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1.1 Introduction

As one cornerstone of advanced modern technologies, thin films and coatings
have been expanding its scope into varieties of emerging research areas and
developing rapidly to match the requirement from academics and industrials
in the past decades. As elucidated in this book, thin films and coatings that are
never dispensable for the development of modern science and technology will
continuously play the key innovation driving force in the next generation of
computing and information technology, new energy, biology and life science, new
medicines, astronautics and aeronautics, geology and ocean engineering, military
science, etc. Eventually pushed by the requirement of industrial sectors of countries,
the successful application of this field depends intrinsically on the fundamental
progress of the surface/interface science and the precision of the related mass
fabrication technology. This may be the main reason for “the interface is the device”
stated by Herbert Kroemer, the Nobel Prize winner in Physics in 2000 [1, 2] and
for so many Nobel Prize winners in the fields relating to surface/interface science
(e.g. 1930 Nobel Prize winner in Physics Chandrasekhara Venkata Raman; 1981
Nobel Prize winner in Physics Kai Siegbahn; 2007 Nobel Prize winners in Physics
Peter Greenberger and Albert Fert; 2007 Nobel Prize winner in Chemistry Gerhard
Eitel; 2010 Nobel Prize winners in Physics Konstantin Novoselov and Andre
Geim; 2016 Nobel Prize winners in Physics David Thouless, Duncan Haldane,
and Michael Kosterlitz; 2018 Nobel Prize winners in Physics Arthur Ashkin,
Gerard Mourou, and Donna Strickland; from www.nobelprize.org). Thus, it is no
doubt that each innovation in this field generates much profit mainly from the
theoretical breakthrough and the subversive novel concepts in basic physics and
chemistry, particularly the condensed matter physics and interface chemistry, and
the related measurement and characterization technology, besides the invention of
the advanced fabrication and synthesis technology. These innovations will enable
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the discovery of several singular physical phenomena and materials (e.g. topological
semimetals: Dirac semimetal, Weyl semimetal, nodal-line semimetals, and triple
degenerate semimetals [3]; one-dimensional van der Waals [4]). Sequentially, these
innovations promote the application of the finally constructed devices, equipment,
and instruments using thin films and coatings as building blocks extending
into novel fields (e.g. 2D transistor [5], extremely huge magnetoresistance [3]),
and/or upgrading the conventional fields (e.g. rollable optoelectronic devices,
such as flexible and foldable organic light-emitting diode [OLED], and graphene
enforced rubber composites for industrials [6–9]). (https://china.Huanqiu.com/
article/9CaKrnJY80x; http://en.tireworld.com.cn/cnews/201937/6540.html; http://
www.gianroitire.cn/gianroitire/vip_doc/12760379.html). These will lead to the
revolution of modern science and technology and then to societal reform toward
a high-level civilization. Thus, thin films and coatings have been instrumental in
bridging the academic studies and their industrial applications and the society.

Sources, energy, environment, and sustainable development are four fundamental
themes of the society that we use to provide the basic necessities of life: food, cloth-
ing, shelter, and transportation. These themes depend on the continuous technology
innovation in information, transportation, communication, and public health and
safety supported by the basic research in physics, chemistry, biology, and life science.
Now, several issues and crises arise related to source-, energy-, and ecology-related
sustainable development as well as ultrafast and high-throughput communication
related to security, public health, national defense and homeland security, etc. Tech-
nologies derived from thin films and coatings have been used to develop tools.

1.2 Thin Films for the Innovation of Information
Technology

In the development of information technology, in order to satisfy the precise naviga-
tion for the exploration of outer space and the highly efficient nanosatellites, rapid
processing of huge data and long-distance communication are needed, and the
related devices should be as small as possible. With the progress of data processing
and information technology, this requirement is desired not only in astronautics
and aeronautics but also in many other military and society fields, leading to the
formation of subversive concepts in miniaturized devices and the planar fabrication
technology. Finally, silicon-chip-based thin-film fabrication via photolithography
and the subsequent e-beam lithography appears formatting a brand-new industrial
field: microelectronics. This requirement also intensively promoted the basic
research progress in condensed matter physics (e.g. Si-based semiconductors; com-
plementary metal-oxide semiconductors [CMOS]), chip processing technology for
chip-based thin-film devices (e.g. field emission transistor [FET]; vertical transistors
[10]; laser emission diodes [LED]), and microelectronic device assembly (e.g. inte-
grated circuit), and various data and imaging processing technologies (e.g. graphics
processing unit [GPU] derived software) for information technology. Particularly,
several novel physical phenomena or findings related to the surface/interface effects
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are discovered in the thin films constructed by multilayers of magnetic, electronic,
and optical materials, such as magneto-optical effects, giant magnetoresistance
(GMR) effects, colossal magnetoresistance (CMR) effects, and tunneling magne-
toresistance (TMR) effects. A more intensive study was carried out to investigate the
effects of the new physics of these thin films (see Chapters 1, 2, 5, 9, and 10), which
further boosted the fundamental physics progress and simultaneously widened the
range of applications of computer science and communication technology in indus-
trials. As the related large-scale economical fabrication/processing technology was
developed along with the progress and interconnection of the physical technology,
chemistry synthesis, and materials science and engineering, these concepts and
technologies were realized commercially, thus enabling profit generation by the
primarily funded enterprises, which can invest more in basic research and advanced
technology, forming a benign circling of this field.

With the information technology development, more application concepts have
been advanced (e.g. 3D vision and artificial intelligence [AI] technology), and
ultrafast high-throughput data and image processing technology and the related
information security are needed. The current Si-based chip information technology
can no longer satisfy this demand since the integration limited by the feaure size
of the Si-based chip will reach the ceiling against Moore’s law in the near future.
Therefore, more and more novel technical concepts or terms emerge with the rapid
technology evolution, such as quantum computer, quantum regulation, quantum
information, magnetron light quantum, quantum entanglement communication,
and long-distance low-loss optical communication. These concepts have initiated
new findings, technologies, and related theoretical studies, such as spintronics,
spin-orbital coupling, single photo control, the quantum anomalous hall effect
(QAHE), quantum key, room-temperature superconductivity, and high k-space
lasing in a dual-wavelength quantum cascade laser technology.

In the literature, thin films have been reported as important media that can
be used in technologies that need new materials to be further designed. As a
result, many new materials for thin-film devices have been explored, such as
two-dimensional (2D) materials (e.g. graphene [Gp]; black phosphorus: P-Hg;
hexagonal boron nitride [hBN]; transition metal dichalcogenides [TMDs]: WSe2,
MoS2), topological insulators (e.g. (Hg, Cd)Te 2D materials [11] Bi2Se3 nanoribbon
[12]), magnetically doped topological insulators enable the QAHE [13], van der
Waals heterojunctions (more than one single-atom layer of 2D materials organized
using van der Waals force, such as magic-angle graphene [14], TMD/Gp [15],
graphene/hBN [16, 17]), nanostructural hybrid multilayered thin films of high
magneto-optical effects [18–22], metasurface [23–27] and metastructures [28], etc.

Clearly, the development of large-scale thin-film fabrication methods at low cost
is primarily required for high-performance devices fulfilling their industrial applica-
tions. Besides the conventional fabrication methods (e.g. physical vapor deposition,
ion implanting, chemical vapor deposition [CVD], epitaxial growth, nanoimprint-
ing, mechanical exfoliation from bulk crystals), large-scale high-resolution reliable
synthesis and fabrication technology have been developed in the past decades. The
fabrication limit has reached sub-10 nm line precision and then atomic resolution
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fabrication or even subatomic resolution, particularly in the two-dimensional (2D)
materials based thin films [10, 13, 29] or sensing devices based on single molec-
ular assembing thin films [30, 31] or single molecular sensor-assembled thin-film
devices. Two-dimensional materials contain electrons that can only move freely in
non-nanoscale (1–100 nm) objects, such as nanoscale films, superlattices, and quan-
tum wells. Two-dimensional heterojunctions can combine individual layers of dif-
ferent properties in the atom resolution, which can be used to study to study and
understand the exhibited novel physical phenomena that can be further employed
for potential applications. The availability of numerous different 2D materials – with
different band structures, from semimetals to semiconductors to insulators – also
makes it possible to assemble unique materials with well-designed band alignments
[32]. Particularly, 2D materials based on thin films, consisting of 2D heterojunc-
tions/heterostructures formed by atomically thin crystal layers bound by the van der
Waals force, have attracted much interest because of their potential in diverse tech-
nologies, including electronics, optoelectronics, and catalysis. Therefore, 2D thin
films are used as an example to exhibit this prerequisite and their development.

The self-assembly approach to materials synthesis is generally related to the
strong chemical bond to hold different components together (e.g. epitaxial growth
via biaxially textured technology, molecular beam epitaxial and metal organic CVD),
which is usually limited in those materials of highly matched crystal structures and
compatible process. Now, this strategy can be extended to the weak van der Waals
interaction to pre-assemble the chemical building blocks physically to realize the
fabrication without chemical bonds (e.g. van der Waals heterojunctions), which can
avoid the limitations of crystal lattices and manufacturing process [33]. Thus, there
are two important kinds of 2D heterostructural materials that can be developed
conveniently for the fabrication of microstructures for more tunable physico-
chemical properties of thin films and coatings. One is the 2D heterostructures
stacked by strong bonding (e.g. GaN/NbN epitaxial semiconductor/superconductor
heterostructures [34]), and the other is the very popular 2D heterojunctions stacked
by van der Waals force (e.g. magic-angle graphene). The function of the 2D hetero-
junction or heterostructures can be flexibly modified according to the “embedded”
design theory. They can be used to assess and reduce the difficulty encountered
in the bandgap regulation of a single component [16] and the low on/off current
ratio caused by the semimetal nature of single component graphene-based devices
[10]. The “embedded” design theory for 2D heterojunction/heterostructures
can be conveniently used to fabricate novel highly efficient electronic devices
(e.g. vertical transistors formed by graphene/molybdenum ditelluride [MoTe2]) [10]
and optoelectronic devices [13]. Therefore, the “embedded” design theory for 2D
heterojunctions can have fewer components to realize the high-performance analog
signal modulation, avoiding the limit of miniaturization with increasing demand
on energy in the conventional metal oxide semiconductor field-effect transistor
(MOSFET). A wide perspective in the telecommunication field would be developed
due to their vast application in the high-performance analog circuits.

There are currently two kinds of methods that have to be developed here
for the fabrication of the emerging research field of thin films, such as the 2D
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heterojunctions, the topological insulators [35] and the topological semimetals [10]:
One type is the top-down physical methods, such as the intercalation/stripping
method [36] and the liquid-phase [37] or liquid–air interface assemble [38], usually
relating to the progress in physical fabrication. Another type is the “bottom-up”
methods, usually relating to chemistry synthesis, such as the gradually modified
on-surface synthesis technology. These approaches may require the conventional
epitaxial growth (e.g. molecular beam epitaxy [MBE]) process [34] or doping steps
[13] to prepare some of the 2D layers. Of course, the first prerequisite for the
two types of fabrication methods is the 2D materials, many of which have to use
chemistry methods firstly.

Among 2D materials, the 2D semiconductors, such as MoS2 or WSe2, have
great applications in the large-scale thin-film electronics. However, the synthesis
of high-quality soluble-processing 2D semiconductor nanosheets, nanoribbons,
or nanoflakes remains challenging. A general intercalation/stripping approach
was recently developed by Duan and Huang group [36] for the preparation of
highly uniform, solution-processable, phase-pure semiconducting nanosheets.
This process involves the electrochemical intercalation of quaternary ammonium
molecules (such as tetraheptylammonium bromide) into 2D crystals, followed by
a mild sonication and exfoliation process. Phase-pure, semiconducting 2H-MoS2
nanosheets with a narrow thickness distribution can be obtained, which can be
further processed into high-performance thin-film transistors. The structure and
composition of the exfoliated MoS2 nanosheets obtained was characterized by this
approach [36]. The scalable fabrication of large-area arrays of thin film transistors
can be further fabricated, enabling the construction of functional logic gates and
computational circuits, including inverter gates, NAND (neither agree nor disagree
[surveys]) gates, NOR gate, AND (agree nor disagree) gates, and XOR (exclusive-OR)
gates, and a logic half-adder [36]. This kind of solution-processable method can
be extended to fabricate many other high-quality 2D nanosheets for large-scale
electronics, such as WSe2, Bi2Se3, NbSe2, In2Se3, Sb2Te3, and black phosphorus.

In addition, even the traditional method can be further developed into sophisti-
cated technologies by combining them with some advanced instruments in thin-film
fabrication. For example, the “tear and stack” technique for graphene fabrication
[39] can be further developed by combination with layer exfoliation, electron-beam
lithography, and reactive ion etching (RIE) to a modified “tear and stack” technique
for the precise angle control in the fabrication of the stacking 2D superlattices [14].
The success of this method has made it possible to synthesize two different layers
with controlled stacking angles, such as the magic-angle graphene superlattices,
which provide the essential materials to study their correlated insulator behavior
at half-filling in magic-angle graphene superlattices for exotic quantum phenomena
[14] and to reveal their unconventional superconductivity [35].

Even though the epitaxial growth (particularly molecular beam epitaxial growth)
approach is still the main “bottom-up” technology for the 2D films including
semiconductors and their heterojunction and van der Waals heterojunctions [34], a
new bottom-up method, or the on-surface synthesis technology, has been gradually
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developed for large-scale synthesis of 2D heterojunction thin films at atomic preci-
sion (e.g. heterostructural nanoribbon assembled thin films) [29, 40]. This method
entails using the precursors to synthesize ribbons with controlled width and edge
microstructures on the oriented crystal surfaces of the metal substrates. The basic
fabrication steps of the on-surface synthesis process using graphene nanoribbons
(GNRs) as models to produce the prototypical armchair graphene ribbon of width
N = 7 obtained using 10,10′-dibromo-9,9′-bianthryl as precursor are schemed [40].
The metal surfaces are usually very clean Au(111) and Ag(111) single crystals as well
as 200 nm Au(111) thin films that are epitaxially grown on mica for GNR growth.
Thermal sublimation of the monomers onto a solid substrate surface is firstly
conducted to remove their halogen substituents, yielding the molecular building
blocks of the targeted graphene ribbon in the form of surface-stabilized biradical
species. During the first thermal activation step, the biradical species diffuse across
the surface and undergo radical addition reactions to form linear polymer chains
as imprinted by the specific chemical functionality pattern of the monomers.
Then, a surface-assisted cyclodehydrogenation is performed in the second thermal
activation step establishing an extended fully aromatic system. For the fabrication
of straight N = 7 armchair GNRs, the substrate is maintained at 200 ∘C during
monomer deposition to induce dehalogenation and radical addition. After deposi-
tion, the sample is post-annealed at 400 ∘C for 10 minutes to cyclodehydrogenate the
polymers and form GNRs. For the chevron-type GNRs, the preparation is identical
using another precursor monomer 2: 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
monomer, except for the fact that slightly higher substrate temperatures of 250 and
440 ∘C are used during monomer 2 deposition and for post-annealing, respectively.
In both cases, essentially all deposited monomers are attached to the GNRs, spon-
taneously transforming into the desired GNR structures. This approach is versatile
for the on-surface synthesis of GNRs of different widths and edges, controlled by
the monomers and reaction conditions.

Ultrasmall transistors – and thus the next step in the further miniaturization
of electronic circuits – are the obvious application possibilities. Although they
are technically challenging, electronics based on nano-transistors actually work
fundamentally the same as today’s microelectronics. The Empa researchers would
produce transistors with a channel cross section 1000 times smaller than those
typically manufactured today from semiconducting nanoribbons. However, further
possibilities are also feasible, for example, in the fields of spintronics or quantum
informatics [41]. These nanoribbons can self-assemble to dense monolayered thin
films via the well-established self-assembly for the further precise study of their
microstructure dependent properties that some of them may be only theoretically
studied years ago. Thus the on-surface synthesis technology makes it possible
to fabricate the nanostructured thin films at the atomic resolution to realize the
experimental study for some theoretically predicted physical effects or phenomena
in atomic-scale thin films. The typical examples can refer to the different origins of
energy gaps for GNRs with armchair-shaped edges and with zig-zag-shaped edges
calculated by ab initio calculations according to the first-principles approach [42],
and the existence of symmetry-protected topological phases, junction states, and
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spin centers in armchair-edge graphene ribbon systems, and the interesting topolog-
ical phases protected by the spatial symmetries in the chevron GNRs and cove edged
GNRs [43]. The topological nontrivial and trivial study of GNRs [29] can be further
extended due to the success in the precise synthesis of the graphene nanoribbons of
different edge structures and controlled widths (e.g. zig-zag, armchair). Steven G.
Louie advanced the armchair topological band engineering of GNRs, which classify
them as topological nontrivial and topological trivial according to the difference
in the width and the edge microstructure [29]. As the two GNRs of different types
(e.g. nontrivial and trivial) are intersected, the interface state of topology protection
(the zero-energy state) will be formed. The GNR with armchair edge preserves the
width-dependent semiconducting properties, and that with zig-zag edge preserves
the magnetic side. The simulated result suggests that the edge state at the same side
has the same spin states and preserves the ferromagnetic property, while the spin
state of the other edge state is contrary to this edge, leading to the antiferromagnetic
property in the whole ribbon [42].

Besides the abovementioned progress in the fabrication of the 2D heterojunc-
tions or heterojunctions, the liquid–air self-assemble process has been developed
by Christopher B. Murray group 10 years ago [38]. The liquid–air self-assemble
approach can be treated as a cost-efficient and convenient approach by arranging
varieties of monodisperse nanomaterials to form heterogeneous thin films by
adjusting the interface interaction between the nanomaterial solution and the air.
This method straightly expanded the precision of the nanosphere Lithographie, Gal-
vanoformung, Abformung (LIGA) process [44, 45] from several hundred nanome-
ters to 10 nm or higher. Clearly, this approach significantly depends on the synthesis
of monodisperse nanoparticles (NPs) and the matched interface between the
liquid solution and air, which can possibly reach sub-10 nm resolution to assemble
different nanoparticles to varieties of heterogeneous nanoparticle arrayed thin films.

1.3 Thin Films for Ultrasensitive Sensing Devices

One of the main goals to develop large-scale thin-film fabrication methods and
study their structure–property relationship is to manufacture ultrasensitive sensing
devices. Besides the integrated circuit design and manufacture process for their
application in high-performance computers, the assembling and integrating meth-
ods (e.g. microelectronic mechanics [MEMs] approach) are needed to realize their
application in other fields, which can process thin films into active devices and
couple with necessary outer instruments (e.g. display, data processing devices)
even though “interfaces themselves are devices.” With the progress of thin-film
fabrication, processing thin-film based devices into ultrasensitive sensors have
evolved from the traditional MEMs to the advanced nanoelectronic mechanics
(NEMs) and then to atom-scale electronic mechanics (AEMs) or single molecule
electronic mechanics (details can be referred to Chapter 6). In addition, the
continuously developing template-assisted nanoimprinting methods, template
transfer nanoimprinting molding process [18, 20, 22, 46–49], can be conveniently
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coupled with other advanced nanoimprinting approaches (e.g. e-beam LIGA,
super-resolution lithography) due to their flexibility in some special nanostructure
(e.g. nanopore, nanolace) fabrication at large area economically, which can be
used in the sensing film fabrication economically for MEMs, NEMs, and AEMs for
ultrasensitive electronics, optoelectronics, magnetic detectors, and other kinds of
flexible sensors.

One of the important applications in thin films is the flat screen for video
information display. OLED are still the fastest growing technology in the display
industry even though only one chapter in this book discusses one topic related to
this field in this book (referring to Chapter 11) [50]. OLED is an emerging display
technology that enables beautiful and efficient displays and lighting panels. OLEDs
are already being used in many mobile devices and TVs, and the next generation
of these panels will be flexible and bendable. One of the many benefits of OLEDs
includes its manufacturability on rigid (glass) or flexible substrates. A number of
technologies are required for the fabrication of OLEDs on flexible substrates or
foldable OLEDs (FOLEDs). FOLEDs are OLEDs built on nonrigid substrates such
as plastic or metal foil. This enhances the durability and enables conformation to
certain shapes and even repeated bending, rolling, or flexing. FOLEDs, still in their
infancy, will usher in a range of new design possibilities for the display and lighting
industries. Imagine having a mobile phone that looks like a pen but has a bright,
full-color display that rolls in and out for use, which is called the Universal Commu-
nication DeviceTM (UCD). In the future, it may be very common to open a foldable
smartphone from your pocket into a tablet display, to roll up a television into your
pocket, and to use conformable transparent interior lighting panels that could be
unbreakable. These ideas offer, you should believe, a mere glimpse into the wonders
and possibilities that FOLEDs pffer. The market can reach US$ 63 billion in 2030
predicted by IDTechEx company (https://www.idtechex.com/en/research-report/
flexible-printed-oled-displays-2020-2030-forecasts-markets-technologies/693).

Simultaneously, the flexible and wearable devices [51] have also been developed
rapidly together with the progress of flexible OLED technology [50, 52, 53], providing
much convenience in dreaming light and acoustic tasting of new technology making
new life. If we can fabricate these abovementioned 2D materials under the progress
of these thin-film fabrication and device assemble technology, the invention of ultra-
thin flexible and foldable sensing devices and more efficient OLED displays will be
of interest.

In addition, thin films are always associated with nanotechnology and precise
atom manipulation based on interface physics and chemistry. Introducing nanos-
tructures or atomic structures into thin films can even sprout an old academic
field. For example, nanoporous magnetoplasmonic thin films developed by Song’s
group can enhance the amplitude of the Fabry–Perrot interference and tune their
optical oscillating into infrared (IR) range with wavelength at least from optical
range to 2600 nm due to the surface plasmon resonance-enhanced Fabry–Perrot
interference in the nanoporous structures [18, 47]. They also discovered the
optical cavity-enhanced magneto-optical Kerr effect with a distinct reversed
magneto-optical Kerr signal [22] and further improve the Raman scattering signals



1.4 Thin Films for Sustainable Energy Application 9

for biosensors by careful design of pore size, depth, interspacing, and components
of the multilayered nanoporous thin films [54].

Acousto-optical devices, such as modulators, filters, or deflectors, implement a
simple and effective way of light modulation and signal processing techniques. How-
ever, their operation wavelengths are restricted to visible and near-infrared (NIR)
frequency region due to a quadratic decrease of the efficiency of acousto-optical
interaction with the wavelength increase. At the same time, almost all materials
with a high value of acousto-optical figure of merit are nontransparent at wave-
lengths larger than 5 μm, while the transparent materials possess significantly lower
acousto-optical figure of merit. Daria O. Ignatyeva’s group designed a hybrid nanos-
tructural Otto structural thin film to overcome this limit [21]. Their results indicated
that the acousto-optical light can be modulated to the mid-infrared spectral range
(more than 5 μm) by the planar semiconductor structures supporting guided modes
at low loss using this kind of Otto-type multilayered nanostructures (i.e. semicon-
ductor prism/noble metal/acoustic piezoelectric). Belotelov et al. also demonstrated
that magnetic field sensors based on magnetoplasmonic effects can be theoretically
up to a detecting resolution of fT/Hz−1/2 if designing nanostructural thin films with
a high-quality Q factor [19]. We can expect that the detecting resolution for a weak
magnetic field can be further increased, possibly up to aT/Hz−1/2 if other physics
fields (Fabry–Perrot interference, electric field, localized surface plasmon resonance
induced near field) or effects (inversed Hall effect, spin-orbital coupling effect), can
be coupled into the magneto-optical effects. Clearly, success of these devices is the
result of the strength to leverage multiphysics coupling by designing suitable multi-
layered nanostructural thin films. In the future, the combination of nanotechnology
with the multiphysics coupling may address many other limitations in the ultra-
sensitive sensor development by precisely constructing suitable nanostructured thin
films.

1.4 Thin Films for Sustainable Energy Application

The rapid development of human society enforces consumption of more and more
energy and resources. It is difficult for our current science and technology to achieve
zero pollution and perfect recycling, leading to eco-environment deterioration. Now,
people still face resource crisis, energy crisis and ecocrisis. Thin-film technologies
have been impinging into these fields to address some issues in these crises. Facing
the energy crisis, the sustainable and/or zero pollution energy and the related tech-
nology including energy-saving and recovery technology are desired. Solar energy,
geothermal energy, and ocean energy are promising sustainable primary energy, and
hydrogen energy is one of the real zero-pollution potable energy. These technologies
can simultaneously address the eco-crisis because less wastes and environmentally
harmful gases will be discharged into our ecosystem.

The escalating energy demand for efficiently running the modern society requires
the exploration of clean alternative or sustainable energy and the development
of new and effective materials for energy conversion, storage, recovery, and
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transfer. In the past decades, new kinds of solar cells based on thin films and
coatings (e.g. multilayer heterostructure semiconductor coating cells, thin-film
cells, and perovskite coating cells), thermoelectric (TE) thin films, and the related
proton-exchange membranes (PEMs) for hydrogen fuel cells (FCs) have been
developed intensively. In addition, lots of 2D materials (e.g. graphene) have been
used in the fabrication of high-performance film-based electrodes for new batteries,
such as the scaffold or interfacial layer for lithium-metal anodes and the cathode
for Li/Na–O2 batteries in the past decades [55].

The thermoelectric (TE) process is fundamentally a microscopic one involving the
transport and exchange of energy by and between electrons and lattice vibrations or
phonons, in a solid (i.e. TE materials). The TE process is generally based on the
oldest basic thermoelectric phenomena of the Peltier and Seebeck effects [56, 57].
TE generators are fabricated based on the Seebeck effect or an electrical potential
being generated when there is a temperature difference across a piece of TE mate-
rials (e.g. Bi2Te3 [58], PbTe [59], and SiGe [60]). Thermoelectric power generation
has been significantly pioneered by NASA to overcome the energy issue faced by
some special missions, such as the interstellar mission of Voyager-1 launched in
1977. Solar cells and other energy sources are infeasible in this kind of interstel-
lar mission because of the extended distance from the sun or operating on densely
shielded planets. Thus, the radioisotope thermoelectric power generator (RTG) was
invented, by which the heat generated by the radioactive decay of a 238Pu source can
be converted to the electrical power by a thermoelectric generator (http://voyager
.jpl.nasa.gov/index.html). Since then, many other NASA missions have been pow-
ered by RTGs. The most famous example is the Mars Science Laboratory, “Curiosity”
rover (http://mars.nasa.gov/msl).

Thermoelectric generators have been currently much actively being pursued and
used as the main power supply by the National Aeronautics and Space Administra-
tion of many countries in the aeronautic project and the astronautics exploration.
Due to the capability of directly converting heat into electricity by the utilization
of small temperature difference, TE materials have also shown great potential to
generate electricity particularly from the industrial waste heat, geothermal source,
ocean thermal gradient, and body thermal in the past decades. These heat sources
are previously much difficult to be utilized by traditional energy transfer technology.
They are promising materials for power generation from environmentally friendly
sources, thus reducing our dependence on fossil fuels and the associated risk of
a future energy crisis. Inversely, the Peltier effect can provide all-solid-state heat
pumping under electrical activation for climate control, such as Peltier coolers and
portable refrigerators. Peltier coolers are often implemented in a charge-coupled
device (CCD) detectors or in the heat sinks of microprocessors for reliability and
precise temperature control. Due to small size and the absence of moving parts and
hence no vibrations, TE niches and thin films can be used to make portable pic-
nic refrigerators and flexible thermal or electric devices in cooling microelectron-
ics (e.g. CPU chips) and optoelectronics (e.g. infrared detectors, laser diodes) [61].
Most microelectronics and optoelectronics devices require responsive small-scale or
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localized spot cooling that does not impose a large heat load, which is best satisfied
by the thermoelectric refrigeration or coolers [62].

Terrestrial applications of thermoelectric power generation and all-solid-state
heat pumpers have become more pertinent. Their unique features of TE materials
have led to surging interest in the basic research in TE materials and structure
design of high efficiency in the past decade, such as the band structure engineering
and the nanoscale effect in the electron crystal and phonon glass [63–67]. The study
has promoted the mature of the TE materials design and found lots of novel TE
materials, such as varieties of nanocomposites (e.g. lead-antimony-silver-telluride
family: PbTe–AgSbTe2; Pb-chalcogenide nanocomposites), PbTe1−xSex, YB66,
CeFe4Sb12, tetrahedrites (Cu3SbSe4), MgSb2, La, and Fe- or Co-doped Ca–Co–O
misfit-layered cobaltites, and filled skutterudite antimonides [67–70]. Recent
progress in new thermoelectric materials has paved the thin-film power generators
of TE materials, which can be referred to in Chapter 8 of this book for details. Up to
now, TE applications cover a wide spectrum of heat sources, from utilizing environ-
mentally friendly heat sources to generate electricity, to using body heat for portable
electronics, and to using thin-film cooler/generator. The stringent requirements on
the Seebeck coefficient, electrical conductivity, and thermal conductivity that are
necessary to produce good thermoelectric behavior continue to offer challenges and
inspiration to myriad researchers. Thermoelectricity has become a proving ground
for numerous new and innovative concepts in physics, chemistry, and materials
science, including quantum size effects, nanostructuring, phonon-glass–electron
crystal behavior, and large anharmonicity. New knowledge uncovered in these and
other areas is driving improvements in material performance, and the future holds
the promise that highly efficient thermoelectric devices for both power generation
from waste heat and solid-state climate control will become a reality [71]. Given
the progress in the understanding of TE, we still want to mention that no single
technology can meet the world’s energy needs in the twenty-first century. One
needs a combination of many technologies and novel materials into thin films, such
as the solar-thermoelectric hybrid power generator of full band range by using TE
materials and semiconductors together [72].

Solar energy may be the most popular sustainable clean energy on the Earth.
Photovoltaic (PV) technology, such as solar cells harvesting solar energy directly into
electricity, has been developed rapidly in the past decades. Besides the semiconduc-
tor multilayered thin-film solar cells, the perovskite thin-film solar cells are another
viable competitor to the commercially available silicon-based solar cells. Apart from
low-cost, simple device processing and manufacturability combined compatibility
with roll-to-roll processing and fabrication on flexible substrates add to the merits
of the perovskite PV technology by comparing with III–V semiconductor [73–79].
The term “perovskite” was attributed to the crystal structure of calcium titanate
(CaTiO3), which was discovered by the German mineralogist Gustav Rose in 1839
and named in honor of the Russian mineralogist Lev Perovski [80]. The perovskite
solar cells (PSCs) present numerous advantages include unique electronic structure,
bandgap tunability, superior charge transport properties, facile processing, and low
cost [73, 79]. PSCs have demonstrated unprecedented progress in efficiency and its
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architecture evolved over the period of the last decade since 2009, leading to the
advent of new low-cost PV technology. They can be easily fabricated on the flexible
substrates (conductive polymers) by the traditional ink-coating technology and con-
veniently coupled with other technologies and materials (e.g. graphene, semicon-
ductors, ferroelectrics, Si chip) for enhanced performance. Their power conversion
efficiency (PCE) has achieved a high PCE of about 22% in 2016 [79], serving as a
promising candidate with the potential to replace the existing commercial PV tech-
nologies. This breakthrough led to the so-called “perovskite fever” [81], attracting
much research interest in the following years, eventually increasing the efficiency to
a record 22.1% (National Renewable Energy Laboratory [NREL]) in early 2016 [79].

PV technology is a multidisciplinary and versatile field in which lots of novel
advanced technologies can be coupled with varieties of the related targeting materi-
als, the progress of fundamental research, and even the traditional technologies very
well, finding their own strong points and/or creating novel pinpoints to address the
issues in solar cells. Much more advanced design methods (e.g. tandem solar cells
[TSCs], multi-junction cells such as that formed by semiconductors and perovskites)
and fabrication technologies have been invented for the development of more and
more types of perovskites (e.g. metal halide perovskite, perovskite–copper indium
gallium selenide [CIGS]) of high photoelectric effects after 2016.

In March 2018, Jinsong Huang group [82] developed a molecular (i.e.
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino dimethane: F4TCNQ) additive-assisted
strategy for p-type molecular doping of solution-bladed perovskite films (i.e. methy-
lammonium lead iodide: MAPbI3) to address the issue of the mismatched energy
band between the indium tin oxide (ITO) and the perovskite (Figure 1.1a). Their
final fabricated F4TCNQ-doped films exhibiting increased electrical conductivity,
especially at grain boundary regions, and increased charge carrier concentrations
(Figure 1.1b–j). Molecular doping of perovskite film by F4TCNQ led to the consid-
erable enhancement of PV performance from 11.0% to 20.2% [82]. The simple but
effective approach enabled the scalable fabrication of HTL-free PSC devices with
a simplified device geometry using the convenient and economical Doctor blading
and doping fabrication technique (Figure 1.1).

As one emerging PV technology rooted from the Earth-rich element compounds
and the economical and simple solution casting fabrication techniques, PSCs are
expected to realize the economic electricity generation. It plays one of the main roles
to settle the energy crisis and the ecological deterioration once and for all by fully
utilizing solar energy. However, their stability and large-scale fabrication are two
obstacles to commercialization. In September 2018, Hongwei Han’s and Edward
H. Sargent’s group summarized the progress of PSCs again and pinpointed the
challenges for their commercializing [83]. The power transfer efficiency and sta-
bility have been gradually increased after developing various device configurations
(including mesoscopic, planar, triple mesoscopic, and tandem structures) and lots of
highly efficient materials systems in the past few years [83]. The highest laboratory
photoelectric conversion efficiency of PSCs notarized by a third party reached 23.3%
in Sept. 2018, which has exceeded the commercial polycrystalline silicon solar
cells, the CdTe and CIGS thin-film solar cells, exhibiting the commercialization
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Figure 1.1 Doctor blading and doping of perovskite films by F4TCNQ. (a) Schematic
illustration of a doctor-bladed perovskite film and the chemical structure of the F4TCNQ
dopant. (b) Cross-sectional SEM image of the MAPbI3 film deposited directly onto ITO glass
via bladed coating at 150 ∘C, showing the film thickness of around 500 nm. Topography
KPFM images of (c, f) MAPbI3, (d, g) F4TCNQ-doped MAPbI3, and (e, h) F4TCNQ
solid-diffused MAPbI3 films. CPD represents the contact potential difference between the
tip and the sample’s surface. (i) Surface potential profiles of different perovskite films as
indicated. (j) Schematic illustration of the energy diagram and electron transfer process for
MAPbI3:F4TCNQ blends. F4TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino dimethane;
MAPbI3: methylammonium lead iodide; ITO: indium tin oxide. Source: Wu et al. [82].
© 2018, Springer Nature Limited.

perspective and great potential market value. As for the stability of devices, there
are varieties of PSCs showing no distinct efficiency damping after the 10 000 hours’
standard testing under the required testing conditions (e.g. high temperature,
continuous illumination, high humidity) using the simulated sunlight. A 110 m2

perovskite PV system with printable triple mesoscopic PSC modules (3600 cm2 for
each) has been launched by Wonder Solar in China.

According to their configurations and coating components for light harvesting,
these solar cells can be classified as single-junction GaAs cells, multi-junction cells
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(two-terminal, monolithic), crystalline silicon cells, thin-film PVs technologies,
and emerging PVs as reported from the National Center for Photovoltaics (NCPV)
at NREL of the USA (https://www.nrel.gov/pv/cell-efficiency.html). In addition,
there are two key top layers in the multi-junction cells: III–V semiconductor top
coatings and perovskite top coatings. Particularly, the marriage to other advanced
materials (e.g. 2D materials) and the optimized structure design theory have greatly
improved the solar energy transfer efficiency and long lifetime after hastening
varieties of thin-film solar cells, such as the double-junction (noncondensing)
thin-film solar cells and perovskite–silicon stack cells, perovskite-based TSCs, and
organic–inorganic solar cells [73, 74, 79].

After three years’ accumulation in the theoretical and experimental study and the
application transformation since 2016, the PV technology experienced a blowout
development after 2019 that is indeed a great year for solar cells. There are so
many achievements that deserve our consideration, which can encourage us to
have more interest in this vivid field. Some of them will be briefly described as
following. Wei Huang group highlighted the current status and recent advances in
perovskite-based TSCs, including perovskite–silicon, perovskite–perovskite, and
perovskite–CIGS integrations. Figure 1.2 describes the solar efficiency growth of
the three kinds of perovskite-based solar cells in the past 4 years [73], among which
the perovskite–silicon can reach up to 27.1% near to the theoretical limit or the
Shockley–Quiesser limit of 33.16%.

Thereby, more attention has to be paid to TSCs that are suggested as an alternative
to beat the efficiency limit since a maximum efficiency of 42% can be reached if
using two subcells with bandgaps of 1.9 eV/1.0 eV, opening up a great potential to

Perovskite single-junction theoretical limit 33.16%
33

28

26

24

22

20

18

16

14

12

10
2015 2016 2017

Year

27.1% Solliance

25.5% HZB

22.43% UCLA

21.0% UT

23.1% UT

2T Perovskite–Si

4T Perovskite–Si

2T Perovskite–perovskite

4T Perovskite–perovskite

4T Perovskite–CIGS

2T Perovskite–CIGS

23.9% ANU

E
ff
ic

ie
n
c
y
 (

%
)

2018 2019

Figure 1.2 Progress in the efficiency of the perovskite single-junction solar cells in the
past five years. CIGS: copper indium gallium selenide. Source: Hu et al. [73].
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develop perovskite-based TSCs for commercialization [73]. This kind of TSCs can
serve as a promising candidate with the potential to replace the existing commercial
PV technologies in the near future [73], as shown in the progress in the early of the
following year (2020) (https://www.nrel.gov/pv/cell-efficiency.html).

Dion Jacobson (DJ) two-dimensional halide perovskites have been attracting
much attention. However, the barrier thickness of the related quantum well (QW)
is not well-known even though it is key in the design of highly efficient DJ PSCs.
Wei Huang and Yonghua Chen’s group designed the efficient DJ thickness by
regulating the orientation and uniform dispersion of DJ perovskites via the chain
length of large-volume organic ammonium spacers [84]. It was found that the
DJ perovskite could have the suitable QW barrier thickness, excellent orienta-
tion, and more uniformly dispersed QW if using 1.3-propanediamine (PDA) and
1.4-butanediamine (BDA), leading to smooth bandgap transition, longer carrier
diffusion length, higher charger mobility, and lower defect density [84]. Finally, they
successfully fabricated DJ-type PV cells with efficiency up to 16.38% using BDA [84].

It is a substantial challenge to prevent the degradation of metal PSCs by humid air
to improve their stability and lifetime for their future commercialization. Michael
Grätzel’s group invented an intercalation method to improve their stability in humid
air by forming the 3D/2D bilayer perovskite. This method entails introducing a 2D
A2PbI4 perovskite layer by employing pentafluorophenylethyl ammonium (FEA) as
a fluoroarene cation inserted between the three-dimensional (3D) light-harvesting
perovskite film and the hole-transporting material (HTM) [85]. The perfluorinated
benzene moiety confers an ultrahydrophobic character to the spacer layer, protect-
ing the perovskite light-harvesting material from ambient moisture and reducing
the mitigating ionic diffusion in the device. The 2D layer simultaneously enhances
interfacial hole extraction to suppress nonradiative carrier recombination, enabling
a PCE up to 22.09%. Surprisingly, their unsealed 3D/2D PSCs can retain 90% of
their efficiency during PV operation for 1000 hours in humid air under simulated
sunlight.

Rosei and coworkers [86] reported the integrated effects of carbon quantum dots
(C-dots) in the fabrication of high-efficiency inverted plane heterojunctions (PHJ)
PSCs by using C-dots to modify the hole-transporting layer in the plane PSCs.
The PSC efficiency can be up to 16.2% as introducing C-dots onto oxide graphene
layers as the hole-transporting layer, whose efficiency can reach 16.8% under the
UV range if using C-dots as the downshift layer. The introduction of C-dots can
also extract the hole and transfer it to the conductive substrate and delay the charge
recombination, leading to the enhanced stability of PSCs.

Energy loss in the hybrid lead halide perovskite cells is interrelated with the
non-radiation combination in the interface and the perovskite layer. Liao and
coworkers [87] developed a simple but efficient strategy to reduce this loss via
the coupling of the external electric field with the intrinsic doping of ferroelectric
polymer as the interface polar layer. This strategy entails doping a series of polar
ferroelectric (PFE) polymers into the methylammonium lead iodide (MAPbI3) layer
and/or inserting them between the perovskite and the hole-transporting layers
to modify and/or enhance the build-in field (BIF), improve the crystallization
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of MAPbI3, and regulate the non-radiative recombination in PSCs. Doped PFE
polymers can enable MA+ orderly arranged to reduce trap states and optimize the
oriented growth of the perovskite layer. At the same time, inserting PFE into the gap
between the perovskite layer and the hole-transporting layer can enhance the BIF
via the widened depletion region in the cell. The consequently assembled cells
exhibit an open-circuit voltage of 1.14 V and a PCE of 21.38% [87].

Cost is always one main issue for the commercialization of PSCs. For reducing the
materials cost, Mohammad Khaja Nazeeruddin’s group [88] developed the synthe-
sis of three enamine HTMs based on TrçgerQs base scaffold. The best performing
material of HTM3 demonstrated 18.62% PCE in PSCs and presented a markedly
superior long-term stability in nonencapsulated devices [88]. Moreover, the high
glass-transition temperature (176 ∘C) of HTM3 also suggests promising perspectives
in high-temperature device applications of PSCs.

An organic solar cell (OSC) is another promising PV device, particularly for the
flexible potable power providers. Ternary OSCs also show great potential to enhance
the PV property of single-junction OSCs. Liu et al. [89] have prepared a series of
ternary OSCs using the previously developed PM7: ITC-2Cl [89–91] as the main
system, the ultralow-bandgap receptor of IXIC-4Cl as the ternary component. The
active absorbance layer can be up to 1000 nm and the PCE of 15.37% with only
0.42 eV energy loss [89].

It is an efficient method to improve the power transfer efficiency for OSCs by
intensifying the light absorbance through enhancing the intramolecular push–pull
effect of PV materials. However, as for the electron acceptors, the design strategy for
halide molecular usually decreases the molecule energy level, leading to the reduced
open-circuit voltage. Yao et al. [92] designed and synthesized a kind of chloride
non-fullerene acceptor, showing extended optical absorbance and higher voltage
than the fluoride compounds. The chloride non-fullerene acceptor can modify the
short-circuit photocurrent density and the open-circuit voltage, realizing the PCE
of 16.5%. This result indicated that reducing the band gad voltage offset can dra-
matically improve the power transfer efficiency by precisely tuning the organic PV
materials, suggesting the promise of fullerene-free OSCs in practical applications.

The III–V semiconductor solar cells are also one promising type of PV devices
because of their high photoelectric efficiency, power density, and stability. However,
their expensive manufacturing cost severely impedes their commercialization,
partially due to the expensive Ge-based substrates for the epitaxial growth. Oh
and coworkers [93] proposed a germanium-on-nothing (GON) technology to
fabricate ultrathin Ge films for lightweight and thin GaAs solar cells. As shown in
Figure 1.3, the ultrathin epitaxial single crystalline Ge membrane can be formed as
the reusable substrate by utilizing the reorganization of cylindrical pores of porous
Ge films during hydrogen annealing enable the growth and transfer of GaAs cells.
Compared with previous porous Ge studies, the surface quality of reformed Ge can
be significantly improved by engineering the initial pore morphology and surface
passivation before annealing. The GaAs cells growing on the reformed Ge can have
an efficiency of 14.44%, much near to GaAs cells growing on the bulk Ge substrates
(16.53%). Their open-circuit voltage is almost the same as those GaAs cells growing
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on the bulk Ge substrates. This GON technology can reduce the materials cost
distinctly of III–V solar cells.

The requirement for flexible electronic and optoelectronic devices provokes the
development of flexible energy sources. The flexible composite solar cells have
been paid more and more attention recently. With the application of graphene,
CVD graphene and the sponge-like 3D reduced graphene oxide (rGO) have been
used as a sole HTM in the PSCs, exhibiting excellent performance due to their
good deformation features. Cai and Yu in their article on the graphene application
summarized this kind of graphene-based flexible PSCs [94]. Figure 1.4 gives the
layered structure of this kind of graphene-based flexible PSCs (a,b), V–C curves at
different bending radius, and their PCE% and short-circuit currents change with the
bending times, showing good cell performance under various bending angles and
cycles. These Gp-FPSCs shall have great applications in the flexible folded-potable
or wearable electronic and optoelectronic devices [95].

This exciting rapid development of thin-film PSCs continues with the coming of
2020; more and more amazing signs of progress have been achieved. Sargent’s group
[96] designed PbI2−x

x precursor complexes to prepare the metal halide perovskite
nanoflakes (PNPLs) with more uniform multi-quantum well distribution based
on the idea that iodine-based PNPL permitted wide-band absorbance of sunlight,
leading to large Stokes displacement to overcome the bandgap limited absorbance
range of the conventional Br based perovskites. Using these I-based nanoflakes,
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they fabricated the luminous solar concentrator (LSC) to realize the highly efficient
luminescence. The photoluminescence quantum yield (PLQY) of this kind of
thin films can reach up to 56%, and their light scattering efficiency is only 2.0%,
which is 1.3 times of the best 10× 10 cm LSC fabricated under room temperature.
Cost is forever one of the key issues for large-scale application of PSCs. Efficient
electron transport layer-free perovskite solar cells (ETL-free PSCs) due to their
cost-effective and simplified design, highe efficiency, and potential compatibility
greatly demonstrates the large-area flexible application of PSCs.

However, the absence of ETL usually results in the mismatched interface energy
level between the ITO layer and perovskite layer, limiting the charge transfer and
collection, which leads to significant energy loss and low device performance [97].
Ge’s group invented a method to lower the work function of ITO and optimize the
interface energy level alignment by virtue of an inherent dipole by introducing a
polar nonconjugated small-molecule modifier to address this issue. The formed
barrier-free ITO/perovskite interface is a benefit for the efficient charge transfer and
restraining nonradiative recombination, which endows the device with enhanced
open-circuit voltage, short-circuit current density, and fill factor. Consequently,
the PCE of the modified device can reach 20.55%, much higher than 12.81% of
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the ITO-based device, and comparable to state-of-the-art PSCs with an ETL [97].
Moreover, the stability is enhanced with decreased hysteresis effect due to interface
defect passivation and inhibited interface charge accumulation. The key advantages
of the present device design are the high conversion efficiency potential with simple
device structure and the fact that the whole device production process can be
carried out at economical and energy-efficient temperatures. This work facilitates
the further development of highly efficient, flexible, and recyclable ETL-free PSCs
with simplified design and low cost by interface electronic structure engineering
through facile electrode modification.

After 60 years of research, the PCE of Si solar cells is approaching the Auger
recombination-constrained Shockley−Queisser limit of 29.8% [98, 99]. To further
increase the PCE while simultaneously reducing the cost per kWh, new strate-
gies such as tandem configurations have been developed in the past decades.
Organometal-halide perovskite/Si TSCs were proposed as one promising candidate
to surpass Si efficiency records. A TSC consists of two or more cells that are optically
coupled by absorbing different parts of the incident spectrum. This allows for a
more efficient conversion of the broad-band solar spectrum into electric power. In
a two-cell configuration, the high-energy region of the spectrum is absorbed by the
top cell, whereas the transmitted low-energy light is further absorbed by the bottom
cell. Hybrid organic–inorganic perovskite-based cells are especially well suited as a
top cell for Si-based TSCs due to their high charge carrier mobility, high quantum
yield, long diffusion length, sharp absorption edge, and large tunable bandgap cov-
ering almost the entire solar spectrum. Several analyses on the limiting efficiency of
TSCs have been performed using detailed-balance calculations showing efficiencies
up to 69.9% for an infinite number of subcells under 1 sun illumination [100–102].

However, the efficiency of perovskite/Si TSCs is strongly affected by spectral
and temperature changes. Consequently, weather conditions at the specific site
of deployment should be taken into account when designing perovskite/Si TSCs.
Futscher and Ehrler have theoretically suggested in 2016 that perovskite/Si TSCs
with PCE limits above 41% are possible for all three tandem configuration even at
nonideal climate conditions by using a perovskite top cell with the ideal bandgap for
the respective tandem configuration [102]. In addition, it is challenging to mono-
lithically process PSCs directly onto the micrometer-sized texturing on the front
surface of record-high-efficiency amorphous/crystalline silicon heterojunction (SC)
cells, which limits both high temperature and solution processing of the top cells.
The challenge for solar cell design is that both perovskite and Si are finicky. It is
well-known that graphene is a 2D material with unique and powerful electronic
properties. Graphene is notoriously difficult to work with, and perovskites have a
durability issue that needs to be factored into the design. Nevertheless, researchers
have been tinkering around with the graphene–perovskite combo to address these
issues by utilization of their advantages and suppressing their shortcoming by all
in one strategy to fabricate graphene/perovskite/silicon heterojunctions (SCs). To
tackle these hurdles, Di Carlo and coworkers developed a mechanically stacked
two-terminal perovskite/silicon TSC, with the subcells independently fabricated,
optimized, and subsequently coupled by contacting the back electrode of the
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Figure 1.5 Scheme of the microstructure and the graphene-doped mesoporous electron
selective layer mechanically stacked into the perovskite top cell and the silicon bottom
solar cell forming the perovskite/graphene/silicon heterojunction tandem SCs. Source:
Lamana et al. [103].

mesoscopic perovskite top cell with the texturized and metalized front contact
of the silicon bottom cell. The structure and the graphene layer bonding to the
heterojunction are schemed in Figure 1.5 [103].

By minimizing optical losses, as achieved by engineering the hole selective
layer/rear contact structure, and using a graphene-doped mesoporous electron
selective layer (the middle layer between the two layers as shown in the right
image of Figure 1.5), the perovskite top cell reaches better electrical performance
by graphene doping of the electron selective layer [103]. This heterojunction
microstructure design endows a solar cell around those twin challenges and
achieved an impressive solar conversion efficiency of 26.3% (25.9% stabilized) over
an active area of 1.43 cm2, the best solar cell ever of great potential industrialization.

More amazing progress in solar cells is coming in early 2020. On Jan 27, 2020,
NREL of the USA announced that the PCE% of single-junction perovskite–silicon
stack solar cell invented by Berlin Institute of materials, at Helmholtz (HZB,
Germany), has reached 29.15%, exceeding the record of 28% previously reported
by Oxford PV company (https://www.nrel.gov/pv/cell-efficiency.html). At the
same time, groups from Stanford University and Arizona State University declared
that the PCE% of their single-junction PSCs was 25.3%, up to the world record
kept by Massachusetts Institute of Technology and Korea Institute of Chemical
Technology. Finally, and soon, NREL obtained a PCE% of 32.9% in their Double
junction (noncondensing) thin-film solar cells. The PCE% of the single-junction
perovskite–silicon stack solar cells by HZB was further confirmed and authorized
by Fraunhofer Institute of Solar Systems (Germany), updated the record in the
PCE% chart of varieties of solar cells (Figure 1.6) by NREL (https://www.nrel.gov/
pv/cell-efficiency.html; https://www.nrel.gov/pv/assets/pdfs/best-research-cell-
efficiencies.20200128.pdf; https://www.helmholtz-berlin.de/pubbin/news_seite?
nid=21020;sprache=en;seitenid=1). In this design, a special electrode contact layer
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Figure 1.6 Updated solar cell efficiency by NREL in February 2020 for multi-junction cells,
single-junction GaAs cells, crystalline Si cells, cells by thin-film technologies, and cells by
emerging photovoltaic technologies. Safe and stable energy storage devices of high energy
density at low cost are also essential for our routine transportation and other industrial
applications. Varieties of rechargeable supercapacitors and high-performance and
high-volume batteries have been developed, such as Li-S batteries, AIBs, and
graphene-based supercapacitors [55, 104–107]. The recently developed Li/Na-S batteries
and supercapacitors may be the most promising energy storages satisfying these
requirements for the next-generation rechargeable energy storage with the rapid coupling
of 2D thin-film materials into this field [55, 104]. Metal–sulfur batteries hold practical
promise for next-generation batteries because of high energy density and low cost.
Development is impeded at present, however, because of unsatisfied discharge capacity and
stability in long cycling. Combination of experimental and theoretical approaches can be
used to develop insight into the relationship between electrochemical behavior of sulfur
redox and metal stripping-plating and the structural properties of electrode materials. With
metal–sulfur batteries, two-dimensional (2D) thin-film nanomaterials are a suitable model
with which to connect and test experimental results with theoretical predictions and to
explore structure–property relationships. Through the view of combining experimental and
theoretical approaches, sulfur redox conversion on 2D nanomaterials in various reaction
stages was explored, and crucial factors affecting 2D nanomaterials as artificial solid
electrolyte interfaces (SEIs) and host materials in protecting Li and Na metal anodes were
critically unveiled by Shi-Zhang Qiao [55]. It is indicated that Li/Na-sulfur batteries hold
practical promise for next-generation batteries because of high energy density and low
cost. Significant progress has been made in understanding mechanisms of sulfur redox and
metal stripping/plating with a judicious combination of experimental and theoretical
approaches. Two-dimensional (2D) nanomaterials offer a suitable model to correlate
experimental results with theoretical predictions and, importantly, with which to explore
structure–property relationships. Future research effort should focus on the establishment
of correlations between macroscopic conversion kinetics and the electronic structure of the
electrode materials with agreed standards and advanced combined experiments and theory.
In addition, fabrication of three-dimensional (3D) electrodes from 2D materials might be a
promising approach to promote the energy and power densities of the Li/Na-sulfur
batteries and other metal–sulfur batteries. Source: https://www.nrel.gov/pv/cell-efficiency
.html; https://www.nrel.gov/pv/assets/pdfs/ best-research-cell-efficiencies.20200128.pdf.
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was developed for the TSCs, and then, the interface layer was modified. Thus, the
top perovskite layer can utilize the optical range of sunlight, and the bottom Si layer
of a special SiO2 interlayer can transfer most of the IR-NIR light into electric energy,
leading to the enhanced PCE% comparing to each single cells.

This kind of perovskite/graphene/silicon heterojunction tandem SCs have been
fabricated into solar cell modules using the industrial scale fabrication and sealing
process for the three kinds of pre-commercialization life testing. They have success-
fully survived the light resistance test, the damp heat resistance test, and the thermal
cycling test on 23 January 2020, which is the first time for the PSCs to realize this goal
for commercialization. The PSC modules can be either rigid or flexible and either
transparent or semitransparent, which makes them suitable for varieties of applica-
tion scenarios, such as assembling in windows, roof tiles, external wall faces, roads,
sound baffles, and automobile roofs. They can also be colorful via imitation color-
ing by varieties of structure colors made from the nano/microfabrication. As it is
well-known that PSCs and their modules preserve high-efficiency, low-cost process-
ing ability and cheap and rich sources. These marvelous and exciting achievements
make PSCs full of perspective for sooner commercialization and serving renewable
energy for our routine life.

Rechargeable aluminum-ion batteries (AIBs) are regarded as one promising
candidate for post-lithium energy storage systems (ESSs) [107]. For addressing the
critical issues in the current liquid AIB systems, here, a flexible solid-state AIB is
established using a gel-polymer electrolyte (a kind of electric thin films) for achiev-
ing robust electrode–electrolyte interfaces. As shown in Figure 1.7, employment of
polymeric electrolytes mainly focuses on addressing the essential problems in the
liquid AIBs to transfer into the solid AIBs, including unstable internal interfaces
induced by mechanical deformation and production of gases as well as unfavorable
separators, which is much different from the utilization of solid-state systems for
alleviating the safety issues and enhancing energy density in lithium-ion batteries
[107].

Particularly, such gel electrolyte enables the solid-state AIBs to present an
ultrafast charge capability within 10 seconds at a current density of 600 mA/g.
Meanwhile, an impressive specific capacity ≈120 mA/h/g is obtained at a current
density of 60 mA/g, approaching the theoretical limit of graphite-based AIBs. In
addition to the well-retained electrochemical performance below the ice point, the
solid-state AIBs also hold great stability and safety under various critical conditions.
The results suggest that such a new prototype of solid-state AIBs with robust
electrode–electrolyte interfaces promises a novel strategy for fabricating stable and
safe flexible ESSs.

Li storage is one key issue for the fabrication of high-performance Li batteries
with high volumetric energy density. The carbon allotropes are mainly used as
the host materials for reversible lithium uptake in Li-ion batteries [108, 109],
thereby laying the foundations for existing and future electrochemical energy
storage. Recently, the Li storage in layered 2D materials, such as graphene, has been
developed for enhanced Li storage density. However, insight into how lithium is
arranged within these hosts is difficult to obtain from a working system because
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Figure 1.7 Overall
comparison of liquid-state
aluminum-ion batteries
(AIBs) and solid-state AIBs:
(a) Schemes for the
configurations of these two
AIBs. (b) Schemes for
demonstrating the
electrode–electrolyte
interfaces: an unstable
interface based on porous
separator in the liquid-state
AIBs and robust interface
based on the GPE electrolyte
in the solid-state AIBs.
(c) Schemes for illustrating
the production of gases in
the two prototypes of
batteries. Source: Yu et al.
[107].
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the in situ high-resolution transmission electron microscopy (HR-TEM) [110–112]
is not suitable to probe those light element, especially lithium (Li) with atomic
number less than carbon due to their low scattering cross section for impinging
electrons and their susceptibility to knock-on damage [113–115]. This unknown
structure–property relation hinders the design and fabrication of more dense Li
storage for high-performance Li batteries and the related supercapacitors. Jurgen H.
Smet’s and Ute Kaiser’s groups [105] realize the study of the reversible intercalation
of lithium into bilayer graphene by in situ low-voltage transmission electron
microscopy, using both spherical and chromatic aberration correction to enhance
contrast and resolution to the required levels [116]. It is found that lithium atoms
can form a multilayered close-packed order between the two carbon sheets [105].
Consequently, the lithium storage capacity associated with this superdense phase
far exceeds that expected from the formation of LiC6, which is the densest con-
figuration known under normal conditions for lithium intercalation within bulk
graphitic carbon [117]. This finding shall insight the design and fabrication of more
dense Li storage for future high-performance Li batteries.

Supercapacitors are another energy storage mode besides the batteries. Thanks
to their ultrafast rechargeable ability, high power, long-term lifetime, wide working
temperature, and safety, supercapacitors have shown extraordinary promise for
potable miniaturized electronics, hybrid electric vehicles, standby power, and
field power. However, the power density (i.e. power in unit volume) of the elec-
trochemical supercapacitors is relatively lower than the batteries, which restricts
their broader applications, particularly in the potable smart equipment. The power
density of supercapacitors needs to be further improved but is usually limited by
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electrodes with rather low volumetric performance, which is largely due to the
inefficient utilization of pores in charge storage.

Benefited from the progress of the magic materials: graphene and some
graphene-based technologies have been invented to address this issue. Recently, a
freestanding graphene laminate film electrode with highly efficient pore utilization
was developed for the compact capacitive energy storage by precisely tuning the
interlayer spacing of graphene laminate films for optimized porosity [118]. The
preparation process is as follows [118]: The mixture made from graphene oxide
(GO) and thermal expansion reduced graphene (EG) of different ratios were firstly
prepared and then vacuum filtrated to form the composite graphene thin film of
tunable interlayer spacing, whose layered microstructures are characterized by
scanning electronic microscope (SEM). The porosity of the electrode materials can
be optimized by regulating the interlayer spacing. By systematically tailoring the
pore size matching for the electrolyte ions, utilization of pores and their interspac-
ing can be optimized, and thereby, the volumetric capacitance will be maximized.
Consequently, flexible all-solid-state supercapacitors can be fabricated, which can
deliver delivers a stack volumetric energy density of 88.1 Wh/l in an ionic liquid
electrolyte, representing a critical breakthrough for optimizing the porosity toward
compact energy storage [118]. Moreover, the optimized film electrodes exhibit
excellent bending ability due to the intrinsic flexibility of graphene [118]. They can
further be assembled into ionogel-based, all-solid-state, flexible smart devices with
multiple optional outputs and superior stability, demonstrating enormous potential
as a portable assembled to smart devices, realizing varieties of output results by
designing the suitable circuits [118].

Hierarchically ordered structures with low tortuosity, excellent mechanical
flexibility, high optical transparency, and outstanding electrical conductivity are
critically important in developing flexible transparent supercapacitor electrodes
for innovative applications in electronics and displays. Bionic technology has
been recently immersed in the design and fabrication of supercapacitors with
the abovementioned microstructures and properties [106]. The leaf-skeleton
inspired electrodes have been successfully fabricated by a CVD process, which are
reticulated monolithic networks consisting of carbon nanostructures serving as a
3D spongy core and graphene-based films as a protective/conductive shell [106].
The network electrodes show optical transmittance of 85–88%, an electrical sheet
resistance of ∼1.8Ω/sq, and an areal capacitance of 7.06 mF/cm2 (at 0.78 mA/cm2

in a three-electrode cell) in Na2SO4 aqueous electrolyte. Flexible transparent and
symmetric supercapacitors, based on poly(vinyl alcohol) (PVA)/H3PO4 gel and the
network electrodes, possess a stable working voltage of 1.6 V, energy and power
density of 0.068 μWh/cm2 and 47.08 μW/cm2 at an optical transparency of ∼80%,
and no capacitance loss over 30 000 flat-bend-release cycles.

Similar to energy storage and utilization of renewable energy source, energy con-
version technology is also intimately dependent on thin films and coatings. Energy
conversion using electrochemical reactions for fuel cells has attracted increasing
attention because of its advantages over traditional fossil energy sources, such as
renewability, eco-friendliness, and high efficiency, one of whose key components is
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catalytic thin-film based electrodes or catalytic functional PEMs [119, 120]. Among
the fuel cell technology, the PEM fuel cells (FCs) may be one of the promising models
to determine the factors that influence the commercialization for common trans-
portation, which is based on the highly efficient catalyst filling PEM (i.e. Pt catalyst
filling porous Nafion thin films) as the cathodes [121]. PEMs of high electrochem-
ical catalytic performance are particularly desired for the transportation of routine
life using zero-waste-releasing potable fuels with high energy density (i.e. hydrogen)
if considering the ecological issues as burning fuels of different kinds [122, 123].
Hydrogen fuel cell automobiles have become one popular routine transporter in
Japan as Japan has started the FH2R (Fukushima Hydrogen Energy Research Field)
model project since 2018, which is just completed at the end of February 2020. The
FH2R intends to produce 1200 Nm3/hr via a 10 MW water electrolysis system pow-
ered by a 20 MW PV device equipped on the 180 000 m2 field reported from the New
Energy and Industrial Technology Development Organization of Japan in March
2020. This model project realizes the perfect coupling between the potable hydrogen
fuel cell technology and renewable solar cell technology.

The oxygen reduction reaction (ORR) is a critical factor associated with elec-
trochemical energy conversion in fuel cells. It is an important cathode reaction in
many electrochemical energy conversion devices, including hydrogen fuel cells and
direct methanol fuel cells [122, 123]. The main difficulty associated with the ORR is
the sluggish multiple-electron transfer process, which has to be catalyzed typically
by those precious metals such as Pt, Pd, Ru, or their alloys [124–127]. This issue
impedes the future common worldwide application. Therefore, the reduction of
Pt or precious metal load in the cathode for PEM fuel cells but still keeping high
power density is highly needed, particularly reducing the Pt content in the cathode
thin films [128–133]. However, the low Pt content in the cathodes will result in the
high voltage losses that come from the mass transport resistance of O2 through
the platinum–ionomer interface in the PEM, the location of the Pt particle with
respect to the carbon support and the supports’ structures. Strasser and Orfanidi
group recently proposed a new Pt catalyst/support design that substantially reduces
local oxygen-related mass transport resistance [130]. This new design includes
the use of chemically modified carbon supports with tailored porosity enabling
controlled deposition of Pt nanoparticles on the outer and inner surface of the
support particles, resulting in unprecedented uniform coverage of the ionomer over
the high-surface-area carbon support thin films, especially under dry operating con-
ditions. Consequently, the present catalyst design exhibits previously unachieved
fuel cell power densities in addition to high stability under voltage cycling. Owing
to the Coulombic interaction between the ionomer and N groups on the carbon
support thin films, homogeneous ionomer distribution and reproducibility during
the ink manufacturing process for the catalytic polymer thin films can be ensured.

Another alternative is to develop non-precious catalysts, such as some transition
metal (TM) complexes, single-atom catalysts (SACs), or single-site catalysts (SSCs)
[121, 134]. TM complexes have been widely used in physical and biological science,
particularly playing essential roles in catalysis, chemical synthesis, materials
science, photophysics, and bioinorganic chemistry [135–137]. Since 1964, N4
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macrocycles of non-noble metals (e.g. cobalt) based on the organometallic com-
plexes and bionics have been developed as fuel cell cathode catalysts [138]. Various
non-precious earth-abundant metal catalysts, especially those based on transition
metal–nitrogen–carbon (MNC) compounds, have been continuously developed
to address the issues related to the cost and earth-abundant resources, and their
catalytic performance has been gradually enhanced [139–142]. However, these no
precious catalyst-based fuel cells are currently suffering from limited activity, poor
stability, poor durability, limited ability for a large-scale yield of high-performance
catalysts, impeding their sustainable commercial application by replacing those
precious metal catalyst-based fuel cells [128, 143].

Recently, Song’s group presents a simple sequenced ultrasonic atomization
microreaction, pyrolysis, acid leaching, and calcination process for the mass
synthesis of FeNC SSCs with excellent ORR catalytic performance, as shown in
Figure 1.8A [121]. The ultrasonic atomization process provides a huge number of
microreactors to produce the highly dispersed iron precursors. The subsequent
pyrolysis and calcination processes ensure that the iron atoms are conjugated
to nitrogen ligands, anchoring them onto carbon black. This synthesis system is
eco-friendly by only using water and ethanol as solvents and does not generate
pollutant emissions. A combination of various microstructure and composition
characterization of these catalysts and the related ORR performance based on these
catalysts filling proton-exchange Nafion membrane suggest that the active centers
root in the single-atom Fe sites chelating to the fourfold pyridinic N atoms or
calling as SSCs. Their electrochemical catalytic ORR performance outperforms the
commercial Pt/C catalysts, having much enhanced halfwave potential and kinetic
current density (Figure 1.8B) and the substantially enhanced long-term stability and
outstanding tolerance to methanol (Figure 1.8B). This synthetic strategy provides a
new general method for the eco-friendly large-scale synthesis of high-performance
single-atom catalysts for fuel cells.

In addition, even though the large-scale production of hydrogen has recently
been realized, the electrocatalysis for water splitting reaction, including hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER), is still depend-
ing on the catalytic proton-exchange Nafion thin films filled with Pt or other
precious-metal-based catalysts. Therefore, similar to those catalysts for the catalytic
thin films in ORR, reducing the precious metal loading in catalytic thin films or
developing non-precious-metal-based catalysts for HER and OER are desired to
further reduce the price of hydrogen as the economic portable fuel [127, 144, 145].
The late strategy is most desired since those precious metals particularly for Pt
are nonrecyclable Earth-deficient sources. In particular, for both the OER and
HER in electrolysis, it is necessary to develop non-precious, efficient, and durable
catalysts. Considering the cost and yield efficiency, it is greatly desired for highly
efficient bifunctional catalysts for overall water splitting in an alkaline medium.
The transition metal oxides, metal sulfides, metal phosphides, layered bimetallic
hydroxide (LDH), and metal alloys have been investigated as the catalysts for OER
and HER, whose catalytic performance can be improved through morphology
engineering, composite, and doping technology. Particularly, FeNi alloy and their
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Figure 1.8 (A) Schematic of the preparation of FeNC SACs by ultrasonic atomization in
conjunction with pyrolysis and calcination. (B) Evaluation of electrochemical performance
on FeNC, FeNC SACs, and 20% Pt/C catalysts. (a) Linear sweep voltammetry (LSV) curves,
(b) comparison of halfwave potential (E1/2) and kinetic current density (Jk), (c) Tafel plots,
(d) Nyquist plots obtained by electrochemical impedance spectroscopy (EIS), (e) relative
current density–time curves of FeNC SACs and 20 wt% Pt/C catalysts at 0.6 V with methanol
injection, and (f) relative current density–time curves at 0.6 V for 36 000 seconds (10 hours).
Source: Ma et al. [121].

LDH preserve OER and HER bifunctions in the same reaction medium, having
been studied intensively. It was also found that CoFe LDH, CoMn LDH, CuCoO
nanowires, FeCoOH, Cu@CoFe, and NiMo nanorods have OER and HER bifunc-
tion. Recently, Inamdar et al. developed another robust non-precious copper–iron
(CuFe) bimetallic composite that can be used as a highly efficient bifunctional
catalyst for overall water splitting in an alkaline medium. Their catalyst exhibits
outstanding OER and HER activity, and very low OER and HER overpotentials (218
and 158 mV, respectively) are necessary to attain a current density of 10 mA/cm2

[144]. When used in a two-electrode water electrolyzer system for overall water
splitting, it not only achieves high durability (even at a very high current density of
100 mA/cm2) but also reduces the potential required to split water into oxygen and
hydrogen at 10 mA/cm2 to 1.64 V for 100 hours of continuous operation.

Many 2D materials, such as MoS2, have been studied for catalyzing the HER of
water, showing great promise as a cost-effective alternative to Pt even though the
current catalytic efficiency is still worse than that of Pt. [146, 147] Cao and cowork-
ers recently report a strategy to enable the catalytic activity of monolayer MoS2 films
that are even better than that of Pt via engineering the interface interaction of the
monolayer with supporting substrates [146]. The monolayer films were grown with
CVD processes and controlled to have an optimal density (7–10%) of sulfur vacan-
cies. They found that the catalytic activity of MoS2 could be affected by substrates
in two ways: forming an interfacial tunneling barrier with MoS2 and modifying the
chemical nature of MoS2 via charge transfer. Thus, excellent catalytic activities at the
monolayer MoS2 films can be obtained by using substrates that can provide n-doping
to MoS2 and form low interfacial tunneling barriers with MoS2 (e.g. Ti). The cat-
alytic performance may be further boosted to be even better than Pt by crumpling
the films on Ti-coated flexible polymer substrates, as the Tafel slope of the film is
substantially decreased with the presence of crumpling-induced compressive strain.
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The monolayer MoS2 films show no degradation in catalytic performance after being
continuously tested for over two months.

Another kind of thin-film electrode for water splitting, which can be a poten-
tial candidate to replace the precious metal catalyst-based electrode is based on
TM-based nanocatalysts. They have been attracting great attention due to their low
cost and abundance as compared with those precious-metal-based catalysts, but
their low performance (particularly insufficient activity) still remains a challenge.
Many strategies (e.g. size, shape, hierarchical structure, and composition control)
have been developed to improve their performance in the past few years. One
example of the progress in these TM-based nanocatalysts is the 4 nm Mn3O4
nanoparticles (NPs) developed recently by Nam and coworkers [148]. It is con-
firmed that the overall increase in the active surface area is distinctly related to the
superb catalytic activity of the 4 nm Mn3O4 NPs by comparing them with those 8 nm
species. To further enhance the OER performance, the interface interaction between
the catalysts and the support should be optimized. As expected, introducing of Ni
foam substrate can indeed maximize the entire number of the NPs participating in
OER. An outstanding electrocatalytic activity for OER was obtained using the 4 nm
Mn3O4/Ni foam electrode, with an overpotential of 395 mV at a current density of
10 mA/cm2 under neutral conditions (0.5 M phosphate buffer saline (PBS), pH 7).

1.5 Thin Films and Coatings for Key Sources
and Ecological Environment of Earth

Water is the first key source for all organisms on Earth [149, 150]. Even though 71%
of Earth’s surface is covered by ocean, only 2.53% of water is fresh water that is not
the uniform distribution in the earth. Many areas are very deficient of fresh water,
such as the Sahara and many countries in Africa, the Middle-East areas, California
and Nevada of the USA, North and Northwest District of China, and most isolated
islands. Water has played a key role in social and national security in the history of
human beings [149, 150]. In order to resolve the freshwater shortage, governments
have invested lots in many huge projects, such as the partly-finished South-to-North
Water Diversion Project in China. While the USA has paid attention to desalination
technology, to obtain fresh water from the ocean or brackish water has been on the
watch by the USA government to address the water shortage in California since
the 1950s [151–153]. The reverse osmosis technology based on highly efficient
permeability membranes (e.g. reverse osmosis thin-film composite membrane)
emerges as the times require insight from the semipermeability of animal bladders
[153]. Dr. Song has systemically summarized the progress of permeable membranes
in his dissertation in 2000 [153]. With the rapid development of new separation
concept, novel membrane materials science, advanced fabrication technology, and
automatic control engineering in the past two decades, great progress has been
achieved in membrane science and separation technology [151, 154–162]. Because
of varieties of advantages of select osmotic membrane technologies (e.g. the high
selectivity [based on molecule weight, geometry, affinity, and configuration] and
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permeability, the possibility non-phase transformation or controlled phase change
during separation, noncontact and temperature difference between products and
feeds, the possibility for nonthermal exchange process, and low operation cost), lots
of permeable membranes or related separation technologies have been invented
for the separation, purification, and concentration of desired products in almost
all industry involving the fluids (gas or liquid), particularly foods, pharmacy,
gas separation, chemical engineering, petroleum refining, chemistry synthesis,
environment protection, and waste recycling and reutilization [149, 152, 154–165].

When using a membrane to separate materials, the efficiency of the separation is
limited by how fast the gas or liquid passes through the membrane and by how selec-
tive it is. Thinner membranes usually allow for faster flow rates but are usually less
selective and strength. In order to increase the flux without loss of selectivity, many
technologies and membrane materials have been invented in the past decade. The
most impressive progress may be the incorporation of the magic two-dimensional
(2D) materials [166–171] and/or varieties of carbon allotropes (i.e. porous carbon,
graphene, carbon nanotube) into the thin-film composite membranes that have
greatly addressed the trade-off between selectivity and permeability, one of the
main issues in the membrane materials development [149, 154, 156, 164, 172, 173].
Particularly, graphene – with great mechanical strength, chemical stability, and
inherent impermeability – offers a unique 2D system with which to realize this
membrane and study the mass transport. One sophisticated perforating strategy
to maintain the selectivity without losing permeability was successfully developed
by Celebi et al. [174], which entails the precisely drilling holes of controlled
diameter in a graphene sheet about two layers thick, up to a few million pores
with narrowly distributed diameters between less than 10 nm and 1 μm. For
such a thin membrane, the primary barriers to separation come from entrance
and exit from the holes and not from the motion through the membrane, which
can have highly efficient mass transfer across physically perforated double-layer
graphene but still maintain a high selectivity. The measured transport rates are
in agreement with predictions of 2D transport theories. Attributed to its atomic
thicknesses, these porous graphene membranes show higher permeance of gas,
liquid, and water vapor far in excess of those shown by finite-thickness membranes,
highlighting the ultimate permeation these 2D membranes can provide. Varieties
of graphene-based (including GO: partially oxidized and stacked sheets of graphene
[175]) thin-film composite membranes have been developed, which can possibly
address this issue and has reached the separation resolution of molecule/ion sieving
ability in the selectivity [149, 156, 164, 172, 173]. Two-dimensional materials such
as graphene and graphene oxide membranes (GOMs) [175], MoS2, can provide
ultrathin, high-flux, and energy-efficient membranes possible with ångström-scale
channels with atomically flat walls for precise ionic and/or molecular sieving in
aqueous solutions [166, 169–171, 176, 177] and gas-phase (e.g. H2 or He) separation
[167, 168, 178]. These materials have been made into varieties of thin films and
coating of different microstructures and layers, showing potential in a variety of
applications, including water desalination and purification [179–181] and gas and
ion separation [160, 167, 168, 178, 182–184]
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However, there are still lots of work to do in the controlled modification of 2D
materials for highly efficient permeable membranes to overcome their intrinsic
limitation, for example, graphene, unlike the pores of carbon nanotube membranes
that have fixed sizes, while the pores of GOMs and the interlayer spacing between
GO sheets are of variable size [185], and it is difficult to reduce the interlayer
spacing sufficiently to exclude small ions and to maintain this spacing against the
tendency of GOMs to swell when immersed into aqueous solution [186]. These chal-
lenges hinder the potential ion filtration applications of GOMs. In 2017, Fang and
coworkers [160] developed a cationic control strategy to tune the interlayer spacing
of GOMs with ångström (Å) precision using K+, Na+, Ca2+, Li+, or Mg2+ ions.
Membrane spacings controlled by one type of cation can efficiently and selectively
exclude other cations that have larger hydrated volumes. Using this strategy, they
fabricated centimeter-scale GOMs on ceramic supports experimentally, achieving
facile and precise control of the interlayer spacing, with a precision of down to 1 Å,
and corresponding ion rejection, through the addition of one kind of cation (e.g.
K+) [160]. This method is based on the understanding of the strong noncovalent
hydrated cation–π interactions between hydrated cations and the aromatic ring,
indicating that other ions could be used to produce a wider range of interlayer spac-
ings [160]. Generally, this method provokes a step toward graphene-oxide-based
thin-film applications, such as water desalination and gas purification, sol-
vent dehydration, lithium-based batteries and supercapacitors, and molecular
sieving.

Freshwater flux and energy consumption are two important benchmarks for
the membrane desalination process. Nanoporous carbon composite membranes
have been developed by Sheng’s group in April 2018 [156], which comprise a
layer of porous carbon fiber structures grown on a porous ceramic substrate,
showing 100% desalination and a freshwater flux of 3–20 times higher than existing
polymeric membranes. Thermal accounting experiments demonstrated that the
carbon composite membrane could save over 80% of the latent heat consumption.
Conventional technology for the purification of organic solvents requires massive
energy consumption, as well as to reduce such expending calls for efficient filtration
membranes capable of high retention of large molecular solutes and high perme-
ance for solvents. In September 2019, Tang’s group [161] reported a surface-initiated
polymerization strategy through C–C coupling reactions for preparing conjugated
microporous polymer (CMP) membranes of high resistance to organic solvents due
to the all-rigid conjugated systems in the backbone of the membranes. The prepared
42-nm-thick CMP membranes supported on polyacrylonitrile substrates exhibited
excellent retention of solutes and broad-spectrum nanofiltration in both nonpolar
hexane and polar methanol, the permeance for which reaches 32 and 22 l/m2/h/bar,
respectively.

Besides this issue, antifouling may forever be one of the main issues during the
long-term operation, particularly biofouling, which will result in the flux reduction,
the deterioration of selectivity, and/or the broken of membranes, finally leading to a
short lifetime of membranes [163, 187]. Many novel methods have been invented in
resolving the membrane fouling problem [163, 187].
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Another interesting innovative technology in clean water production using
membrane separation technology should be the bionic-plant-leaf-inspired
sunlight-driven purifier for high-efficiency clean water production [155]. It is
well-known that the transpiration and guttation process of natural vascular
plant leaves can produce tons of clean water via osmotic pressure differences
powered by sunlight. Inspired by this transpiration and guttation process, a
sunlight-driven purifier is designed for high-efficiency water purification and
production. This sunlight driven purifier is constructed by a negative temperature
response poly(N-isopropylacrylamide) (PNIPAm) (PN) hydrogel anchored onto
a superhydrophilic melamine foam skeleton, and a layer of PNIPAm modified
graphene (PG) filter membrane coated outside. Molecular dynamics simulation
and experimental results show that the superhydrophilicity of the relatively rigid
melamine skeleton significantly accelerates the swelling/deswelling rate of the
poly (isopropylacrylamide) (PNIPAm) (PN) and PNIPAm modified graphene
(PG) -filter (PNPG-F) purifier. Under one sun, this rational engineered structure
offers a collection of 4.2 kg/m2/h and an ionic rejection of >99% for a single poly
(N-isopropylacrylamide) (PNIPAm) (PN) and PNIPAm modified graphene (PG)
(PNPG) filter from brine feed via the cooperation of transpiration and guttation. It
is envisioned that such a high-efficiency sunlight-driven system could have great
potential applications in diverse water treatments.

Besides the freshwater resource crisis, another great challenge before people may
be the deterioration of our ecology and environment, particularly the atmospheric
pollution that is mainly resulted from more and more toxic gas releasing and
greenhouse gas emissions. One strategy to reduce the pollution of these gases
is to resource them, such as reducing CO2 into ethylene or CO into methanol.
Lots of resource technologies have been developed in the past decades. The
electrochemical reduction reaction of CO2 (CO2RR) may be the most promising
method to fulfill this issue by transferring CO2 into chemical resources (e.g. urea,
merlon, ethylene) or synfuels (e.g. methane, methanol) [188–191]. The key to this
technology is to find the catalysts of high efficiency and low cost to replace the
expensive precious-metal-based species. Carbon-based solid-state catalyst materials
containing small amounts of nitrogen and TM have emerged as a selective and
cost-efficient alternative to noble metal catalysts for the direct electrochemical
reduction of CO2 into CO, formic acid, or methane. Recently, Ana Sofia Varela and
Peter Strasser summarized the recent progress of MNC catalysts for the CO2RR
[190]. There is a growing interest in MNC materials as catalysts for the CO2RR,
given their remarkably high activities and selectivity toward CO formation, their
ability to form “beyond CO” hydrocarbons, and their affordable synthesis methods.
Studies have shown that the metal center plays a crucial role in determining the
catalytic performance of the material. For instance, Fe has been shown to produce
CO selectively at low overpotentials and to have the ability to reduce CO further
to traces of CH4 [192], whereas Ni-containing materials have been reported as
highly selective toward CO production. They have mentioned that the density
functional theory-guided experimental studies could provide the elucidation of key
experimental parameters and molecular descriptors. The catalytic performance in
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the presence of different metals can be rationalized based on the binding energy
between the metal center and the reaction intermediates, which might promote the
activity and selectivity of the MNC catalysts for future highly efficient nonprecious
catalyst development. In this review, it is further pinpointed that there are still
several key scientific issues that deserved to be deeply studied in this emerging
field. One is the nature of the active sites. Understanding the role of all the possible
active sites will be crucial for designing optimal catalysts containing highly active
and selective catalytic sites. One needs new instruments for this active site study.
The second issue is how to optimize the reaction conditions since they play a major
role in the catalytic process besides the catalyst structure and composition. For
instance, working in acidic pH favors the competing process of the HER reducing
the selectivity toward the CO2RR. Therefore, it would be desired to work in neutral
or alkaline pH values to have a highly selective process. Another important factor
to consider is the accessibility of the active sites. When working with a highly active
catalyst, the CO2RR can be limited by the transport of CO2 to the active sites. In
this regard, the structure of carbon support plays a crucial role in the transport of
CO2 through the catalyst layer. The low CO2 solubility, however, is also a major
reason for mass transport limitations. Therefore, in general, we have to determine
the reaction conditions that are practical for the catalytic screening based on their
industrial application. For an instance, the use of gas diffusion electrodes (GDEs)
can help to overcome the pH limitations by having the gas stream and electrolyte
stream separated by the electrode, which preserve a more realistic assessment of
the catalytic performance of a given material for the CO2RR at a large scale if the
screening is carried out using GDE electrolyzers.

1.6 Thin Films and Coatings for Biomedical Engineering
and Life Science

Polymers and biomass form an integral part of our existence and everything that
surrounds us – from the basic building blocks of life constituting of proteins, nucleic
acids, and polysaccharides to the commercial products obtained from automobile,
construction and transportation industries, plastic toys and tools, reading glasses,
etc. Most of these materials are composed of a combination of one or more mate-
rials to form polymer composites. And a film made of a polymer as a matrix or a
carrier is referred to as a polymer-based film. Due to its excellent composite prop-
erties and processing diversity, polymer films have been increasingly employed in
production and are gradually applied to defense, transportation, aerospace, marine
engineering, and other fields (e.g. thin films for artificial intelligence). Many func-
tional polymers, particularly biodegradable species, have been fabricated into thin
films and coatings of special surface patterns as biosensors or other kinds of func-
tions (antibacterial, antifouling) for biomedical engineering and life science [187,
193–196]. In this book, the polymer-based films for artificial intelligence, selective
permeable thin films and their applications for water purification and wastewa-
ter treatment, biomass-derived functional films, and anti-marine corrosion coatings
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have been summarized in details in Chapters 13, 14, 15, and 19, respectively. Here,
we will briefly introduce some other interesting progress of polymeric thin films and
coatings for biomedical engineering and life science.

One of them is the thin films formed via self-assembly of biocompatible or
biodegradable hyperbranched polymers (HBPs), which have lots of cytomimetic
applications, summarized by Jin et al. [197] The HBPs have demonstrated great
potential to be used as model membranes to mimic cellular behaviors, such as
fusion, fission, and cell aggregation via self-assembly into varieties of sizes, shapes,
and structures, such as honeycomb structures. Natural honeycomb structures are
usually observed in plants or beehives with a columnar and hexagonal array of
hollow cells formed between thin vertical walls. Now, many synthetic honeycomb
films can be prepared through the self-assembly of homopolymers, linear block
copolymers, and star copolymers according to a breath-figure technique. The
amphiphilic HBPs could self-assemble into honeycomb-like microporous films
by the slow evaporation of a chloroform solution of the precursors in a humid
atmosphere. The pore diameter could be controlled easily by adjusting the casting
volume, polymer concentration, molecular weight, and so forth.

Another interesting progress is the relation between the polymers and nanopar-
ticles for biomedicines, such as the antibacterial dressing [193], the formation the
surface patterning of nanoparticles with polymer patches as biosensors [198], and
artificial electronic skins [199]. Patterning of colloidal particles with chemically or
topographically distinct surface domains (patches) has attracted intense research
interest [198]. Surface-patterned particles act as colloidal analogs of atoms and
molecules, serve as model systems in studies of phase transitions in liquid systems,
behave as “colloidal surfactants,” and function as templates for the synthesis of
hybrid particles. Although the fabrication of micrometer- and submicrometer-sized
patchy colloids has been matured, it is still difficult to prepare the patched surface
patterns from inorganic nanoparticles of tens of nanometers. These inorganic
nanoparticles exhibit size- and shape-dependent optical, electronic, and magnetic
properties, and their assemblies show new collective properties [200]. Nanoparticle
patterning is usually limited to the generation of two-patch nanoparticles [201–203]
and nanoparticles with surface ripples [204] or a “raspberry” [205]surface morphol-
ogy. Choueiri et al. invented a method to precisely prepare nanoparticle surface
patterning utilizing thermodynamically driven segregation of polymer ligands from
a uniform polymer brush into surface-pinned micelles following a change in solvent
quality [198]. Patch formation is reversible but can be permanently preserved using
a photocrosslinking step, which would suppress nanoparticle assembly and enable
the utilization of solutions with a higher nanoparticle concentration, thereby
increasing the yield of patchy nanoparticles. This methodology offers the ability
to control the dimensions of patches, their spatial distribution, and the number of
patches per nanoparticle. These patchy nanocolloids have potential applications in
fundamental research, the self-assembly of nanomaterials, diagnostics, sensing, and
colloidal stabilization [198]. Patterning of multicomponent nanoparticles and the
self-assembly of patterned nanoparticles into complex, hierarchical structures can
be further explored by some other kinds of surface modification methods, such as
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surface grafting. Furthermore, due to the progress in the synthesis of nanoparticles
of different sizes, shapes, and structures, the proposed strategy should enable
fundamental studies of polymer segregation on surfaces with large curvatures or
surfaces with multiple curvatures.

Silk protein is one of the promising biodegradable and biocompatible materials
as substrates for electronic devices in artificial intelligence, such as on-skin and
implantable electronic devices. However, its intrinsic brittleness and poor thermal
stability limit its applications. Recently, robust and heat-resistant silk fibroin com-
posite membranes (SFCMs) are synthesized by mesoscopic doping of regenerated
silk fibroin via the strong interactions between silk fibroin (SF) and polyurethane
invented by Guo and coworkers [199]. The schemed process to fabricate the inte-
grated protein-based electronic skin (PBES) via SFCMs is illustrated in Figure 1.9
[199].

Some traditional micromachining techniques, such as inkjet printing, can be
used to print flexible circuits on such protein substrates (Figure 1.9a). The obtained
SFCMs can endure the tensile test more than 200% and the thermal resistance
up to 160 ∘C. Based on this substrate, Ag nanofibers (NFs) and Pt NFs networks
have been successfully embedded onto both sides of the SFCMs as heaters and
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Network transferring
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Dialysis Modification Film formation

PU
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Figure 1.9 Fabrication of PBES based on SFCM. (a) Schematic illustration of the
preparation of flexible transparent SFCM; (b) schematic illustration of the fabrication of
PBES realizing heating and temperature detection; (c) photographic images of the PBES
attaching to the human neck and hand closely. Source: Huang et al. [199].
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temperature sensors, respectively (Figure 1.9b,c). The integrated PBES exhibits high
thermal stability and temperature sensitivity (0.205%/∘C). Heating and temperature
distribution detection are realized by array-type PBES, contributing to potential
applications in dredging the blood vessel for alleviating arthritis (Figure 1.9c). This
PBES is both inflammation-free and air-permeable, which can directly be laminated
onto human skin for long-term thermal management.

Single-molecule detection is vital for basic research and practical applications in
nanobiotechnology and nanomedicine [206]. Fabrication techniques that yield sen-
sors with repeatable performance are critical to the sensitive detection and precise
control of biomolecules [194, 207]. One way is to fabricate bio-wells as small as pos-
sible to only save one or several biomolecules [194]; another way to exert control on a
biomolecule is to use guiding structures to impose a change in shape or behavior on
the molecule of interest [194, 206, 207]. Nanopore or nanocavity thin films provide
nanoscale channels or femtoliter volume, which are now well established as possi-
ble single-biomolecule sensors label-free or not, which hold great promise as sensing
elements in diagnostic and gene sequencing applications [194, 206, 207]. Nanopore
technology is particularly attractive for DNA sequencing because of its potential
advantages, which include long reads and high speed [206]. Single nanopores can
be used for highly sensitive detection of DNA by threading the polymer through
the pore, blocking some of the electrical current that normally would pass through
the pore. Usually, the nanopore or cavity thin films can be fabricated by traditional
e-beam and RIE processes [194, 206, 207]. However, this promise has been limited
by the expensive, labor-intensive, and low-yield methods used to fabricate low-noise
and precisely sized pores or cavities [207].

Nanoscale preconfinement of DNA is shown to reduce the variation of passage
times through solid-state nanopores. Preconfinement is previously achieved by
forming a femtoliter-sized cavity capped with a highly porous layer of nanoporous
silicon nitride (NPN). This cavity is formed by sealing an NPN nanofilter membrane
against a substrate chip using water vapor delamination. However, this method
of fabrication cannot keep a consistent spacing between the filter and solid-state
nanopore due to thermal fluctuations and wrinkles in the membrane, nor can
it be fabricated on thousands of individual devices reliably. To overcome these
issues, McGrath and coworkers advanced a new process to fabricate the femtoliter
cavity monolithically using a selective xenon difluoride (XeF2) etch to hollow out
a polysilicon (poly-Si) spacer sandwiched between silicon nitride (SiNx) layers,
as schemed in Figure 1.10 [194]. These monolithically fabricated cavities behave
identically to their counterparts formed by vapor delamination, exhibiting similar
translocation passage time variation reduction and folding suppression of DNA
without requiring extensive manual assembly. The ability to form nanocavity
sensors with nanometer-scale precision and to reliably manufacture them at scale
using batch wafer processing techniques will find numerous applications, including
motion control of polymers for single-molecule detection applications, filtering of
dirty samples prior to nanopore detection, and simple fabrication of single-molecule
nanobioreactors.
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Figure 1.10 Monolithically created femtoliter cavity process flow. (a) pnc-Si is formed as a
hard mask over the thin-film stack with RTP and (b) lithographically patterned. (c) The
exposed capping SiO2 layer is removed using an ammonium bifluoride wet etch. (d) The
nanopore pattern is transferred into the prefilter layer using an RIE process (SF6 +O2),
forming NPN in the desired cavity geometry. (e) After an EDP etch to create access to the
backside of the device, (f) the femtoliter cavity is formed through the use of XeF2, which
enters through the NPN and hollows out the poly-Si layer between the NPN and the
sensing SiNx membrane (15 nm). The remaining pnc-Si and SiO2 are also concurrently
removed. (g) Finally, the cavity is wetted, and then, a sensing nanopore is formed in the
sensing membrane layer via CBD. Source: Madejski et al. [194].

To address the problem for the nanopore membrane fabrication, Goto et al.
have been developing a controlled dielectric breakdown process to enable rapid
nanopore fabrication since 2016, and now, this process can offer an upgraded
method to fabricate nanopore membranes for DNA-sequencing technology
[206, 208]. Recently, Waugh et al. proposed another low-cost and scalable solid-state
nanopore fabrication method, termed controlled breakdown (CBD), which is
rapidly becoming the method of choice for fabricating solid-state nanopores. Since
its initial development, nanopore research groups around the world have applied
and adapted the CBD method in a variety of ways, with varying levels of success that
present their accumulated knowledge of nanopore fabrication by CBD, including a
detailed description of the instrumentation, software, and procedures required to
reliably fabricate low-noise and precisely sized solid-state nanopores with a yield of
>85% in less than one hour. The general platform for this method is illustrated by
Waugh et al. [207]. Unlike traditional beam-based nanopore fabrication technolo-
gies, the methods presented here are low-cost and low technical barriers for the
fabrication of nanoscale pores in thin solid-state membranes, which is accessible for
non-experts.

In addition, Song and coworkers, also developed an alternative method to fabricate
nanopore membranes of controlled sizes, shapes, and substrates, named as template
transfer nanoimprinting [18, 20, 22, 47, 209], which will be summarized in Chapters
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10 and 11 of this book. We believed that industrial applications that take advantage
of this sensing modality include DNA sequencing DNA barcoding and investigating
single-molecule capture and transport shall be realized soon with the progress of the
marriage of the nanofabrication technique to the biomedical engineering.

The third promising progress of thin films or coatings for biomedical and life
science exists in some functional thin films formed by 2D materials, such as
graphene. As a new nanomaterial, graphene has shown great promise in drug
delivery, cancer therapy, and other nano-biomedical techniques due to its unique
microstructures and mechanical and electronic properties. Graphene has been
used in the fabrication of other kinds of permeable membranes with enhanced
permeability [210], such as reverse osmosis membranes that can preserve great
potential in the purification of wastewater and soft water produced by desalination
of ocean water for life science, which were summarized in Chapter 14 of this
book comprehensively with other kinds of permeable membranes. Recently, one
of the promising methods based on the electric properties of GO composites is to
introduce into the separation membrane to control the water permeability using
an electric field, which is very important in the healthcare technologies related to
the controlled water permeability in capillaries or membranes (e.g. artificial skins)
[211]. Previous attempts to control water permeation through membranes (mainly
polymeric ones) have concentrated on modulating the structure of the membrane
and the physicochemical properties of its surface by varying the pH, temperature,
or ionic strength [212, 213]. Electrical control over water transport is an attractive
alternative. Many micrometer-thick GOMs have been invented for ultrafast per-
meation of water [178, 214]and molecular sieving [169, 215], with the potential for
industrial-scale production. To achieve electrical control over water permeation,
Nair and coworkers created conductive filaments in the GOMs via controllable elec-
trical breakdown in 2018 [211]. The scheme of how to fabricate the E-controlled GO
composite membranes was given as follows [211]. The GO multilayered membranes
were first deposited in a well formed by a polymer molding method supported
on a porous silver substrate [211]. The metal/GO/metal sandwich structures were
then formed by depositing a thin (≈ 10 nm) gold (Au) film on top of the GOM
prepared on the porous silver (Ag) substrate. One of the metal–GO–metal sandwich
membranes was attached to the Polyethylene Terephthalate (PET) sheet. Such a
thin layer of gold is sufficiently porous and shows the discontinuities and voids in
a 10-nm gold thin film on a GOM. Therefore, the coated gold layer does not change
the permeation properties of the membranes. However, the water permeability
depended on the thickness of the gold layer and the concentration of hydrogen ions
and hydroxide ions. Then, the electric field can be imposed between the silver layer
and the gold layer to fulfill the E-controlled permeability testing. The electric field
that concentrates around these current-carrying filaments ionizes water molecules
inside graphene capillaries within the GOMs, which impedes water transport.
Thus, the water permeation can be precisely controlled from ultrafast permeation to
complete blocking. This work opens up an avenue for developing smart membrane
technologies for artificial biological systems, tissue engineering, and filtration.
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1.7 Thin Films and Coatings for National Defense
and Homeland Security

There are many sophisticated thin films and coatings used in varieties of instruments
and equipment for the national defense and homeland security. In this book, we will
emphasize some distinctive key thin films and coatings for aeronautics, information
security, and marine voyages. The armor coatings for tanks or armored cars will not
be discussed in this book.

As for coatings for aeronautics, the most key coatings are the thermal barrier
coatings (TBCs) and radar stealth coatings. TBCs are a kind of ceramic layers
grown or deposited on the superalloy substrates constructing the turbine blades
in the “heart” of aircraft or the jet engine in the propulsion system. They function
as the thermal and corrosion protection layers of the superalloy substrates in the
combustion chamber of jet engines free from high corrosion and oxidizing gas
spraying at high temperatures (∼2000 ∘C or higher) and high speed (sometimes
several times of sound velocity). Readers can refer to Chapter 19 of this book for
detailed microstructures and fabrication processes of varieties of TBCs. In order to
evade the detection by the hostile radar system, stealth coatings for electromagnetic
(EM) waves have to be equipped on the top surface of air vehicles together with the
whole structure stealth design, particularly for fighters and strategic/long-range
bombers. These coatings are usually called radar-absorbing materials made of mag-
netic nanomaterials and/or carbon-based porous materials, which are discussed in
detail in Chapter 18 of this book.

The modern information communication, particularly for long-distance commu-
nication, is mainly based on the encoding-emission-transmission-receiving-decoding
technologies of EM waves up to now even though the quantum communication
that is still a long time for commercialization has emerged. Therefore, electro-
magnetic interference (EMI) compatibility coatings are still the key technique
for the information security related to the national defense and homeland safety.
The microstructure and material design of these coatings is also based on the
EM-wave–matter interaction, which will be summarized in Chapter 18 together
with the radar stealth coatings.

In the marine voyages, the most key coatings are possibly those coatings related to
the anti-marine corrosion coatings and the anechoic coating systems in the sonar
(sound navigation and ranging) systems for the underwater vehicles and surface
ships, which are intimately related to the national coastal defense safety and the mar-
itime trade profit security. The detailed analyses on these coatings are summarized
in Chapters 16 and 17, respectively. Here, we just want to mention one interesting
progress in the hydrogel microphones for stealthy underwater listening related to
the future marine source exploration [216].

Vehicles traveling in oceans, particularly for those underwater vehicles (e.g.
submarines, unmanned undersea vehicles), usually navigate based on their sonar
systems to monitor flow velocities and sound waves to navigate, to identify hostile
objects, to track ocean currents and surface waves, and to communicate with each
other [217, 218]. However, the conventional ceramic-piezoelectric (PZT)-based
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sonar systems suffer from a large acoustic impedance mismatch with water, causing
them to be easily detected by hostile vehicles during the current era of stealthy nav-
igation because they efficiently reflect incoming acoustic signals.[216, 219, 220]. In
addition, the detection efficiency of PZT-based acoustic sensors is relatively poor at
low frequencies [216]. Alternatively, suspended thin membranes of poly(vinylidene
fluoride) [221] or graphene stretched over air cavities [222] have been proposed as
microphones to afford a higher sensitivity than PZT [223], but these configurations
introduce even larger mismatch in acoustic impedance between the device (air)
and water [216].

Considering the advances in acoustic metamaterial cloaking, which greatly atten-
uates incoming acoustic signals, thereby concealing submarine bodies from sonar
detection, a ceramic PZT detector or cavity-based microphone, which is necessarily
kept outside of this “invisibility cloak,” remains a strong acoustic reflector [224–226].
In contrast to a rigid solid such as ceramics or a low-density compliant medium such
as air, hydrogels have almost perfect acoustic impedance matching with water [216].
Polar functional groups from the backbone or side chains allow hydrogels to absorb
a large amount of liquid into three-dimensional polymer networks without leaking.
Different from dielectric capacitors, where their capacitance is governed by the dis-
tance between two parallel electrodes [227], hydrogel capacitors derive their capac-
itance from electrical double layers (EDLs) [216, 228]. With the excellent acoustic
impedance match to water, a hydrogel capacitor seems to be a promising acoustic
transducer. The problem, however, is that the low compressibility of water means
that an EDL capacitor would have low sensitivity to pressures. In addressing this
limitation, a suitable sensor can be made by incorporating a deformable network of
metal nanoparticles (MNPs) into the hydrogel. The MNP network makes the capaci-
tor highly sensitive to mechanical stimuli through a coupling between the deforma-
tion of the MNP network and the ion modulation. As a result, this MNP–hydrogel
capacitor is able to detect deformation, pressure, and acoustic waves. The key to this
hydrophone is the fabrication of the MNP–hydrogel network. Figure 1.11a schemes
the synthesis process of the MNP–hydrogel network.

In step 1, hydrogel is presoaked in an aqueous bath of AgNO3 (e.g. 10 mM) [216].
Then, hydrogel is sandwiched and biased between an amorphous silicon (a-Si) and
an ITO plate (step 2). After that, photoactivated a-Si reduces Ag+ into Ag0 nanopar-
ticles at specific locations (step 3). Finally, MNP–hydrogel is soaked in a copper
sulfate bath to prepare a smooth and robust layer of surface electrodes (step 4).
Figure 1.11b,c gives the photograph of the patterned Ag nanoparticles in the skin
depth of the hydrogel, the high-resolution SEM image, and the schematic of the
dendritic MNP network inside the hydrogel.

Furthermore, hydrogel microphones can be fabricated by the cavity-free coatings
via integrating the easily deformable MNP–hydrogel network in the hydrogel
matrix, as highlighted in Figure 1.12a–g [216]. Figure 1.12a shows an example of
a 9 mm2 hydrogel microphone fabricated by forming an MNP network consist-
ing of dendritic structures 2–3 mm in size and being buried inside the soft and
translucent hydrogel matrix (Figure 1.12b). This MNP–hydrogel microphone was
electrically biased at 1 V and submerged in water (Figure 1.12c), where it picked
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Figure 1.11 Fabrication of hydrogel microphones. (a) Steps to fabricate a deformable
network of metal nanoparticles (MNPs) and surface electrode. (b) Photos of patterned Ag
nanoparticles in the skin depth of the hydrogel. Scale bar, 3.0 mm. (c) High-resolution SEM
image and schematic of a dendritic MNP network inside the hydrogel. Source: Gao et al.
[216].

up acoustic waves and produced a signal 30 dB stronger at low frequencies than a
commercial hydrophone (Figure 1.12d). Moreover, the hydrogel microphone has a
wide frequency response, up to 2 kHz (Figure 1.12e), and has a pronounced direc-
tional sensitivity perpendicular to the sensor surface (Figure 1.12f). MNP–hydrogel
(Figure 1.12g: solid lines) responds to a static pressure of 5.4 kPa with more than four
times in relative capacitance change or seven to eight times in capacitance change
than MNP-free device (Figure 1.12g: dashed lines). Since MNPs can be densely
implanted as inclusions and can even be arranged in coherent arrays, the general
performance testing results suggest that this microphone can detect static loads
and air breezes from different angles, as well as underwater acoustic signals from
20 Hz to 3 kHz at amplitudes as low as 4 Pa [216]. Unlike dielectric capacitors or
cavity-based microphones that respond to stimuli by deforming the device in thick-
ness directions, this hydrogel device responds with a transient modulation of electric
double layers, resulting in an extraordinary sensitivity (217 nF/kPa or 24 μC/N at a
bias of 1.0 V) without using any signal amplification tools [216]. Due to their perfect
acoustic impedance matching with water, ultrasensitive for low-frequency acoustic
waves, the nanomaterial–hydrogel-based hydrophones have currently become an
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Figure 1.12 Highlight of hydrogel microphone. (a) Photos (full view and sliced) and
(b) scanning electron microscopy (SEM) image of the hydrogel membrane implanted with a
patch (3× 3 mm2) of silver dendrites (highlighted yellow). (c) Setup and circuit using the
membrane as a microphone. (d) Better performance of the hydrogel microphone at low
frequencies than a commercial device (hydrophone). (e) Hydrogel microphone is capable of
detecting underwater sound at 2 kHz and (f) at all angles. Note: the 0_ orientation is for the
top surface of the microphone facing toward the loudspeaker. (g) MNP–hydrogel (solid
lines) responds to a static pressure of 5.4 kPa with more than four times in relative
capacitance change or seven to eight times in capacitance change than MNP-free device
(dashed lines). The relative errors of direct current (DC) and DC/C0 for MNP–hydrogel are,
respectively, 21–25% and 3.5–4.5%. For MNP-free hydrogel, the relative errors of DC and
DC/C0 are, respectively, 13.0–13.5% and 3.0–4.0%. Source: Gao et al. [216].

exciting area for developing hydrophones for potential antiscouting sonar [229, 230]
or ultrasensitive stretchable pressure sensors [231, 232].
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List of Abbreviations

2D two-dimensional
3D three-dimensional
AEMs atom electronic mechanics
AIBs aluminum-ion batteries
AND agree nor disagree
BDA butanediamine
BIF build-in field
CBD controlled breakdown
CCD charge-coupled device
C-dots carbon quantum dots
CIGS copper indium gallium selenide
CMOS complementary metal-oxide semiconductor
CMP conjugated microporous polymer
CMR colossal magnetoresistance
CO2RR reduction reaction of CO2
CVD chemical vapor deposition
DJ Dion Jacobson
EDLs electrical double layers
EG expansion reduced graphene
EM electromagnetic
EMI electromagnetic interference
ESSs energy storage systems
ETL-free PSCs electron transport layer-free perovskite solar cells
F4TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino dimethane
FCs fuel cells
FEA pentafluorophenylethyl ammonium
FET field emission transistor
FOLEDs foldable OLEDs
GDEs gas diffusion electrodes
GMR giant magnetoresistance
GNRs graphene nanoribbons
GO graphene oxide
GON germanium-on-nothing
Gp graphene
GPU graphics processing unit
h-BN (hBN) hexagonal boron nitride
HBPs hyperbranched polymers
HER hydrogen evolution reaction
HR-TEM high-resolution transmission electron microscopy
HTM hole-transporting material
ITO indium tin oxide
LDH layered bimetallic hydroxide
LED laser emission diodes
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LSC luminous solar concentrator
MAPbI3 methylammonium lead iodide
MBE molecular beam epitaxy
MEMs microelectronic mechanics
MNC metal–nitrogen–carbon
MNPs metal nanoparticles
MO magneto-optical
MOSFET metal-oxide-semiconductor field-effect transistor
MoTe2 molybdenum ditelluride
NAND neither agree nor disagree
NCPV National Center for Photovoltaics
NEMs nanoelectronic mechanics
NFs nanofibers
NPN nanoporous silicon nitride
NPs nanoparticles
NREL National Renewable Energy Laboratory
OER oxygen evolution reaction
OLED organic light emitting diode
ORR oxygen reduction reaction
PBES protein-based electronic skin
PCE power conversion efficiency
PDA propanediamine
PEM proton-exchange membrane
PFE polar ferroelectric
PG PNIPAm modified graphene
P-Hg black phosphorus
PHJ plane heterojunctions
PLQY photoluminescence quantum yield
PN poly(N-isopropylacrylamide) (PNIPAm)
PNPL halide perovskite nanoflake
PSCs perovskite solar cells
poly-Si polysilicon
PV photovoltaic
PZT piezoelectric
QAHE quantum anomalous hall effect
QW quantum well
rGO reduced graphene oxide
RTG thermoelectric power generator
SACs single-atom catalysts
SEIs solid electrolyte interfaces
SEM scanning electronic microscope
SFCMs silk fibroin composite membranes
SiNx silicon nitride
SMEMs single-molecule electronic mechanics
SSCs single-site catalysts
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TBCs thermal barrier coatings
TE thermoelectric
TM transition metal
TMDs transition metal dichalcogenides
TMR tunneling magnetoresistance
TSCs tandem solar cells
UCD Universal Communication DeviceTM

XeF2 xenon difluoride
XOR exclusive-OR
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