization of silica cause rapid recession of mullite in water vapor, necessitating
the top coat for a water vapor resistant. YSZ was a logical candidate for the top coat
because it had been successfully used as the TBC for metallic components in gas
turbine engines, indicating its durability in water vapor. The first generation EBC
could provide protection from water vapor for several 100 h at 1300°C. In longer
exposures, however, water vapor eventually penetrated through cracks in the EBC
and attacked the Si-based substrate, leading to coating delamination [141].

The second generation EBC, with substantially improved performance com-
pared with the first generation EBC, was developed in the NASA High Speed
Research—Enabling Propulsion Materials (HSR-EPM) program in joint research
by NASA, General Electric, and Pratt and Whitney [142]. The new EBC consists of
three layers: a silicon bond coat, a mullite or a mullite + BSAS ((1-x)
BaO-xSrO-Al,05-2510,, 0 < x < 1) intermediate coat, and a BSAS top coat
[143]. The second generation EBC has some durability issues that limit their use
temperature and lifetime performance. One key issue is the volatilization of the
BSAS top coat in high velocity combustion environments. A projection based on a
silica volatility model in conjunction with BSAS volatility data from high steam
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low velocity environments indicates a BSAS recession of 70 pm after 1000 h at
1400 °C, 6 atm total pressure, and 24 m/s gas velocity [141]. Actual gas turbines
operate at significantly higher pressures and gas velocities, increasing the projected
recession to much higher levels. In fact the EBC on solar turbine engines suffered
significant BSAS recession in some areas after the 14,000 h test [144]. Another key
durability issue is the chemical reaction between BSAS and SiO, formed on the Si
bond coat by oxidation. The reaction between BSAS and SiO, generates a
low-melting (1300 °C) glass that causes EBC degradation and premature failure
at temperatures above 1300 °C [141]. Therefore, under the gas turbines working
environments, the corrosion resistance in water vapor of the top coat becomes
particularly important.

Owing to the existed deficiencies of the second generation EBC, hence the
NASA research center concentrated on a new top coat that can be substituted for
the BSAS. Research has been undertaken at the NASA Glenn Research Center
under the support of the Ultra Efficient Engine Technology (UEET) program to
develop EBCs that can withstand a 1482 °C (2700 °F) surface temperature and
sustain 1316 °C (2400 °F) EBC/substrate temperature over thousands of hours.
Figure 1.13 shows plasma-sprayed Si/mullite +20 wt.% BSAS/BSAS on SiC/SiC
composite after 1000 h at 1316 °C (1 h cycles) in 90% H,O-balance O, [138] The
purpose of the third-generation EBC was substituted for original BSAS, showing a
multilayer system. It has the key attributes for a successful EBC, such as a low silica
activity, alow CTE, and a low modulus (~100 GPa for dense BSAS). The low silica
activity provides stability in water vapor, while the low CTE and low modulus
provide low thermal stresses. The EPM (Enabling Propulsions Materials) EBCs
exhibit dramatically improved durability compared to the mullite/YSZ EBC
[145]. The EBC maintains excellent adherence and crack resistance. New coating
system preserves favorable thermal stability at 1500 °C which have been required.
In addition, which have remarkable chemical and mechanical with the mullite/
mullite + BSAS inter-layer.

Fig. 1.13 Plasma-sprayed
Si/mullite +20 wt.% BSAS/
BSAS on a SiC/SiC
composite coupon after
1000 h at 1316 °C (1-h
cycles) in 90% H,0O-balance
0, [138]
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1.3.3 EBC Materials

Plasma-sprayed RE,SiO5 [146] and Ta,Os-based [147] EBCs showed good adher-
ence on Si-based ceramics under thermal exposures in air. However, these coatings
on SiC/SiC composite did not maintain the adherence in water vapor environments
[148]. Consequently, the substrate suffered rapid oxidation, forming thick and
porous scale. A premature EBC spallation occurred along the scale since the
thick scale constituted a weak mechanical link. Possible explanations for the
rapid oxidation include lack of chemical bonding and EBC cracking under thermal
cycling. Both can provide an easy access for water vapor into the interface.
Although mullite develops similar cracks, the fact that the Si/mullite EBC shows
far superior oxidation resistance and longer lifetime performance suggests that
inadequate chemical bonding may be responsible for the lack of oxidation resis-
tance. Other low CTE rare earth monosilicates, such as Y,SiOs, Er,SiOs, Sc,SiOs,
and Lu,SiOs, exhibited similar poor oxidation resistance [138]. CVD Ta,O5 was
unstable in an environment containing Na,SO,, rapidly reacting to form NaTaO5
which subsequently interacted destructively with the underlying SizN, substrate to
form a molten phase [134]. Rare earth disilicates (RE,Si,O5) were applied on SizNy
ceramics by a slurry process followed by sintering [148]. Short-term exposures at
relatively low temperatures showed promising results, indicating their merits for
further research.
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Chapter 2
Processing and Characterization of Coating
and Thin Film Materials

David Alique

2.1 Introduction

Coatings and thin film materials are employed in many different industrial fields for
decades, mainly for protective purposes. This large experience provokes that,
currently, a wide variety of technologies for both preparation and characterization
are available. Particularly, focusing on energy and environmental applications,
three main film types can be distinguished: (1) materials with catalytic activity
for hydrogen production, (2) membranes for hydrogen separation or CO, capture,
and (3) coatings for some specific fuel cell components. Membranes are especially
relevant for hydrogen separation from other gases after the production unit or
combining both production and separation steps in a unique equipment, the mem-
brane reactor. The last case represents a significant advance in terms of process
intensification, increasing the hydrogen production rate with a high purity and
saving costs. In the last years, the relevance of these membrane materials has
significantly increased, as can be denoted by the large number of published man-
uscripts in indexed scientific journals of high impact. In this context, this chapter
summarizes the main advances in thin film membranes towards energy and envi-
ronmental applications, including both preparation strategies and the most common
characterization techniques. The production of all these thin films, independently of
the particular application, can be carried out by different physical-chemical alter-
natives such as Sol-Gel methods, Electrodeposition, Electroless Plating, Physical
Vapor Deposition, Chemical Vapor Deposition, Atomic Layer Deposition, or
Molecular Beam Epitaxy, achieving thicknesses ranged from the nanometer scale
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to some microns. Each technique presents advantages and disadvantages that have
to be taken into account for final applications. Moreover, the structure of the film
should also be considered, being possible to distinguish amorphous or crystalline
materials. All these films, independently of the composition, structure, or produc-
tion technique, are usually prepared over a substrate material. Thus, the original
coating surface properties can affect in a significant grade to the final properties of
the film and many researchers focus their efforts on studying these effects and
developing new strategies to improve the final quality of films in terms of homo-
geneity, thickness reduction, thermal and mechanical resistance, and adherence.

Considering all these facts, this chapter is structured in three differentiated
sections: (1) Common coating surface materials and main modifications to make
the later incorporation of the thin film easer, including chemical or mechanical
treatments and incorporation of intermediate layers; (2) Recent advances for prep-
aration of thin films employed as hydrogen-selective membranes; and (3) The most
relevant characterization techniques for determining critical properties of these
films and developing innovative products.

2.2 Coating Surface and Interface Modifications

Thin film materials for energy applications are usually incorporated onto a support
surface to provide specific properties in terms of protection, catalytic activity, or
selectivity to a target compound [1]. Only few applications employ directly
unsupported thin films with an enough thickness to ensure both thermal and
mechanical resistances under operation conditions. An example of these
unsupported materials can be found at ENEA laboratories for hydrogen purification
[2] and separation of isotopes from nuclear fusion processes [3]. In particular,
palladium-based films with thicknesses in the range 50-200 pm are used for these
purposes [4, 5].

However, researchers prefer to incorporate a thin film onto a porous substrate in
order to decrease the minimum thickness required, saving money but maintaining
good properties and mechanical resistance of the system [6, 7]. A wide variety of
materials have been proposed as support for the preparation of these composite
materials, including Vycor glass [8], metals [9, 10], or ceramics [11, 12]. The
selection of an appropriate substrate is crucial, although up to now an ideal solution
is not found. Diverse surface characteristics, such as material compatibility, adhesion,
mechanical strength, roughness, or porosity need to be considered prior to taking a
decision. In fact, metallic supports present an exceptional mechanical resistance that
makes the integration in current facilities, usually made in stainless steel, easier.
However, they also present a very rough surface with a large pore distribution, which
makes the generation of an ultrathin layer without defects really difficult [13]. On the
other hand, ceramic supports present a very smooth surface with a narrow pore size
distribution that could overcome this problem [14]. Unfortunately, these supports
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present a lower mechanical resistance than metallic ones and the thermal expansion
coefficient can be significantly different from that of metallic coatings, i.e., palladium
or alloys. This fact could represent a relevant inconvenience for an adequate lifespan
of the composite membranes [15].

In this context, it is usual to find materials in which the original interface between
the support and the thin film has been modified in order to overcome some of these
drawbacks, trying to take advantage of other original features [16—18]. Diverse
alternatives can be carried out, including chemical or mechanical treatments and
incorporation of additional intermediate layers.

2.2.1 Chemical Treatments

The use of chemicals can provoke the modification of original coating surfaces.
This technique, very often for modification of polymeric layers, can also be
employed for inorganic materials such as metals or ceramics. The treatment is
usually known as etching, and it consists of immersing the sample into a corrosive
solution, traditionally a strong acid, at controlled temperature to remove part of the
material. The effect of the treatment is determined by different factors, emphasizing
acid concentration, support composition, temperature, and duration of the process.
Mardilovich et al. [19] indicated a double effect of 5 min treating stainless steel
surface in hydrochloric acid, increasing the original roughness of the support and
providing a preactivated surface for a later deposition. Li et al. [20] used a similar
etching treatment at room temperature but with a mixture of hydrochloric and nitric
acids. Later, Kim et al. [21] followed this procedure to prepare a composite Pd
membrane over a porous nickel support.

In general, it can be affirmed that actually an etching pretreatment on the support
is a conventional step in commercial processes for incorporating thin layers on
composite materials, independently of using any additional treatment for surface
modification [22].

2.2.2 Mechanical Treatments

Other researchers employ physical treatments to modify the original properties of
support materials, mainly with the aim of decreasing both pore size and external
roughness. Jemaa et al. [23] modified the porous stainless steel surface by high
velocity shot peening with ion particles, producing rounded depressions in the
surface, stretching it radially and causing plastic flow of surface metal at the instant
of contact. As a result, they obtained a smaller average pore size over the modified
surface. Jayaraman et al. [24] prepared the supports for a later Pd film incorporation
by successive polishing with sandpapers #320, #500, and #800 to smooth the
original surface. Mardilovich et al. [19] used a similar mechanical polishing process
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with sandpaper over porous stainless steel supports, decreasing both average pore
size diameter and roughness. However, a significant porosity loss was evidenced by
decreasing the permeation capacity up to 20% of the original one. Li et al. [20]
polished the surface of a stainless steel disc using commercial sandpapers with
increasing grits step by step, finishing with a #1200 grit sandpaper for about 1 min.
Ryi et al. [25] employed similar mechanical polishing treatments over a porous
nickel support by using commercial sandpapers followed by wet polishing with
alumina powder. The results evidenced a reduction in both roughness and average
pore size of the original material, facilitating the later incorporation of a thin
selective coating. Pinacci et al. [26] used a similar procedure to reduce the original
roughness of stainless steel supports. They modified the materials in a polishing
machine with a diamond paste for 8 h, reducing the original roughness from 3.4 to
0.65 pm. Alique [27] presented a complete study of the morphology modification
achieved on porous stainless steel supports (PSS) by using commercial silica
carbide sandpapers with diverse grits. Figure 2.1 collects the images of the external
surface after each treatment. As it can be seen, rougher sandpapers provoke the
generation of large defects and grooves due to a plastic deformation of the original
material. Moreover, the size of the original small pores is reduced, even
disappearing in some samples, while the biggest ones are maintained. In contrast,
smoother sandpapers have a finer effect.

AV Spol Magn  Del. Wi t——————— 100
W kv B0 ubd- BSE A1

Fig. 2.1 SEM images of PSS supports after polishing with commercial sandpapers: (a) #100, (b)
#400, (c) #800, and (d) #1200
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The polishing technique not only has been proposed for modifying the surface
properties of supports. The reparation of palladium thin films in composite mem-
branes can also be carried out by mechanical treatments, drastically decreasing the
remained pinholes on the selective palladium layer [28].

On the contrary, this technique also has detractors due to the negative effect on
the permeation capability of the materials. Moreover, several studies also affirm
that very smooth surfaces may cause poor adhesion and poor physical strength of
the composite membrane, which spoils the long-term stability during temperature
and pressure cycling [29]. It is accepted that, in general, the adhesion between a thin
film and a support surface depends on the mechanical binding and anchoring
effects, thus a minimum roughness of the support it is necessary for a suitable
adhesion of the incorporated coatings [30]. Diverse works, as published by Collins
and Way [31] and Huang et al. [32], indicate that larger pore sizes and surface
roughness of supports results in better adhesion of the thin coating layer. In this
manner, it is necessary to achieve a compromise solution between smoothing the
original surface and decreasing the average pore size of supports and maintaining
minimum values to guarantee a suitable adherence for the incorporated thin film.

2.2.3 Incorporation of Additional Intermediate Layer

The incorporation of additional intermediate layers is one of the most popular
alternatives for preparing free-defect thin films on porous supports. Material,
thickness, and properties of this interlayer can be adjusted for different purposes,
including modification of original morphology, improvement of adhesion capacity,
prevention of corrosion, surface pre-activation, or impediment of direct contact
between the support and the thin film. Usually, a unique intermediate layer can be
employed simultaneously for some of these purposes. The prevention of possible
interactions between both support and thin film, mainly in case of metallic mate-
rials, is especially relevant for high temperature applications. It is well known that
interdiffusion processes appear when metals are maintained in contact at high
temperatures, provoking a modification of their original properties [33]. In this
manner, many researchers prefer to incorporate an interlayer between the support
and the thin selective coating, independently of using any previous additional
treatment (i.e., chemical treatment or polishing) to guarantee a suitable behavior
of the final composite material. At this point, the selection of the material and
thickness of this intermediate layer, as well as the preparation technique, are critical
issues to obtain a system with enough mechanical strength and moderate cost [34].

As mentioned in previous sections, ceramic and metallic porous materials are
widely used as support for different coatings on the field of environmental and
energy applications. Ceramic supports usually are prepared with an asymmetric
structure as stacked layers with graduated particle sizes, achieving a very smooth
surface with very narrow pore size distribution up to 3 nm [35, 36]. In this case, the
use of an intermediate layer is not essential in terms of roughness and pore size
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modification and it is really scarce in literature. However, the preparation of
asymmetric ceramic supports is relatively costly and the use of macroporous
ceramic substrates with symmetric configuration and a very simple intermediate
layer could represent an attractive alternative. In this context, Zheng et al. [37]
modified a sol-gel method to incorporate an intermediate y-Al,O5 layer over a
macroporous a-Al,O3 support, showing superiority in smoothening out defects and
bumps compared to conventional methods and improving both adhesion between
layers and dispersal uniformity of small alumina particles. Over this modified
supports, they incorporated a very thin palladium layer of about 4.5 pm without
remarkable defects. Hu et al. [38] proposed the modification of a low-cost
macroporous Al,Oj substrate surface with a conventional 2B pencil composed of
graphite and clay, obtaining a free-defect membrane with an external palladium
thin film of about 5 pm. Nevertheless, the incorporation of intermediate layers for
improving the activation of the ceramic supports prior to incorporating the final thin
coating is more usual. One example is the research published by Zhao et al. [39],
based on the activation of a ceramic substrate by the sol-gel process of a Pd(Il)-
modified boehmite sol for the preparation of a composite Pd-membrane with a
thickness of about 1 pm. A very particular application is the synthesis of pore-filled
type membranes, in which YSZ particles are used to modify the original surface of
ceramic supports in a double layer, helping to achieve a good adhesion and uniform
coating of the membrane film onto the support and protecting the selective layer
[40, 41]. More details about this alternative can be found in the next section, talking
of advanced metallic and ceramic composite laminate coatings.

On the other hand, the use of additional intermediate layers is a widespread
alternative when metallic supports are used for the incorporation of thin films. As
mentioned before, the use of this type of supports for incorporating thin coatings,
mainly those composed by other metals such as palladium or alloys, is very
attractive due to the excellent mechanical resistance and the facility for integration
in conventional equipments [9, 10]. However, the surface properties (high rough-
ness and average pore size) and the migration of components at high temperatures
(interdiffusion process), independently of the support grade, represent the main
drawbacks that the use of additional intermediate layers tries to resolve [42]. At this
point, a wide variety of materials can be found in the literature for obtaining these
interlayers and a unique solution is not achieved up to now.

One of the easiest solutions consists of oxidizing the metallic support at high
temperatures in air atmosphere in order to generate a mixed Fe,03-Cr,Oj3 coating as
effective interlayer to prevent the interdiffusion process [43]. Ma et al. [44]
employed this controlled in situ oxidation method for preparing Pd and Pd/alloy
porous stainless steel composite membranes. They found that oxidation tempera-
tures higher than 600 °C generated oxide layers as effective barriers for avoiding
the undesirable intermetallic diffusion. At lower oxidation temperatures, there
might still be an oxide layer at the membrane-substrate interface, although it was
too thin to be detected. This process was patented as an effective solution for
preventing the intermetallic diffusion [45]. Following this patent, Guazzone et al.
used oxidized supports in stagnant air at 400—500 °C to produce an oxide layer as
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Fig. 2.2 SEM images of oxidized PSS supports at diverse temperatures: (a) 400 °C, (b) 500 °C,
(c) 600 °C, and (d) 700 °C

intermetallic diffusion barrier for analyzing the effects of surface activity, defects
and mass transfer on hydrogen permeance, and n-value in composite palladium-
porous stainless steel membranes [46]. In the same line, Mateos-Pedrero et al. [47]
carried out an oxidation treatment at diverse temperatures (600, 700, and 800 °C
with heating ramp rate of 2 °C/min) in air atmosphere for 12 h, detecting a decrease
in the permeate flux as the temperature increase. Moreover, they indicated that the
achieved surface modifications after the treatments were not enough to significantly
decrease the Pd coating thickness in comparison to other alternatives. As an
example, Fig. 2.2 shows the results obtained after oxidizing commercial 0.2 pm
grade PSS supports at different temperatures. In terms of surface properties (rough-
ness and average external pore size), only slight modifications can be observed after
the thermal treatments, except for higher temperatures. For this reason, despite the
simplicity of this alternative, many authors choose other kind of materials as
intermediate layer for achieving additional surface modifications.

Siliceous materials are the next group of intermediate layers that can be found in
the specialized literature. They are considered an interesting alternative due to
additional selectivity or catalytic activity in either amorphous or crystalline struc-
tures. In fact, microporous silica layers have been applied on porous stainless steel
supports to separate H, from CO, or N, without any other additional layer [48] or
even combined with palladium in a mixed-matrix structure [49]. As intermediate
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Fig. 2.3 SEM micrograph of silicalite-1 modified PSS support before (a) and after palladium
deposition by electroless plating (b) [51]

layer, Nam et al. [50] introduced a thin film of silica by sol-gel method between a
selective Pd-Cu layer and a 316L stainless steel substrate to improve the structural
stability of the composite material. The membrane, with a 2 pm thickness for the
selective layer, exhibited excellent separation performance with hydrogen
permeance of 2.5-10~% cm*/cm®cmHg-s and H,/N, ideal separation factor up to
70,000 at 450 °C. Similar amorphous silica particles have also been employed by
Mateos-Pedrero et al. [46], comparing the results obtained in terms of support
modification and permeation capacity with other alternatives, such as direct oxida-
tion of the substrate. Calles et al. [51] analyzed the influence of three different
siliceous materials used as intermediate layers for composite Pd-PSS membranes:
amorphous disordered silica, amorphous ordered silica (HMS), and crystalline
silica (silicalite-1). In all cases, both roughness and pore size of the original
supports were reduced, allowing to decrease the thickness of the H,-selective Pd
layer. Among these three diverse materials, silicalite-1 provided the best results
with a completely defect-free Pd layer of 5 pm, permeance of 1.423-10"*mol m s
! Pa®3 and a complete ideal selectivity for hydrogen. Figure 2.3 shows the
changes on the morphology of the PSS support after modification with silicalite-1
as intermediate layer and palladium deposition.

One additional step is not only using these silica materials as intermediate layer
but applying high temperature resistant silicate gel/ceramic particles for defect
repairing of Pd composite membranes as a simply, effective and low-cost
method [52].

Considering the relatively good properties of alumina materials as support in
terms of roughness and porosity, the use of intermediate layers based on Al,O3 have
also been proposed by several authors. Thus, Yepes et al. [25] compared the use of
v-Al,O5 and a-Fe,05 oxides as diffusion barriers in composite PSS-Pd hydrogen
permeable membranes. Moreover, presented the possibility of using an additional
Pd doped thin alumina layer as activated surface. Li et al. [20] employed an alumina
coating after other treatments for further smoothening the surface, decreasing the
original pore size of the substrate and preventing interdiffusion processes at
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elevated temperatures. Broglia et al. [53] incorporated a double layer of y-Al,O3 on
a PSS support by dip-coating, followed by drying and calcination, activation of the
modified support, and deposition of crack-free Pd layer about 11 pm thick. Chi et al.
[54] employed alumina particles of two different sizes to modify the nonuniform
pore distribution and the surface roughness of the PSS tubes. Large particles
(~10 pm) filled larger pores on the surface and left the smaller ones intact, while
small particles (~1 pm) were then used to further decrease the surface roughness,
achieving a continuous dense Pd membrane with a minimum thickness of 4.4 pm
and good thermal stability. Lee et al. [55] compared the effect of Al,O3 and ZrO,
materials as 200 nm thick intermediate layer for the preparation of a composite
PdAu membrane over a porous nickel support. The selective metal incorporation
was successful for both intermetallic diffusion barriers although the ZrO, interlayer
provided 1.5 times higher permeate flux than that achieved by the Al,O3; material.
Recently, Bottino et al. [56] have determined that the quality of alumina interme-
diate layers was related to the original surface characteristics of the supports, sol
composition (aluminum and additive content), and viscosity of the gel.
Combining silicates and alumina materials is possible to obtain zeolites, with
additional benefits on the control of pore structure for molecular sieve applications
and catalytic activity. Mabande et al. [57] prepared, with good reproducibility,
silicalite-1 and Al-ZSM-5 membranes by combining one-step in situ seeding with
one secondary membrane growth step onto PSS substrates. In spite of not using
these materials as intermediate layer, they observed comparable hydrogen perme-
ation rates but higher perm-selectivities than obtained for silicalite-1 in case of
using the zeolite Al-ZSM-5, despite the lower thickness of the layer. This fact
indicates that the use of an adequate zeolite can provide significant advantages for
gas separation applications. Bosko et al. [58] presented the synthesis of NaA zeolite
by vacuum-assisted secondary growth for modifying the pore size of a PSS sub-
strate and forming a diffusion barrier between the support and a 19 pm thick
palladium film. The resulting Pd membrane showed high H,/N, ideal selectivity
in the entire working temperature range (400-450 °C). Recently, Dehghani
Mobarake et al. [59] have proposed the use of NaX nanozeolites synthesized by
microwave heating method for coating the PSS surface to prepare hydrogen-
selective Pd-composite membranes. After optimizing diverse synthesis parameters,
they have achieved a hydrogen permeation flux of 0.245 mol/m*s and ideal
selectivity upper than 1,000. Similar works have also been carried out for incorpo-
rating zeolites as intermediate layer not only onto metallic supports but also in
macroporous ceramic ones [60—62]. The particular properties of zeolites materials
additionally can be used for creating a protective coating on the thin selective
palladium layer, mainly when these membranes are employed in membrane reac-
tors for hydrogenation or de-hydrogenation processes. Yu et al. [63] proposed the
use of a hydroxysodalite, NaA, and Z-21 mixture for this purpose, while Sato et al.
[64] employed an FAU-type zeolite and Abate et al. [65] worked with a TS-1
material. In all cases, an increased stability was observed and deactivation effects of
the Pd layer by certain compounds were minimized. However, the permeation
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properties of the composite material were modified due to the partial coverage of
the metal surface with the zeolite material [65].

Many other researchers prefer to employ other types of metal oxides in order to
guarantee a similar thermal expansion coefficient between each layer of the com-
posite structure. In this context, the use of ceria (CeQ,), zirconia (ZrO,), or yttria-
stabilized zirconia (YSZ) are the predominant alternatives. Tong et al. [66] obtained
a thin Pd layer with 13 pm in thickness on a macroporous stainless steel tube
modified with CeO, with almost equal hydrogen permeability to the theoretical
value for a pure Pd membrane. The stability of the composite was evidenced by the
absence of changes after long-term experiments at diverse conditions in morphol-
ogy, permeation behavior, and hydrogen selectivity. Qiao et al. [67] introduced
successfully sol—gel-derived CeO, to prevent intermetallic diffusion between a
Pd-Cu/PSS at temperatures in the range 300—400 °C and to enhance the affinity
between both layers, support and membrane. Wang et al. [33] incorporated ZrO,
particles inside the pores of a PSS support to make the preparation of a defect-free
palladium film easy, achieving a metal thickness of ca. 10 pm by electroless plating.
However, they found that hydrogen permeability for these composite membranes
was partly governed by gas diffusion in the pores of intermediate layer. Gao et al.
[68] modified PSS disks with a mesoporous palladium impregnated zirconia inter-
mediate layer for preparing thin Pd-Cu membranes near 10 pm thick. This inter-
mediate layer provided seeds for the Pd-Cu film growth and improved the
membrane stability avoiding intermetallic diffusion processes and improving the
adherence between layers. Lee et al. [55] employed a 200 nm thick ZrO, interme-
diate layer onto a porous nickel support for preparing a Pd-Au selective layer of
ca. 3.5 pm, and the results evidenced a better permeation capacity than other
membranes prepared with alumina as intermediate layer. Tarditi et al. [69] pro-
posed a vacuum-assisted ZrO, incorporation on the top of porous stainless steel
disks to enable the formation of defect-free Pd-Au films. In this manner, they
obtained a 10 pm thick Pd-Au membrane that exhibits a hydrogen permeation
flux of 0.14 mol-s~'-m~* and ideal selectivity higher than 10,000 at 400 °C and
100 kPa. Ryi et al. [70] modified planar porous stainless steel supports with ZrO, in
order to prepare thermally stable palladium composite membranes. Other
researchers, such as Huang et al. [29] and Pacheco Tanaka et al. [40], decided to
add small amounts of yttria to improve the intrinsic properties of zirconia material,
using this yttria-stabilized zirconia (YSZ) as intermediate layer. Following these
pioneer works, Zhang et al. [71] incorporated a sol—gel-derived mesoporous YSZ
on PSS disks, forming a thin gastight Pd layer with highly stability in the temper-
ature range of 500-600 °C. Sanz et al. [72] prepared a composite material formed
by stacked layers of YSZ and palladium onto a stainless steel support and analyzed
the permeation properties at different operating conditions for applying a rigorous
mathematical model focused on the resistance contribution for each layer. The YSZ
intermediate barrier with a thickness of ca. 50 pm was achieved by atmospheric
plasma spraying and it let to obtain a completely defect-free 27.7 pm thick Pd film
with a permeability of 1.1-107% mol-s™"m~'-Pa®> and complete selectivity to
hydrogen. This study was completed by Calles et al. [73] and the permeation
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Fig. 2.4 SEM images of: (a) raw PSS support (grade 0.1 pm) (b) YSZ-modified support by
Atmospheric Plasma Spraying and (¢) composite Pd-YSZ-PSS membrane [73]

behavior of a Pd/YSZ/PSS membrane composite for WGS typical mixtures
containing H,, N,, CO, and CO, was published. The membrane was prepared
following a similar experimental procedure in both cases, although in the last
case YSZ thickness was increased up to 100 pm in order to reduce the selective
Pd film up to 13.8 pm. The morphology of the external surface of raw PSS support
and its modification after the incorporation of YSZ and Pd layers are collected in
Fig. 2.4. As it can be seen, the original PSS surface is practically covered after the
incorporation of the YSZ intermediate barrier, decreasing significantly the surface
roughness and achieving a very uniform and flat surface with negligible porosity.

Fernandez et al. [9] studied two deposition techniques, atmospheric plasma
spraying, and dip-coating of a powder suspension, for preparing ceramic interme-
diate layers, comparing also the results obtained for zirconia and alumina raw
materials. Following these strategies, the most promising membranes required
only a Pd-Ag thickness of ca. 4-5 pm with extremely high hydrogen selectivity
up to 200,000.

Other alternatives include the use of a wide variety of materials that have
demonstrated good effectiveness for preventing the interdiffusion between the
Pd-based selective layer and the support. As an example, Nam et al. [9] used a
thin layer of TiN obtained by sputtering as diffusion barrier between a Pd-Ni-
selective film and stainless steel substrates. Tong et al. [74] prepared a pinhole-free
Pd-Ag membrane with a thickness of 3 pm on the surface of a PSS substrate coated
with a thin silver layer as a diffusion barrier and aluminum hydroxide gel for filling
in the big pores of the support. Ayturk et al. [75] presented a novel bi-metal
multilayer (BMML) deposition technique for preparing Pd-Ag composite mem-
branes on PSS supports. The BMML, formed by consecutive deposition of Pd and
Ag porous layers with no intermediate surface activation and a final gas tight Pd
layer, presented an extremely high efficiency as intermetallic diffusion barrier for
over 500 h at temperatures exceeding 500 °C. Similar results have been published
by Lee et al. [76] with multilayered Pd-Ag introduced in order to prevent Ag
segregation to block the intermetallic diffusion from the porous stainless steel
and to improve the stability of the membrane. Experimental results showed an
extremely efficiency as diffusion barrier and excellent thermal stability for a period
of 2,000 h. Chi et al. [77] used a layered double hydroxide (LDH) on a PSS surface
to reduce the pore opening of the support and to be a middle layer retarding Pd/Fe
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(5)

Fig. 2.5 Schematic diagram of cross-sections at different stages in the preparation of defect-free
Pd-PSS membranes by using temporary intermediate layer: (1) fresh substrate, (2) polymer layer +
substrate, (3) Pd layer + polymer layer + substrate, (4) Pd layer + small gap + substrate, and
(5) defect-free Pd layer + small gap + substrate [83]

interdiffusion. With this material, a completely defect-free thin Pd film of around
7.85 pm thick was plated by electroless plating. Pujari et al. [78] proposed the use of
nickel as interdiffusion barrier between Pd and PSS, but it was inferred that this
route is not fruitful to reduce the critical thickness of dense Pd film without
jeopardizing upon the pore densification. Recently, Nayebossadri et al. [79] have
modified the surface pores of PSS substrates by impregnation of varying amounts of
tungsten powder that also inhibit the iron interdiffusion between the PSS substrate
and the deposited Pd-Cu film at temperature as high as 800 °C. Nozaki et al. also
included hafnium nitride (HfN) as suitable material for non-porous intermediate
layer to improve the high temperature stability of Pd-Ta composite membranes for
hydrogen separation [80, 81].

One original alternative, only for adjusting the surface properties of supporting
materials, but not for avoiding the possible metal interdiffusion, consists of using a
temporary intermediate layer. Tong et al. followed this alternative for depositing
thin Pd membranes on PSS tubular supports. First, the pores of the substrate are
filled in with aluminum hydroxide gel and/or Pd/aluminum hydroxide gel. After
that, the selective Pd film is deposited and, finally, the original pores of the support
are recovered [82]. Same authors published other similar work in which a polymer
was employed as temporary intermediate layer in order to make the incorporation
of Pd easy [83]. In Fig. 2.5, a schematic diagram of this interesting process is
represented, depicting the composite membrane cross-sections at different stages
during the synthesis process.

2.3 Processing of Advanced Metallic and Ceramic
Composite Laminate Coatings

In the last few years, a large number of methods have been developed for
processing advanced laminate coatings based on metallic and ceramic materials.
Pd-based membranes are one of the most representative metallic films for energy
and environmental applications due to their really high hydrogen selectivity that



2 Processing and Characterization of Coating and Thin Film Materials 39

can be applied for purification and CO, capture purposes or intensification of
hydrogen production processes in membrane reactors [84]. However, palladium
availability at reasonable cost for covering all possible industrial uses in the future
can be a key factor for real implementation [85]. In this context, the proposed
solutions are aimed to develop more efficient preparation processes for obtaining
free defects and ultrathin layers or to replace the palladium by an economical
ceramic material of similar properties, i.e., cermets [86]. Up to now, the best
solution is still under discussion and researchers are divided between different
options. In spite of the high cost of palladium, the mechanical properties of the
metallic materials and its compatibility with the majority of current devices in the
industry, usually made of stainless steel, are propitious and many authors opt for
this alternative [85, 87-90]. Considering this fact, this section includes the most
relevant advances of common techniques for composite thin film processing,
mainly focused on composite Pd-based membranes. At the end, some consider-
ations for preparing other alternative materials have also been included.

2.3.1 Advances in Pd-Based Composite Film Preparation

As previously mentioned, palladium film deposition over a porous support involves
a wide variety of techniques, such as Physical Vapor Deposition (PVD), Chemical
Vapor Deposition (CVD), Atomic Layer Deposition (ALD), Molecular Beam
Epitaxy (MBE), Electrodeposition (ED), or Electroless Plating (ELP). Among all
of them, PVD and ELP alternatives have prevailed in the last years and most of
published works in this field include any of them. In these cases, recent advances
are directed to reduce the thickness of the palladium layer while maintaining good
resistance and mechanical properties [91-93], improve the reproducibility of the
preparation method and minimize the number of rejected membranes [94, 95], and
combine the unique properties of pure palladium with other metals in alloys to
increase the permeability and/or resistance to poisons such as carbon monoxide or
sulfur [96-98].

The Physical Vapor Deposition technique (PVD) consists of incorporating metal
particles onto a substrate from a vapor phase without any chemical reaction
[24]. This metal vapor phase is generated by thermal evaporation at vacuum
conditions [99] or, more usually, magnetron sputtering, in which a metal target is
bombed with ions of high energy, generating a plasma [100]. The main advantages
of this technology are the high control on thickness, being possible to prepare films
with only some nanometers, and film composition, especially relevant for the
preparation of alloys [101]. This technique is employed by SINTEF for manufactur-
ing ultrathin Pd-alloy membranes of multiple compositions in a patented two-stage
technology [102-104]. In a first step, metal films of palladium or palladium alloys
are deposited onto a silicon single crystal substrate by magnetron sputtering. Later,
the membrane film is removed manually from the silicon substrate, and it is
incorporated to an adequate support, usually made of stainless steel. This research
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Fig. 2.6 Different configurations for H,-selective Pd-based membranes proposed by SINTEF: (a)
self-supported membrane fixed in the housing; (b) tubular, mid-section having the active membrane
area and (c¢) microchannel housing membrane. Figure adapted from original published in [104]

group, headed by R. Bredesen, employs the selective film as unsupported mem-
brane or deposited onto conventional supports with tubular geometry or a novel
microchannel configuration based on a stainless steel feed channel plate with
parallel small channels [104]. In the last case, the thin membrane was placed
between the channel housing and a stainless steel plate with apertures
corresponding to the channel geometry, obtaining a very compact system with
relative high permeation surface. In Fig. 2.6, all these configurations are summa-
rized, including an easy diagram of the support-membrane coupling and a real
photo for each particular case.

Anyway, the SINTEF manufacturing technique offers multiple possibilities for
investigating tailor-made multicomponent Pd-based alloy membranes with controlled
composition, homogeneity, and thickness [105]. In this context, Peter et al. published
diverse studies of around 2 pm thick Pd binary and ternary alloys with Ag, Au, Ru,
Mo, Ta, Nb, and Y by using this technology [106, 107]. Pd-Au and Pd-Y binary
alloys provided the highest H, permeability, while in case of preparing ternary alloys
is found that the permeability increases with greater fcc lattice constant of the alloy.
The addition of small amounts of Ta or Y (1 at.%) over a Pd-Cu increase in H,
permeability of roughly 10 and 45%, respectively, while the permeability increased
in a 65% preparing a ternary Pd-Ag-Cu alloy, compared to the binary Pd-Cu
counterpart with equivalent Pd content [106]. They also analyzed the sulfur resistance
of these membranes, observing that pure Pd and Pd-Ag films showed instant failures,
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while binary Pd-Cu and Pd-Au alloys survived sour atmospheres, although the
permeate flux decreased drastically. Moreover, they evidenced that the addition of
a third element in some alloys can improve not only the permeability, but also the
sulfur tolerance [107]. A similar procedure based on PVD technique is published by
Dunbar in order to prepare novel hydrogen-selective thin films [90]. He employed a
silicon wafer to incorporate a palladium thin film by thermal evaporation under high
vacuum. First, a 20 nm layer of chrome is deposited to act as an adhesion layer of the
palladium film, with a thickness of around 1 pm. This method allows the preparation
of dense, highly precise and reproducible palladium films with less than 1% variabil-
ity palladium thickness across the surface. After the metal incorporation, the wafer is
treated with a photo-resistant layer and UV light to add a contact mask containing a
grid pattern that acts as a mold for a nickel electroplating which builds the mechanical
support grid for the palladium film. The complete removal of the mold is critical to a
well-functioning membrane. The palladium/nickel composite membrane is released
from the silicon starting substrate by dissolving in a hot basic solution and the chrome
adhesion layer is selectively etched. The resulting membrane is completely metallic,
planar in geometry and contains less than 1.2 mg-cm > palladium metal loading. The
membrane exhibited a good performance with hydrogen to helium selectivity of over
5,000:1 and permeance of approximately 3-10~° mol-m2.s~'-Pa™".

On the other hand, the Electroless Plating technique (ELP) is presented as a very
simple method for the synthesis of Pd-based membranes, which does not require
any expensive equipment and neither high operational cost due to the absence of
electrodes and external sources of electricity [108—112]. This method is based on
the deposition of a metal from aqueous solutions onto both conducting and
nonconducting surfaces of porous supports with different geometries. Basically,
the solution contains a metal-complex that reacts with some reducing agent by a
controlled autocatalytic chemical reaction, and it is deposited onto the target
surface of the support. For example, most of the Pd-based membranes presented
in scientific manuscripts are prepared from Pd(NH3)42+ and N,H, (hydrazine) as the
most common metal-complex and reducing agent, respectively [113, 114]. Next,
the main chemical reactions involved in the process, including the hydrazine
oxidation, the metal reduction, and the global reaction, are described as:

N,H; + 40H™ — N, + 4H,0 + 4e™ E'=1.12V
2Pd(NH;);" 4 4e~ — 2Pd° 4 8NH; E° =095V
2Pd(NH3);" 4+ NyHy + 40H™ — 2Pd” + 8NH; + N, +4H,0 E’=2.07V

In general, prior to carrying out the metal incorporation, it is necessary to
activate the surface of the support in order to decrease the activation time for the
film generation and improve the homogeneity of the coating [115]. Traditionally,
the activation process of different types of support has been carried out by using
successive immersions in acidic solutions of tin and palladium in the so-called
sensibilization-activation method [116]. However, recent studies have analyzed the
influence of Sn residues on the stability of composite palladium membranes. It was
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found that the higher concentration of tin solution, as well as the number of
sensibilization-activation cycles, enlarged the Sn residue amount and led to a
lower initial selectivity but a better membrane stability [117]. Considering the
possible negative effects of tin residues, some authors have presented alternative
methods for generating the first Pd nuclei avoiding the use of tin solutions. In this
context, as it is already described in previous sections, some authors used the
incorporation of an intermediate layer between the porous support and the selective
coating to include homogeneously distributed nuclei [68, 71, 75-77]. Touyeras
etal. [118] carried out the activation step in an ultrasonic bath to increase the nuclei
deposition rate and avoid the generation of conglomerates on the support surface.
Sanz et al. [95, 119] employed a direct reduction method of a diluted palladium
solution to activate the surface of porous stainless steel supports and Seshimo et al.
[120] investigated the use of catalyzed anodic alumina surfaces to facilitate the Pd
electroless plating.

However, in spite of the substrate selection and a correct surface activation are
key factors on the quality of the final coating, most researchers concentrate their
efforts on reducing the metal thickness and improving the membrane properties by
modifying the conventional electroless plating method. Thus, Uemiya et al. [121]
proposed to increase the metal incorporation rate by immersing previously the
porous substrate in a hydrazine solution. Yeung et al. [122], Souleimanova et al.
[123] and Li et al. [124] combined the ELP technique with osmosis to facilitate the
incorporation of the metal in the pore areas. Zhao et al. [39] and Zhang et al. [125]
employed a vacuum-assisted ELP with similar purposes, obtaining Pd composite
membranes with finer and more uniform microstructure. On the other hand, some
authors are focused on modifying the composition of solutions employed in the
ELP process in order to improve the properties of the deposited film. Most of them
propose the use of free-EDTA baths to avoid the presence of carbon deposits on the
selective metal film that can react at particular conditions for generating CO, and,
consequently, defects in the coating [126—128]. Finally, the influence that supports
rotation during the ELP process has also been studied, considering this alternative
simple and easily scalable for mass production. Chi et al. [129] determined that the
rate of Pd deposition increased as the support rotation rate does. Compared with
conventional ELP in static, the proposed modification using support rotation
yielded Pd membranes with more uniform and smooth surface morphology,
which substantially enhanced the membrane stability. These membranes exhibited
a permeance of 3.0-10 7 mol-m?-s™"-Pa™®> with ideal hydrogen separation factor
upper than 400 with only 5 pm thick.

In addition to all developments above collected, it is important to emphasize that
many membranes are usually rejected during their manufacturing process due to the
presence of defects, increasing the overall cost of the ELP process that makes the
industrial scale-up difficult. In this mean, it is crucial to improve the current pro-
cedures and develop new routes for the generation of low-cost thin films by ELP
with high reproducibility. Recently, some authors have developed novel alterna-
tives to repair defects produced during the fabrication of composite Pd-based
membranes. From this angle, Li et al. [124] reported the combination of
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Fig. 2.7 Stages of defect sealing during the Pd pore-plating [94]

conventional ELP and osmosis for repairing defects in Pd/a-Al,O; composite
membranes. They affirm the complete disappearance of defects, evidenced by a
significant increase of hydrogen perm-selectivity without any reduction of the
permeation flux or increase in the selective film thickness. Following this pioneer
work, Zeng et al. [94] presented the so-called point plating as an attractive alterna-
tive for repairing small defects and cracks in palladium membranes. The point
plating method is based on the conventional chemical reactions of electroless
plating, but feeding the palladium salt and the reducing agent from opposite sides
of the composite membrane. In this manner, the selective deposition of palladium is
forced to be place just over the palladium layer defect. Figure 2.7 shows a scheme
of the progressive defect sealing following the proposed technique:

Based on both pioneer methods, the Chemical and Environmental Engineering
Research Group of the University Rey Juan Carlos has developed a new route to
prepare very reproducible defect-free palladium composite membranes by incor-
poration of palladium directly over tubular commercial porous stainless steel
supports by modified electroless plating [43, 95, 119]. This new method is called
Electroless Pore-Plating (ELP-PP) and consists on feeding the solution that
contains the Pd source and the reducing agent (hydrazine) from opposite sides of
the support from the first stages of the membrane conformation. In this manner, the
chemical reaction between Pd** ions and the reducing agent is initiated in the
internal porosity of the support, in a similar way to the method proposed by Zeng
et al. [94] for defect sealing. However, there is no any previous palladium layer in
this case and the palladium incorporation is performed directly over both commer-
cial and modified PSS supports. The main advantage of this method is that a
minimum palladium thickness for a complete coating is guaranteed due to the
palladium incorporation turns difficult the encounter of reactants until all pores
become completely filled and the process ends. Figure 2.8 reproduces simple
schemes for both conventional ELP and the novel ELP-PP in order to evidence
the benefits of the last one. At this point, it is important to emphasize the noticeable
reduction of preparation costs for these composite membranes.

The membranes obtained by the novel ELP-PP method evidenced that palladium
was not only incorporated on the pore areas, and an external film was generated on
both commercial and modified PSS supports. The authors explain this fact is
produced by the presence of a wide variety of pore diameters in the PSS supports.
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Fig. 2.8 Comparison of conventional Electroless Plating and novel Pore-Plating techniques [95]

The smallest pores can be fully closed by palladium incorporation in a relative short
time, but the hydrazine can diffuse from the internal to the external side of the
support through the biggest ones, partially covered, where reacts with the Pd
solution and generates an external layer. Thus, support characteristics, concentra-
tion of solutions, and the ratio membrane length/solution volume during the process
define the palladium distribution in the composite membrane. As an example, the
use of calcined supports for reducing the original average pore diameter of pores
provokes a significant reduction in the final thickness for the composite Pd mem-
branes from 20 to 11 pm (estimated value from gravimetric analysis). In both cases,
the real external thickness is around 2—6 pm lower than the previous estimated
value due to the partially infiltration in the pores close to the external surface of the
support. The palladium distribution for each membrane is showed in cross-sectional
SEM images reproduced in Fig. 2.9. This research group also demonstrates the
quality and high stability of the membranes prepared following this method through
both permeation experiments and tests in a real membrane reactor for the water gas
shift (WGS) process [43, 95, 119]. In all cases, the membranes maintained a good
integrity, complete hydrogen selectivity and permeances in the range 1-6-10*
mol-m s~ ".Pa™%7,

Recently, the ELP-PP technique is also applied onto ceramic substrates,
evidencing the possibility to generate an ultrathin selective layer by this technique
over a support with vary small pores and a narrow pore size distribution, although
the presence of palladium in both internal pores and external surface is still
presented [130].
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Fig. 2.9 SEM micrographs
depicting cross-sections of:
(a) PSS-Pd and (b) PSS-
OXI-Pd composite
membranes [95]
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Other interesting alternative is proposed by Pacheco Tanaka et al. [40, 131, 132]
that consists on the preparation of pore-filled membranes by the incorporation of the
selective metal between two ceramic layers in a sandwich-type structure. Following
this procedure, the palladium nanoparticles are deposited through vacuum-assisted
electroless plating, taking up the free spaces leaving between the ceramic particles
of a first interlayer, which is covered later by a new ceramic layer. In this way, the
advanced composite membranes are able to work below the critical temperature and
maintain a high stability, instead of conventional membranes based on an external
coating, where fatal damages usually occur. Recently, a clear scheme of the
conformation process following this procedure has been published by Arratibel
et al. [41], and it has been reproduced here with permission in Fig. 2.10.

Independently of using a conventional or a improved electroless plating tech-
nique, most researchers combine the palladium with other metals for improving
permeate flux, mechanical stability, and poison tolerance of the composite mem-
brane in a similar way that works previously presented for PVD methods. In this
context, the research group headed by J.D. Way has so many years of experience
preparing diverse binary and ternary alloys with copper [133-136], gold [16, 96,
137-140], silver [16, 138, 141], and ruthenium [142]. Braun et al. [143] prepared a
ternary Pd-Ag-Au layer over a porous stainless steel support by sequential electro-
less deposition and studied the morphology and microstructure of the membrane
before and after permeation tests in the presence of sulfur. Miller et al. [144]
collected the physics and chemistry of H, transport through dense Pd-alloy layers in
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Fig. 2.10 Schematic description of the preparation of Pd pore-filled membranes [41]

a book chapter, as well as the permeation behavior modification in the presence of
pollutants typically present in stream from fossil energy. The list of published
works is very long, but the main objective in all cases is to increase the permeance
of the membrane in unfavorable operational conditions.

As a general conclusion, it can be pointed that a wide variety of strategies are
being followed to develop new Pd-based composite coatings, achieving free-defect
thin films with good reproducibility and resistance at reasonable cost. In fact, after
the last advances, the cost of the selective coating is within the average cost of the
support materials, in spite of being composed by noble metals.

2.3.2 Alternative Materials to Metallic Thin Films

In order to avoid the use of large amounts of noble metals for preparing hydrogen-
selective films, some researchers have proposed the fabrication of membranes
based on alternative materials. In this context, non-Pd BBC alloys and proton
conducting membranes stand out as attractive option for reducing the cost of
materials while a significant hydrogen permeability is maintained [145]. Dolan
presented a review of diverse body-centered-cubic (BCC) alloys comprising Group
IV and V metals as suitable materials for high temperature hydrogen separation
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Fig. 2.11 Cross-sectional
SEM image of a supported
cermet membrane [86]
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applications, overcoming the traditional embrittlement problem and enhancing the
permeation capability [146]. On the other hand, Tao et al. [147] recently published
a complete overview of last developments with dense proton-electron conducting
ceramic materials and their associated membranes. These materials have been
classified into categories by typical composition formulation. As a conclusion,
these researchers showed that proton-electron conducting ceramic membranes are
not yet ready for industrial requirements. In order to overcome the current limita-
tions of these materials, the authors proposed some recommendations to address the
future necessary challenges, mainly including the analysis of new formulation to
enhance the conductivity and mechanical properties and developing of mathemat-
ical models for better understanding the behavior of these materials. The use of
cermet materials combines the properties of ceramic with metallic components in a
composite structure with enhanced permeance. In general, for the preparation of
these materials, both ceramic and metallic powders are mechanically mixed,
pressed and sintered at high temperature (upper than 1,200 °C). After that, for the
film preparation, the cermet powders are dispersed in an alcohol solution and mixer
with other compounds as binder and plasticizer to obtain a malleable paste that is
incorporated onto a porous substrate by a painting method. Balachandran et al.
[86, 148, 149] employed this type of materials as a thin film with thicknesses in the
range of 22-200 pm for hydrogen separation processes with acceptable permeance
and high selectivity. Figure 2.11 shows a cross-sectional micrograph of a typical
cermet membrane prepared by this research group by using a porous ceramic
support.

2.4 Characterization Techniques

After processing any coating or thin film material for energy and environmental
applications, an exhaustive and complete characterization is a critical issue neces-
sary to ensure the correct operational behavior for the complete lifespan of mem-
branes. A large variety of techniques can be used for this purpose, being usually
classified as morphological analyses, determination of mechanical properties, and
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permeation tests. The first group includes all techniques aimed to determine the
main structural properties of the materials, i.e., continuity, porosity, roughness,
thickness, composition, or crystallinity. The second one is focused on the analysis
of critical mechanical properties, such as hardness or adherence of coatings. All
these properties can be used for predicting the future behavior of the membrane and
define the most appropriate applications for each material. However, it is necessary
to demonstrate the capability of the material through permeation tests at diverse
conditions as real as possible in both laboratory and pilot-plant scales.

This section tries to gather the most common characterization techniques,
describing the basic principles and usual applications for each one.

2.4.1 Optical Microscopy and Profilometry

One of the oldest techniques to analyze the morphology of coatings and thin films
materials is the optical microscopy (OM), which is usually capable of achieving a
resolution up to 300 nm, around 200 times upper the human eye limitation. In the
last years, this technique has been developed to offer better possibilities. Particu-
larly, confocal microscopy offers several advantages over conventional optical
microscopy, including controllable depth of field, the elimination of image
degrading out-of-focus information, and the ability to collect serial optical sections
from thick specimens. The key to the confocal approach is the use of spatial filtering
to eliminate out-of-focus light or flare in specimens that are thicker than the plane of
focus. The relatively low cost of optical microscopies has been favored their
diffusion and many researchers use this technique to analyze the morphology of
thin films. Usually, the images obtained from optical microscopy are used to
observe changes or damages in the coatings after thermal treatments or mechanical
stresses, as well as for detecting cracks and pinholes. In Fig. 2.12, a Pd membrane
surface is analyzed by this technique in order to observe the progressive defect
sealing by the point-plating method developed by Zeng et al. [94].

Associated to the optical microscopy, it is possible to find a profilometer
integrated in a computerized system for roughness determination and recreating
the real surface in a 3D image. In general, these systems scan the surface of the
sample and record all areas in focus, repeating the process for different values of the
Z axis. An example of the surface recreation for two commercial PSS supports with
diverse characteristics (porosity grade 0.1 and 0.2 pm) can be seen in Fig. 2.13.

2.4.2 Scanning Electron Microscopy

The scanning electron microcopy (SEM) is a very useful tool for morphology and
structural characterization of solid film surfaces with high resolution at micron
scale. Surfaces with dimensions ranged from 1 cm to 5 pm can be usually analyzed
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Fig. 2.12 Surface images of a Pd membrane surface by optical microscopy at different magnifi-
cation: (a, b) crack detection and (¢, d) repaired area after point plating [94]
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Fig. 2.13 Surface 3D reconstruction of commercial PSS supports with porosity grade: (a) 0.1 pm
and (b) 0.2 pm

varying the magnification. This technique is based on the scanning of a target
surface by focusing a beam of high energy electrons to generate multiple signals
from electron-sample interactions such as secondary (SE), backscattered (BSE), or
diffracted backscattered electrons (EBSD). SE and BSE are the most common
signals used for imaging thin films and coatings of composite membranes.
The amount of detected SE is function to the topography of the sample, decreasing



% e ¢

PSS particleg

Polvn‘\e" p
. AL
v:ﬂ"ﬂ}’ LS 'HT..__‘ -

Fig. 2.14 Conventional SEM images of a membrane surface obtained by: (a) SE and (b) BSE

the signal for deepest areas and increasing for raised ones. On the other hand, the
amount of BSE can be directly related to the composition of the sample, obtaining
bright areas when heavy atoms are dominant and a dark color for areas where light
atoms, i.e., carbon, are the larger part.

Figure 2.14 shows the surface of a porous stainless steel support modified by the
incorporation of a polymer material with both detectors, SE and BSE. The external
morphology of the sample can be clearly analyzed from the SE mode image
(Fig. 2.14a), obtaining an apparent good continuity, absence of pores, and a certain
roughness. On contrast, the image obtained from BSE evidences the presence of
different tones due to composition changes on the sample (Fig. 2.14b). In this
manner, the brightest areas correspond to the highest stainless steel particles, not
affected by the incorporation of the polymer, which appears dark due to the low
molecular weight of the carbon mainly present in the structure.

At this point, it is important to emphasize that it is possible to complete the
characterization obtained from these SEM images with help of diverse commercial
processing tools, such as Scanning Probe Image Processor™ (SPIP™) or Digital
Micrograp™ [51, 72, 73]. Basically, they allow determining quantitatively relevant
parameters of the studied surface. In fact, SPIP® software calculates an apparent
external roughness from the SE mode image and offers the possibility to reconstruct
a 3D image in a similar way to the previously described optical profilometers. On
the contrary, Digital Micrograp™ software uses the micrograph obtained from BSE
mode and segments the images for distinguishing the solid areas in some grey scale
from the dark pores. In this manner, considering the total size of the analyzed area,
the external porosity can be determined.

Other conventional application of SEM pictures is to determine the thickness of
intermediate layers and selective coatings by visualizing the sample cross-section.
As an example, Fig. 2.15 shows an SEM photograph of a composite membrane
cross-section formed by stacked layers of stainless steel (main support), silicalite-1
(intermediate layer), and palladium (selective layer for hydrogen permeation).

Moreover, it is also possible to analyze the generation of X-rays produced by
inelastic collisions of the incident beam with other electrons of atoms present in the
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Fig. 2.15 Micrograph of a
composite membrane cross- Pd selective layer
section with thickness
measurements
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Fig. 2.16 EDX spectra for a porous stainless steel membrane

sample by an EDX detector. Currently, most scanning electron microscopes are
equipped with this accessory. The excited electrons of the sample by the incident
beam return to lower energy states yielding X-rays of fixed wavelength character-
istic for each element. In general, for the analysis of inorganic materials, SEM
analysis is considered to be nondestructive and X-rays generated by electron
interactions do not lead to volume loss of the sample, so it is possible to analyze
the same materials repeatedly. Figure 2.16 shows the X-ray spectra obtained for a
316 L stainless steel material, being possible to distinguish iron, chromium, nickel,
silica, molybdenum, and carbon as main components.

One popular application for the in situ composition analysis inside an SEM is the
characterization of alloys. Combining both surface visualization and EDX analyses,
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Fig. 2.17 SEM images of a composite Pd membrane at diverse conditions: (a) after heating to
250 °C under H, gas (1 Torr, for 20 min) and (b) heated to 650 °C in succession (pinholes are
highlighted in red cycles). (¢) Element mapping of Pd, Zr, Al, and O from the cross-section of
sample [150]

it is possible to study the distribution of each metal that form the alloy. This is very
useful for ensuring the preparation of homogeneous alloys and analyzing the
intermetallic diffusion process when diverse metal layers are in contact for long
time at high temperatures. As an example, Zhu et al. [150] carried out element
mappings of a composite membrane formed by stacked layers of ZrO, (15 pm
thick) and Pd (4 pm thick) onto a ceramic support in order to study both micro-
structure and composition of the composite system under diverse gas-thermal
treatments. Figure 2.17 contains the SEM surface images of the membrane at two
different thermal conditions, as well as the elemental mapping obtained from EDX
analyses for each case.

2.4.3 Auger Electron Spectroscopy

The auger electron spectroscopy (AES) is a widely used technique to investigate the
composition of surfaces, and it is certainly similar to the previously described EDX
technique. The AES technique is based also on the ionization of a core atomic state
by an incident electron beam. In general, the excited atom can relax through two
different competitive effects: emission of photons (X-ray) or electrons (Auger
effect). The first case is favored in case of heavy elements are predominant in the
thin film, while the Auger effect appears clearly for light elements. Thus, charac-
terization by EDX is usually the dominant technique for determination of compo-
sition in most inorganic films, while AES is less extended and only few works
employ this technique for the analysis of impurities on the surface of inorganic thin
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Fig. 2.18 (a) Image of a Pd-composite membrane directly obtained by AFM and (b) 3D
recreation

films and coatings. For instance, Antoniazzi et al. [151] studied the effect of carbon
surface impurities on the hydrogen permeation rates of a dense palladium mem-
brane by in situ monitoring of the membrane and Auger analysis.

2.4.4 Atomic Force Microscopy

This type of microscopy employs a mechanic-optical instrument able to detect
forces in the range of piconewtons. The microscope is usually equipped with a
sharp tip with conic or pyramidal geometry that scans the sample. The tip is
connected to a cantilever spring to let free movements onto the surface topography.
Each variation of the tip position is detected by a laser diode, and the information is
used to recreate accurately the analyzed surface. In this manner, the atomic force
microscopy can be used for studying the morphology of diverse materials with even
higher resolution of traditional scanning electron microscopes, achieving extremely
high magnifications up to 1,000,000x.

Figure 2.18 shows the image obtained directly with an AFM for a Pd-composite
membrane and the three-dimensional recreation of the surface in order to visualize
clearly the morphology and roughness of the sample.

2.4.5 Mercury Porosimetry

The mercury porosimetry is an indirect technique for the characterization of the
porous structure of a sample, mainly the pore volume, porosity, average pore size,
and tortuosity of the pores. It is based on the capillarity properties of pore internal
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Fig. 2.19 Pore size
distribution of porous
stainless steel filters
determined by mercury
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channels and the low capacity of mercury to wet the surface of solids. In this
manner, it is necessary to apply some pressure to introduce the mercury inside the
pores so much as the pore is narrower. The conventional procedure consists of
immersing the sample in a mercury bath and progressively increases the pressure.
For each value of pressure, the equipment determines the volume of the metal that
penetrates into the pores. This volume provides information about the porosity of
the sample, and the pressure can be related to the pore size. Typically, pore sizes
ranged from 3.0-10 to 1.0-10° can be measured. Figure 2.19 shows a typical pore
size distribution of two different porous stainless steel tubes with grade 0.1 and
0.2 pm obtained by mercury porosimetry.

2.4.6 X-Ray Diffraction

X-ray diffraction (XRD) is an analytic technique employed for identifying crystal-
line structures of solid samples, being possible to distinguish diverse allotropic or
isomorphic phases. A crystalline material can be considered a periodic and ordered
group of atoms. When the material is reached by an electromagnetic radiation with
wavelength near to the interatomic distance, constructive interactions in particular
directions appear. In this way, the diffracted beam will rely on the type of atoms in
the sample and their geometric positions, generating a unique diffraction spectrum
for each crystalline material, like a finger print.

The analysis of a sample by this technique is based on the Bragg’s law that
connects the wavelength of the incident X-ray (1), the distance between crystalline
planes (d), and the angle between both (6).

n-A=2-d-sen(0)
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When this equation is reached, the reflected rays by the crystal generate con-
structive interferences. Otherwise, destructive interferences are produced and no
signal can be observed. In this manner, a typical XRD pattern represents the angular
positions of each signal, and the identification of each crystalline phase is carried
out by comparison with other patterns. The intensity for each signal can be related
with the amount of that crystalline phase in the sample.

Traditionally, the use of XRD analyses is very attractive for studying the
synthesis or ordered materials or following the alloying processes for the prepara-
tion of advanced materials. As an example of this technique application, Fig. 2.20
presents high temperature X-ray diffraction measurements carried out by Pati et al.
[152] for pure palladium and palladium-rich alloys. The lattice parameters, coeffi-
cient of thermal expansion, and X-ray Debye temperature of these materials were
calculated as a function of temperature from the XRD data.

2.4.7 X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is also one of the most widely used
techniques for the surface analysis of thin films and coatings. This characterization
technique can be applied to a wide variety of materials and provides valuable
quantitative information about both elemental composition and chemical state of
the species. The technique is based on the irradiation of a surface with an X-ray
beam at high vacuum and measurement of both kinetic energy and number of
electrons that escape from the top of the sample. The obtained results usually are
related to an average depth of around 5-10 nm. Combining these measurements
with some milling treatment, it is also possible to analyze accurately both elemental
identity and chemical state of the sample at entire thin film thickness. In general, the
XPS results of a thin film structures are very useful for many industrial and research
applications where the composition plays a critical role in performance.

As an example, Fig. 2.21 shows the XPS spectra obtained for two different Pd
coatings onto an alumina substrate presented by Elam et al. [153]. A typical signal
of pure palladium metal can be distinguished at a binding energy of around 335 eV
for the sample with 51 A thick (pick identified as Pd3d). The lightly increase of the
energy for this signal in the thinner sample (13 A thick) indicate oxidation of the
palladium, suggesting that much of the Pd is bound to oxygen atoms of the alumina
support.

Other examples of using XPS analysis for characterization of thin films can be
found in the works presented by Leiro et al. [154] for the analysis of surface
segregation and core-level shift of a Pd-Rh alloy film, Tang et al. [155], focused
on the study of composition and corrosion resistance of palladium film on 316 L
stainless steel by brush plating, and Skoryna et al. [156] for valence band studies of
nanocrystalline Pd-Zr alloy thin films.
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Fig. 2.20 High temperature XRD patterns of: (a) Pd, (b) Pd;7Ag»3, and (¢) Pd;;Ag 0Cuy3 [152]
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Fig. 2.21 XPS spectra for two different Pd coatings on Al,Oj3. Film thickness: (a) 13 and (b) 51 A
[153]

2.4.8 Gravimetric Analysis

The gravimetric analysis is a quantitative method for determining the weight
variation of a sample after certain processes. This simple method is very common
for the thickness estimation of selective film coatings, considering the geometry of
the surface, the composition of the film, the density of each component, and a
homogeneous deposition process. In this manner, an average thickness value for the
coating is usually obtained in good agreement with the real value, determined
necessary by SEM. Main deviations are usually attributed to a heterogeneous
incorporation or the partial penetration of the coating into the porous structure of
the support [95].

2.4.9 Mechanical Resistance and Adherence

Mechanical properties of coatings and thin films are critical issues for ensuring a
suitable behavior of composite materials in real applications. In this context, the
main concerns that it is necessary to take into account are adherence to the
substrate, stresses present in the composite material, thermal resistance, hardness
and wear resistance [157]. It is clear that a composite membrane formed by stacked
layers of a porous substrate and a thin selective film is exposed to a wide variety of
factors that can be compromise its integrity. Firstly, the operation mode in terms of
permeate flux direction strongly affects to the resistance of the films. Stresses and
delamination can be produced when the permeate flows from one side of the
support to the other side where the selective film is deposited [158]. Thermal
resistance is one of the most important aspects that it is necessary to take into
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account, especially in case of using cycles of temperatures during the membrane
operation, i.e., for a noncontinuous operation and adsorbent or catalyst regeneration
varying the temperature in membrane reactor applications [54, 159]. For Pd-based
membranes, hydrogen embrittlement can also be considered if temperature drops
under 297 °C [160-162]. Moreover, the intrinsic thermal expansion coefficient of
each material that compose the composite membrane also represents a critical
parameter that it is necessary to analyze, mainly in case of using a multilayer
structure, i.e., including an intermediate layer between the support and the selective
thin film or a final protective coating [163]. Adherence between substrate and
coatings is other fundamental parameter from the first preparation stages. Surface
properties of substrate, composition, and deposition techniques are the main
responsible of the film adherence. As mentioned in previous sections, smooth
surfaces of supports make the adherence of the thin film weak, while a certain
roughness improves the anchoring between both layers, in spite of hindering the
generation of a free-defect low thickness [29, 30]. Finally, hardness and wear
resistance of the incorporated thin film is also essential, especially in case of
working in fluidized-bed membrane reactors, in which catalyst particles are in
constant movement, hitting with the thin film [164, 165].

Although electrical properties are usually showed in specialized literature as a
separated category from mechanical properties, they can also be relevant for some
particular applications in case of using metal thin films. As an example, Tosti et al.
[166] studied the electrical resistivity of a Pd-Ag permeator tube under different
hydrogenation conditions for heating the membrane system. From this perspective,
the electrical resistance of the membrane film when a voltage difference is applied
provokes an ohmic effect and the consequent heating. They found that, in general,
the electrical resistivity increases with both temperature and hydrogen partial
pressure, although in a major grade for the first one, evidencing that the hydroge-
nation process should not significantly affect the design of the proposed heating
system.

In spite of the importance of these critical issues, as mentioned before, and the
availability of a wide variety of techniques for the determination of these param-
eters, only a few manuscripts address in detail these concepts for composite-based
Pd membranes, comparing the effects of using diverse supports (i.e., ceramic or
metallic ones), surface modification treatments (i.e., incorporation of diverse mate-
rials as intermediate layer), or the most recent advances for the palladium thin layer
incorporation. The research group headed by Tosti analyzed the strain of
unsupported Pd-Ag membranes at diverse temperatures and pressures under ther-
mal and hydrogenation cycling, observing that an increase in temperature provokes
an expected material elongation, but under hydrogen presence an equivalent vari-
ation of temperature involves a contraction effect. In this manner, below 200 °C the
hydrogen presence prevails over the conventional temperature effect [166]. On the
other hand, one of the most complete studies about adherences of thin films for
Pd-based membranes was carried out by Huang et al. [32]. They addressed the
adhesion of palladium thin films prepared by conventional electroless plating over
tubular ceramic supports modified with an intermediate layer of Al,O5 or ZrO,. The
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membranes were prepared in different laboratories from Germany and China. The
characterization of the Pd film adhesion was carried out through five different
methods: cross-cut, thermal-shock, hydrogen embrittlement, pull-off, and
pressure-tolerating tests. They affirmed that the use of a single method for adhesion
determination may give weakness or wrong results, being necessary to confirm the
experimental data through diverse techniques. After the complete study, they
indicated that roughness in porous supports determines the adherence of the
films, being the presence of larger pores more favorable for increasing the adhesion
of the palladium coating and, consequently, the mechanical resistance of the
composite membrane. In Fig. 2.22, adapted from the images presented in the
original work, the results obtained after using each technique for three different
membranes are summarized: A, B, and C (from the left to the right). As it can be
seen, the membrane C, prepared over a rough surface, exhibited the better adher-
ence for the palladium layer, while the other ones presented delamination and weak
mechanical resistance. More recently, Wald et al. [167] studied the strength,
hardness, and ductility variations after successive hydrogen absorption/desorption
cycles of Pd-Ag alloys. They observed the main changes to the mechanical prop-
erties occur just after the first hydrogen exposure treatment and the magnitude of
the change is function of the silver content in the alloy, decreasing as it increases.

2.4.10 Gas Permeation Measurements

The coatings prepared as thin film membranes always need to be evaluated in terms
of permeation capacity, independently of previous characterization carried out.
This crucial property will determine the real behavior of the membrane through
gas permeation experiments, the most suitable applications for the obtained mate-
rial, and the recommended limits for operating conditions.

Usually, a first experiment called bubble point test can be employed in order to
evaluate rapidly the homogeneity of the film and the presence of defects, cracks,
and pinholes at room temperature. This test consists of dipping the membrane into a
solution (tipically, water or isopropanol solution) and feeding an inert gas (i.e.,
helium, argon, or nitrogen) from one side of the film at a constant pressure,
detecting the formation of bubbles on the contrary membrane surface. In case of
preparing dense palladium or ceramic films, the nonappearance of bubbles indicates
a good continuity in the metal films and, consequently, the absence of defects,
cracks, or pinholes [43, 51, 72, 73]. On the other hand, in case of considering porous
ceramic films, this test provides a qualitative useful information about porosity
homogeneity, being possible to detect defects from areas where a great amount of
big bubbles are generated. Jakobs and Koros presented the use of this technique in
the 1990s as an easy, fast, and inexpensive method to determine both maximum
pore size and pore size distribution of diverse ceramic membranes [168], while
Reichelt extends the application of this techniques on large membrane areas up to
1 m? [169]. From these first applications, many authors include similar experiments
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Fig. 2.22 Mechanical experiments over three different composite Pd-ceramic membranes (A, B,
and C) prepared by ELP: cross-cut, pull-off, pressure tolerance, and H, embrittlement tests.

Adapted from [32]
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prior to analyzing the permeation behavior at operating conditions, i.e., high
temperature or gas mixtures in feed stream.

After these preliminary experiments, real gas permeation measurements are
usually carried out at operating conditions in order to determine the real behavior
of the membrane in terms of permeated flux, selectivity, and resistance of the
material. The effect of pressure, temperature, and feed composition are the most
common parameters analyzed in these cases.

The influence of pressure on the membrane behavior is determined by
representing the permeate flux versus the pressure, which represents the driving
force of the permeation process and it is expressed as partial pressure difference
between retentate and permeate sides. In case of using palladium-based membranes,
all values are referred to the hydrogen content and the experimental data is fitted to
the following general expression:

A
Ju, = .- ; . (2.1)

where Jy, represents the hydrogen permeate flux through the membrane film,
Dy, the hydrogen permeability, ¢ the film thickness, Py, the hydrogen partial
pressure in the retentate (subscript “ret”) or the permeate side (subscript “ret”),
and n an exponential factor ranged from 0.5 to 1 that represents the rate-controlling
step for the permeation process. For completely free-defect palladium films with
thickness upper than 1 pm, hydrogen diffusion though bulk metal is the limiting
step of the global permeation mechanism and a good fitting can be achieved
considering n = 0.5, named the expression as the Sieverts’ law [170, 171]. On the
contrary, deviations from this general expression are quantified by varying the
coefficient between n = 0.5-1 and they can be caused by the presence of defects
or additional resistances to the hydrogen permeation process (i.e., problems in the
gas phase diffusion or hydrogen dissociation steps) [172].

It is clear that the hydrogen permeation flux can be maximized by increasing the
pressure driving force or decreasing the film thickness, but also depends on the
membrane permeability (py, ). This parameter only relays on the film composition
and usually is affected by the temperature through an Arrhenius-type
dependence [173].

pi, = ply,e*) (2.2)

Besides pressure, temperature, presence of defects, membrane composition, and
film thickness, the permeation flux can also be affected by the gas feed composition.
All these effects are typically analyzed from experimental data representation as
depicted in Fig. 2.23, reproduced from the original work presented by Sanz et al.
[43]. Figure 2.23a shows a reasonable good fitting of permeation data to the
Sieverts’ law (n = 0.5) and the temperature effect on the hydrogen permeability
(obtained from the diverse slopes in fitting equations). Figure 2.23b represents the
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Fig. 2.23 Conventional representation of H, flux vs. pressure difference accordingly the Sieverts’
law for determination of permeation behavior of Pd membranes: (a) temperature effect and (b)
influence of feed composition. Adapted from [43]

influence of carrying out the permeation experiments with diverse feed gas com-
position on the obtained hydrogen permeability. As it can be observed in the last
case, the presence of carbon dioxide and carbon monoxide in the feed stream
clearly affect to the permeation process, reducing the hydrogen flux through the
thin palladium film at analogous operating conditions.

Finally, selectivity needs to be also determined to evaluate the quality of the
membrane films. As an example, only hydrogen can permeate through dense
palladium or palladium alloys coatings, although it is usual to find some residual
amounts of other gases from the feed stream in the permeate, mainly due to intrinsic
defects or membrane deterioration with time. In order to determine the hydrogen
selectivity, researchers usually differentiate between ideal separation factor and
“real” selectivity.

The first parameter, ideal separation factor, is calculated from total permeate
fluxes when hydrogen and other inert compounds, typically helium or nitrogen, are
fed to the membrane module separately, being denoted as:

perm

H
Qideal = Jfﬁ (23)

This ideal separation factor is usually defined as the maximum capability of the
membrane for separating compounds, and it is widely accepted to present this value
for comparison of diverse membranes.

On the other hand, real selectivity is expressed as the ratio between the hydrogen
(yy,) and the inert gas (y;) molar fractions in permeate and retentate streams. This
parameter determines the separation efficiency of a membrane at real operation
conditions when diverse compounds are fed simultaneously.
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In this manner, the selection of a membrane must be carried out attending
simultaneously both permeate flux (permeation capability) and selectivity to the
compound of interest (separation potential). Figure 2.24 shows different represen-
tations for comparing diverse membranes through these permeation properties,
permeance and H; selectivity. Figure 2.24a compares similar Pd-based membranes
prepared by diverse techniques, while Fig. 2.24b compares the permeation behavior
of palladium and polymeric membranes.
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Chapter 3

Magnetic Thin Film Materials: Magnetic
Particles Synthesized by Thin Film Dewetting
for Energy Applications

Ruihua Cheng

3.1 Introduction

Metallic nanoparticle arrays which exhibit magnetic moments are a promising
platform for the electrically and thermally conductive micro- and nanoscale struc-
tures. Real-world application fields include biomedical engineering, data storage,
and nonlinear optics. In order to capitalize on major natural energy sources, such as
solar and wind energies, efficient methods of energy storage must be developed.
Recently, attention has been given to Latent Heat Storage (LHS) devices which
utilize Phase Change Materials (PCMs) due to their low cost, low toxicity, and high
engineering versatility, as candidates for efficient, cost-effective methods of ther-
mal energy storage [1, 2]. One promising work to develop a LHS device utilizes
parafin as a PCM and incorporates a matrix of magnetically susceptible, thermally
conductive nanorod frameworks which are self-assembled under an externally
applied magnetic field. The assembly process to create the matrix is well
documented; however, the prohibitive cost of the magnetic pads, fabricated by
lithography processes makes large-scale production impractical [3-6].

Planar thin films are susceptible to a dewetting instability in which a continuous
film spontaneously decomposes into an equilibrium morphology of discrete shapes
having characteristic size [7]. This process, known as agglomeration, is primarily a
surface energy-driven phenomenon and is best understood through the thermody-
namics of energy minimization [7-10]. During the agglomeration process, void
nucleation occurs at various sites throughout the thin film as a result of stress,
strains, defects, and structures which protrude up into the thin film from the

R. Cheng (P<)

Department of Physics, Indiana University—Purdue University Indianapolis, 402 N Blackford
St., Indianapolis, IN 46202, USA

e-mail: rucheng@iupui.edu

© Springer International Publishing AG 2018 73
J. Zhang, Y.-G. Jung (eds.), Advanced Ceramic and Metallic Coating

and Thin Film Materials for Energy and Environmental Applications,

DOI 10.1007/978-3-319-59906-9_3


mailto:rucheng@iupui.edu

74 R. Cheng

substrate, or at preexisting voids which exceed a critical radius. As nucleation
proceeds, laminar flow of mass away from the void edges will cause fingers of
the material to form. Eventually, Rayleigh instabilities cause breakup of these
fingers into discreet islands of a hemispherical or near-spherical equilibrium shapes
will complete the thermodynamic transition. Here, we examine the self-assembly of
a nanoarray of cobalt nanospheres synthesized by thermodynamically driven solid
state dewetting on a low surface energy carbon nanotube substrate with nontrivial
local geometry. Solid state dewetting by Intense Pulsed Light (IPL) annealing is an
easily repeatable morphological process, driven by thermodynamic and hydrody-
namic principles, which utilizes a simple experimental setup, providing a navigable
roadmap to create tunable magnetic nanoparticle arrays [7]. We found that the
dimensions of end state equilibrium shapes after agglomeration in our thin film-
substrate system are highly parameter dependent.

The main process parameters studied in this work are initial thin film thickness
h°, excitation energy, application of an external magnetic field, and density of the
underlying carbon nanotube substrate. The related study can be applied to different
applications. One such application falls in the realm of energy storage devices as we
mentioned. The high latent heat of PCMs is promising, but a major issue in their
realization as energy storage devices is their inherent low thermal conductivity. A
possible solution to this problem is to embed PCMs with highly conductive
nanoparticles. While this has been somewhat successful, the techniques developed
so far have lack of robust repeatability after phase change cycles. Significant
settling occurs once the PCM undergoes a few melting/solidification cycles
[11,12].

One of the promising work to develop a latent heat storage device utilizing
paraffin as a PCM incorporates a matrix of magnetically susceptible, thermally
conductive nanorods which are self-assembled and then soldered together using a
micro-scaled array of magnetic pads. The self-assembly process to create the matrix
is well documented; however, the prohibitive cost of the magnetic nickle pads
fabricated by lithography makes large-scale production of the devices
impractical [6].

Solid state dewetting by xenon lamp flash annealing is an easily repeatable
morphological process, which utilizes a simple experimental setup providing a
navigable roadmap to the creation of tunable nanoparticles [10, 13]. However, the
application of solid state dewetting on magnetic materials has not been reported. In
particular to this research, a patterned nanoarray that exhibits a net local magnetic
moment can be used to position, align, and orient magnetic nanostructures forming
large-scale ordered structures that may be used in thermal transport or other
continuous network applications.



3 Magnetic Thin Film Materials: Magnetic Particles Synthesized. . . 75
3.1.1 Solid State Dewetting

Planar solid thin films are susceptible to a dewetting instability in which a contin-
uous film spontaneously decomposes into an equilibrium morphology of discrete
shapes having characteristic size [7]. This process, known as agglomeration, is
primarily a surface energy-driven phenomenon and is best understood through the
thermodynamics of energy minimization [9, 14, 15].

Agglomeration typically occurs when an initially flat thin film is subject to an
annealing process, thereby transitioning from a local thermodynamic minimum to
an equilibrium minimum. A stress-free planar thin film remains stable to agglom-
eration provided there are no perturbations in its surface which exceed the thin film
thickness [16, 17].

This means that agglomeration must initiate from the edges of the thin film or
from regions, where the substrate is exposed such as preexisting voids or new voids
of a critical diameter must be formed [7]. Due to local high aspect ratio geometry,
mass is driven away from the edges. The voids then evolve through a capillary
action until they begin to impinge leaving an equilibrium shape, typically hemi-
spherical or bead-like in nature. This “boundary-induced behavior” is a result of
high aspect ratio geometry around the edge of the thin film [14].

Consider a vapor-thin film-substrate system such as the one illustrated in
Fig. 3.1. Given

yi = interface energy of thin film-substrate interface

yf = surface energy of thin film

ys = surface energy of substrate

A critical radius, shown in Fig. 3.2, for which surface energy would be mini-
mized, thus initiating void growth, can be calculated by considering the total free
energy of the system [7, 14, 15, 18]. This would include the increase in substrate
exposure yszR,, increase in film-vapor area along the inner diameter edge of the
hole yf 2zRh, decrease of interface energy—yinR,, and decrease of film-vapor
energy—yf R,. Putting these together, we have

ySaR, — yinRy — yfaR, + yf2aRh =0 (3.1)

Fig. 3.1 Thin film-vapor-
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Fig. 3.2 Diagram of the critical void scenario modeled for Si by Danielson [7]

ySR —yiR — yf/R + yf2h =0 (3.2)

1f2h = (vi+yf —rs)R (3-3)
Using the Young-Laplace equation
ys =yi+yf cos@ (3.4)

2ysh 2h

and rearranging gives R = = .
gine & vi+ v — (vi+rpcos6) 11— cosd

In the ultrathin regime for 7 < 20 nm, grooving at grain boundaries can play a role
for void formation during annealing of crystalline film [15]. If an energetic process
such as magnetron sputtering deposition is used to form the thin film the microstruc-
ture of as-deposited cobalt thin film on this scale can show definite grain boundaries
and exhibit characteristic strain [19]. Other sites for void nucleation include defects, or
structures from the substrate that protrude up into the thin film. It can be shown that
void nucleation is a heterogeneously distributed occurrence and that energy minimi-
zation would exclude homogeneous distribution of nucleation sites.

The model proposed by Danielson [7], shown in Fig. 3.3, best describes the
behavior of a system undergoing agglomeration including five clear steps, each
using the instability mechanisms. It is a nice combination of theory backed up by
experimental observation and able to explain the surface energy-driven nature of
solid state dewetting. Danielson’s model is as follows: (1) critical void formation,
(2) void edge thickening, (3) void edge breakdown, (4) void finger formation and
growth, and (5) island formation.

Step I dictates the heterogeneously distributed regions where agglomeration
begins, from both critical voids and thin film edges which are unstable regions
susceptible to capillary action. Mass transport away from unstable edge regions
proceeds in step II, causing rims to form around voids and film edges. As the radius
of curvature and thin film thickness changes in these regions, the growth velocity
will decrease. Brandon and Bradshaw showed that if this were to continue mass
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Fig. 3.3 Evolution of the
agglomeration process
following Danielson’s five
steps [7]

I1.

Iv.

flow would eventually cease [20]. However, as the void propagates through con-
tinuous regions of the thin film, mass is deposited to the side of the receding void
front, and the thickness of the front is comparable or equal to the initial thin film
thickness [7, 21].

The edges of the propagating void are in fact unstable and subject to the well-
known Rayleigh-Plateau instability. This instability describes an energetically
isotropic liquid cylinder subject to a critical perturbation across its surface and
will evolve into a periodic array of spheres in order to lower its total surface energy.
In fact, it has been shown that this also holds for solid cylinders as well. Using a
Monte Carlo simulation, Kan and Wong’s theoretical work shows strong support
for this theory as well (Fig. 3.4) [9].

The Rayleigh perturbation wavelength is proportional to initial thin film thick-
ness. This film instability has a time scale proportional to both temperature and
initial film thickness. Now void and film growth occur in step IV. As the void
penetrates into the film, it creates regions with thickened edges contrasting against
regions around thinner edges, which still have a very high radius of curvature.
These regions transport mass back away from the thinner edges causing a regular
pattern of void fingers to appear with characteristic, uniform spacing as predicted
by Kan and Wong [9] and verified by Jiran and Thompson’s experimental
observations [18].

Clearly, a thinner film should undergo agglomeration at a higher rate than a
thicker one, due to the inverse dependence on thickness, making a thinner film more
susceptible to dewetting. The final step V of the model denotes the appearance of
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Fig. 3.4 Partially
agglomerated cobalt thin
film on carbon nanotubes by
our work showing receding
front and evidence of
capillary Rayleigh
instabilities
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discrete islands of material. Void finger evolution leaves regularly spaced lines of
material again subject to Rayleigh instability. It is here that we begin to see the
equilibrium shapes of the system, typically in the form of hemispheres as the system
has now lowered its surface energy by exposing as much of the underlying substrate
as possible. A line of material in this state can be modeled by treatment such as
McCallum and Voorhees examination of the morphological instability of a line of
material on a substrate [22]. Their work shows that the Rayleigh wavelength for
such a line is proportional to its circular arc cross sectional dimensions, which is in
agreement to the original work by Rayleigh [23, 24]. Time scale of evolution is also
in agreement with Rayleigh which means that it increases proportionally with the
fourth power of the finger cross section and is inversely proportional to the surface
diffusion constant.

Another process that accounts for agglomeration is surface Ostwald Ripening. In
this process, mass transport of ions and adatoms occurs. The mass transport of the
adatoms is characterized by the surface diffusion coefficient and surface diffusion
length. Beke and Kaganovskii make the condition that given some islands of mass
(thin film) their surface diffusion fields must overlap for Ostwald ripening to occur.
In other words, their average nearest neighbor spacing should be less than twice the
diffusion length. In effect, this causes particles that are in the vicinity of each other
to be subsumed, thereby creating a single larger mass particle [25-27].

3.2 Experimental Approach

Our goal is to synthesize a discrete array of magnetic nanostructures using the solid
state flash annealing technique. A variety of approaches were used to achieve this,
utilizing different substrates and changing parameters of thin film thickness, exci-
tation energy, and the presence of an external magnetic field. The proper choice of a
substrate to facilitate the agglomeration process was very important to this work.
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The early solid state dewetting work published by other groups are focused on
silicon substrates. An ideal substrate should readily dewet and remain thermally
robust after flash annealing treatment. Substrates with low surface energy and good
thermal conductivity such as Highly Ordered Pyrolytic Graphite (HOPG) and
Carbon Nanotubes (CNTs) were ideal choices. We studied planar substrate such
as HOPG being a natural starting point, then moved to high aspect ratio of carbon
nanotube (CNT) surfaces. The method of thin film deposition used was magnetron
sputtering. Characterization was done using a JEOL 7800F Field Emission Scan-
ning Electron Microscope (FESEM).

Highly Ordered Pyrolytic Graphite is one of the purest forms of graphite,
exhibiting highly ordered crystallographic orientation perpendicular to the surface
and a near defect-free lattice structure [28, 29]. In fact, it can be thought of as
stacked sheets of graphene, and its surface properties are very close to those of
graphene, even mimicking graphene’s wettability the same as, or better than some
epitaxially grown graphene. When exfoliated graphene was first synthesized in the
lab, it was “pulled” from a piece of HOPG with scotch tape. This characteristic
makes it a reusable substrate, when an experiment is finished, a fresh surface can
easily be created using Scotch tape to pull the old surface away.

Essentially, a carbon nanotube CNT is a rolled up sheet of graphite with two
hemispherical caps on either end, whose characteristics such as electron transport,
etc. are dependent upon in what manner the lattice lines up upon rolling. For the
present work, we are mainly concerned with two features of the nanotube: surface
geometry and surface energy.

The nanotubes used for our experiments, shown in Fig. 3.5, were from Nano-
Tech Labs in Yadkinville, North Carolina. They are M-grade multiwall carbon
nanotubes with an average diameter of 70-80 nm giving a radius of curvature
38 nm. The large aspect ratio, a low surface energy, and thermal stability yields an
optimal substrate for dewetting by xenon flash lamp annealing. These nanotubes
were prepared in suspension form by adding 5 mg of nanotubes to 20 mL acetone
and 180 min of sonication. The suspension was then drawn into a syringe and

Fig. 3.5 SEM image of
drop-cast CNT substrate.
CNTs were provided by
NanoTech Labs, Inc.

JEOL 5/19/2016
SEN WD 7. 2mm
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deposited onto a clean silicon substrate. Several methods where tested to achieve
somewhat uniform distribution of the nanotubes onto the silicon with varying
results, including spin casting and mixing of nanotubes with wetting agents. In
the end, the best method was the most straightforward, simply drop-casting the
acetone-nanotube suspension onto the silicon. This did not achieve regular cover-
age of the silicone base however. We also work on 60 gsm buckypaper from
Nanotech Labs, a dense mesh of pure multiwall carbon nanotubes. Several pieces
of buckypaper were cut and glued to silicon wafers with colloidal silver paste to
create an electrically conductive sample that would accommodate imaging by
scanning electron microscopy (SEM).

During agglomeration, the thin film substrate system moves from metastable
local thermodynamic minima to an equilibrium state. Traditional dewetting pro-
cesses include thermal annealing using an oven, which works on a large time scale,
laser irradiation, which can damage the underlying substrate and introduce impu-
rities into the nanoparticles, and UV radiation. Solid state dewetting by flash lamp
annealing utilizes a xenon flash lamp as an energy source. This facilitates dewetting
on a short time scale, and thermal conditions do not destroy the underlying
substrate. Due to these properties, its relatively inexpensive construction cost as
well as small footprint, flash lamp annealing lends itself well to industrial sector
mass production applications.

The flash lamp used for this study consists of a bank of computer-controlled
capacitors which store electrical potential energy that is then released on demand
into a xenon gas filled bulb. A large potential difference is created across a cathode
in the form of a sharp electron emitting tip. As they travel to the adjacent cathode,
electrons thermally transition the xenon atoms to an excited state. About 80% of the
initial electrical potential energy stored in the capacitor bank is converted to
radiation [30]. Convection and thermal conduction makes up the difference. Upon
decay they release a large amount of photons in the visible and UV wavelength
range. These photons travel to the surface of our samples causing the thermal
excitation necessary to drive the agglomeration process. Pulse energy density is
dependent upon the controllable applied voltage and varies up to 50 J/cm?”. Pulse
duration may be set from 1 to 10 ms and multiple pulses can be delivered with a
variable step time frame.

3.3 Experimental Data and Discussion

We notice that dimension of end state equilibrium shapes are highly parameter
dependent. The main parameters studied are initial film thickness, flash annealing
excitation energy, and the strength of applied external magnetic fields. A general
outline of our process is shown as Fig. 3.6. Substrates are prepared either by the
aforementioned method of drop-casting a suspension from a syringe, or affixing
as-purchased CNT matrix to a silicon wafer with conductive paste. High vacuum
magnetron sputtering was used to deposit cobalt thin films onto the Si-CNT
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Fig. 3.6 General graphical outline of experimental process
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Fig. 3.7 Two STM micrographs of planar regions of HOPG deposited with 5 nm Co (left) and
15 nm Co (right). Both samples were exposed

substrates. Samples of different thickness of 10 nm, 15 nm, and 20 nm were
prepared in a low base pressure chamber. Samples were flash annealed at a specified
energy with pulse time of 20 ms held at a working distance (WD) of 3 mm.

3.3.1 Experiments on HOPG

Our first set of experiments focused on growing nanoparticles on an HOPG
substrate due to the reason that HOPG substrates can be easily cleaned by scotch
tape peeling. Primary tests were carried out by depositing cobalt on the surface of
HOPG with the maximum exposure energy of 50 J/cm?. The topological image of
particles are shown as Fig. 3.7.

Some nanoscale structures were observed on flat HOPG substrates. This indi-
cates that graphite-like carbon surface is promising to facilitate solid state
dewetting as we expected. High curvature of CNT substrates would be ideal to
laterally resolve those particles.
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3.3.2 Experiments on Drop-Cast CNT

Several silicon wafers were cleaned with a series of acetone, methanol, isopropyl
alcohol, and deionized (DI) water rinsing. Wafers were then dried with nitrogen.
Five milligrams of M-grade MWCNTs from NanoTech Labs Inc. were placed into
20 mL of acetone and sonicated for 180 min following previous works to disperse
the nanotubes somewhat evenly in a suspension form [31-33]. A syringe was used
to draw the suspension out of the Erlenmeyer flask and then deposit it onto the
silicon wafers. Surface tension held a hemispherically shaped drop of the suspen-
sion on the silicon wafer. The acetone quickly evaporated leaving behind a film of
nanotubes.

We investigated the energy variation parameter for Co on CNTs by processing a
series of samples with increasing excitation energy. A systematic relationship between
particle diameter and excitation energy was noted wherein an increase in energy
correlated to an increase in diameter up to some threshold energy after which mass
loss occurred through evaporation. After exposure to excitation energy, and upon
imaging with the SEM, we noticed a boundary which separates the area populated
with nanoparticles from an area without dewetting, as shown in Figs. 3.8 and 3.9.

Fig. 3.8 Clockwise from top left, 5 nm, 10 nm, 15 nm, 20 nm Co on Buckypaper. The excitation
energy is 40 J/cm? for all sample
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All of these samples were produced using the drop-cast method, and the consistency of
nanotube coverage was not as regular as on the nanoparticle producing samples. It has
been noted in the literature that reflectivity of base substrates plays a major role in
producing the thermal conditions necessary for agglomeration [8]. It is believed that
the base silicon substrate is reflecting enough energy that threshold conditions at the
thin film surface were never met, thus explaining the absence of end state discreet
particles.
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Fig. 3.9 Substrate Comparison. Left row, Co on drop-cast CNT. Right row, Co on 60 gsm
Buckpaper. Initial film depth from top to bottom /#° = 10 nm, 15 nm, 20 nm
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Fig. 3.10 Clear line of
demarcation between
continuous thin film and
agglomerated nanoparticles
indicates a threshold
energy. Initial cobalt thin
film of nominal thickness
h = 20 nm and excitation
energy of 50 J/cm?, scale
bar indicates 1 pm

Fig. 3.11 Cobalt nanoparticles fabricated from thin film of nominal thickness 20 nm, by flash
annealing on CNT substrates using excitation energy. Scale bar is 1 pm for all SEM images

Another interesting observation was that of “transition areas” in which partial
dewetting can be observed. The nature of our experimental setup is such that the
excitation source cannot fully cover the total surface of the substrate, therefore
leaving a “strip” of nanoparticles bordered by a transition area separating a nano-
particle region from a region where the thin film is still continuous and in an
agglomerated state. This can provide insight into a proper developed theory for
solid state dewetting on cylindrical surfaces of high aspect ratio (Fig. 3.10).

In order to determine the relationship between excitation energy and the end
state particle size, two series of samples were studied. One set with film thickness of
5 nm with energy progressing from 10 to 50 J/cm? and another set with thickness of
20 nm. As shown in Fig. 3.11 and Table 3.1, a systematic change in particle size
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Table 3.1 General statistics for excitation energy tests, Co on drop-cast CNT

Varied excitation energies, Co on CNT

Excitation energy (J/cm?) 10 20 30 40 50
Mean diameter (nm) 46.231 44.795 54.752 63.71 74.69
Median (nm) 43.70 33.37 45.90 46.70 56.95
Max (nm) 140.83 175.4 194.44 280.00 204.00
Standard deviation 26.938 35.82 39.85 52.78 45.20

was observed in both series with progressively larger particles forming for higher
energies up through 40 J/cm? at which point a reduction in size is noted for 50 J/cm?
samples. This drop off in size is explained by the evaporation of material at higher
energy. The progressively larger size is a result of accelerated process as a result of
absorbed energy resulting in Ostwald ripening of the particles. These observations
agree with theoretical models and other experiments. Visual inspection of the
micrographs show a consistent correspondence between excitation energy and
particle size. This agrees with the theory outlined earlier, in that higher excitation
energies correspond to higher surface temperatures. Diffusivity is a temperature-
dependent quantity, increased diffusivity would mean increased flux, and increased
flux would allow for the evolution of the agglomeration process to proceed into the
Ostwald ripening stage. In the 40 and 50 J/cm? regime, the data shows that although
the mean diameter continue to increase, but some mass may have evaporated.
Ostwald ripening could account for the shift to larger particles and hence the
absence of smaller ones, as the smaller particles are subsumed by their larger
neighbors.

3.3.3 Variation of Initial Thin Film Thickness

To investigate the film thickness dependence, we prepared a series of samples with
increasing thickness ranging from 5 to 20 nm in 5 nm increments, and all samples
were exposed to the same energy of 40 J/cm?. Here, we did comparison study on
both drop-cast CNT and 60 gsm Buckypaper CNT substrates.

It has been noticed by other studies that for a planar thin film on both continuous
and patterned substrates, initial film thickness plays a significant role in suscepti-
bility to agglomeration, as well as end state particle size. Therefore, for our surface,
comprised mainly a high aspect ratio geometry landscape, we observe similar
results. In the samples made on drop-cast CNTs, the results shown in Fig. 3.12
and Table 3.2, indicating a steady progression of mean particle size with increasing
thickness. This can be explained by the generalized Rayleigh instability, which says
that the wavelength of the perturbation across a cylinder is proportional to the
equilibrium end state shapes. Applied to a thin film system, this means that the
wavelength of perturbation cross a retracting finger or line of thin film is
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Fig. 3.12 Clockwise from top left, 5 nm, 10 nm, 15 nm, 20 nm Co on drop-cast CNT. Excitation
energy of 40 J/cm?

Table 3.2 General statistics for initial thin film thickness dependence, Co on drop-cast CNT

Varied initial thin film depth, Co on CNT

Initial thin film depth (nm) 5 10 15 20
Mean diameter (nm) 74.69 57.186 94.188 107.84
Median (nm) 56.95 52.40 74.15 75.95
Max (nm) 204.00 163.18 432.38 413.23
Standard deviation 45.20 25.09 69.09 90.2

proportional to its initial cross sectional area, which is related to the film thickness,
in the meanwhile it is independent of temperature [22].

These results also agree with Danielson’s model, which predicts that agglomer-
ated structures size during void edge breakdown (III) and void finger growth (IV)
[7]. Danielson’s model predicts that end state size as well as nearest neighbor
spacing is proportional to original thin film thickness.

The results of nanoparticles grown on the 60 gsm Buckypaper CNTs showing
relatively uniform particles due to higher CNT density on Buckypaper. As shown in
Fig. 3.13 and Table 3.3, the Buckypaper samples showed a clear progression of
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Fig. 3.13 Graph of increasing mode with increasing initial film thickness

Table 3.3 General statistics varied initial thin film depth, Co 60 gsm Buckypaper

for nitial thin film depth tests, = & L e eoth (am) | 10 15 20
Co on 60 gsm Buckypaper
Mean diameter (nm) 69.03 91.65 95.5
Median (nm) 64.928 65.87 57.76
Max (nm) 249.51 340.25 415.57
Standard deviation 41.93 75.07 92.76

particle size with increasing /#°. They also showed a very uniform distribution of
nanoparticles. Due to the density of the buckypaper as compared to drop-cast CNT,
the surface better resembles a continuum, a more isotropic environment for growth.

As seen in the following page, comparing the two experiments it becomes
apparent that for a regular array of magnetic Co nanoparticles, that could be tunable
by variation in 4°, Buckypaper would be the substrate of choice.

3.3.4 Application of External Magnetic Field

Considering the magnetization of nanoparticles, we tried applied magnetic field
during the flash annealing process. It could yield other avenues for further scientific
exploration of the agglomeration process, or prove useful during production for
industrial sector applications. The introduction of an external magnetic film during
annealing was tested by initial thickness variations on both the Buckypaper sub-
strates. Series of 5 nm, 10 nm, 15 nm, and 20 nm were prepared in the routine way
and the flash annealed with 40 J/cm” excitation energy for 20 ms.

The first noticeable feature when contrasting images shown in Fig. 3.14 was that
for same initial thicknesses particles with larger diameter were grown in the
presence of a magnetic field. One possible explanation for this behavior could be
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Fig. 3.14 A zoom in
picture of Co thin film to
nanoparticles on CNTs
shows a “transition area”

Fig. 3.15 Comparison of initial film thickness of 10 nm Co on 60gsm Buckypaper. Left, with
external applied magnetic field. Right, without magnetic field. Excitation energy of 40 J/cm?. Scale
bars indicate 1 pm size

an accelerated Ostwald-like ripening process due to the anisotropic environment.
The magnetic field may cause the particles to behave like magnetic dipoles. Smaller
particles may experience an attraction to larger particles during the later stages of
agglomeration and become subsumed (Figs. 3.15 and 3.16).

As we increased the initial film thickness to 15 nm and applied variable magnetic
field, we notice that the spacing between particles shows strong magnetic field
dependence. These results are very promising for nearest neighbor spacing tunabil-
ity. Previously, nearest neighbor spacing has only been tunable initial film thickness
and thus related to end particle diameter. It may be possible to tune the spacing
regardless of initial thickness and independent of particle size. Further experiments
may reveal the feasibility of this parameter.
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Fig. 3.16 Comparison of initial film thickness of 15 nm Co on 60 gsm Buckypaper. Left, with
external applied magnetic field. Right, without magnetic field. Excitation energy of 40 J/cm?. Scale
bars indicate 1 pm size

3.4 Future Works and Conclusion

We have demonstrated that the solid state dewetting of cobalt thin films on CNT
substrate is a highly tunable, easily repeatable process to fabricate nanoparticle
arrays. The short time scale and relatively low energetics involved make this
method a suitable candidate for roll-to-roll production or as an in expensive
platform for research. It was shown that density of the underlying CNT foundation,
initial thin film thickness, excitation energy, and the application of an external
magnetic field are all parameters that can be used to adjust end state structure.
Transition areas indicating a threshold energy or temperature present in solid state
dewetting. These observations fell in line with expectations upon the consideration
of models designed for a planar geometry agglomeration processes.

This work also opens the door to other possibilities. Utilizing the thermal
properties of CNTs, it may be possible to drive an agglomeration of metallic thin
film by microwave irradiation. This would require a simple setup and small
investment. Further investigation of particle size and nearest neighbor tunability
by an improved setup with a variable magnetic field.

The magnetic nanoparticles matrix could be used as templates to incorporate
magnetic metal frames in latent heat storage devices for energy applications.
Previously electron beam lithography and other time-consuming expensive tech-
niques have been used to create magnetic arrays for the self-assembly of nanowires
in phase change materials. Solid state dewetted arrays of magnetic nanoparticles,
especially on a substrate like buckypaper, are inexpensive, easy to make, and
versatile and most important it is highly thermally conductive. This will greatly
improving the performance of current latent heat-based energy storage media.
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Chapter 4

Defects Engineering for Performing SrTiOs-
Based Thermoelectric Thin Films: Principles
and Selected Approaches

Andrei V. Kovalevsky

4.1 Introduction

4.1.1 Background: Thermoelectric Materials
and Applications

A challenging task for the energy sector worldwide is represented by the develop-
ment of environmentally friendly sources of the electrical power. “Green” energy
sources are rapidly becoming more and more important to meet the increasing
energy demand, limited availability of the fossil fuels and various environmental
issues, including CO, emissions, global warming, and impacts of other emissions
on human health. One of the promising solutions is the thermoelectric conversion of
waste heat or solar heat into electricity by reliable, sustainable, and scalable
devices, with self-sufficiency to enable mobile or remote applications [1-3]. Sig-
nificant impact for the future sustainable technologies is also supported by the fact
that most of the energy (60-70%) used in the world is discharged as waste heat
[3]. Theoretically, thermoelectric generation provides one of the most reliable ways
for conversion, irrespectively of the source size and without using turbines, moving
parts or producing CO,, with potential applications in power plants, various indus-
trial processes, incinerators, geothermal sources, and for automotive waste heat
recovery. Recent research results have convincingly demonstrated good prospects
of thermoelectric technology for power generation from concentrated solar irradi-
ation, in the systems involving salinity gradient solar ponds, evacuated tube heat
pipe solar collectors, and biomass powered stoves [2, 4].
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The efficiency of thermoelectric conversion is limited by the Carnot efficiency
and is described by the figure of merit (ZT) of a candidate material,

ZT =0 xa* x T/k (4.1)

which includes the electrical conductivity (o), Seebeck coefficient (@), and
thermal conductivity (k). The product ¢ x o> defines the power factor (PF),
which relates to the electronic properties. Operation at higher temperature is
desirable, as it correspondingly yields higher Carnot efficiency of the conversion.
However, in this case the thermoelectric materials with high thermal and chemical
stability are required. Additional economic and safety issues are imposed by natural
abundance of the constituent elements and their minimal toxicity towards “greener”
operation.

One of the major challenges in developing highly efficient TE materials is to
achieve a delicate balance between the functional properties, namely, o, a, and k
[5]. For many years, development of new thermoelectrics was slowed down basi-
cally for all types of materials, due to coupling between electrical and thermal
properties. As an example, an increase in electrical conductivity is usually accom-
panied with a decrease of the Seebeck coefficient and higher thermal conductivity,
without noticeable benefits for the final performance. The progress in creating
low-dimensional structures and structural engineering in complex materials broke
this coupling, with emphasis on enhanced phonon interface scattering, efficiently
lowering the thermal conductivity, and modification of the electronic band struc-
ture, band convergence, and quantum-confinement effects, leading to an enhanced
power factor [5-7]. A promising approach for advanced bulk thermoelectrics
targets those materials demonstrating the so-called phonon-glass/electron-crystal
(PGEC) behaviour, namely, low thermal conductivity as in a glass, and a high
electrical conductivity of crystals [8]. This can be accomplished through introduc-
ing heavy-ion species with large vibrational amplitude (rattlers) at partially filled
structural sites, as in skutterudites [6, 9].

Modern challenges in thermoelectric research thus include both search for new
advanced materials and efficient fabrication concepts, allowing to maintain appro-
priate level of the relevant properties, being at the same time cheap and environ-
mentally friendly. The demand for performing TE materials having ZT around
unity (ZT > 1) for low- and intermediate temperature applications is covered by
“traditional” Bi,Tes, Bi,Ses, and PbTe-based thermoelectrics, based, however, on
toxic and low-abundant constituents [3, 5]. Existing alternatives with promising
peak ZTs of 0.7-1.2 (skutterudites, Half-Heusler, etc.) still lack the thermal and
chemical stability at ~500-600 °C or require a protection/vacuum packing to
operate at high temperatures [10, 11]. Some of these best-performing materials
need expensive and time-consuming production methods like high-energy milling,
arc-melting, vacuum processing, etc. Oxide materials represent a promising alter-
native, especially for high-temperature thermoelectric applications, provided by
their thermal and chemical stability, high natural abundance, and less toxic
composition.
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4.1.2 Oxide Thermoelectrics and Strontium Titanate

Oxide-based electroceramics already became indispensable for many key technol-
ogies, including energy storage and conversion. Triggered by the discovery of high
thermoelectric performance in layered NaCo,0, and some other Co-containing
materials [12—14], particular research efforts have been focused on the TE proper-
ties of various transition metal-based oxides [15]. Appropriate high-temperature
stability enables several specific applications, such as direct conversion of concen-
trated solar radiation to electricity, waste heat recovery from exhaust gases, pro-
duced by ceramics, concrete and glass industry, and automobiles. Additional
functionalities can be provided by unique redox flexibility of oxides, which can
be precisely set-up by controlled heat treatments combined with oxygen partial
pressure changes. Representative examples of thermoelectric oxide systems include
Ca3Co0409-, ZnO-, CaMnOs3-, and SrTiOz-based materials [15—19]. Yet, ZT values
obtained for the best-known oxide thermoelectrics are lower than those required by
most of the potential applications.

An important family of oxide thermoelectrics is represented by donor-substituted
strontium titanate [15, 18, 20], with the highest ZTs in bulk ceramics reached up to
now of about 0.4 at 970-1200 K [21-23]. Versatile perovskite-type structure provides
an array of functional properties, including excellent thermal and phase stability,
under both oxidizing and reducing conditions. The SrTiOz-based perovskite unit cell
is flexible to sustain significant stresses, imposed by various substitutions and defects.
An appropriate power factor of SrTiOs-based thermoelectrics can be achieved after
sintering under very reducing conditions, ensuring the formation of electronic
defects. Potential applications of strontium titanate-based thermoelectrics are, how-
ever, limited by large thermal conductivity and relatively low charge carrier mobil-
ities (k ~12Wm ' K ' and y ~ 6-8 cm® V' s~ at 300 K for single crystals)
[24]. Known approaches to promote the thermoelectric performance in strontium
titanate include A- and/or B-site donor substitutions with rare-earth and/or transition
metal cations to generate n-type charge carriers and supress the thermal conductivity
by impurity scattering [15, 17, 18, 20-23]. Introducing the micro-/nanoinclusions and
formation of core-shell structures are also being used to increase the phonon scatter-
ing and charge carrier mobility [25-27].

SrTiO5-based materials possess complex defect chemistry, which is determined
by the oxygen chemical potential in atmosphere, substitution level and A:B site
ratio in the perovskite lattice [28, 29]. Largely due to this fact, the literature data
regarding the substitution mechanisms and related effects on the thermoelectric
performance are often inconsistent and contradictory. The complexity of the defect
reactions imposes certain difficulties for accounting various defect types and their
simultaneous effects. As an example, presence of A-site deficiency under reducing
conditions may promote the formation of oxygen vacancies, while oxygen defi-
ciency in perovskite layers may be still accompanied by Ruddlesden-Popper
(RP) type planar faults and other “oxygen-excessive” defects [21]. In the work
[30], based on comparative analysis of the thermal conductivities of reduced and
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oxidized lanthanum-substituted strontium titanate, the oxygen vacancies were
mentioned as efficient phonon scatterers. On the other hand, low thermal conduc-
tivity of A-site-deficient donor-substituted strontium titanate and its unusual “glass-
like” behaviour were attributed exclusively to the presence of cation vacancies
[31]. However, possible effects due to the formation/annihilation of other defects
during reduction/oxidation were not assessed. In RP-type titanates, phonon scatter-
ing at SrO/SrTiOj; interfaces was claimed as a reason for reduced thermal conduc-
tivity [32, 33], while the effects provided by oxygen vacancies in the perovskite
layers are not considered. Thus, understanding the particular role of various defect
types in thermoelectric properties of SrTiOs-based materials and tuning their
contribution towards enhanced performance still remain a big challenge.

4.1.3 SrTiOsz-Based Thermoelectric Thin Films

Oxide-based thin films concept is an efficient platform to access the fundamental
transport properties and mechanisms, taking into account both easier control of the
defect chemistry as compared to the bulk materials and additional possibilities for
creating unique structures and defects clusters. Thin-film thermoelectrics are also
expected to play an increasing role in applications towards waste heat recovery and
simple cooling ([34] and references therein). Strontium titanate is quite commonly
used as a substrate for thin film growth and as a model system for studying defects
in the perovskites, in particular, due to a wide range of relevant properties from
insulating to superconducting ([34] and references therein). The discovery of large
Seebeck coefficient in lanthanum-substituted SrTiO3 [35] has boosted the explora-
tion of thin-film-thermoelectrics concept for these materials, mostly using pulsed
laser deposition. In particular, one of the first studies of thermoelectric properties in
Nb-substituted CaTiOs-SrTiO3-BaTiO3z system was performed on the samples,
deposited by this method [36]. Other techniques including molecular beam epitaxy
and sputtering were also successfully applied for growth of substituted SrTiO;-
based films [34, 37, 38]. Several in-depth investigations were performed to access
the effects of various substitutions, simultaneous co-substitutions, and RP planar
faults on the thermoelectric properties of such films [34, 37—41]. One of the highest
performances ever reached in thermoelectric titanates (ZT ~ 0.37 at 1000 K) was
observed for heavily Nb-substituted SrTiO; epitaxial films, grown on insulating
(100)-oriented LaAlOj single-crystalline substrates by pulsed laser deposition
method [39]. A promising pathway to design performing thermoelectric thin
films, based on simultaneous donor co-substitution in Sr- and Ti-sites of SrTiOs,
which results in well-distributed phononic scattering centres and suppressed lattice
thermal conductivity, was demonstrated in [41].

Due to non-optimized charge carrier concentration and film fabrication proce-
dure, yet the ZT values obtained for films are often below those attained in the bulk
materials of the same composition. However, some specific and elegant solutions
are facilitated in thin films. As an example, an unique crystal engineering
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approaches by deliberate introduction of strontium vacancy clusters and altering the
strain in Nb-substituted SrTiO; films resulted in exceptionally high charge carrier
mobility above 53,000 em? Vo lg™! [42]. Thermoelectric properties are known to
be influenced by low dimensionality, as predicted by Hicks and Dresselhaus [6, 43];
the conceptual solutions can be realized in ultrathin films and superlattices. Large
Seebeck coefficients were reported in the so-called two-dimensional electron gas
systems, based on dimensionally confined Nb-substituted SrTiO5 layers in SrTiO5/
SrTip gNby 03 superlattices and TiO,/SrTiO3 heterointerfaces [44], leading to a
maximum estimated ZT of 2.4 at room temperature. Today, many research efforts
are focused on fabricating thermally robust SrTiO3-based superlattices, where both
high power factor and low thermal conductivity are provided by introducing
alternating layers of various compositions. Recently, novel superlattice structures
based on epitaxial nanoscale layers of NbO, and SrTiygNbg 03 layers on LaAlO3
support were successfully fabricated by pulsed laser deposition, and relevant effects
of layers thickness ratio on the thermoelectric properties were investigated
[45]. High ZT value of 0.46 at 1000 K was observed in epitaxial superlattices
composed from alternating layers of Srg sPrg0sT103 and StTip gNb .03 grown on
an LaAlOj support [46] (Fig. 4.1).

These superlattices also possess an excellent thermal stability and show repro-
ducible thermoelectric properties after thermal cycling, what is of special impor-
tance for potential applications. Although these studies highlight great prospects for
thin film technology towards advanced thermoelectrics, the question how such
superlattices can be implemented in scalable thermoelectric devices still remains.
In this chapter, some recent research results are reviewed to show how, by altering

Fig. 4.1 Schematic diagram of epitaxial perovskite [(SrposPro.0s5Ti03)a/(SrTipgNbg203)bl20
superlattices on an LaAlO; substrate. The unit cells of LaAlOj3 substrate, SrTiOs, and the extrinsic
dopants (Pr’* and Nb>*) in each layer are shown with arbitrary atomic sizes (for illustration
purpose). Adapted with permission from [46]. Copyright (2015) American Chemical Society
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the defect chemistry mechanisms is donor-substituted SrTiOs3, one can significantly
improve the thermoelectric performance, with particular prospects for implemen-
tation in thin films.

4.2 Methods

4.2.1 Processing of the Samples

A series of various (Sr,Pr)TiOs.s, Sr(Ti,Ta)Osz.s, and Sr(Ti,Nb)O;_ s-based
ceramic materials were synthesized via a conventional solid-state route, using
carbonate or oxide precursors, as described in [47—49]. To enhance densification,
which is essential for the correct comparison of the thermoelectric properties for the
different samples, in several cases the ceramics was sintered through two-step
approach [47]. In this case, the main densification step was conducted in air at
1973 K for 10 h. Pre-sintered ceramics were further reduced in 10%H,-90%N,
atmosphere at 1773 K for 10 h. Otherwise, the compacted samples were sintered
directly in reducing atmosphere at 1773 K for 10 h. The oxidized samples in Sr;.
yTigoNb ;O35 series after the first processing step were also considered for
structural and thermal transport studies to obtain additional information on the
role of A-site and oxygen vacancies on the lattice thermal conductivity. Subse-
quently, the prepared ceramic samples were ground into the fine powders for X-ray
diffraction (XRD), thermogravimetric (TG), transmission electron microscopy
(TEM), and differential scanning calorimetry (DSC) studies. The total conductivity
and Seebeck coefficient were measured on freshly cut ceramic rectangular bars
(~2 x 3 x 12 mm®). The sintered disc-shaped ceramics, polished down to
~1.00 mm thickness for removing possible surface contamination and providing
uniform geometry, were used for the thermal diffusivity studies. For further assess-
ment by SEM/EDS, the ceramic samples were polished and thermally etched. The
experimental densities (p) of disc-shaped ceramics were calculated from geomet-
rical measurements and weighing. X-ray photoelectron spectroscopy (XPS) was
performed on the as-fractured sample surfaces. More processing details for the
discussed materials are given in [47—49].

4.2.2 Structural and Microstructural Characterization

The room-temperature XRD patterns were recorded using Rigaku D/Max-B and
PANalytical X Pert Pro diffractometers (Cu K, 20 = 10-80°, step 0.02°, exposi-
tion 3-5 s). The patterns were used for analysis of the phase composition of
prepared samples and calculation of the unit cell parameters. Additional assessment
of the phase purity and presence of any compositional inhomogeneities, which may
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be crucial for the thermoelectric performance, was performed by complementary
SEM (Hitachi SU-70 instrument) and EDS (Bruker Quantax 400 detector) studies
on fractured and polished ceramics. Deeper studies of the crystal structure, mor-
phology, and composition were carried out using TEM techniques at University of
Zaragoza, including scanning transmission electron microscopy with a high annular
angular dark field (STEM-HAADF) coupled with energy dispersive X-ray (EDX)
measurements and electron energy loss spectroscopy (EELS) [48].

The total oxygen content of the studied materials was evaluated by TG; a
detailed description of the corresponding procedure can be found in [47]. The
temperature dependence of the relative weight changes was measured in flowing
10%H,-N, mixture at 298—1373 K. The total oxygen content in reduced materials
was estimated on complete oxidation in air at 1273 K, assuming 2+, 34, 44, and
5+ oxidation states for strontium, praseodymium, titanium, and tantalum/niobium,
correspondingly.

The electronic structure and cationic composition were further evaluated using
X-ray photoelectron spectroscopy (XPS), performed at CEMUP (Porto, Portugal) in
a Kratos AXIS Ultra HSA spectrometer equipped with monochromatic Al K,
radiation (1486.7 eV). More experimental details can be found elsewhere
[48, 49]. Atomic contents were determined with a standard accuracy of +10%
from the corresponding peak areas and normalized by the sensitivity factors
provided by the manufacturer. To avoid possible oxidation and maintain the same
conditions for all studied compositions, the ceramic samples were broken immedi-
ately prior to being placed to the measurement chamber; further XPS studies were
performed on those fresh fractures.

4.2.3 Evaluation of the Electrical Properties

The total electrical conductivity and Seebeck coefficient were measured simulta-
neously using bar-shaped samples placed in specially developed alumina holder
system described in [50]. The measurements were performed in 10%H,—90%N,
mixture after equilibration at 473—1173 K, decreasing the temperature by steps of
50-80 K. While Seebeck coefficient measurements were performed at typical
temperature gradients of 15-30 K, after each 2-3 steps the dependence of thermal
voltage on the temperature gradient was verified in order to reveal and eliminate the
effect of any voltage offset. For all measured compositions, the contribution of the
offset voltage into the measured thermal voltage was found to be less than 3%. For
the total conductivity, four-probe DC technique was used. The criteria for equili-
bration of a sample after change in temperature included the relaxation rates of the
conductivity and Seebeck coefficient less than 0.1%/min and 0.002 mV/(K x min),
respectively.
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4.2.4 Studies of the Thermal Transport

The thermal conductivity (x = Dpcp) was determined indirectly by measurements
of thermal diffusivity (D) (Netzsch LFA 457 Microflash), specific heat capacity (c;,)
(Netzsch DSC 404 C), and density. The detailed measurement procedure can be
found elsewhere [47-49]. The measurements were performed in flowing 5%H,—
95%Ar mixture at 423—1273 K; the experimental route included stepwise (50 K)
change in temperature, followed by dwell of 15-30 min for thermal equilibration of
the sample. The estimated error in obtained values of thermal conductivity was less
than 10% for all measured samples. In the case of Sr;.,TipoNbg ;03,5 system,
thermal conductivity studies were also performed for oxidized materials in air
atmosphere under identical temperature conditions, aiming on comparative analysis
of the thermal transport in oxidized and reduced samples. The lattice contribution to
the thermal transport was calculated from the data on electrical and thermal
conductivities, using Wiedemann-Franz law:

Kph =k —LTo (4.2)

where L is the Sommerfeld value (2.45 X 1078WQ K72) of the Lorenz number.

4.3 Results and Discussion

4.3.1 Guidelines for Defects Engineering Strategies

General idea behind the defect chemistry engineering for enhanced thermoelectric
performance approach is based on the strategy to shift prevailing defect types by
controlling the nominal chemical composition of donor-substituted strontium
titanate-based materials, while corresponding changes in the relevant properties
can be followed and linked to the actual defect structure. A reasonable pathway,
naturally provided by exceptional stability of the SrTiO3-based perovskite unit cell
against imposed lattice stresses, is based on gradual transition from structures,
containing significant amounts of extended oxygen-rich defects to oxygen
nonstoichiometry on introducing the A-site deficiency in the perovskite layers.
The compositions range, discussed in this chapter, covers strontium titanates,
donor-substituted either in A-sites by praseodymium, or in B-sites by niobium or
tantalum. This allows to compare the impacts coming from the defect chemistry in
various systems for conclusive interpretations of the obtained results. The series of
studied ceramic materials thus included those containing A-site cation excess,
stoichiometric A:B = 1:1 perovskites and A-site deficient compositions, the com-
plete list of the compositions is given in Table 4.1.

Total oxygen content in perovskite-type titanates represents an excellent in situ
indicator for predominant charge compensation and defect formation mechanisms.
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Table 4.1 Chemical and phase composition of the studied donor-substituted strontium titanates

A-site Phase Lattice ;
System composition Prepared materials composition | parameters, A
(Sr,Pr)TiO55 Stoichiometric | Srg95Prg osTiO315 CP? a = 3.9086(3)
[47] St0.00Pr0.10TiO345 TP a = 5.5294(5)
¢ = 7.8124(6)
Sro.80Pr0.20Ti0315 TP a = 5.5190(3)
c = 7.8363(4)
Sro.70Pro30Ti0345 OP a = 5.5378(2)
b =7.79713)
¢ =5.5217(2)
Deficient Sr0'925PI'0.05TiO3i5 CP a= 39056(2)
Sro.85Pr0.10Ti0315 TP a = 5.5266(6)
¢ =17.8061(9)
Sr0.70Pr0.20T103.45 TP a=5.5108(3)
c = 7.8250(4)
Sro.55Pro.30Ti0325 TP a = 5.5002(2)
¢ =7.8122(3)
St(Ti,Nb)Os.5 | Excess Sty 05Tio0oNbo 100325 | CP a=3.9212(2)
[47, 48] Stoichiometric | SrTig.ooNbg.1003.45 CP a = 3.9206(2)
SrTig.80Nbg.2003.5 CP a=3.9357(2)
Deficient Sro.07Tip.90Nbg. 100315 | CP a = 0.39223(1)
Sr9.95Tip.00Nb.100315 | CP a = 3.9209(2)
Sro.93Ti0.90Nbg 1003+5 | CP + minor a = 3.9200(2)
TiO,
Sr0.97Tip.sND.203.5 CP a=3.9281(1)
Sr9.94Tip.sNb 20315 CP a = 3.9287(1)
Sr0.90Ti0.8Nbp.20315 CP a = 3.9316(1)
Sr(Ti,Ta)Os.5 Stoichiometric | SrTig9s5Tag 050315 CP a=3.9131(2)
[49] SrTipo0Tag.1003+5 CP a=3.9201(2)
SrTig g0T20.200345 CP a = 3.9323(3)
SrTig.70Ta0.300345 CP a = 3.9428(2)
Deficient Sto 075 Tio0sTa0,0s0345 | CP a = 3.9128(3)
Sro.95Ti0.00T20.1003+5 | CP a=3.9197(2)
Sro.90Ti0.80T20.2003+5 | CP a = 3.9318(2)
Srog5Ti0.70Ta03003+45 | CP + minor |a = 3.9361(2)
TiO,

4CP, TP, and OP correspond to cubic, tetragonal, and orthorhombic perovskites, accordingly

Fig. 4.2 shows the estimates of the total oxygen content for several representative
materials [47-49], obtained from the TG data. According to the current state of
knowledge on the defect reactions in substituted strontium titanate, at temperatures
below 1350-1470 K the diffusion of cations is slow [51]. Thus, any impacts from
re-equilibration of the cation sublattices at temperatures of thermoelectric studies
on the relevant properties can be neglected. At the same time, oxygen ions and
vacancies are several orders of magnitude more mobile, suggesting that oxygen
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nonstoichiometry can be considered as a reasonable prediction tool to evaluate the
predominant defect types. The changes in total oxygen content 3 + §, measured in
relevant conditions of the thermoelectric characterization (300-1273 K, 10%H,—
90%N, atmosphere), are rather minor (Fig. 4.2). This also implies that the results of
structural studies (XRD/XPS/HRTEM) performed at room temperature are relevant
for the whole studied temperature range.

The Sry ¢5Tig.90Nbg.1003+5 is the only intentionally A-site excess composition
between those studied (Table 4.1) and also demonstrates the highest oxygen
overstoichiometry (Fig. 4.2). In closely packed perovskite structure, the formation
of truly interstitial oxygen ions as point defects is unlikely to take place
[52, 53]. Known alternative way to compensate oxygen excess refers to the forma-
tion of SrO shear layers, similar to Ruddlesden-Popper (RP) phases [28, 29]. In this
case, the formation of (SrO)RP is also guided by intentional nominal excess of
strontium. Thus, using a standard Kroger-Vink notation, one may assume the
following defect reaction for Sry osTip.90Nbg 10035

(14 ) SrO + 0.05Nb,05 + 0.9 TiO,

— Srd 4 B(StO)*” + 0.8Ti; + 0.1 Ti'r; + 0.1 Nby, +3 0
+0.250,(g) (4.3)

Several nominal A-site stoichiometric compositions also demonstrate an oxygen
content above three, as shown for SrTiggoTag2003+5 and SrgggPro20TiOs45
(Fig. 4.2). In addition to the formation of (SrO)®" planar faults, excessive oxygen
in SrTiggoTag 200315, SrTiggoNbg2005s, and other tantalum-containing A-site
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stoichiometric samples can be accommodated through the formation of Sr,Ta,05-
and Sr,Nb,O;-like layers (O/" ) [54, 55]. This can be represented by the following

layer

defect reaction (Me = Nb or Ta in SrTi;_,Me,O35):

StO+ (z/2)MeOs + (1 —z)TiO, — (1 — (1 —¢)z/2)Srg, + (1 — )z/2) Vi, +
((1—¢)z/2)StOR? + +(1 —2) Tiz; +zMeq, +
(¢2/2)Ofpyer +305
(4.4)

where ¢ denotes the contribution of the above layers, which can be viewed as a
result of cutting the cubic perovskite lattice along the (110) direction and insertion
of additional oxygen [54]. The value of ¢ is expected to increase for higher content
of the B-site donor additive.

Quite similar defect reaction is expected for A-site stoichiometric Pr-substituted
samples Sr;_4Pr,TiO5.s, where accommodation of excessive oxygen can also be
viewed as a combined result of the formation of rock-salt (SrO)RP layers and
structures similar to those described for (La,Sr)TiO5 system [56] as members of
AB,O3,, 5.5 series:

(1 =x)SrO+ (x/2)Pr,05 + TiO; — (1 —x — (1 —)x/2)Sr, + ((1 — )x/2) Vi, +
+ (1 — @)x/2)StOR? +xPrg, + Tig,
+(9x/2)Ojyyer +305

(4.5)

The contribution of these series, which can be described as perovskite slabs
joined by crystallographic shears with excess oxygen (Oigyer), is denoted by ¢ and
may increase for high praseodymium content.

On the contrary, the total oxygen content in A-site deficient compositions is
notable below three (Fig. 4.2), indicating progressive formation of the oxygen
vacancies as a predominant type of oxygen defects under reducing conditions.
Corresponding defect chemistry mechanism involves the formation of cation
vacancies (V") and electronic defects (Ti/Ti) to compensate for donor substitution:

(1—2z/2)StO+ (z/2)MeOs + (1 —z) TiO, — (1 —z/2)Srg, + (z/2) Vg, + zMey; +
(26)Ti'ri ++(1 —z—28)Tig;
+6Vy +(3-6)05 +(6/2)02(g)
(4.6)

In the case of A-site Pr-substituted titanates corresponding defect reaction can be
represented as:
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(1—1.5x)SrO + (x/2)Pr,03 + TiO, — (1 — 1.5x)Srg, + (0.5x) V¢, +xPrg, +
(26)Ti'ti ++(1 —28)Tif, +6Vy +  (4.7)
(3-6)05 +(6/2)01(g)

Additional significant contribution to the formation of oxygen vacancies is
expected due to direct reduction of the titanium cations:

2Tig, + O — 2Ti'ti + V4™ + (6/2)02(g) (4.8)

While the reactions (Eqs. 4.3—4.5) and (Egs. 4.6 and 4.7) describe the defects
formation in Sr-excessive and stoichiometric, and A-site deficient compositions,
correspondingly, the reaction (Eq. 4.8) will contribute for all materials, prepared
under reducing conditions. It should be noticed that the A-site deficiency level in Sr
(Ti,Ta)O3.45 and (Sr,Pr)TiO5.5 sSystems was selected based on nominal compensa-
tion for the excessive charge of the donor additive. In the compositions with gradua