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Preface

The rapid progress of science and technology achieved over the past decades has
pushed the sophisticated artificial intelligent or smart machines into our routine life,
such as intelligent household, self-piloted cars, and self-learning robots. These
intelligent systems share one common characteristic that the non-biological systems
would achieve mankind-mimicking functions through their information collecting
system, information processing system, and movement executive system. In the
information collection and movement executive systems, responsive functional
materials, or smart materials, play the key roles in constructing the most important
components of sensors, transducers, actuators, and so on. The responsive functional
materials are a class of materials which have one or more properties that can be
responsible for an external stimulus, such as stress, strain, temperature, light, and
electric or magnetic fields. The responsibility endorses the materials have the
capability to sense disturbances, evoke reactions, and execute movements. In
contrast to the widely studied polymer-based responsive materials, inorganic
responsive materials have been rarely summarized and reviewed, even though they
have been innovated for emerging sustainable technologies.

It is thus of great interest that, beyond the application of responsive functional
materials in smart systems, smart materials have also been used in some sustainable
energy and environmental technologies, such as next generation rechargeable bat-
teries, nanoelectronics, smart buildings, sustainable energy generation and conver-
sion, and so on. This monograph entitled Responsive Nanomaterials for Sustainable
Applications thus intends to give an overview on the application of responsive
functional materials, particularly inorganic responsive nanomaterials, in sustainable
technologies. Nine chapters are included in this monograph, which cover different
materials with targeting functions for the defined applications.

Chapter 1 introduces “green” and earth abundant photonic responsive semi-
conductor materials which can capture photons to generate electrons and holes for
the application in third-generation solar cells, such as dye-sensitized solar cells
(DSSCs), quantum dot sensitized solar cells (QDSSCs), and perovskite solar cells
(PSCs), together with the discussion of the key features of the third-generation solar
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cells and the overview of the physical, chemical, and optoelectrical properties of the
photonic responsive semiconductor nanomaterials.

Chapter 2 focuses on the latest progress in microwave responsive nanomaterials,
which integrate the catalyst function and the microwave absorption property into
one single material, for the application of heterogeneous catalysis. It first introduces
the principles of microwave response and the mechanism of microwave in catalytic
reactions, and then the principles of designing microwave responsive catalysts are
discussed. Followed with these principles, the state of the art of the microwave
responsive catalysts in liquid-phase, gas-phase, and solid-solid reactions was pre-
sented to address the validity of this novel responsive materials and the associated
challenges and possible solutions.

Chapter 3 gives us an idea of designing and constructing different types of
flexible/stretchable supercapacitors based on responsive nanomaterials including
flexible/stretchable substrates, electrode materials, and electrolyte. Meanwhile, the
application of these flexible/stretchable devices in the emerging field of integrated
systems is also simply illustrated, such as the integration of micro-planar super-
capacitors with pressure sensors, linear supercapacitors with photoelectric detectors
and supercapacitors with gas sensors, and the corresponding in situ signal acqui-
sition and display system. Furthermore, the challenges and perspective of this class
of self-responding devices have also discussed and outlined.

Chapter 4 introduces magnetic responsive nanomaterials by taking MnO2 nano-
materials as a typical example. In this chapter, the origins and the structural/phase
effect on the magnetism of MnO2 nanomaterials with different phases have been
discussed in-depth. It is also reported that the electronic structure, morphologies, and
the introduction of hetero-ions have great impact on the magnetic properties of the
MnO2. The applications of the magnetic responsiveMnO2 nanomaterials in magnetic
resonance imaging have also demonstrated in this chapter.

Chapter 5 describes stimuli-responsive hydrogels for colorimetric chemical
sensors. Combining the stimuli-responsive hydrogels, a class of three-dimensional
hydrophilic polymeric networks with a fascinating property that can undergo
obvious and reversible color or shape variations in response to external environ-
mental stimuli, with photonic crystals, the responses to external stimuli can be
converted into color changes, thus creating a kind of colorimetric sensors. This
chapter gives detailed introduction on the basic concepts, synthesis methods, and
sensing mechanisms and some typical applications, including detecting pH value,
ionic species, solvents, humidity, and biomolecules. This is a very attractive sensing
technology due to its simple operation and visualized readout.

Chapter 6 deals with functional interfaces which are considered as “materials
within materials” and active at nanoscale and responsive to applied external stimuli.
In this chapter, nano-electro-mechanical properties of the morphotropic phase
boundaries in bismuth ferrite thin films are reviewed, and particularly, the factors
governing nano-mechanical and electro-mechanical properties are identified, toge-
ther with the potential applications of the responsive functional interfaces in oxide
nanoelectronics.
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Chapter 7 introduces chromogenic responsive nanomaterials for the application
of smart windows. Smart windows are one of the key components of smart home
system for saving energy by dynamically managing the light transmittance and
solar heat exchange through chromogenic materials employed in the window glass
to respond for temperature, light, or electricity. In this chapter, facile and low-cost
preparation methods have been introduced to promote the widespread adoption of
smart windows. Moreover, nanostructure engineering on improving the ther-
mochromic and electrochromic properties of the chromogenic responsive nano-
materials has been outlined. Finally, the authors have also summarized the current
challenges in this field and proposed potential solutions to address those challenges
to achieve greater market penetration and commercial success.

Chapter 8 brings our attention on proton conductive nanomaterials for the appli-
cation of solid oxide fuel cells (SOFCs), which convert hydrogen directly into
electricity by catalyzing H2 into protons and then transporting them to the other side
to combine with oxygen to form H2O. Compared with the SOFCs with oxygen-ion
conductors, the SOFCs based on proton responsive nanomaterials can work at a much
lower temperature and thus have extended lifetime as well as quick start-up. In this
chapter, the authors gave detailed introduction on the proton responsive electrolytes,
anode materials, and cathode materials for high-performance low-temperature pro-
tonic SOFCs, together with the strategies on how to improve the overall performance
through rational materials design and nanostructure engineering.

Chapter 9 performs the concept of construction of thermoelectric generators
based on thermo-responsive nanomaterials. The authors first introduced the recent
advances in thermoelectric materials and the facing challenges, such as low the
dimensionless of merit (zT), high cost, and environmentally unfriendly; then they
proposed some general methods to enhance the performance of thermoelectric
materials through proper electronic structure design and optimization; and finally,
they gave examples of prototype modules to validate these strategies. Furthermore,
the potential applications of thermoelectric generator in powering the implantable
and wearable devices have also been presented.

This book is organized to deliver the recent progress in responsive functional
materials for targeted applications to the readers in wide fields of materials science,
chemistry, nanotechnology, engineering, and sustainable technologies. We hope
this book will be a good reference for not only undergraduate students and research
students but also researchers and engineers by providing readers with valuable
insights into responsive functional materials or smart materials from materials
synthesis and design, structure characterizations, property evaluations, to engi-
neering applications.

Brisbane, Australia Ziqi Sun
Ziqi.sun@qut.edu.au

Ting Liao
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Chapter 1
Photon-Responsive Nanomaterials
for Solar Cells

Vincent Tiing Tiong and Hongxia Wang

Abstract The global issue of the utmost exhaustion of fossil fuels on earth has
driven research towards the development of alternative energy resources to meet the
increasing demand for energy required in modern society. Among the different types
of renewable sources, solar energy is the largest energy source which is unlimited and
clean. Currently solar cells or photovoltaic (PV) technologies that generate electricity
by harnessing sunlight is one of the fastest growing power generation sources in the
energy sector. In this chapter we review the application of nanomaterials in some
types of solar cells including dye-sensitized solar cells, quantum dots solar cells and
perovskite solar cells. Semiconductor materials such as TiO2, ZnOx, SnOx, NiOx
etc have beenwidely used as electron or hole transport materials in these type of solar
cells. The morphology, shape, size, crystal structure of particles of these materials
can significantly influence the device performance. The outlook of the future research
direction is provided at the end of the review.

1.1 Introduction

The global issue of the utmost exhaustion of fossil fuels on earth has driven research
towards the development of alternative energy resources to meet the increasing
demand for energy required in modern society. Well, the solution is undoubtedly
clean renewable energy sources. Among the different types of renewable sources,
solar energy is the largest energy source which is unlimited and clean. Based on this
consideration, it is not surprising that solar cells or photovoltaic (PV) technologies
that generate electricity by harnessing sunlight is one of the fastest growing power
generation sources in the energy sector. In fact, in 2017 alone sawmore new capacity
of solar energy deployed than all fossil fuels and nuclear combined together, which
is nearly twice as much capacity as its renewable peer, wind power [1].
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A solar cell may take different structures. Nevertheless, photo-responsive light
absorbing material is always the heart of the device. According to the nature of the
light absorbing material, the PV technology can be classified into three categories or
generation. The first-generation solar cells are based on crystalline silicon which was
invented in 1954 byBell Laboratory.Over the six decades of development,monocrys-
talline silicon solar cells have achieved a certified power conversion efficiency (PCE)
of more than 25% and have dominated the commercial PV market with more than
90% market share [2]. Nevertheless, the technology of crystalline silicon solar cells
still has drawbacks. For example, the tedious process and cost associated with the
production of silicon cells have motivated research in search of alternative cheaper
and more efficient solar cells to make solar electricity economically competitive to
fuels. This effort of development of cheaper solar electricity has led to the inven-
tion of subsequent second-generation based on thin-film and third-generation solar
cells that involves nanomaterials such as extremely small inorganic semiconduc-
tor nanoparticles (also known as quantum dots (QDs)). In addition, semiconductor
materials with electron (n-type) and hole (p-type) transport characteristics have also
been extensively investigated as charge extractive materials in third-generation solar
cells. The nanomaterials exhibit unique, fascinating properties compared with the
corresponding bulk materials, thus allowing higher theoretical energy conversion
efficiency [3].

In the past decades, the majority of research in the field of third-generation PV
technology has been focused to realise high-efficient, low-cost PV cells through
the development of new nanomaterials and photon management to enhance device
performance. The chemical, physical, and optoelectronics properties of the nanoma-
terials are critical to the device performance. Through delicate experimental design
and material synthesis, the energetic properties (band gap, band energy position),
morphology, particle size, and chemical composition of the semiconductor material
can be tailored to achieve efficient light absorption, charge separation, and collection.
These eye-catching properties of nanostructured semiconductor materials have cre-
ated revolutionarily new research field that has the potential to deliver cost-effective
solar electricity by using low-cost chemical solution-based production process.

This chapter will introduce the recent advances in third-generation solar cells, in
particular dye-sensitised solar cells (DSCs), quantum dot solar cells (QDSCs), and
perovskite solar cells (PSCs) where nanotechnology plays important roles through
influencing the photonic-responsive light absorbing materials, the electron trans-
porting materials (ETMs), and hole transport materials. A general overview of the
physical, chemical, and optoelectrical properties of nanomaterials will be given. The
key features of the semiconductor nanomaterials used in the solar cells will be dis-
cussed. Research direction of the development of third-generation solar cells in the
future will be shown at the end of the chapter.
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1.2 Dye-Sensitised Solar Cells

The studies of dye-sensitised solar cells (DSSCs) can be traced back to 1968 where
zinc oxide was used as the photoanode and perylene as the light sensitisers [4].
Nevertheless, the development of DSSCs was at slow pace due to the insufficient
surface area available to adsorb large amount of light sensitisers (also called dye
in the literature). A breakthrough was made in 1991 when O’Regan and Grätzel
reported a DSSC [5] which demonstrated power conversion efficiency of 7.1–7.9%
by using large surface area, nanostructured mesoporous titanium dioxide (TiO2)
film coated with a monolayer of ruthenium dye. The mesoporous TiO2 (m-TiO2)
architecture was proven to be critical to the device performance which possessed a
surface area that is more than a thousand time higher than a flat film, thus offering
efficient dye loading for efficient light absorption and energy conversion efficiency of
DSSC. Since then, DSSC has been regarded as a promising PV technology delivering
cost-effective solar electricity in the future. In the past 30 years, extensive research
has been carried out to improve the cell’s efficiency and stability. Currently, a power
conversion efficiency (PCE) over 14% has been achieved for liquid electrolyte-based
DSSC with TiO2 nanostructure [6].

1.2.1 DSSC Device Structure and Working Principle

A typical DSSC consists of five key material components (Fig. 1.1): (1) a transparent
conductive substrate, generally made up of fluorine-doped tin oxide (FTO) or indium
tin oxide (ITO)-coated glass; (2) a semiconductor film, normally based on metal-
oxide nanomaterials, such as TiO2 or ZnO; (3) light sensitisers or dyes which are
adsorbed onto the surface of the nanostructured metal-oxide film; (4) an electrolyte
(liquid or solid state); and (5) a counter-electrode, such as platinum and carbon
[5]. The working principle of DSSCs is closely related to natural photosynthesis
which involves four basic steps: light absorption, electron injection, charges carrier
transportation, and current collection. The constituent components and fundamental
processes of DSSCs are schematically illustrated in Fig. 1.1.

The key fundamental processes occurring in a DSSC can be described in the
following [8–10]:

(1) photoexcitation of sensitisers to produce excited dye;
(2) injection of electron into the conduction band ofmetal oxide, leading to oxidised

dye;
(3) transportation of electron to the anode and reach the counter-electrode through

external circuit;
(4) regeneration of the oxidised dye by electron donation from the reduced redox

couple;
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Fig. 1.1 Fundamental processes and constituent components of a dye-sensitised solar cells (DSSC).
Reprinted with permission from [7]

(5) regeneration of oxidised redox couple at cathode by accepting electrons from
anode;

(6) recombination of electron by donating electrons to oxidised dye;
(7) recombination of electron by donating electrons to the oxidised redox couple;
(8) relaxation of the excited dye to its ground state by a non-radiative decay process.

Processes (1)–(5) contribute to the conversion of light to electricity in the DSSC.
The parasitic processes (6) and (7) lead to charge carrier recombination either with
oxidised dye or with the redox couple. In addition, process (8) is the direct recom-
bination of the excited photoelectron, reflected by the excited state lifetime. The
aforementioned recombination process is detrimental to the efficiency of electron
transfer and thus the device performance.

In the quest to improve the photovoltaic performance of DSSCs, most researches
have been emphasised on tailoring the physicochemical properties of the four main
material components of the cell, namely the metal-oxide semiconductor, the dye, the
redox couple in the electrolyte, and the counter-electrode, in particular the metal-
oxide semiconductor which determines the dye loading, thus light-harvesting effi-
ciency and the open-circuit photovoltage of the DSSC devices. Theoretically, the
metal oxides can be n-type (electron transporting material) or p-type (hole transport)
as long as they have energetic properties that match the adjacent light absorbing
material. Due to the challenge of finding p-type semiconductor material that have
energy level matches the state-of-the-art ruthenium-based dye, most of DSSCs use
n-type large band gap semiconductor such as TiO2 and ZnO in the photoanode. Rich
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research on tuning the properties of these metal oxides through material engineering
has resulted in many interesting discoveries.

1.2.2 Electron Transporting Materials in DSSCs

Photoanode also known as working electrode in DSSC acts as a scaffold for dye
adsorption while functions as charge transport medium to extract electrons from dye
molecules followed by transporting them to the current collected based on transpar-
ent conductive oxide (TCO) substrate. In order to achieve optimum dye adsorption
and smooth transportation of electrons without undergoing recombination, the pho-
toanode should possess the following properties: (1) a suitable conduction band gap
as it will determine the effectiveness of electron extraction process and the V oc of the
cell device; (2) large surface area to enable sufficient dye loading for efficient light
harvesting; (3) high electron mobility to allow smooth and fast extraction of electron
from the absorbers and collection by the conductive substrate; (4) chemical stability,
low toxicity, low cost; (5) high transparency to reduce the loss of incident photon;
(6) contains hydroxyl group or defects for the attachment of dye molecules onto its
surface [10–12]. Furthermore, the photoanode architecture should be carefully engi-
neered to minimise the loss of incident light when passing through the photoanode
before being absorbed by the dye. Metal oxide with large band gap such as TiO2,
ZnO, SnO2, Nb2O5, ZrO2, SrTiO3, and Zn2SnO4 has been used as electron transport-
ing materials (ETMs) in DSSCs due to their good chemical stability, nontoxicity, and
simple yet mature preparation. Among them, TiO2 and ZnO are the most popular
choice due to their large band gap and high electron mobility with some of their
representative DSSC parameters and performances which were shown in Table 1.1.

1.2.3 TiO2-Based Photoanodes

TiO2-based mesoporous films (m-TiO2) built from TiO2 nanoparticles (TiO2NP)
are the most popular ETMs in DSSCs due to their superior characteristics such as
chemical stability, low toxicity, and low cost [26]. Additionally, attractive features
including the large surface area, suitable conduction band (CB) edge, and electron
affinity of TiO2 make it the most studied ETMs in DSSCs compared to other metal-
oxide materials.

As depicted in Fig. 1.2, there are three main polymorphs of crystalline TiO2,
namely anatase (tetragonal), rutile (tetragonal), andbrookite (orthorhombic) [27–29].
Anatase is an indirect band gap semiconductor while rutile and brookite are direct
band gap semiconductors [27]. Owing to the indirect band gap nature of anatase,
the transition of photoexcited electrons from conduction band (CB) to valance band
(VB) is slower, leading to a longer lifetime of the photoexcited electrons compared to
rutile and brookite. Moreover, the average effective mass of photoexcited electrons
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Table 1.1 Representative photovoltaic parameters and materials used in DSSCs based on different
ETMs

ETM QDs Electrolyte CE Voc

(V)
Jsc
(mA/cm2)

FF PCE
(%)

References

TiO2NP ADEKA-1
+ LEG4

Polyiodide Au/Graphene 1.013 18.36 0.77 14.3 [6]

TiO2NT N719 Polyiodide Pt 0.770 18.5 0.64 9.1 [13]

TiO2NR N719 Polyiodide Pt 0.71 20.49 0.5454 7.91 [14]

TiO2NW N719 Polyiodide Pt 0.787 18.25 0.65 9.4 [15]

TiO2NS N719 Polyiodide Pt 0.840 18.53 0.679 10.57 [16]

TiO2B C106 Polyiodide Pt 0.7459 18.38 0.769 10.7 [17]

TiO2HS N719 Polyiodide Pt 0.77 16.52 0.73 9.4 [18]

ZnONP N719 Polyiodide Pt 0.621 18.11 0.585 6.58 [19]

ZnOHA N719 Polyiodide Pt 0.64 19.8 0.59 7.5 [20]

ZnONT N719 Polyiodide Pt 0.65 5.5 0.61 2.2 [21]

ZnONR N719 Polyiodide Pt 0.71 10.7 0.62 4.7 [22]

ZnONW N719 Polyiodide Pt – – – 7.0 [23]

ZnOHS N719 Polyiodide Pt 0.63 14.2 0.63 5.6 [24]

ZnONS D149 Polyiodide Pt 0.53 18.01 0.634 6.06 [25]

Fig. 1.2 Schematic conventional cells for a anatase, b rutile, and c brookite TiO2. The green
spheres represent Ti atoms, and the red spheres represent O atoms [27]



1 Photon-Responsive Nanomaterials for Solar Cells 7

of anatase is also the lightest among the three polymorphs, facilitating faster trans-
portation of photoexcited electrons and thus lower recombination rate in contrast
with rutile and brookite. As a result, anatase TiO2 is the most popular choice in the
application of DSSC even though rutile is the most thermodynamically stable form
with higher refractive index among them.

1.2.4 Effect of Morphology of TiO2 on DSSC Performance

TiO2 nanoparticles (TiO2NPs) are the most widely used nano-architectures of TiO2

in DSSC due to the large surface area for high dye loading, which is favourable for
achieving high performance. Different particle sizes of TiO2NPs have been reported
to have significant influences on photovoltaic performance of DSSCs. Park et al.
revealed that larger TiO2NPs show low electron transport resistance and high recom-
bination resistance, which benefit the charge collection efficiency [30]. Similar find-
ing was revealed by Tahay et al. where charge injection was found to be accel-
erated for larger TiO2NPs, thus enhancing the overall performance of the DSSCs
[31]. Nevertheless, there is an optimum TiO2NPs size whereby further increment of
TiO2NPs size over the limit is detrimental to the overall cell performance, owing to
the reduction of available surface area for dye loading, and thus the light-harvesting
efficiency. Therefore, it is very crucial to determine a suitable TiO2NPs size so that
the charge collection and light harvesting could be balanced to acquire superior cell
performance.

In addition, recent studies have found that the anatase (001) facets have higher sur-
face energy and stronger ability to absorb the COOH group of the dyemolecules over
the dominating (101) facets, leading to high dye adsorption and thus improved DSSC
performance [32]. Moreover, the highly exposed (001) facets were also reported
to effectively retard the charge recombination process in DSSCs besides improv-
ing the amount of dye loading [33]. Nevertheless, the numerous grain boundaries,
defects, and traps induced in nanoparticle-based films have the downside of inef-
ficient charge transportation, which promotes electron recombination at the grain
boundaries, resulting in lower DSSC efficiency. Owing to these disadvantages, one-
dimensional (1D) structures, such as nanotubes, nanowires, nanorods, andnanofibers,
which usually possess higher diffusion coefficients than disordered nanoparticles
have attracted significant attention in the research community of DSSCs.

The 1D array structures can act as electron transport highway, allowing fast trans-
port of electron to the conductive substrate, reducing charge recombination and
hence improve the overall performance of DSSCs. Researchers have proven this
concept through the production of DSSC with PCE over 9% using TiO2 nanotubes
(TiO2NTs) grown Ti foil as photoanode (Fig. 1.3a, b) [13], which is higher than
those reported TiO2NPs-based DSSC performance under the same fabrication con-
ditions, confirming the effect of prolonging electron lifetime and minimising inter-
facial resistance by nanotube structure [35, 36]. Furthermore, through controlling
the TiO2NTs length (from 15 to 57 μm), the efficiency of DSSCs increased from
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Fig. 1.3 SEM images of a top view and b cross section of TiO2NT arrays after immersion in
33 wt% H2O2 for 20 s [13]; c TiO2 porous beads [17]; d cross section of pine tree-like TiO2NT
arrays [34]; e cross section and f top view of etched porous TiO2NRs [14]; g TEM and h high-
resolution TEM images of multi-shell TiO2HSs (inset: d-spacing of the outer shell of TiO2HSs)
[18]

4.5 to 6.1% due to the improved surface area and better light-scattering effect of
the extended TiO2NTs [35]. The performance of the TiO2NTs-based DSSCs was
further improved to 9.86% through filling the TiO2NT arrays with TiO2NPs, owning
to the increment of surface area, thus leading to the enhancement of dye loading
and cell’s performance [37]. In contrast to nanotubes, TiO2 nanowires (TiO2NW)
and nanorods (TiO2NR) only offer their outer walls for dye adsorption, which result
in lower surface area for dye loading, thus limiting their application in DSSC [38].
For example, Chen et al. confirmed that TiO2NR film exhibits longer electron life-
time, better light scattering, and fast electron diffusion efficiency as compared to the
TiO2NPs [39]. However, the efficiency of TiO2NR-based DSSCs (6.07%) was lower
than TiO2NP-based DSSCs (7.79%) due to poor dye loading. In order to improve
the dye loading, researchers adopted similar strategy as TiO2NT-based DSSCs by
increasing the length of TiO2NRs and TiO2NWs. Lv et al. developed DSSCs using
~30 μm thick TiO2NR arrays with large internal surface area and produced a cell
efficiency of 7.91% (Fig. 1.3e, f) [14]. Similarly, Wu et al. investigated the effect of
various length of TiO2NWs (15–55 μm) on the performance of DSSCs and revealed
that DSSC fabricated from long TiO2NWs (~50 μm) achieved high PCE of 9.4%
which is not only superior to that of short TiO2NWs-basedDSSCsbut also higher than
TiO2NPs-based counterparts (7.23%) [15]. The outstanding performance of longer
TiO2NWs-based DSSCs is due to the higher dye loading, prominent light-scattering
capacity, and suppressed charge recombination. On the other hand, high porosity
hierarchical TiO2 spheres/beads (TiO2Ss/TiO2Bs) were synthesised and used as the
ETMs in DSSCs. The high surface area TiO2NSs were believed to be responsible for
the extended electron lifetime, alongwith the increment of electron diffusion lengths,
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thus delivering DSSC PCE over 10% (Fig. 1.3c) [16, 17]. Another interesting hierar-
chical TiO2 hollow spheres (TiO2HSs) with single or multiple shell structures have
also been employed as alternatives to nanoparticles as photoanodes in DSSCs. These
TiO2HSs were discovered to exhibit extremely high surface area which facilitate
electron transfer while inducing light-scattering effect owning to the light reflective
effect introduced by the shells (Fig. 1.3g, h) [18]. Huang et al. revealed that PCE as
high as 9.4% can be achieved frommulti-shell TiO2HS-basedDSSC due to enhanced
multi-reflectance effect. Other interesting structures such as pine tree-like TiO2NTs
were reported to improve the surface area, electron transport of the ETMwhile at the
same time, reduce the electrode/electrolyte interfacial resistance to yield a solid-state
DSSC with PCE of 8% (Fig. 1.3d) [34].

1.2.5 TiO2-Based Light-Scattering Materials

Employing large particles is a popular approach to enhance the light absorption of the
photoanode and thus the performance of DSSCs through light scattering. The large
particles are capable of promoting light reflection and/or scattering when incident
light passes through the photoanode film, thus prolonging light path and allowing
enhanced light harvesting of the dye. Generally, two structures, namely multilayer
structure andmixture structure composed of sameor differentmaterialswith different
sizes and/or morphology, have been applied to introduce light-scattering effect in
photoanodes as demonstrated in Fig. 1.4.

In the bilayer or multilayered structure, usually extra film(s) composed of larger
particles is placed on top of the dye adsorbing layer of the DSSCs. For example,
Park et al. fabricated a bilayered photoanode-based DSSCs with a light-scattering
layer consist of three different sizes of TiO2NPs (587, 757, and 1554 nm in diameter)
deposited on a transparent nanocrystallineTiO2 film [41]. The authors discovered that
the light-scattering layer not only promotes the light absorption, but also enhances the
dye loading, resulting in an extraordinary improvement of cells’ PCEof 9.37%versus
6.80% for the reference cell without the light-scattering layer. Mathew et al. further

Fig. 1.4 Typical structure of photoanodes in DSSCs containing light-scattering materials [40]
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optimised the bilayer structural photoanode-based DSSC to an impressive PCE of
13% using a 3.5μm scattering layer composed of 400-nm-sized TiO2NPs on top of a
3.5μm transparent layer with 32-nm-sized TiO2NPs [42]. Apart from different-sized
nanomaterials, Yu et al. showed that the light-scattering effect produced by TiO2HSs
is larger compared to TiO2NPs, thus enhancing the light-harvesting efficiency of
DSSCs when used as an overlayer on the TiO2NP film (Fig. 1.5g, h) [43]. Similarly,
light-scattering material based on 1D materials such as TiO2NTs [44], TiO2NRs
(Fig. 1.5e, f) [45], TiO2NFs [46], and TiO2NWs [47] were also applied in DSSCs
and displayed similar phenomenon in improving cells’ performance. Meanwhile,
an interesting three-dimensional-structured architecture, consisting of urchin-like,
hyper-branched TiO2HSs (top layer), rambutan-like TiO2HSs (intermediate layer)
and tree-like, hyper-branchedTiO2NWs (underlayer),was fabricated as a photoanode
for DSSCs (Fig. 1.5a–d) [48]. A high PCE of 11.01% was attained with the DSSCs,
which was attributed to the favourable charge collection, superior light-harvesting
efficiency, and extended electron lifetime. Besides different morphologies, different
materials such as SnO2 and CeO2 were also utilised as a scattering layer in the
photoanodes of DSSCs [49, 50]. Song et al. demonstrated that a PCE of 9.86% can
be achieved through a bilayer structured photoanode consisting of an overlayer of
porous flowerlike CeO2 microspheres on TiO2NP film, owning to enhanced light
scattering as well as the reduced electron recombination [49].

In themixture structure, large particles are embedded into the electron transporting
layer (ETL) instead of depositing them as an overlayer to improve light absorption.
The embedded particles act as light scatterers to generate random degrees of light
scattering, aiming to prolong the light travelling distance within the photoanode
film, thus increasing the probability of photons to be absorbed by the dye [40].
Similar to multilayer structure, nanomaterials with different sizes and morphology
were assorted to optimise the light scattering while maintaining high dye adsorption

Fig. 1.5 SEM images of a cross section of three-layer stacking of TiO2 photoanodes consist of
b hierarchical TiO2 microspheres, c TiO2HS, and d hierarchical TiO2NWs [48]; e cross section
and f schematic illustration of light-scattering of bilayered composite (TiO2NRs top and TiO2NPs
underlayer) [45]; g schematic illustration of light-scattering and h cross-sectional of double-layered
photoanode (TiO2HSs top and TiO2NPs underlayer) [43]
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onto photoanode. Miranda-Muñoz et al. mixed large-sized light scatterers, TiO2

spheres with m-TiO2 to form photoanode for DSSCs, attaining 25% and 35% PCE
enhancement under front and rear illumination [51]. On the other hand, Tan et al.
fabricated DSSC with the composite of TiO2NPs and TiO2NWs as photoanode and
discovered that the TiO2NWs offer light-scattering effect and highways for swift
electron transport, thus delivering an improved PCE of 8.6% from 6.7% (without
TiO2NW) [52]. Similar finding was also reported by Wang et al. when DSSC based
on TiO2NP/TiO2NS gradient film photoanode was prepared [53].

Although both multilayer and mixture structures can improve the DSSC perfor-
mance through similar light-scattering effect, both structures have yet to yield high-
efficient DSSC compared to the record efficiency DSSC without light scatterers.
This is due to the increment of internal resistance which hindering charge transport
within solar cells introduced by the large-sized scatterers in multilayer structure [54].
Meanwhile, the large-sized scatterers in mixed structure can also affect the internal
surface area of the photoanode, limiting the dye loading.

1.2.6 ZnO-Based Photoanodes

Zinc oxide (ZnO) is another metal-oxide material that has been broadly investigated
and applied as an ETM in DSSCs. ZnO is a wide band gap semiconductor which has
similar energy band structure and physical properties as TiO2 [55]. However, ZnO
has very high electron mobility, which is more than an order of magnitude higher
than TiO2. Thismeans that a faster electron transport in theDSSCs is expected. These
extraordinary properties make ZnO an ideal candidate to replace TiO2. Moreover,
ZnO is relatively easy to crystallise due to its anisotropic growth, allowing easy tun-
ning of ZnO morphologies through different experimental conditions. Nevertheless,
the application of ZnO in DSSCs is limit because of its lower chemical stability than
TiO2. The amphoteric nature of ZnOmeans that it can dissolve in acidic environment
which is often the case in DSSCs [56]. This chemical instability is unfavourable for
long-term lifetime of DSSC devices.

1.2.7 Effect of ZnO Morphology on DSSC Performance

Even though ZnO is chemically unstable in acidic electrolyte, several ZnO
photoanode-based DSSCs with promising performance have been reported. Adopt-
ing the concept from TiO2-based DSSC, ZnONP is considered to have great surface
area, allowing extensive dye loading and capable of harnessing the visible light to the
maximum extent. Similar to TiO2, different particle sizes of ZnO were found to have
significant influence on the performance of DSSC. Sakai et al. showed that DSSCs
with 40 nm ZnO particle yielded best PCE among the particle size range from 20 nm
to 2 μm [57]. Nevertheless, Saito et al. demonstrated a high DSSC PCE of 6.58%
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could be attained through using 20–30 nm ZnONP [19]. The PCE of the DSSC was
further boosted to an unprecedented value of 7.5% through using a photoanode con-
sisting of polydispersed ZnO hierarchical aggregates (ZnOHA) of nanocrystallites
over a compact ZnO buffer layer [20].

Atomic surface termination of semiconductors is highly relevant to their chemical
reactivity and electronic behaviour. It is found that certain facet with high surface
energy has strong affinity to some dye molecules and, therefore, helps increase light-
harvesting efficiency.Chang et al. investigated the influence of different facets of ZnO
through synthesising ZnO nanocones (Fig. 1.6b) and nanorods (ZnONRs) (Fig. 1.6a)
with [1011] and [1010] facets, respectively. They discovered that ZnO with [1011]
facets has stronger binding with dye molecules compared to ZnOwith predominated
[1010] facets, due to the highly reactive exposed O-terminated [1011] ZnO facets
[58]. As a result, PCE of 4.36%was produced with the DSSC based on the ZnO with
[1011] facet which is three times more efficient than the ZnONR counterpart.

1D nanostructures demonstrated promising properties which favour charge trans-
port and electron collection while reducing recombination, due to the exceptional
boundary-free morphology. Nevertheless, 1D nanostructured ZnO, such as ZnO nan-
otubes (ZnONTs) (Fig. 1.6c) [21, 61, 62], nanorods (ZnONRs) [22, 58, 63], and
nanowires (ZnONWs) [64–66]-based DSSCs, normally shows lower performance
due to the inadequate available surface area for high dye loading, leading to insuffi-
cient light harvesting. To solve this problem, Xu et al. fabricated multilayer ZnONW
arrays (with thickness up to 40 μm) which possess high internal surface area, allow-
ing higher dye loading. The PCE of the corresponding DSSC was increased to 7
from 2.1% produced by single-layered ZnONW-based DSSCs (Fig. 1.6g) [23]. Fur-
thermore, two-dimensional (2D) and three-dimensional (3D) nanostructured ZnOs
were synthesised and applied as photoanode in DSSCs, aiming to improve the dye
loading while maintaining fast electron transport and collection. Among the 2D
nanostructured ZnO including ZnO nanosheet (ZnONSs) (Fig. 1.6e) [25, 59, 67] and

Fig. 1.6 SEM images of a ZnONRs and b ZnONCs [58]; c aligned ZnONTs [21]; d ZnONFs and
e sheet-sphere-shaped ZnO [59]; f caterpillar-like ZnONWs [60]; g four-layer assembly of ZnONW
arrays (scale bar: 10 μm) [23]
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nanoplates [59], the ZnONS-based DSSCs displayed promising result, yielding PCE
up to 6.06%, which is more than double the PCE of ZnONP-based DSSCs (2.92%)
[25]. The superior PCE produced by ZnONS-based DSSCs was attributed to the
higher effective electron diffusion coefficient and dye loading of ZnONSs compared
to its counterpart, ZnONPs. Meanwhile, the 3D nanostructured ZnO, for instance
nanoflowers (ZnONFs) (Fig. 1.6d) [59, 68], ZnO nanoburgers [69], caterpillar-like
nanowires (Fig. 1.6f) [60], hierarchical panel [70], nanourchin [71], and 3D sponge
[72], were created to take the advantages of both 1D and 2D nanostructure, which
resulted in great improvement in cell’s performance. In particular, the 3D sponge-like
ZnO and hierarchical ZnO nanourchins (ZnONUs) presented relatively high specific
surface area value, providing a high number of adsorption sites for dye molecules,
thus making them ideal candidates as photoanodes for DSSCs. PCE as high as 6.40
and 6.67% was reported with the ZnONUs and 3D sponge-like ZnO-based DSSC,
respectively, owing to their superior light-harvesting efficiency as well as higher
electron lifetime and longer charge diffusion length [71, 72].

1.2.8 Effect of Light Scattering of ZnO

Addition of light-scattering large particles is one of the commonly used strategies
to improve the light-harvesting efficiency by redirecting and prolonging the incident
light when it passes through the photoanode. Similar to TiO2-based DSSCs, bilayer
and mixture structure were also applied in ZnO-based DSSCs. Application of hier-
archical ZnO nanocrystallites aggregates is one of the most widely used methods
to provide the photoanode film with both large surface area and the capability of
generating light scattering. As a matter of fact, DSSCs fabricated based on ZnOHA
photoanode generate the most efficient DSSC with PCE of 7.5%, due to its high
light scattering of the ZnO film, extending the light path inside the sensitised film
and improving light absorption in addition to other merits such as inhibition of back
electron transfer between the conducting layer at the anode and the electrolyte [20].
A separate research was conducted by Zhang et al. to evaluate the performance of
ZnOHA with various sizes and size distributions in DSSC (Fig. 1.7b, c) [73]. The
authors discovered that the aggregates with sizes closer to the wavelengths of inci-
dent light could result in more intensive light scattering and hence produce higher
cell’s PCE. The photoanode containing well-packed different-sized aggregates was
also recommended by the authors to further boost the cell performance. Zheng et al.
reported a unique ZnONUs nanoarchitecture which has the combined advantages of
high surface area, direct electron transport networks as well as strong light scattering,
leading to an outstanding PCE of 6.4%, which is 31.1% improvement in comparison
with ZnOHA-based DSSC [71]. Similar observation was reported byWu et al. when
fabricating DSSC based on ZnOHA assembled by orderly aligned nanorods [74].

ZnO photoanode with bilayer structure which normally involves deposition of a
layer of larger particles as scattering layer on top of the dye adsorbing layer is another
popular method to enhance light absorption in DSSCs. For example, bilayer ZnO
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Fig. 1.7 a Evolution process of the family of multi-shell ZnO hollow microspheres [24]; b SEM
image; and c schematic illustration of ZnO aggregates structure formed by closely packed nanocrys-
tallites [73]; d cross-sectional SEM image of ZnONSs on top of ZnONPs (inset: top-view SEM
images) [75]

photoanode consists of ZnO micro-flowers as scattering layer and ZnONP as under-
layer exhibited excellent light-scattering effect, leading to better light absorption,
and thus improved PCE of the bilayered ZnO-based DSSC [76]. Similar outcome
was reported by Kung et al. when ZnONSs were applied as scatterers, deposited
on top ZnOPs, delivering a PCE of 4.65% (Fig. 1.7d) [75]. In the meantime, hol-
low core/shell structure is considered as a special type of bilayer structure which
allows internal nanostructured scattering effects while preserving large specific sur-
face. However, the balance between dye adsorption and light penetration is critical to
achieve high device performance as the excess adsorbed dye will hinder light scatter-
ing. Dong et al. synthesised a series of multishelled ZnO hollow spheres (ZnOHS)
with controlled shell number and inter-shell spacing, which enable sufficient dye
loading and multi-light reflection for enhancing light harvesting and thus realis-
ing high PCE (Fig. 1.7a) [24]. As a result, quadruple-shelled ZnOHS-based DSSC
yielded PCE of 5.6%.
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1.2.9 Other Metal Oxides Used as Photoanode in DSSCs

Besides the most popular TiO2 and ZnO, other metal oxides such as SnO2 [77, 78],
Nb2O5 [79, 80], Fe2O3 [81], SrTiO3 [82], and Zn2SnO4 [83, 84] have also been
utilised as a photoanode in DSSCs. However, DSSCs fabricated from these ETMs
normally produce low cell performance (below 4%) due to the inefficient electron
mobility and/or unfavourable band edge position of the ETMs. Thus far, only DSSCs
based on SnO2 and Zn2SnO4 photoanode have successfully produced cell PCE over
6% through morphology engineering [77, 84].

1.3 Semiconductor-Sensitised Solar Cells

The concept and structure of semiconductor quantum dot-sensitised solar cells
(QDSSCs) are derived from dye-sensitised solar cells (DSCs) by substitution of dye
molecules with semiconductor nanocrystallite or quantum dots (QDs). The attractive
optoelectronic features of nanostructured semiconductor sensitisers include excel-
lent stability in the presence of light, thermal and moisture, tunable light absorption
range, high absorption coefficient, multiple exciton generation, and solution process-
ability as well as facile and low-cost fabrication [85]. In the past decade, we have
witnessed a dramatic boost in the PCE of QDSCs from 3% to nearly 17%, which is
comparable to other kinds of emerging solar cells [86]. The exploration of new QD
light-harvesting materials has contributed to this tremendously fast improvement.

Typically, QD-based solar cells can be classified into four categories: Schottky
junction solar cells, p-n junction solar cells (both homojunction and heterojunction),
hybridQD-polymer solar cells, and quantum dot-sensitised solar cells (QDSCs) [87].
Among all, QDSCs possess the advantages of low-cost device fabrication process
due to the simple device structure derived from their analogous DSSC counterparts.

1.4 Photo-Response Nanomaterials Used Quantum
Dot-Sensitised Solar Cells (QDSCs)

1.4.1 Electron Transporting Materials

Metal-oxide-based electron transporting materials (ETMs) play a crucial role in
QDSCs. ETMs are normally deposited on a TCO substrate, which act as the matrix
for anchoring the QD sensitisers in the photoanode. In addition, ETM has the role
of extracting photogenerated electrons from the QDs followed by transporting them
to the current collector, such as FTO or ITO [88]. Therefore, ETM should possess
the following properties: (1) a suitable energy level that matches the conduction
band (CB) and valence band (VB) of the QD light absorber; (2) large surface area
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to facilitate sufficient QD loading for efficient light harvesting; (3) high electron
mobility to allow fast electron extraction collection; (4) good chemical stability, low
toxicity, low cost.With these properties inmind, our passionate researchers have been
putting unremitting efforts in selecting best ETMs for QDSCs and made promising
progress as displayed in Table 1.2.

1.4.2 TiO2-Based Photoanodes for QDSCs

1.4.2.1 The Effect of Morphology

Metal-oxide-based nanomaterials are the most widely studied and employed ETM
in QDSCs due to their good chemical stability, nontoxicity, and simple preparation
[100]. In general, mesoporous TiO2 film (m-TiO2) fabricated fromTiO2 nanoparticle
(TiO2NP) is the most commonly used material in QDSCs due to their large surface
area, which allow highQD loading and thus high light-harvesting capability [101]. In
fact, QDSCs fabricated from TiO2 nanoparticle mesoporous films yield some of the
highest performance QDSCs with power conversion efficiency reaching more than
12% [89, 102–104]. Although crystalline TiO2 exists in three polymorphs, namely
anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic), anatase TiO2

is the most popular crystal phase used in QDSCs due to its higher electron mobility
and less electron–hole recombination [28, 29]. Recent reports have also revealed that
different crystal planes of anatase TiO2 would also affect the overall performance of
QDSCs [105]. QDSCs fabricated with (001) faceted anatase TiO2 produced a power
conversion efficiency of 4.7% due to the higher conduction band and surface energy
over conventional anatase TiO2 with (101) crystal plane.

Compared to anatase TiO2, rutile TiO2 possesses the advantages of thermodynam-
ically stable with higher refractive index and superior light-scattering feature which
is capable of enhancing the light harvesting [28]. Although anatase TiO2 normally
produced better performance in QDSCs, a recent publication reveals that rutile TiO2

used in CdS/CdSe-based QDSC produced higher short-circuit photocurrent density
and open-circuit photovoltage, leading to a 30% higher power conversion efficiency
than the QDSC made from anatase TiO2 [106]. The studies discovered that rutile
is more favourable for the higher loading of CdS/CdSe QDs, thus leading to better
light harvesting. In addition, electron injection from QDs to TiO2 was found to have
improved using the rutile phase with reduced charge recombination at the interface.
This is attributed to its lower surface/interface defects in the photoanode film and
larger conduction band offset between the QD and rutile TiO2.

Even though mesoporous nanoparticle photoanode achieved higher reported
power conversion efficiency inQDSCs, it has amajor downside of inefficient electron
transport due to defects such as grain boundaries and surface traps, thus increasing the
charge recombination probability [92]. Therefore, one-dimensional (1D)-structured
TiO2 materials, such as nanotubes (TiO2NT) [108–114], nanorods (TiO2NR) [115–
120], and nanowires (TiO2NW) [92, 121–123], have drawn a lot of attention in
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recent years and have been explored as alternative ETMs in QDSC to realise a faster
electron transfer and thus reduce the charge recombination loss (Fig. 1.8) [107].
Baker et al. have shown an improvement of QDSCs performance when TiO2NT is
employed as an ETM over TiO2NP due to the better charge separation and electron
transport capacity [124]. On the other hand, Tao et al. produced a QDSC efficiency
of 4.61% with 3 μm long, TiCl4-treated TiO2NT film by increasing the QDs loading
in the TiO2NT array [111]. Zhang et al. fabricated QDSCs with a PCE of 5.96%
using TiO2NR as building blocks of photoanodes and sensitised it with CdSe QDs
[117]. They found that the TiO2NR possesses the beneficial properties of higher QDs
loading and fluent electrolyte diffusion due to wider pore size distribution, higher
electron diffusion coefficient, and longer electron lifetime thanks to the 1D network
with limited grain boundaries. Rao et al. found that branched hierarchical structured
TiO2NW is capable of enhancing the Jsc value due to the efficient light-harvesting
and charge collection, delivering a PCE of 4.2% (Fig. 1.9) [92]. By using a photoan-
ode composed of three-dimensional (3D) hierarchically branched TiO2NW-coated
hollow spheres structure, the PCE of QDSCs was further boosted to 6.01%. This is
ascribed to the unique properties of the film structure including high specific surface
area for dye loading, roomy space, and ample porosity for efficient electrolyte infiltra-
tion [122]. Besides 1D-structured TiO2 materials, two-dimensional (2D)-structured
TiO2 materials such as nanosheets (TiO2NSs) have also been utilised as ETMs for
QDSCs. Both Etgar et al. and Zhou et al. discovered that higher PCE of the QDSC
could be obtained through employing anatase TiO2NSs with (001) facets as the
ETM compared to anatase (101) TiO2NPs, because of the higher conduction band
and surface energy which increases QD loading onto TiO2NSs and thus enhances
the short-circuit photocurrent [93, 105]. Moreover, TiO2NSs were found to have less
defects, efficient electron transfer, and prolong electron lifetime due to their good
crystallisation, large particle size, and low surface area.

Fig. 1.8 Random versus directed electron transport through support architectures, a TiO2-particle
and b TiO2-nanotube films modified with CdSe quantum dots [107]
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Fig. 1.9 High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and energy-dispersive X-ray spectroscopy (EDX) mappings of a TiO2/CdS/CdSe photoan-
ode based on a smooth and b hierarchical nanowires. c Schematic diagram showing the preparation
process and structure of CdS/CdSe-co-sensitised smooth and hierarchical TiO2 nanowires as well
as the path of electron injection (green arrow) and electron transport (yellow arrow) [92]

1.4.2.2 Effect of Light Scattering

Light scattering is another factor which affects the light-harvesting efficiency of
QDSCs. In QDSCs, hierarchical 3D TiO2 architectures were often used to construct
the photoanode by taking advantage of their light-scattering ability, in addition to
their large surface area and smooth electron transport features. As an example, hier-
archically branched TiO2NWs when applied as photoanode were found to improve
the Jsc of the QDSCs profits from superior light-scattering ability, thus obtaining
30% higher PCE than that of smooth NW devices (Fig. 1.9) [92]. Similar phe-
nomenon was discovered by Xu et al. when QDSCs based on multi-dimensional
hierarchically branched HS-NW hybrid TiO2 photoanode were fabricated, showing
an improvement of PCE as high as 6.01% [122]. Meanwhile, Feng et al. created
a special 3D hyper-branched TiO2/ZnO heterostructured arrays as photoanode in
QDSCs. The hyper-branched array films show great improvement of light-scattering
abilities, which is beneficial to trap the incident light, thus enhancing the Jsc and
overall device performance [125].

Construction of a bilayer structure is another popular way to increase light absorp-
tion in the photoanode of QDSCs through depositing a layer of larger particles, also
known as scattering layer, on top of QD-sensitised layer. The integrated scatterers
are capable of prolonging the incident light travel distance, either through refractions
or reflections, thus increasing the light absorption by the QD sensitisers. As a matter
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of fact, most high-efficient QDSCs adopted a bilayer structure by depositing a light-
scattering layer of larger TiO2NPs with size in the range of hundred nanometres on
top of the dye absorbing layer [89, 102–104]. This demonstrates the importance and
necessity of scattering layer in producing high-efficient QDSCs. Zhang et al. investi-
gated the different configuration of bilayered structure of TiO2NP-based photoanode
and revealed that the large-sized TiO2 scatterers are responsible for the increment
of light-harvesting efficiency in the long-wavelength region [128]. Nevertheless, the
authors stressed the importance of balancing between the light scattering and surface
area as it can significantly restrain the dark current of the device.Apart fromTiO2NPs,
other nanostructured TiO2s, such as TiO2HSs, have also been applied as scatterers
and shown some promising results (Fig. 1.10a, b) [126, 129–131]. Zhou et al. studied
different configurations of m-TiO2 beads combined with TiO2NPs, namely double
layer (TiO2 beads on top of TiO2NPs) and mixture structure (Fig. 1.10c, d) [127]. As
opposed to the finding in TiO2NPs, the authors discovered that the mixture structure
delivered a slight better PCE of 4.65% in comparison to double-layered structure
(4.33%), due to the m-TiO2 beads possess the advantages of high specific surface

Fig. 1.10 a Schematic illustration and b cross-sectional SEM image of a bilayered TiO2HSs cov-
ered QD-sensitised TiO2 mesoporous electrode [126]; c schematic illustration and d cross-sectional
SEM image of a mixture configuration of mesoporous TiO2 beads and TiO2NPs [127]
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area for highQD loading and effective light scattering as opposed to other large-sized
scatterers that have low surface area.

1.4.3 ZnO-Based Photoanodes in QDSCs

1.4.3.1 Effect of Morphology

ZnO is another metal-oxide material that has been broadly investigated as an ETM
in QDSCs due to its higher electron mobility (130–200 cm2/VS) compared to TiO2

[132]. Additionally, ZnO morphologies can be easily modified through different
experimental conditions due to the anisotropic growth of ZnO. These exceptional
properties make ZnO a more suitable ETM than TiO2. However, ZnO amphoteric
nature which causes it to dissolve in both acidic and basic media has limited its
application in QDSCs. This chemical instability can affect the long-term stability of
QDSC devices, thus resulting in low report efficiency shown by ZnO photoanode-
based QDSCs in comparison to TiO2-based QDSC counterpart.

Although ZnO is chemically unstable, there are a number of reports on high
efficiency ZnO photoanode-based QDSCs. Similar to TiO2, ZnO nanoparticles
(ZnONPs) are popular choice of material morphology in photoanodes of QDSCs
[94, 133–135]. Karageorgopoulos et al. prepared a thin transparent ZnONP films by
utilising an amino double-edged polypropylene oligomer and zinc precursor [135].
A solid-state QDSCs using the co-sensitised ZnONP films with CdS/CdSe were
then constructed, producing a PCE of 4.5%. Similar to TiO2, other material mor-
phologies of ZnO such as nanorods (ZnONRs) [95, 136], nanowires (ZnONWs)
[96, 137–141], nanocables (ZnONCs) [97, 142], nanodiscs (ZnONDs) [98], and
nanotetrapods (ZnOTP) [99] have also been employed as ETMs in QDSCs. Wu
et al. prepared ZnONRs which consist of oriented aligned elongated nanoparticles
along the [0001] direction through conventional solvothermal method [95]. The large
pore and rough surface ZnONR films were discovered to enhance the QDs load-
ing, light-scattering effect as well as suppressing recombination losses, leading to
a CdS/CdSe-sensitised cell’s PCE of 4.83%. Similarly, well-aligned ZnONW array
structure was also found to be able to improve the light absorption and charge car-
rier transfer efficiency while reducing charge recombination, thus generating PCE
of 4.15% with CdS/CdSe-sensitised device [96]. A simple ion-exchange approach
was employed to fabricate ZnO/ZnxCd1−xSe core/shell nanocable-structured arrays,
where the band gap of the nanocables could be tuned by the composition in the
shell layer without changing the nanocable size [97]. A PCE of 4.74% was obtained
when the nanocable arrays were applied as the photoanode. Photoanode based on
hexagonal shaped mesoporous ZnONDs with exposed±[0001] polar facets was dis-
covered to be capable of producing PCE of 4.86%, which is around 35% increment
in PCE compared to ZnONP-based QDSC (3.14%) [98]. The enhancement of cell’s
performance is attributed to an effective charge separation and collection, owning
to the exposed ±[0001] facets, better light-scattering effects, and high surface area
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Fig. 1.11 a Top-view and cross-sectional SEM images of a ZnO nanotetrapods photoanode for
SSSCs, b schematic diagram of layer-by-layer formation of a ZnSe/CdSe/ZnSe quantum well
(QW) sensitiser, c TEM images of a QW-sensitised tetrapod, the arm part from the tetrapod, and
the electron diffractions corresponding to different sections with and without the QW shell and
structure [99]

for QD loading. Yan et al. created a novel photoanode using a quasi-quantum well
(QW)-structured ZnSe/CdSe/ZnSe as the sensitiser and quasi-epitaxially deposited
on ZnOTP to produce a QDSC PCE of 6.20% (Fig. 1.11) [99]. The QW structure
was revealed to yield longer electron diffusion length due to high electron transport
and charge recombination resistance, resulting in higher V oc, Jsc, and FF.

1.4.3.2 Effect of Light Scattering in ZnO-Based QDSCs

Similar to TiO2-based film architecture, ZnO-based photoanode consisting of a dou-
ble layer, namely a light-scattering layer of large particles on top of an underlayer of
small particles, is widely used in order to combine the advantages of the two layers.
Bilayer-structured photoanode such asZnONPs/ZnOMSs, [144], ZnONWs/ZnOHSs
[143], and ZnONRs/ZnOTPs [145] has demonstrated their capability in improving
the light scattering. For instance, bilayer structure-based photoanode consists of
mesoporous ZnOHSs and ZnONW arrays which were discovered to have enhanced
the photogenerated current of QDSCs, owing to the high surface area, efficient light-
scattering effects, and fast electron transport ability (Fig. 1.12) [143]. Meanwhile,
Yu et al. studied the effect of different-sized ZnOHS on the QDSCs performance and
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Fig. 1.12 a Cross-sectional SEM andmagnified images of the ZnOHS layer over ZnONWnetwork
b and c schematic illustration of charge migration from 3D ZnOHSs to 1D ZnONWs injected by
CdS QDs, light scattering, and diffusion of electrolyte [143]

revealed that ZnOHS with size around 500 nm displayed best light-scattering effect
compared to other sized HSs [146]. Moreover, the PCE of QDSCs can be further
improved by using a mixture of hollow spheres with different sizes, ranging from
300 to 800 nm, due to the enhanced light scattering in different light wavelengths
induced by the various sized HSs.

1.4.4 Other Types of ETMs Used in QDSCs

Apart fromTiO2 and ZnO, a variety of metal oxides, such as SnO2 [147], ZrO2 [148],
BaTiO3 [149], and Zn2SnO4 [150], have been exploited as photoanodes in QDSCs.
Nonetheless, the cell performance of these ETMs is normally poor, which is due
to the low electron mobility and/or unfavourable band edge position of the ETMs.
Among these, SnO2-based QDSCs provide the best cell performance with PCE of
4.37% by using highly ordered SnO2 inverse opal films in the photoanode to reduce
charge recombination and increase V oc and FF and thus the overall cell performance
[147].
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1.4.5 Semiconductor QD Light Absorbing Materials
in QDSCs

Semiconductor QDs are the core of QDSCs that harvest sunlight and generate elec-
tron–hole pairs. Therefore, ideal QD sensitisers should possess the following char-
acteristics: (1) an appropriate band gap to absorb sunlight over a broad range of
the solar spectrum and a high absorption coefficient to maximise the light-harvesting
efficiency of the incident light; (2) decent stability towards light, heat, and electrolyte;
(3) facile preparation and low toxicity.

There are several advantages to use semiconductor quantum dots as light-
harvesting components in solar cells. Firstly, size quantisation effects allow one to
tune the light response and vary the band offsets to achieve vectorial charge transfer
across different-sized QDs particles (Fig. 1.13a, b, d) [107, 151, 153]. Furthermore,
these QDs open up new ways to utilise hot electrons [155] or generate multiple
charge carriers with a single photon [156]. Tvrdy et al. showed that energy level
of conduction band (ECB) of CdSe tends to shift from −3.65 to −3.94 eV with the
increasing size of the CdS nanocrystals from 2.8 to 4.2 nm, whereas the energy level
of valence band (EVB) merely shifts from −6.16 to −6.13 eV [157]. Since charge
transfer between QDs and metal oxides is mainly driven by the difference in ECB

of the QDs and metal oxides, the size of QDs is one of the most critical factors to
influence the charge transfer rate. Both Kongkanand et al. and Yun et al. studied
the size effect of QDs on the performance of QDSCs and revealed that larger CdSe

Fig. 1.13 a Suspensions of colloidal CdSe/ZnS core/shell heterostructured nanocrystals of differ-
ent sizes under UV excitation and b relative size-dependent emission spectra [151]; c schematic
illustration of charge transfer between TiO2 and different-sized CdSe QDs [152]; d absorption
spectra and corresponding second derivative spectra of wurtzite CIS QDs with different sizes [153];
e band gaps of CdSe quantum wells, wires, and dots versus the length of confined dimension with
the bulk band gap and exciton diameter noted on the axes [154]
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has better absorption under the irradiation of long wavelength; nonetheless, smaller
QDs exhibit faster electron injection kinetics from CdSe QDs to TiO2 owing to the
high ECB of CdSe (Fig. 1.13c) [107, 152]. Similar findings were published by Peng
et al. and Yang et al. when CIS and CISe were utilised as the QDs in their devices
[158, 159]. Nevertheless, Jara et al. discovered that the photocurrent and PCE of CIS
devices were mainly affected by the internal and surface defect sites dictating the
excited state dynamics of CISQDs, rather than the participation of quantised conduc-
tion band electrons in photocurrent generation of CIS [160]. On the other hand, the
band gapmay also be tuned to a precise energy level depending on the dimensionality
and degree of confinement through confining the exciton of a semiconductor [161,
162]. Figure 1.13e depicts the shift of the band gap of CdSe nanocrystals confined in
three dimensions (QDs), two dimensions (quantum wires or rods), or one dimension
(quantum wells or discs) [154]. The increase in the number of confined dimensions
yields a stronger degree of electronic confinement and thus a wider range of tunabil-
ity in the band gap. These discoveries suggested that size and shape of QDs have to
be carefully tuning in order to optimise the performance of QDSCs.

Throughout decades of studies and investigation, researchers have successfully
fabricated QDSCs with numerous different types of absorbers and some of the
representative QDSCs are included in Table 1.3.

1.4.6 Binary QD-Based Light Absorber

Binary QDs are most commonly used as sensitisers in the early stage of QDSCs
due to their established synthesis recipe and well-known photoelectronic properties.
Moreover, binaryQDs can be directly grown on ametal-oxide substrate from an ionic
precursor solution, such as chemical bath deposition (CBD) or successive ionic layer
adsorption and reaction (SILAR) at low temperature. Alternatively, ex situ approach
including direct adsorption, electrophoretic deposition, or linker-assisted deposition
methods can also be used to deposit colloidal QDs that are pre-synthesised onto
the metal-oxide substrate. These features make them feasible and attractive as a
light absorbers in QDSCs. Various binary QDs, mostly metal chalcogenide-based
QDs, such as Ag2S [163, 190], CdS [124, 164, 191], CdSe [165, 173, 192, 193],
CdTe [166, 194], In2S3 [167, 195], PbS [169, 175, 196–198], PbSe [169, 199, 200],
Sb2S3 [170, 201, 202], and Sb2Se3 [203, 204], have been applied as sensitisers in
QDSCs. Among these, CdS and CdSe QDs are the most widely investigated and
employed due to their simple preparation methods and high stability in QDSCs.
Jiang et al. demonstrated PCE as high as 7.54% using pure CdSe QD in their devices
through modifying the addition of poly(vinyl pyrrolidone) (PVP) in the polysulfide
electrolyte, which reduces the charge recombination losses at TiO2/QDs/electrolyte
interfaces [165]. Although CdS and CdSe are suitable for charge separation due to
their higher conduction band edge, their band gap is relatively wide which limits
their light-harvesting range. Therefore, PbS and PbSe QDs that have the abilities
to extend their light absorption into infrared (IR) region are favourite choices of



26 V. T. Tiong and H. Wang

Ta
bl
e
1.
3

Ph
ot
ov
ol
ta
ic
pa
ra
m
et
er
s
an
d
m
at
er
ia
ls
of

Q
D
SC

s
ba
se
d
on

di
ff
er
en
ta
bs
or
be
rs

Q
D
s

E
T
M
s

E
le
ct
ro
ly
te
/H

T
M

C
E

V
oc

(V
)

J s
c
(m

A
/c
m

2
)

FF
PC

E
(%

)
R
ef
er
en
ce
s

A
g 2
S

Z
nO

N
P

Po
ly
su
lfi
de

Pt
0.
50
9

9.
28

0.
52

2.
41

[1
63
]

C
dS

T
iO

2
N
P

Po
ly
su
lfi
de

Si
O
2
G
el
–d

C
-f
ab
ri
c/
W
O
3−

x

0.
89
9

11
.0
45

0.
63

6.
28

[1
64
]

C
dS

e
T
iO

2
N
P

PV
P/
Po

ly
su
lfi
de

C
u 2
S

0.
69
3

16
.0
1

0.
67
7

7.
54

[1
65
]

C
dT

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
60
9

11
.8
3

0.
67
6

4.
87

[1
66
]

In
2
S 3

T
iO

2
N
P

Po
ly
su
lfi
de

Pt
0.
57

4.
81
0

0.
47
4

1.
30

[1
67
]

In
P

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
59

10
.5
8

0.
56
7

3.
54

[1
68
]

Pb
S

Z
nO

N
P

1,
2-
et
ha
ne
di
th
io
ls

A
u

0.
62

22
.6

0.
63

8.
8

[1
69
]

Pb
Se

Z
nO

N
P

1,
2-
et
ha
ne
di
th
io
ls

A
u

0.
49

25
.3

0.
63

7.
8

[1
69
]

Sb
2
S 3

T
iO

2
N
P

PE
D
O
T
/P
C
PD

T
B
T

A
u

0.
71
1

16
.1

0.
65

7.
5

[1
70
]

A
g 2
S/
Z
nS

T
iO

2
N
P

Po
ly
io
di
de

Pt
0.
27

28
.5

0.
23
8

1.
76

[1
71
]

C
dS

/C
dS

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
61

21
.4
9

0.
55

7.
24

[1
72
]

C
dS

e/
Z
nS

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
56
1

16
.9
6

0.
56
6

5.
42

[1
73
]

C
dT

e/
C
dS

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
64
2

13
.8
8

0.
66
9

5.
96

[1
66
]

C
dT

e/
C
dS

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
60
6

19
.5
9

0.
56
9

6.
76

[1
74
]

C
dT

e/
C
dS

eS
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
62
9

16
.5
8

0.
69
4

7.
24

[1
66
]

Pb
S/
Pb

Se
Z
nO

N
P

1,
2-
et
ha
ne
di
th
io
ls

A
u

0.
60

24
.8

0.
63

9.
4

[1
69
]

Pb
S/
C
dS

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
59
5

18
.8
1

0.
64
2

7.
19

[1
75
]

Z
nS

e/
C
dS

e
Z
nO

N
W

Po
ly
su
lfi
de

C
u 2
S

0.
83
6

11
.9
6

0.
45

4.
54

[1
42
]

Z
nT

e/
C
dS

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
64
2

19
.6
5

0.
57

7.
17

[1
76
]

C
dS

/C
dS

e/
Z
nS

T
iO

2
N
P

Po
ly
su
lfi
de

Pt
0.
55

15
.7
1

0.
57

4.
91

[1
77
]

C
dS

/C
dS

e/
Z
nS

e
T
iO

2
N
P

Po
ly
su
lfi
de

Pt
0.
58

20
.1
1

0.
55

6.
39

[1
77
]

(c
on
tin

ue
d)



1 Photon-Responsive Nanomaterials for Solar Cells 27

Ta
bl
e
1.
3

(c
on
tin

ue
d)

Q
D
s

E
T
M
s

E
le
ct
ro
ly
te
/H

T
M

C
E

V
oc

(V
)

J s
c
(m

A
/c
m

2
)

FF
PC

E
(%

)
R
ef
er
en
ce
s

C
dT

e/
C
dS

/C
dS

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
61

20
.3
2

0.
51

6.
41

[1
78
]

Z
nS

e/
C
dS

e/
Z
nS

e
Z
nO

T
P

Po
ly
su
lfi
de

C
u 2
S-
G
O

0.
76
1

17
.3

0.
47
1

6.
2

[9
9]

C
dS

/C
dS

e/
C
dS

/Z
nS

T
iO

2
N
T

Po
ly
su
lfi
de

C
u 2
S

0.
55
5

17
.7

0.
55
7

5.
47

[1
79
]

C
ul
nS

2
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
60
1

22
.8
2

0.
62

8.
54

[1
80
]

C
ul
nS

e 2
T
iO

2
N
P

Po
ly
su
lfi
de

C
ar
bo
n

0.
70
4

21
.1
7

0.
62
1

9.
46

[1
81
]

C
dS

e x
S 1

−x
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S/
G
O

0.
55
7

11
.2

0.
51

3.
20

[1
82
]

C
dS

e x
Te

1−
x

T
iO

2
N
P

Po
ly
su
lfi
de

C
ar
bo
n

0.
80
7

20
.6
7

0.
68
9

11
.5
1

[1
04
]

Z
n x
C
d 1

−x
Se

Z
nO

N
C

Po
ly
su
lfi
de

C
u 2
S

0.
65

18
.0
5

0.
4

4.
74

[9
7]

C
u–
In
–G

a–
Se

T
iO

2
N
P

Po
ly
su
lfi
de

C
ar
bo
n

0.
74

25
.0
1

0.
62
1

11
.4
9

[1
81
]

C
u 2
Z
nS

nS
4

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
47

17
.4
8

0.
40

3.
29

[1
83
]

C
u 2
Z
nS

nS
4
/C
dS

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
51

18
.6
8

0.
49
3

4.
70

[1
84
]

Z
nC

ul
nS

T
iO

2
N
P

Po
ly
su
lfi
de

C
u 2
S

0.
61
2

22
.7
0

0.
61
5

8.
55

[1
85
]

Z
nC

ul
nS

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
ar
bo
n

0.
75
2

25
.9
7

0.
64
4

12
.5
7

[1
86
]

Z
nC

uI
nS

e/
C
dS

e
T
iO

2
N
P

Po
ly
su
lfi
de

C
ar
bo
n

0.
75
2

27
.3
9

0.
61
9

12
.7
5

[8
9]

C
sP
bI

3
T
iO

2
N
P

Sp
ir
o-
O
M
eT
A
D
/M

oO
x

A
u

1.
2

14
.3
7

0.
78

13
.4
3

[1
87
]

C
H
3
N
H
3
Pb

I 3
T
iO

2
N
P

Po
ly
io
di
de

Pt
0.
64

19
.2
9

0.
55
2

6.
54

[1
88
]

C
H
(N

H
2
) 2
Pb

I 3
Sn

O
2
N
P

Sp
ir
o-
O
M
eT
A
D

A
u

1.
1

11
.8
3

0.
64
42

8.
38

[1
89
]



28 V. T. Tiong and H. Wang

binary QDs in QDSCs. Hu et al. fabricated QDSCs with PCE as high as 8.8%
and 7.8% using pure PbS and PbSe, respectively, as the QDs [169]. Nevertheless,
their low conduction band edge and electron injection efficiency limited advance in
cell’s performance. Due to the above-mentioned limitations of the binary QDs, the
development of QD sensitisers has revolved to explore multi-compositional QDs to
balance the light-harvesting efficiency and electron injection efficiency.

1.4.7 Ternary and Quaternary QD’s Light Absorbing
Material System

Ternary and quaternary QDs also known as alloyed QDs are another alternative to
binary QD due to the feasibility to engineer the physical characteristics, such as
band gaps, energy band positions, and photoelectronic properties of QDs without
changing the particle size through controlling the compositional ratio between each
chalcogenide and metal element [205]. Moreover, alloyed QDs also demonstrated
higher chemical stability than their constituents due to their hardened lattice structure
and decreased inter-diffusion [206].

Most of the ternary and quaternary QDs used in QDSC have been focused on
metal chalcogenide-based materials such as CdSexS1−x, CdSexTe1−x, CuInS2 (CIS),
CuInSe2 (CIS), Cu–In–Ga–Se (CIGS), Cu2ZnSnS4 (CZTS), Zn–Cu–In–S (ZCIS),
and Zn–Cu–In–Se (ZCISe). Among them, CdSeS QDs were the first ternary QDs
applied as sensitisers in QDSC, delivering a PCE of 0.6% [207]. Nevertheless, the
narrow light absorption range of CdSeS QDs has resultant in a fairly poor photo-
voltaic performance, wherebyQDSCs based onmultiple absorber layerswith various
band gaps within the TiO2 film could only deliver a maximum PCE of 3.2% [182].
This leads to the research of exploring II–VI group QD, the CdSeTe QD sensitiser
which displayed broader light absorption range, enhanced chemically stable, and
high conduction band edge characteristics, leading to a remarkable certified PCE of
11.16% [104].

Another group of ternary metal chalcogenide QDs which were heavily investi-
gated is I–III–VI group semiconductors, including CIS and CISe owing to their high
absorption coefficient and suitable band gap to generate excellent photovoltaic per-
formance [208]. Moreover, they are considered as “green” light absorption materials
due to the absence of heavy metal elements, Cd or Pb. Wang et al. demonstrated that
the performance of CIS-based QDSCs could be boosted through careful tuning of
Cu/In ratios in CIS QDs [180]. As a result, PCE up to 8.54% was achieved when
the Cu/In precursor molar ratio is 1/4, which is attributed to the reduced surface
defects in the In-rich CIS QDs which effectively inhibited charge recombination at
the TiO2/CIS/electrolyte interfaces. Through the introduction of Zn into CIS QDs,
the PCE of ZCIS-based QDSCs was slightly improved to 8.55% which is mainly
ascribed to the superior photogenerated electron injection rate from QD into TiO2

substrate and restraint of charge recombination at the interface [185]. On the other
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hand, CISe QDs which possess a narrower band gap in comparison to CIS QDs have
the capability to increase the light absorption range to near-infrared region (NIR), thus
benefiting higher Jsc value and the photovoltaic performance. Hyeon et al. showed
that a high Jsc value of 26.93 mA/cm2 could be obtained in CISe-based QDSCs by
optimising ZnS overlayer thickness, delivering a PCE of 8.1% [209]. Similarly, a
QDSC PCE of 9.46% was obtained by Peng et al. when CISe QDs were used as sen-
sitisers and the PCE was further improved to 11.49% when Ga element was alloyed
into CISe QDs [181]. The alloyed CIGSQDs were discovered to have optimum elec-
tronic structure, which matched well with TiO2 substrate and favouring the electron
extraction process while at the same time, suppressing the intrinsic recombination in
CIGS-basedQDSCs. Another successful alloying strategy of CISeQDswas reported
where Zn element was employed to synthesise ZCISe QDs, yielding a record ZCISe
QD-based QDSC PCE of 12.57% [186]. The defect state-related donor–acceptor
pair in ZCISe QDs owing to Cu deficiency was believed to be responsible for the
enhanced PCE.

1.4.8 Core/Shell QD-Based Light Absorber

Core/shell structure falls under one of the classifications of alloyed semiconductors.
QDs with this unique structure have attracted much attention due to the comple-
mentary effect of extending the wavelength range of light harvesting, facilitating the
charge separation, and limiting the recombination processes in QDSCs. Besides, the
shell can act as a protection layer, preventing the core QDs from corrosive organic
capping ligands, and thus enhance the chemical, thermal, and photostability of the
QDs [85, 210]. Depending on the band gaps and the relative position of electronic
energy levels of the core/shell QDs, core/shell QDs can be classified into three cat-
egories: type-I, reverse type-I, and type-II band alignment [85]. For type-I, the band
gap of the shell material is larger than that of the core material, whereas reverse
type-1 is in contrary to type-1. As for type-II, both the valence band (VB) edge and
the conduction band (CB) edge of the shell material are located higher or lower than
the band gap of core material.

Reverse type-1-structured QDs based on CdS/CdSe QDs were the first core/shell
QDs introduced in QDSCs, yielding a PCE of 4.22% [211]. The core/shell structure
of CdS/CdSe was found to form a stepwise structure of band edge levels that benefits
the electron injection and hole recovery of the QDs through re-organisation of energy
levels between the core and shell QDs. This simple yet successful strategy has also
led to an extensive usage of direct depositionmethods, such SILARandCBD tomake
core/shell-structured QDs in QDSCs, which delivered PCE as high as 7.24% [172].
Nevertheless, SILAR and CBD methods which are extensively used in CdS/CdSe-
based QDSCs are not feasible to deposit other types of core/shell-structured QDs,
such as Te-based core/shell QDs due to limitation in precursor preparation.Moreover,
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the nucleation and growth of the core/shell QDs in the mesoporous ETM are incon-
trollable by direct growth methods, leading to the development of pre-synthesised
core/shell QD sensitisers.

Most of the type-I- and type-II-structured QDs are entirely or partially pre-
synthesised by using capping agents to adjust the nanocrystal size, shape, and light
absorption properties. In type-1-structured QDs, the shell is usually used to passivate
the surface of the core to improve the optical properties and chemical stability of
the core [85]. Jiao et al. demonstrated that type-1-structured PbS/CdS QDs could be
obtained through hot injection approach to obtain the core, followed by ion exchange
to cover the core with CdS [175]. The authors discovered that the density of trapping
state defects on the surface of the PbSQDs has been reduced through the introduction
of CdS shell. As a consequence, a significant improvement of cell performance was
achieved with PCE of 7.19% in comparison with the pristine PbS-based QDSC (PCE
of 1.71%). Similarly, the shell, CdS in theCdSeTe/CdS-based type-1-structuredQDs,
was revealed to be able to decrease the surface defect density and increase the stabil-
ity of the core QDs, thus suppressing the charge recombination process in the QDs
and QD/TiO2/electrolyte interfaces [212]. As a result, CdSeTe/CdS-based QDSCs
achieved a PCE of 9.48%.

The application of type-II-structured core/shell QDs in QDSCs has attracted a
lot attention recently due to their attractive properties and features. The position of
CB and VB of the shell could result in significant red shift of the absorption edge,
owing to the effect of the exciplex state and spatial separation of electron and hole,
facilitating fast electron transfer from the QD sensitiser to the metal-oxide medium
[210]. Wang et al. constructed type-II CdTe/CdSe QDSCs which exhibit PCE of
6.76% due to the extended light absorption range to infrared region as well as the
fast electron injection and restriction of charge recombination process (Fig. 1.14)
[174]. Similar discovery was reported by Yang et al. when employing the CdTe/CdS
and CdTe/CdSeS type-II core/shell QDs as a sensitiser in QDSCs. The PCE of the
wider light-harvesting range and photoelectronic response improved CdTe/CdSeS-
based QDSCswas boosted to 7.24%which is 35% higher than the pure CdTeQDSCs
[166].

1.4.9 Co-sensitised QDs

Co-sensitisation strategy was used to harvest broader range of incident light by
depositing different light absorber materials with complimentary light absorption
range and extinction coefficient in the photoanode [213]. In addition, co-sensitisation
could improve the coverage of QDs on TiO2 surface, protecting the ETM from
being directly exposed to the electrolyte, and thus reduce the aggravation of charge
recombination and enhance the light-harvesting efficiency [214].

Hu et al. show that the PbS QD-based device performance could be improved
through co-sensitising a small amount of PbSeQDswhich delivered a PCEof 9.4%as
compared to 8.8% for pure PbS-basedQDSCs and 7.8% for pure PbSe-basedQDSCs
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Fig. 1.14 a TEM image of 4.9 nm CdTe/CdSe core/shell QDs and b cartoon of corresponding
core/shell QD indicating the relative bands position (the conduction band and valence band are
depicted with a solid black or red line for CdTe and CdSe, respectively. The size of the band gap,
Eg, for CdTe, CdSe, and the exciplex state is indicated with arrows) [174]

[169]. The enhancement of device performancewas attributed to the improved charge
mobility of co-sensitisedQDs due to the presence of PbSe, leading to the formation of
a larger electronic coupling between neighbouring nanocrystals and thus facilitating
faster charge transport. The co-sensitised QDSC performance was further improved
to a record high PCE of 12.75% formetal chalcogenide-basedQDSCs byWang et al.,
through the employment of ZCISe and CdSe QDs as sensitisers (Fig. 1.15) [89]. The
synergistic effect of the ZCISe QDs with a wide light absorption range and a high
extinction coefficient CdSe QDs was revealed to be responsible for the improved
light-harvesting efficiency as well as inhibition of charge recombination. Apart from
different materials co-sensitisation, Chen et al. reported that co-sensitising QDSCs
with different-sized CdSe (2.5 and 3.5 nm) could also exhibit longer electron lifetime
owing to the reduction of charge recombination at the interface as compared to
single-sized CdSe-based devices [215].

1.4.10 Organic–Inorganic Hybrid QDs Used in Solar Cells

Organic–inorganic hybrid nanomaterials, especially metal halide perovskite, have
been the latest trend in PV with the realisation of both high efficiency and low cost
due to their excellent optoelectronic properties (strong absorption and high carrier
diffusion length), versatility of structure and materials that can be used, and the
low-cost solution processing method for material synthesis [216–218]. The ballistic
growth of perovskite solar cells (PSCs) has led to a certifiedPCEof 25.1%, surpassing



32 V. T. Tiong and H. Wang

Fig. 1.15 (Top) Schematic illustration for the preparation of co-sensitised photoanodes; (bottom),
a cross-sectional SEM image and b–g elemental mapping images of ZCISe/CdSe QD co-sensitised
TiO2 electrode film [89]

all other emerging PV technologies and is even comparable to the first-generation
crystalline silicon solar cells [86].

The first report of perovskite QDSC was revealed by Kojima et al. in 2009 where
methylammonium lead triiodide, CH3NH3PbI3 (MAPbI3), and methylammonium
lead tribromide, CH3NH3PbBr3 (MAPbBr3) were applied as the sensitisers in a
TiO2-based device with structure resembling of DSSC, delivering a PCE of 3.8% and
3.13%, respectively [216]. The PCE of theMAPbI3-based QDSCwas later increased
to 6.54% by Im et al. in 2011 [188]. Nevertheless, the MAPbI3 QD-based QDSCs
have poor stability in the presence of the electrolyte due to the gradual dissolution of
QDs into the redox electrolyte. Therefore, Xue et al. employed a post-synthetic pro-
cess for effective control of surface ligand density on formamidinium lead triiodide,
CH(NH2)2PbI3 (FAPbI3) QDs which improved the ambient and operational stability
of the QD films and devices over their bulk form [189]. As a result, the FAPbI3 QD
solar cells exhibited a PCE of 8.38%.

The stability of perovskite QDs was further improved by Swarnkar et al. through
using CsPbI3, a pure inorganic perovskite material as the light absorber [219]. The
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Fig. 1.16 a Schematic and b SEM cross-sectional images of a perovskite-based QDSC [187]

resultant films exhibited long-range electronic transport and the CsPbI3 QD-based
cells delivered a PCE of 10.77%. The same group later introduced an AX post-
treatment (where A = FA+, MA+, or caesium (Cs+) and X = I− or Br−) to coat the
CsPbI3 QD with the AX salt species (Fig. 1.16) [187]. The post-treatment was dis-
covered to greatly improve the electronic coupling between the QDs which boosted
the charge carrier mobility of the QDs while preserving the quantum confinement
and nanocrystalline characteristic of the QDs. This allowed fabrication of a solar cell
with a certified record PCE of 13.43%—the highest efficiency among all QDSCs
ever produced at the time of writing.

1.5 Perovskite Solar Cells

In the early stage of PSCs, nano-sized perovskitematerials were applied as sensitisers
in solar cellswith device structure resembling ofDSSCswhich is gradually developed
into p-i-n or n-i-p structured solar cells (Fig. 1.17). Although PSCs evolved from

Fig. 1.17 Schematic diagrams of perovskite solar cells in the a n-i-p mescoscopic, b n-i-p planar,
c p-i-n (inverted) planar, and d p-i-n (inverted) mesoscopic structures [220]
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DSSCs, studies suggest that they work differently compared to DSSCs, making
them a new type of solar cells. Nevertheless, they appear to overcome the hurdles
of DSSCs, in particular the device performance, and offer the greatest paradigm for
potential substitutes of Si-based and inorganic thin-film modules.

In PSCs, three typical structures are usually used: (i) mesoporous structure; (ii)
planar structure, and (iii) inverted planar structure (Fig. 1.17) [220]. Similar toDSSCs
and QDSCs, ETM in PSCs plays a crucial role in yielding high-efficient device.
To achieve high performance, the ETM should meet following criteria: (i) good
optical transmittance, which reduces incident photon loss; (ii) suitable energy band
gap, which improves the electron extraction efficiency; (iii) high electron mobility,
which allow fast electron extraction and transport; (iv) ease of production, chemically
stable, low toxicity, and low cost, which allow large-scale, mass production. n-type
materials, including TiO2, ZnO, SnO2, insulative material such as Al2O3 and ZrO2,
as well as p-type WOx, NiO, and CuxO, are often used as ETM, scaffold layer or
HTM, respectively, in PSCs.

1.5.1 n-Type Photonic-Responsive Materials

PSCs with the conventional n-i-p structure are more extensively investigated as com-
pared to the p-i-n structure, which is partially due to the evolution of PSCs from
DSSCs. In a n-i-p structure, the incident light travels through the ETM of PSCs
before being absorbed by the light-harvesting material, perovskite. Therefore, the
physical and optoelectrical properties of the ETM are important as it influences the
light-harvesting efficiency of the devices. Several inorganic n-type semiconduct-
ing nanomaterials have been applied as ETMs in the conventional structure PSCs
(Table 1.4).

1.5.2 TiO2-Based Electron Transporting Materials

TiO2 is the first and thus far, the most popular ETM used in PSCs, owing to its long
history inDSSCs.The proper bandgap and energybandpositionwhere its conduction
band minimum (CBM) located slightly lower than that of MAPbI3 facilitate smooth
electron injection from the perovskite absorber to the ETL while its lower valence
band maximum (VBM) enables TiO2 exceptional hole-blocking properties [236].
Moreover, the chemical stability, high charge transportability, and low-cost, simple,
yet matured preparation method of TiO2 make it an ideal candidate as an ETM in
PSCs.

As aforementioned, ETMs can be used in the form of a compact layer and meso-
porous layers. The compact layer is generally less than 100 nm, and the mesoporous
layer has thickness in the ranges of hundreds of nm. The electron diffusion length of
the perovskite film was reported to be over 1 μm, suggesting that the TiO2 thickness
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may not be the key factor affecting the electron transport efficiency [237]. In fact, the
defects and crystal boundaries of the c-TiO2 which act as electron traps are responsi-
ble for the charge recombination, reducing V oc and device instability. Additionally,
since planar PSCs only consist of single compact layer as the ETL and blocking
layer, a uniform pinhole-free ETL is crucial for efficient hole-blocking, avoiding
intimate contact between the TCO substrate and perovskite. Tan et al. demonstrated
hysteresis-free PSCs with PCE up to 21.4% can be achieved, through employing a
chlorine-capped TiO2NP film with a very low trap-state density of ~3 × 1015 cm−3

to mitigate interfacial recombination and to improve interface binding [221]. In the
meantime, bilayer-structured compact ETL composed of SnO2 and TiO2 was also
proven to have provided a large free energy difference value between ETL and per-
ovskite as well as defect-free physical contact, resulting in a PCE more than 21%
[238, 239].

The ETL ofmesoporous PSCs normally contains amesoporous layer on top of the
compact underlayer. The mesoporous layer acts as a scaffold to assist the crystallisa-
tion of perovskite with enhanced nucleation at the nanoparticles’ surface and expand
the contact surface area between perovskite and ETL for efficient photogenerated
electron collection [240]. Owing to these reasons, the size of the mesoporous-based
TiO2NPs is important for device performance. If the size is too small, the infiltration
of perovskite will be prevented by the close, dense pore whereas if the size is too
large, the morphology of perovskite will be affected, therefore increasing the risk of
direct connection between the TiO2NPs and the hole transporting layer (HTL). Apart
from the above-mentioned effect, Han et al. revealed that different sizes of TiO2NPs
also affect the charge transfer kinetics at the perovskite/TiO2 interface [241]. M-
TiO2-based PSCs with a record PCE over 24% is achieved by Kim et al., through
careful tuning and selection of appropriate size of mesoporous TiO2NPs [222].

1DTiO2 nanostructures includingnanorods [223, 243, 244], nanowires [224, 245],
nanotubes [225, 246, 247], and nanofibers (Fig. 1.18a, b) [242] possess the merits
of higher electron mobility which facilitate fast electron transport over TiO2NPs.
Kim et al. studied the influence of TiO2NRs length on device performance and
discovered that the performance of PSCs degraded with the increase of TiO2NRs
length, due to the disorder arrangement of the nanorods, thus reducing the pore filling
[243]. Interestingly, only the charge generation efficiency was found to be affected
by different lengths of nanorods while the charge recombination rate remains the
same. Similar investigation was carried out by Jiang et al. on TiO2NWs [245]. The
authors suggested that 900-nm-long TiO2NWs yielded the best PCS performance
due to the effective charge transport and additional loading of perovskite materials,
allowing higher light absorption and thus the current density. Further modification of
TiO2NWs to 3D branched TiO2NWs sees the enhanced device performance through
efficient electron transport and light scattering (Fig. 1.18c–f) [224].On the other hand,
Gao et al. constructed a TiO2NT network ETL as light scatterers which is capable
of enhancing light absorption, and charge extraction and collection efficiency and
thus device performance. Yang et al. further improved the light-harvesting capability
through assembling ETL composed of TiO2NP/TiO2NT, which showed a substantial
increment in photocurrent density compared to pure TiO2NP-based PCSs [225]. The
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Fig. 1.18 a Schematic illustration of the various components of TiO2NF-based PSCs and b SEM
of the TiO2NF film [242]; c top view of a 3D TiO2 NW architecture. Inset is an enlarged SEM image
showing the tree-like-branched NR structure; d TEM image of a branched TiO2 NW showing dense
and uniform coverage of TiO2NRs along the entire stem. e Higher magnification TEM (HRTEM)
image showing the single-crystalline NR branches and the polycrystalline NT trunk. f HRTEM
image of a TiO2 NR branch showing the perfect crystal lattice [224]

enhanced charge conduction and light-harvesting efficiency found in the PSCs were
attributed to the Mie scattering effect. Similar light-scattering effect was reported
by Islam et al. when TiO2NRs were employed as scaffolding layer and TiO2NPs as
blocking layer [248]. As a result, the PCE of the device was significantly enhanced,
due to the improved Jsc and reduced charge recombination rate. PSCs based on 3D-
nanostructured ETLs, namely nanocones [249], nanohelices [250], and nanodendrite
[226], were also fabricated due to their outstanding electron transporting properties
as well as light-scattering efficiency, which is beneficial for boosting the device
performance. Nevertheless, only the PSCs constructed based on 3D hierarchical
structure TiO2 nanodendrite (TiO2ND) array were capable of achieving promising
device performance with PCE of 18%, owning to the effective electron transporting
and hole-blocking properties of the unique nanostructure [226].

1.5.3 ZnO-Based Electron Transporting Materials for PSCs

Even though TiO2-based PSCs demonstrated promising cell efficient, the preparation
of TiO2 films requires high annealing temperature, up to 500 °Cwhichwould limit its
prospect in the development of flexible plastic substrate-based PSCs. Additionally,
TiO2–perovskite interfaces are notably unstable under UV light, which is detriment
to long-term stability [251]. Therefore, low-temperature processable material such
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as ZnO is considered as a feasible alternative to TiO2, owing to its superior optoelec-
tronic properties that offer greater transmittance in the visible to IR regions of the
spectrum and lower resistivity, orders of magnitude higher mobility, and a shallower
conduction band edge that align more closely with metal halide perovskite [227].
Moreover, ZnO with different morphologies can be easily synthesised through solu-
tion method at low temperature due to its anisotropic growth, making it suitable for
application in flexible polymer substrates.

ZnO has been successfully demonstrated its function as both blocking layer and
ETM in both planar and mesoporous structured PSCs. Particularly in planar PSCs,
ZnONPs can be easily deposited on electrically conductive substrate such as FTO
and ITO without the mesoporous scaffolding layer. This simple, low-temperature,
solution-processable fabricationmethod is compatible with roll-to-roll processing on
flexible substrates which is suitable for large-scale production [252]. Song et al. stud-
ied the influence of different ZnO layer thicknesses in affecting PSC performance.
It is revealed that ZnO layer with a thickness of 20 nm is the optimum thickness to
deliver the best cell performance [253]. Cao et al. and Schutt et al. achieved record
high efficiency of 21.1% with ZnO-based planar PSCs, demonstrating the potential
of this material [227, 254]. On the contrary, 2D and double-layered ZnO nanostruc-
tures are famous for their capability in extending the electron diffusion length and
facilitate fast electron transport mesoporous PSCs. Above all, ZnONR is the most
investigated nanostructure in ZnO-based mesoporous PSCs due to its boundary-less
structure with desirable internal electrical field for charge transport [255]. Son et al.
found that both the short-circuit current density and charge collection in ZnONR-
based PSCs were better than TiO2NR-based PSCs, leading to an enhanced PCE
of 11% [256]. Mahmood et al. further improved the electron mobility of ZnONRs
through nitrogen dopant, leading to an enhancement of PCE of 16.1% (Fig. 1.19)
[229]. Meanwhile, Mahmud et al. reported that double-layered ZnO nanostructure
with thickness of 45 nm contained the lowest trap states, producing ZnONP-based
PSCs with superior charge transport properties [257]. The efficiency of ZnO meso-
porous (m-ZnO) devices was further boosted to over 20% through doping ZnO with
polymer and employing nanocomposite of m-TiO2 with ZnO-ZnS [228].

Although ZnO possesses various unique features and properties, the issues of
ZnO-perovskite interfacial and thermal instability have led to ZnO as less attractive
ETMmaterial compared to TiO2 and SnO2. Several reports suggest that the hydroxyl
groups present on ZnONPs are the main culprit for the degradation of perovskite
[258–260]. Schutt et al. further reveal that the root cause ofZnO-perovskite instability
to be the deprotonation of the methylammonium (MA) cation, which lead to the for-
mation of zinc hydroxide [227]. Despite the instability of ZnO-based PSCs, a number
of research groups have successfully addressed these stability concerns by “passi-
vating” ZnO surface with magnesium oxide, ethanolamine, poly(ethylenimine), and
ZnS which led to increment of ZnO-based cells’ PCE over 20% [228, 254, 261, 262].
Nevertheless, the long-term stability of ZnO-based PSCs still remains a concern if
MA-based perovskite is employed. Therefore, MA contented perovskite should be
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Fig. 1.19 Surface and cross-sectional SEM images of a, b conventional nitrogen-doped ZnO
(N:ZnO) nanorods (rods diameter of 85 nm) with low aspect ratio (LAR) and c, d modified N:ZnO
NRs using PEI as a capping agent during growth (rod diameter of ≈35 nm) resulting in high aspect
ratio (HAR) NRs. e J-V curves both in the forward and reverse scanning directions for the devices
based only on optimal 1070-nm-long HAR and LAR for pure ZnO and N:ZnO NRs and f EQE
spectra of the corresponding devices, respectively [229]

completely avoided and replaced with formamidinium mixed with caesium (FACs)-
based perovskite, which has been proven to be able to deliver a record ZnO-based
PSC PCE of 21.1% with enhanced long-term stability [227].

1.5.4 SnO2-Based Electron Transporting Materials in PSCs

Stannic oxide (SnO2) is another extensively explored metal-oxide materials to be
used as compact and mesoporous layers in PSCs. Compared to TiO2, SnO2 appears
to be a better ETM for PSCs in many aspects including: (1) a deeper conduction
band and valence band position, which is beneficial for efficient electron extrac-
tion and hole blocking; (2) high electron mobility (240 cm2 V−1 s−1), which can
enhance the electron transport efficiency and reduce the recombination losses; (3)
excellent chemical stability, UV resistivity, good antireflection property, and less
photocatalytic activity, which is favourable for long-term stability of the device; (4)
Lower crystallisation temperature than TiO2, which makes it an ideal candidate in
the application of flexible solar cells and large-scale fabrication at a lower cost [263].
Owning to these attractive properties, extensive studies on SnO2 based PSCs, which
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have proven its capability in yielding high performance PSCs matching that of TiO2

based PSCs.
The application of SnO2 as ETMs was first introduced in DSSCs. Although SnO2

possesses above-mentioned attractive features, it received little attention due to its
relatively poor PCE compared with TiO2- and ZnO-based DSSCs. Nevertheless,
SnO2 has proven its success in delivering high-efficient PSCs with PCE over 21%
[264–267]. Several reports have addressed the more efficient electron collection effi-
ciency of compact SnO2 (c-SnO2) layers than TiO2-based PSCs [268–271]. As an
example, Dong et al. systematically investigated the SnO2- and TiO2-based PSCs
and disclosed that the V oc and Jsc of the SnO2-based PSCs are significantly higher as
opposed to that of TiO2-based PSCs, suggesting higher electron collection efficiency
of SnO2 [268]. In addition, the thickness of SnO2 as compact layer is vital to effi-
ciently avoid direct contact of the perovskite layer with transparent conductive oxide
(TCO) layer while, at the same time, allow effective electron extraction. Studies have
shown that the optimumc-SnO2 layer thickness is determined by the preparation con-
ditions [266, 269, 272]. Nevertheless, all reports suggested that SnO2 nanoparticles
(SnO2NPs) are the most suitable morphology in the compact layer since merely
40-nm-thick c-SnO2 layer is required to produce a record high-efficient SnO2-based
planar PSCs with PCE of 23.32% [230]. These results have demonstrated the essen-
tial in balancing hole-blocking ability and electron transport properties of c-SnO2

layer through effectively control the layer thickness.
Even though SnO2-based planar PSCs thus far achieved better PCE than SnO2-

based mesoporous PSCs, the rapid and poorly controlled perovskite crystallisation
makes it challenging to commercialise planar PSCs. An extra mesoporous layer of
ETM could overcome this problem by altering the surface wettability to improve
the uniformity of perovskite over large area [273]. Furthermore, the mesoporous
layer could potentially improve the hole-blocking ability of compact layer through
filling the pinhole of the compact layer while simultaneously enhance the electron
extraction from perovskite layer. These benefits lead to suppression or even complete
elimination of the notorious I-V hysteresis. Apparently, the stability of SnO2-based
mesoporous PSCs has proven to be far superior to its planar-based PSCs, counterpart
as well as TiO2-based mesoporous PSCs [59]. Recently, Xiong et al. fabricated
PSCs through the incorporation of a thin SnO2 mesoporous (m-SnO2) scaffold layer
(100 nm) on top of the SnO2 blocking layer and achieved a hysteresis free and
stable PSCs with a high PCE of 19.12% [274]. The authors revealed that the scaffold
layer plays a connecting role between the blocking layer and perovskite and forms
a cascade energy-level sequence, thus facilitating charge transfer and enhancing
charge collection efficiency. Moreover, the PCE of PSCs can be further boosted to
19.80% through the integration ofm-SnO2 scaffold layer on top of c-TiO2 underlayer,
owing to the enhanced charge collection efficiency [231]. Apart from the commonly
used SnO2NPs, some multi-dimensional nanostructured SnO2 including nanosheets
(Fig. 1.20c, d) [235], nanotubes (Fig. 1.20a, b) [234], nanowires [233], and nanorods
[232] were also utilised as ETM or mesoporous layer. Nevertheless, the performance
of multi-dimensional nanostructured SnO2 (PCE ~ 16%) is slightly lower than that
of SnO2NPs-based PSCs, suggesting further works needed for improvement.
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Fig. 1.20 a Schematic illustration of PSC fabrication process and b the corresponding cross-
sectional SEM images of SnO2NTs and its device [234]; c schematic view and d cross-sectional
SEM image of PSCs with SnO2 hierarchical ETL [235]

1.5.5 Other Metal-Oxide Scaffold Materials Used in PSCs

Besides the usually used TiO2, ZnO, and SnO2 ETMs, a variety of binary metal-
oxidematerials, for instance ZrO2 [275–277], Al2O3 [278, 279], and SiO2 [280–282]
which have large band gap and are insulate materials in nature, have been used as
scaffolding layer in PSCs. PCSs with a PCE of 11.33% were successfully fabricated
by Li et al. through integration of 167-nm-thick ZrO2 layer on top of m-TiO2 layer,
creating a double-layeredmesoporousTiO2/ZrO2 as scaffold layer [276]. The authors
suggested that the additional ZrO2 layer which acts as spacer layer prevented the
transportation of electrons in TiO2 back to counter-electrode as well as improved the
perovskite film quality. Interestingly, Mejía Escobar et al. displayed that PCE as high
as 17.9% could be yielded through the implementation of bilayered compact ETM
composed of a thin layer of ZrO2 sandwiched between the TCO and c-TiO2 [275].
On the other hand, Numata et al. studied the influence of heterogeneous TiO2/Al2O3

composition as a mesoporous scaffold layer on electron transport path and proposed
that a 7:3 ratio of TiO2/Al2O3 composite yielded the best PCS performance due
to the improved electron injection from perovskite to electron-collecting electrode
[279]. Similar phenomenon of enhancement in carrier transfer was revealed when
mesoporous SiO2 layer was integrated into TiO2 scaffold layer, producing PCSs with
PCE of around 12% [280]. Meanwhile, ternary metal oxides including SrTiO3 [283,
284], BaSnO3 [285–287], and Zn2SnO4 [288–292] have also demonstrated their
capability in delivering high-efficient PSCs. Among them, PSCs fabricated with
~120-nm-thick lanthanum (La)-doped BaSnO3 (LBSO) as the ETL shown the best
performance,with an astonishing highPCEof 21.2%,which ismore superior to itsm-
TiO2-based PSCs counterpart (PCE of 19.7%) [287]. This remarkable achievement
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in performance is mainly attributed to a higher obtained V oc and FF, which are
associatedwith LBSOextraordinarily high electricalmobility, and higher conduction
band minimum and electron density as well as reduced carrier recombination as
compared to m-TiO2-based PSCs. Additionally, LBSO-based devices also showed a
greater resistance against photodegradation than the TiO2-based devices.

1.5.6 p-Type Semiconductor Nanomaterials in PSCs

The extensive research in perovskite field has also led to the rapid development of
p-i-n structure PSCs, which is also known as inverted structure PSCs. As opposed to
n-i-p structure PSCs, the incident light travels through the HTM in inverted structure
PSCs before being harvested by the light absorbing material, perovskite. Therefore,
the physical and optoelectronics properties of HTM in this case directly affect the
light-harvesting efficiency of the devices. Several inorganic p-type semiconducting
nanomaterials have been applied as HTMs in the inverted structure PSCs as listed
in Table 1.5. Among them, nickel oxide and copper-based nanomaterials are most
widely investigated.

1.5.7 Nickel Oxide

Nickel oxide (NiOx) is a cubical structured p-type semiconductor with wide band
gap, which offers sufficient optical transparency in the visible spectral region that
allows solar radiation access to the active layer through it [302]. Additionally, the
favourable deep-lying valence band of NiOx is an ideal electron blocking material
that suppresses charge recombination and enhances the hole extraction in PSCs [303].
Furthermore, the chemically stable NiOx makes it perfect HTM to be applied on TCO
substrates. Liu et al. demonstrated that PSCs with PCE of 20.2% could be achieved
through a simple, low-temperature annealing process of the undoped NiOx which
enhanced charge extraction capability, better energy alignment, and improved pho-
toluminescence quenching efficiency as compared to sol–gel processed NiOx [304].
Nevertheless, the low conductivity of NiOx which results in increased recombination
and poor hole extraction has limited the progress of PSC performance [305]. There-
fore, the conductivity of the NiOx film needs to be enhanced either through compo-
sition optimisation and doping. Doping NiOx with various dopants such as Cu [306],
Cs [305], Mg [307], Mg:Li [308] has proven to be effective where high-efficient
PSCs with PCE over 20% have been achieved. Meanwhile, Abzieher et al. studied
the influence of NiOx layer thickness on the performance of PSCs and reported that
30-nm-thick NiOx layer yields the best device performance with a PCE of 20.7%
due to the low absorbance and high transmittance of incident light [309].

Wang et al. showed that a higher PCE of 9.51% could be obtained through meso-
porous NiOx (m-NiOx)-based PSCs over planar NiOx-based PSCs (PCE of 7.9%),
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due to the efficient light scattering through the extension of light path length [310].
However, the mesoporous NiOx-based PSCs still inferior to the planar NiOx-based
PSCs, due to the significant light absorption of NiOx at wavelength below 500 nm as
demonstrated in their external quantum efficiency (EQE). Park et al. improved the
m-NiOx-based PSCs to a record high PCE of 17.3% through constructing the (111)-
oriented NiOx nanostructured film which play a role in effective holes extraction and
electron leakage prevention [294].

1.5.8 Copper-Based Inorganic Hole Transport
Nanomaterials in PSCs

Inorganic semiconducting copper-based HTMs, including copper thiocyanate
(CuSCN), copper iodide (CuI), copper oxide (CuO), and copper dioxide (Cu2O),
have been widely used in DSSCs and QDSCs, allowing easy technology transfer
to PSCs. The p-type inorganic Cu-based HTMs, are famous for their economical
and chemically stable properties while exhibit suitable energy band gap, high hole
mobility, high conductivity, and excellent transmittance [311].

CuSCN for instant possesses good transparency in the visible and infrared regions,
high mobility of ~0.01–0.1 cm2 V−1 s−1 [312], and excellent chemical stability.
The employment of CuSCN in inverted planar PSCs demonstrated a high PCE of
16.6% through controlling the surface roughness and contact resistance between
the perovskite layer and CuSCN [313]. The efficiency of the CuSCN-based planar
PSCs was further improved to 16.66% by Wang et al. and PCE as high as 18.76%
was achieved through utilising a composite CuI/CuSCN as HTL [295]. Meanwhile,
Chen et al. replaced conventional PEDOT:PSS with a highly conductive, wide band
gap semiconductor, CuI in an inverted planar-structured PSCs [314]. The authors
observed slight higher performance and enhanced stability of the CuI-based PSCs
over PEDOT:PSS-based PSCs due to the hydrophobic nature and ambient stability
of CuI. Similar air-stable device phenomenon was reported by Wang et al. with an
improved PCE of 14.7% when CuI was employed as HTL [315]. Amazingly, Ye
et al. showed that a hysteresis-free device with PCE of 18.1% can be achieved when
CuSCNwas directly incorporated in the perovskite layer forming perovskite/CuSCN
bulk-heterojunction [316]. The integration of CuSCN in perovskite layer was found
to have effectively facilitated hole transfer from the perovskite layer to the ITO
electrode, passivating hole trap states in perovskite layer, maintain the balance of
electron and hole transfer, and eliminate charge accumulation. The same group fur-
ther boosted the device PCE to a record high 19.9% through modification of CuI to
Cu(thiourea)I (Cu(Tu)I) [296]. The modified Cu(Tu)I was found to act as an efficient
trap-state passivator, which has identical VBM with perovskite, leading to lower
trap-state energy level at a greater extent and eliminate the potential wells for holes
at the p-i heterojunctions (Fig. 1.21).
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Fig. 1.21 (Top) a Cross-sectional SEM image and b schematic illustration of the device with
Cu(Tu)I as the trap-state passivator; (bottom) schematic illustration of possible mechanism for the
trap-state passivation. The size of graphic atoms is adopted randomly according to aesthetics [296]

In contrast to CuSCN and CuI, Cu2O and CO possess relatively narrower band
gap with work function of −5.4 eV [317]. Therefore, it can be used as HTM as well
as light absorber in solar cells. Nevertheless, Zuo et al. compared inverted planar
PSCs fabricated by using different HTMs, namely PEDOT:PSS, Cu2O, and CuO,
and reported a high PCE of 13.35% and 12.16% obtained fromCu2O and CuO-based
PSCs, respectively, over conventional PEDOT:PSS-based PSCs (11.04%) [298]. The
higher device stability and PL quenching results displayed by Cu2O and CuO layers
make them a promising alternative ETMs to replace the unstable PEDOT:PSS. The
PCE of CuOx-based PSCs was further enhanced to 17.1% owning to the fast hole
carrier transfer from the perovskite to CuOx layer and lower contact resistance of the
CuOx layer [297].

1.5.9 Vanadium Oxide

Vanadium oxide (VOx and V2O5) is another HTM that has been used in PSCs,
which has a narrow band gap of −2.0 eV and deep work function around −5.2 eV
[317]. This means that it can form an efficient hole injection/collection junction with
perovskite active layer. To date, only few have adopted vanadium oxide as HTM in
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PSCs. Among them, Guo et al. employed VOx as HTL in planar PSCs and achieved
a PCE of 14.5% which shows good ageing stability of 500 h in ambient environment
[318]. The device PCEwas further boosted to a record high 19.7% through combining
V2O5 with P3CT-K to form a bilayer-structured HTL [299]. The bilayer HTL was
discovered to not only increased the rate of charge extraction but also reduced charge
recombination as compared to pure P3CT-K based device. Meanwhile, Guo et al.
fabricated layeredV2O5/PEDOTnanowires, followed by exfoliation to formultrathin
V2O5/PEDOT nanobelts and yielded a device PCE of 8.4% using 40 nm uniform
and compact V2O5/PEDOT nanobelt-based HTL [319].

1.5.10 Molybdenum Oxide-Based HTM

Molybdenum oxide (MoO3) is another wide band gap, p-type semiconductor. MoO3

HTLhas the capability to reduce the charge recombination by suppressing the exciton
quenching and the resistance at photoactive layer/anode interface [302]. It also serves
as an optical spacer for improving light absorption. Nevertheless, there is not any
report on PSCs based on sole MoO3 HTL. MoO3 was either mixed with other HTM
or deposited as an additional HTL. For example, MoOx powders were incorporated
into a PEFOT:PSS solution before being deposited as HTL for PSCs [300]. As a
result, the perovskite film coverage was improved and a device PCE of over 15%
was achieved, due to the presence of MoOx which provide growing sites for the
crystal nucleus of perovskite during annealing process. On the other hand, Hou et al.
prepared aMoO3/PEDOT:PSS bilayer-structuredHTL and discovered that theMoO3

layer could restrain ITO from PEDOT:PSS erosion. Moreover, the hole extraction
efficiency of MoO3/PEDOT:PSS PSCs was found to have increased as compared to
pure PEDOT:PSS-based PSCs, thus yielding a device PSC of 14.87% [320].

1.5.11 Tungsten Oxide-Based HTM

Tungsten oxide (WOx) is a low-cost, nontoxic, and volatile HTM with high work
function, which is favourable for effective hole transport and collection [321]. Wan
et al. prepared amorphous WOx ETL at low temperature and revealed that WOx

exhibited comparable light transmittance but higher electrical conductivity in com-
parison with the conventional TiO2 ETL [322]. Moreover, WOx has positive effect
on the oriented crystallisation of perovskite, which is beneficial to the photoabsorp-
tion, resultant in higher Jsc and thus achieved slightly higher average PCE of 8.99%
over TiO2-based PSCs (PCE of 8.79). The performance of WOx-based planar PSC
was further promoted to 13.3% by Masi et al. through fabricating PSCs based on 1D
carved rod-shaped nanocrystals of reduced WO3−x [301].
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1.6 Summary and Outlook

During the past decade, we have witnessed the swift advancement of material and
technical in the quest to obtain record PCE for third-generation solar cells, especially
PSCs. Although the PCE of these devices is comparable to other solar cells, the cells’
efficiency and long-term stability need to be further improved to be competitive with
other existing solar technologies, such as silicon solar cells. Furthermore, “green”
and earth-abundant materials should be taken into account in the research of all solar
cell components in realising commercialisation of low-cost, environment-friendly
products. The shortcomings in these devices will motivate researchers to further
develop these kinds of solar technology aiming at commercial application as well
as long-term stability. This chapter has introduced the development of photonic-
responsive nanomaterials with unique optoelectronic properties and light absorption
characteristics, which are well-defined by the particle size and morphology as well
as material composition in the field of DSSCs, QDSCs, and PSCs.
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Chapter 2
Microwave-Responsive Nanomaterials
for Catalysis

Tuo Ji and Jiahua Zhu

Abstract Microwave heating is a powerful and non-conventional energy source for
heterogeneous catalytic reactions, which has attracted considerable attention during
the past decades. With the presence of microwave-responsive catalysts, microwave
can selectively heat the designed catalyst surface, and expedite the reaction rate at
catalyst/solvent interface. This chapter strives to extensively review the recent work
on microwave-responsive catalysts and their roles in heterogeneous catalytic reac-
tions. The fundamental mechanism of microwave heating is illustrated to explain its
functions in the catalytic reactions. The working principle of microwave-responsive
catalyst and related evaluationmethods are discussed in this chapter.Additionally, the
advantages of microwave-responsive catalysts for specific reactions have been cate-
gorized and reviewed.At last, a fewdifferent strategies to enhancemicrowave thermal
effects have been summarized. It is concluded that developingmicrowave-responsive
catalysts is a practical method to expedite reaction rate, enhance energy-efficiency,
and improve product quality. Therefore, designing microwave-responsive catalysts
could be an effective strategy for highly efficient reactions and future industrial-scale
applications.

Keywords Microwave · Catalyst · Nanomaterial · Energy efficiency ·
Heterogeneous reaction

2.1 Introduction

Microwave heating has been considered as a powerful energy source for material
synthesis [1], organic synthesis [2], fuel engineering [3], green chemistry [4], and
biomass conversion [5]. Since the first publication of microwave heating in chemical
reactions, studies in this area grow exponentially and have been extensively reviewed.
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The major advantages of microwave in reactions have been well recognized as rapid
reaction rate, cleaner products, and milder reaction conditions [6–8].

Compared to homogeneous reaction, microwave heating could have additional
benefits in heterogeneous reaction, such as promoting selective heating, expediting
interfacial reaction, and improving mass transfer [9, 10]. These characteristics would
create a unique reaction environment at catalyst/solution interface. Hence, the design
of microwave-responsive catalysts has been recognized as an effective approach to
achieve the goal in microwave heating heterogeneous reactions. Such catalysts not
only provide catalytically active sites, but also responsible for in situ heat generation
under microwave.

The focus of this chapter is to present the latest research onmicrowave-responsive
catalysts and their roles in heterogeneous catalytic reactions. The fundamental mech-
anisms of microwave heating are summarized. The working principle of microwave-
responsive catalyst and related evaluation methods are discussed. The discussion is
then expanded to different types of reactions including liquid-phase, gas-phase reac-
tions, as well as biomass pyrolysis. At last, different strategies to enhance microwave
thermal effect are discussed.

2.2 The Principle of Microwave Heating

2.2.1 Microwave Heating

Microwave is one kind of electromagnetic wave, which consists of two perpendicular
components—electric and magnetic fields. The wavelength of microwave falls in the
range of 1 mm to 1 m, corresponding to a frequency range of 300–0.3 GHz (between
the infrared and radio frequencies). In general, radar operates in the frequency range
of 1–30 GHz, while telecommunication uses the rest frequency band. To avoid inter-
ference with telecommunication devices, household and industrial microwave ovens
are operated at either 915 MHz or 2.45 GHz, which are reserved by the Federal
Communications Commission (FCC) [11]. Most of the domestic microwave ovens
and laboratory-scale microwave reactors use the frequency of 2.45 GHz.

Conventional heating involves the process of conduction and convection, where
the heat is usually supplied from an external heating source (such as oil bath, steam, or
resistive heater) and then propagates to the targeted area via heat transfer media. The
efficiency of such heating process is usually low because the heat transfer depends
on many factors including the thermal conductivity of the heat transfer media, con-
vection currents, and heating volume [10, 12]. Different from conventional heating,
microwave heating is more likely an energy conversion process rather than heat
transfer, where electromagnetic energy can be converted to thermal energy with
appropriate design. The most appealing feature of microwave in chemical reactions
is volumetric heating, where uniform temperature field can be created and target
temperature can be reached within a short period of time [13].
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2.2.2 The Mechanism of Microwave Heating

Microwave heating hinges on the ability of the materials to absorb and transform
microwave energy into heat. Based on the different interaction modes, materials can
be categorized as conductors (e.g., metals, graphite), insulators (e.g., quartz glass,
porcelain, ceramics), and dielectrics (e.g., water, carbon, Fe3O4).

When microwave irradiates on a conductor, most of them are reflected from its
surface. In contrast, microwave can penetrate through the insulator without loss.
These two types of materials are not suitable for heat generation. Dielectric materi-
als can absorb microwave and generate heat (called dielectric heating). Dielectrics
have two important features: (1) few free charge carriers and (2) exhibit dipole
moment or ability to generate dipole moment [14]. Dipole moment is defined as two
equal and opposite charges separated by a finite distance, which is widely existed
in the dielectrics [15]. With the presence of an external electric field, non-polar
molecules can be induced and form a temporary dipole moment. When electric field
and dipoles are misaligned, dipole rotation would occur to align themselves to the
electric field. Such alignment occurs at a high frequency of 2.45× 109 times per sec-
ond at microwave frequency of 2.45 GHz. The high-frequency rotation generates a
huge amount of friction heat inside the dielectrics, and this is exactly howmicrowave
can be used to generate heat. It is also worth mentioning that both rotated molecules
and oscillatory migration of ions in the system can generate heat under microwave
radiation.

The ability of dielectrics to convert microwave energy is related to their dielectric
properties, which depends on the complex permittivity as described in (2.1):

ε = ε′ − j · ε′′ (2.1)

where the real part of permittivity (ε′) signifies the ability to store electric energy.
The imaginary part, termed as dielectric loss (ε′′), signifies the ability to convert
electric energy. The ability of dielectrics to convert microwave into heat energy can
be assessed by tan δ, (2.2):

tan δ = ε′′/ε′ (2.2)

Fig. 2.1 Interaction of microwave with conductor, insulator, and dielectric materials
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where tan δ is the dissipation factor of dielectrics. A larger value of tan δ means a
higher conversion efficiency frommicrowave to heat [16]. Besides the intrinsic mate-
rial properties, other factors also influence the dielectric properties such as system
temperature, microwave frequency, and state of materials such as purity, chemical
state, and structure [17]. In general, materials with high real permittivity (ε′) are
often used in dielectric capacitors, while dielectrics with high dissipation factor (tan
δ) can be used as microwave absorption materials.

The conversion of microwave energy to heat can be calculated by (2.3, 2.4) [18]:

Q0 = σ E2 (2.3)

σ = 2πε0ε
′′ f (2.4)

where Q0 is dissipated heat in the electric field (W/m3), E is electric field intensity,
σ is dielectric conductivity, f is the frequency of energy source (Hz), and ε0 is the
permittivity of vacuum or free space (8.85 × 1012 F/m). If the materials are induced
by oscillated magnetic fields, the magnetic loss can be described in a similar way,
(2.5):

μ = μ′ − j · μ′′ (2.5)

where the real part of permeability (μ′) signifies the ability to store magnetic energy,
and imaginary part (μ′′) signifies the ability to convert magnetic energy. Therefore,
the total dissipated energy can be calculated by (2.6) [19]:

Q = 2πε0ε
′′ f E2 + 2πμ0μ

′′ f H 2 (2.6)

where H is magnetic field intensity, and μ0 is the permeability of vacuum or free
space (μ0 = 4π × 10−7 H/m).

Another factor influencing microwave heating is penetration depth Dp, which is
given by (2.7) [20]

Dp = 1

2π f

(
2

μ′μ0ε0μ′κ ′

)1/2[(
1 + tan2 δ

) 1
2 − 1

]−1/2
(2.7)

At frequency near the microwave regime, Dp is in the order of meters. Uniform
volumetric heating can be achieved when Dp is larger than the material or system
dimensions.
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2.2.3 Microwave Heating in Catalytic Reactions

Microwave heating has been studied in a wide range of reactions, including redox
[21], pyrolysis [22], dehydration [23], esterification [24], cycloaddition [25], and
decarboxylation [26]. The promising outcomes of microwave heating are higher
yield, milder reaction condition, shorter reaction time, and sometimes to trigger
reactions that cannot occur in conventional heatingmode.All these beneficial features
arouse great interests from scientists with an aim to explain the reaction mechanisms
under microwave irradiation [27]. According to the literature in the past decades, so-
called non-thermal effect (microwave effect) iswidely used to explain themicrowave-
assisted reactions [10]. That is said, when a reaction is under a highly polarized field,
microwave could impact themobility and diffusion of reactants/products and increase
the probability of reaction. However, more recent studies have shown solid evidence
of thermal effect in microwave reactions. For instance, higher local temperature has
been detected in a microwave heated reaction, which is 13–26 °C higher than normal
boiling point of solvent [28].

Microwave in heterogeneous catalytic reactions has attracted great attention
recently [30, 31]. Though more complicated, the interaction of microwave with liq-
uid, solid, and solid/liquid interface has triggered more efficient mass transfer and
faster reaction rate. Figure 2.2 shows the temperature distribution of MagtrieveTM in
toluene under microwave irritation. The temperature of MagtrieveTM reached 140 °C
within 2 min, which is higher than the bulk toluene phase [29]. In a case study of
1-octanol oxidation reaction, such intensified local heating promoted the reaction
yield to 67% within 5 min, which is higher than the yield with conventional heating.

Selective heating of heterogeneous catalysts has been experimentally demon-
strated as “hot spots” in a few earlier studies. This is considered solid evidence
of thermal effect since the temperature of catalysts is obviously higher than the
surrounding medium. Zhang et al. estimated the temperature of hot spots to be 100–
200 °C higher than the bulk phase and the size to be about 100 μm in the H2S

Fig. 2.2 Temperature profile ofMagtrieveTM in a toluene solution after 2minmicrowave irradiation
[29]
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Fig. 2.3 High-speed camera photographs of hot-spot generation on the Pd/AC catalysts surface in
the Suzuki–Miyaura coupling reaction: a 40 s and b 120 s irradiation [32]

decomposition reaction [33]. Satoshi et al. studied Suzuki–Miyaura coupling reac-
tion by using Pd/activated carbon (AC) catalyst and recorded the formation of hot
spots on catalysts surface in real time by using a high-speed camera [32]. As shown
in Fig. 2.3a, microscopic electric discharges (whitish-orange arcing) are generated
on the catalyst surface whenmicrowave irradiates for 40 s.With 120 s irradiation, hot
spots are widely populated on the catalyst surface, Fig. 2.3b. Researchers believe that
hot spots positively contribute to a fast reaction inmicrowave [34, 35]. The overheated
reactants near hot spots facilitated free radicals formation and triggered faster reac-
tions. In the aqueous-phase oxidation reaction, for instance, hot spots break down
H2O molecules into hydroxyl (·OH) and hydrogen (·H) radicals [36]. To achieve
such selective heating and hot-spot generation exactly on heterogeneous catalyst
surface, scientists developed microwave-responsive catalysts where the heat gener-
ation and reactive sites can be spatially aligned to maximize the energy efficiency of
heterogeneous reactions [37].

2.3 Microwave-Responsive Catalysts

2.3.1 The Principle of Microwave-Responsive Catalysts

Microwave-responsive catalysts are defined as a family of catalysts those can effec-
tively absorb microwave and convert microwave to heat. These catalysts should
satisfy the basic requirements of conventional catalysts such as rich reactive sites,
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good thermal and chemical stabilities. Besides, catalysts should be dielectrically
active to absorb microwave as well as convert microwave to heat. There are a few
different approaches to design and fabricate microwave-responsive catalysts, which
are detailed in the following three sections.

(1) Integrating conventional catalyst with microwave receptor. A straightforward
approach to design microwave-responsive catalysts is constructing a core–shell
structure with microwave absorber core and catalyst shell. For example, carbon
nanotube (CNT)/TiO2 core/shell structured catalysts were used in microwave-
assisted saccharides (glucose, fructose, etc.) dehydration reaction [37]. High-
resolution transmission electron microscopy (HRTEM) image in the inset of
Fig. 2.4a confirms the core–shell structure of CNT/TiO2. Upon microwave irra-
diation, the internal CNT core would be heated and provided localized ther-
mal energy to accelerate the reaction at the TiO2 shell. Results showed that
TiO2/CNT catalyst pushes reaction temperature to 162 °C, which is 30% higher
than pure TiO2 system (125 °C) at the same power level of 15 W. As a result,
the highest energy efficiency of 4.2 mol KJ−1 L−1 is obtained by TiO2/CNT
catalyst, which is six times higher than pure TiO2 and four times higher than
CNTs.

(2) Using dielectrics as catalyst supports. Dielectric materials like carbon, con-
ductive polymers, and some metal oxides can be used as catalyst supports. For
example, carbon-based solid-acid catalyst is one type of microwave-responsive
catalysts, which has been used in microwave-assisted acid hydrolysis or pyrol-
ysis reactions [38–40]. In such catalysts, the acid groups on the carbon sup-
ports can act as active sites and carbon support itself can be directly heated
up by microwave. Moreover, metal particles (Fe, Cu, Pt, and Pd) can be doped
on carbon materials and used as catalysts for microwave-assisted redox reac-
tions. For example, Varisli et al. developed Fe/mesoporous carbon catalysts for

Fig. 2.4 a System temperature profiles by using TiO2, CNTs/TiO2, and CNTs catalysts. The inset
is the HRTEM image of CNTs/TiO2. Reaction condition: [fructose] = 0.55 mmol, [catalyst] =
50 mg, input power = 15 W. b Energy efficiency of HMF production at different power inputs [37]
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microwave-assisted ammonia decomposition to produce hydrogen [41]. Meso-
porous carbon acts as catalyst supports and microwave receptors. The enhanced
thermal effect promoted a complete ammonia conversion reaction at 450 °C,
which a much higher reaction temperature of 600 °C is required in conventional
heating reactor.

(3) Creating dipoles at the catalyst surface. Recently, scientists devoted great efforts
to modify catalyst surface or use crystal defect engineering methods to enhance
the microwave response of conventional catalysts. Xia et al. found that hydro-
genated TiO2 nanocrystals can respond to electromagnetic wave at 2–18 GHz
due to the formation of an amorphous TiO2 layer on the surface after hydrogena-
tion [43]. Interfacial polarization is explained as the main reason for the induced
microwave-responsive behavior, where the crystal defects play an important role
at the interface that triggers microwave absorption at the grain boundary. Such
phenomenon was also observed in sulfated TiO2 nanomaterials [42]. When ion-
exchanged titanates (H2TinO2n+1) were directly heated at 400 °C, a large amount
of Ti-O-SO4

2− acid sites were formed between the crystal layers of titanates.
As shown in Figure 2.5, the sulfated TiO2 formed Bronsted acid sites on O− and
Lewis acid sites on Ti+, which accelerated charge transfer and form electrical
dipole moment on the surface. As a result, such polarized surface becomes very
active in the electromagnetic field that helps to generate a significant amount of
heat. The results reveal that energy efficiency can be enhanced by nine times by
using sulfated TiO2 catalyst [5.6 mmol (kJ L)−1] when compared to TiO2 solid
acid [0.6 mmol (kJ L)−1] in the fructose dehydration reaction.

Fig. 2.5 Proposed mechanism of polarization on TiO2 and H2Ti3O7 [42]
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2.3.2 Catalytic Performance Evaluation

Under constant power input, the microwave absorption ability of catalysts can
be assessed by maximum system temperature and heating rate. To quantify the
microwave absorption properties, catalysts can be measured by open-ended coax-
ial probe method. The catalyst powders are mixed with paraffin wax in an ether
solution, then dried by evaporating the solvent. The dried samples are collected and
compressed into a toroidal shape. The relative complex permittivity and permeability
of the wax-based composites can be measured on a vector network analyzer. Based
on these results, microwave absorption properties can be quantified.

Besides the activity, selectivity, and stability, energy efficiency is another factor
should be considered in the microwave heating catalytic reactions. Energy efficiency
can be calculated by (2.8):

η = np
P · t · nc (2.8)

where η is the energy efficiency factor (J−1), P is the input power of microwave, t
is elapsed time, and np and nc are the molar mass of the target product and catalyst,
respectively. η directly reflects the energy needed to produce a certain amount of
product.

2.3.3 Materials for Microwave-Responsive Catalysts

Carbon materials (activated carbon, CNTs, carbon fiber, mesoporous carbon,
graphene, etc.) are the primary selection of most microwave-responsive catalysts,
due to their good microwave absorption properties (0.1 < tan δ < 2.95) and high ther-
mal conductivity (1–3000 W/m K) [44, 45]. Carbon-based microwave-responsive
catalysts have been widely used in various reactions such as biomass conversion
[46], phenol oxidation [35], NOx reduction [47], and SO2 oxidation [48].

Though carbon materials are good candidate in general, they can be dramatically
different depending on the specific type of carbon. For example, activated carbon is
a type of amorphous carbon with rich porous structure and larger surface area that
can be a good catalyst support, while its lower dielectric loss (compared to CNT and
graphene-based material [49]) makes it not suitable for microwave receptor. Usually,
carbon with high graphitization degree comes with high thermal conductivity and
excellent microwave absorption [50]. However, high graphitization degree may sac-
rifice surface properties for catalyst development. Therefore, the specific demands
of carbon materials should be evaluated based on practical application conditions.

Conducting polymers such as polyacetylene (PA), polyaniline (PANI), polypyr-
role (PPy), poly(3,4-ethylene dioxythiophene) (PEDOT) are another family of
materials suitable for microwave-responsive catalysts [51]. The unique features of
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Fig. 2.6 Molecular structure of representative conducting polymers

reversible doping/dedoping, tunable chemical and electrochemical properties, and
facile synthesis make them promising materials in catalysis [52, 53]. For exam-
ple, PANI has been used as catalyst support to load noble metal catalysts [54, 55].
Besides, its abundant acid sites and convenient doping of different acids make it
an excellent solid-acid catalyst in hydrolysis reactions [56]. In addition, its high
electrical conductivity and dielectric loss make them suitable microwave receptors
[57].

2.4 The State of Art of Microwave-Responsive Catalysts
in Different Reactions

Microwave-responsive catalysts can be used in liquid-phase, gas-phase, and solid-
solid-phase reactions. In this section, the state of art of microwave-responsive
catalysts in these reactions is discussed.

2.4.1 Liquid-Phase Organic Synthesis

In liquid-phase microwave-assisted organic synthesis, polar solvents are often
used since they are usually good microwave absorbers [59]. Common polar sol-
vents include water, dimethyl sulfoxide (DMSO), ethylene glycol, acetonitrile,
N,N-dimethylformamide (DMF), acetic acid, dichloromethane, and acetone.

The temperature window of reaction depends on the maximum temperature of the
solvent can reach. The main limitation of using solvent is that the dielectric constant
of most solvents decreases with increasing temperature, as shown in Fig. 2.7. For
example, the dielectric constant of water is 78 at 25 °C, while it drops down to
20 at 300 °C [60]. Such decrease in dielectric constant means that more energy
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Fig. 2.7 Curves of dielectric constants versus temperature for liquids [58]

input is required to maintain the heating rate or equilibrium temperature as system
temperature goes up.

Microwave-responsive catalysts have been demonstrated promising performance
in liquid-phase oxidation reactions. For example, Crosswhite et al. prepared a series
of nanoscale magnetic spinel oxides with composition of MCr2O4 (M= Cu, Co, Fe)
and used as catalysts for methanol oxidation [61]. Figure 2.8a compares the heating
profiles of pure methanol/water (1:1, v:v) solution and solutions containing spinel
catalysts at 5W. The relatively higher temperature of the heterogeneous system indi-
cates a better microwave response possibly due to the superior microwave absorption

Fig. 2.8 a Heating curves and b selectivity of formaldehyde for the three spinel catalysts after
80 min of reaction time (6 mL of 1:1 MeOH:H2O v:v, 166 mg of catalyst) at 60 °C under (blue)
microwave and (red) conventional heating [61]
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of the catalysts. The reaction selectivity is as low as 2% with conventional heating,
while it increases to 25% with microwave heating, Fig. 2.8b. These results indi-
cated that microwave not only changed reaction kinetics, it also changed the reaction
pathway that leads to a new reaction equilibrium and maximized the production of
targeted products.

Garcia-Costa et al. studied the effect of catalytic support on microwave-assisted
phenol oxidation reaction [35]. They found that the rate of phenol oxidation is sig-
nificantly increased by using Fe/activated carbon (Fe/AC) than Fe/γ-Al2O3 under
microwave irradiation. Microwave generated hot spots on the surface of AC support,
which promoted the formation of HOX· free radical and thus phenol oxidation. Liu
et al. proposed a similar radical mechanism in organic dye oxidation, where hot spots
facilitate the pyrolysis of H2O molecules into hydroxyl radical (·OH) and hydrogen
radical (·H) [36]. O2 molecules absorbed on catalyst were reduced to superoxide
radical (·O2

−). Both ·O2
− and ·OH are known to be strong oxidative species for

the organic dye oxidation. Different from free radical mechanism, Zhang et al. sug-
gested a hole (h+) formation process in NiCo2O4 that is responsible for the oxidation
of organics [62]. In this study, photoluminescence spectroscopy was used to monitor
the formation of h+ undermicrowave irradiation. As illustrated in Fig. 2.9,microwave
irradiation created hot spots (temperature > 1473 K) on the NiCo2O4 surface, which
accelerated the movement of electrons (e−) and induced the separation of e−/h+ pairs
through thermal excitation.

Fig. 2.9 Scheme of h+ ions formation under microwave irradiation and their effect on degradation
of organic dye [62]
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Fig. 2.10 Relations of the POM concentration versus the energy consumption and on efficiency
(the glucose yield per unit energy) for a corn starch hydrolyzed at 160 °C and b Avicel cellulose
hydrolyzed at 200 °C

Apart from the supported catalysts, some materials acquire both catalytic activity
and microwave absorption property. Polyoxometalate (POM) is one kind of metallic
clusters, which has a typical Keggin-type structure ([XM4O40]−) consisting of het-
eroatoms (X) of P or Si, addenda atoms (M) ofMo orW and oxygen atoms (terminal,
edge-bridging, and corner-bridging) [63]. Benefited from the strongBronsted acidity,
oxidative activity, and recyclability, they are often used in heterogeneous catalytic
reactions [64, 65]. Tsubaki et al. synthesized a series of POM clusters and used as
acid catalysts for the microwave-assisted hydrolysis of corn starch and crystalline
cellulose [66]. They found that POMs increased the dielectric loss of the reaction sys-
tem, leading to a higher energy efficiency of the reactions. As shown in Fig. 2.10, the
addition of POM clusters resulted in 17 and 23% reduction of energy consumption
for starch and Avicel cellulose hydrolysis, respectively.

PANI can be also used as a microwave-responsive solid-acid catalyst. Not only
abundant acid sites and good microwave response, but the acid sites on the back-
bone can also be easily redoped by a simple acid-washing process. Therefore, the
reusability of such catalysts can be greatly improved, which also addressed the water
poisoning challenge of solid acids in real practices [67]. Moreover, PANI can be
easily polymerized on other supports to facilitate its separation from the reaction
mixture [23].

2.4.2 Gas-Phase Reaction

Unlike liquid medium, gas molecules can be hardly heated up with microwave irra-
diation, since the distance between gas molecules is too far to generate effective
molecular friction and collision [68]. Hence, catalysts should be responsible for heat
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generation in gas-phase reactions. Hot-spot formation in gas-phase reaction has been
considered the main reason for enhanced conversion of studied reactions including
reforming reaction [69, 70], NH3 decomposition [41], dehydrogenation [71, 72], and
hydrodechlorination [73].

Fidalgo et al. studied microwave-assisted dry reforming of CH4 and CO2 by using
AC catalysts [74]. Results revealed that higher conversion of CO2 and CH4 can be
achieved in the microwave oven than in the electric furnace, Fig. 2.11. Microwave
generated “micro-plasmas” on catalyst surface, resulting in a higher temperature
of AC catalyst bed than surrounding atmosphere. In a separate study, it was found
that the porosity and surface groups of AC could greatly impact the microwave
absorption and activity in CO2 reforming reaction [75]. However, the existence of
oxygen surface groups would obstruct the micro-plasma generation and thus lower
the heating capability of AC catalyst.

Tarasov et al. also studied CO2 reforming under microwave heating using Ni/TiO2

[76]. Compared to the conventional heating, microwave heating showed obvious
advantages in higher propane and CO2 conversion as well as less coke formation.
X-ray absorption spectroscopy (EXAFS) in Fig. 2.12 revealed a partial reduction of
Ni2+ cation to Ni0 under microwave irradiation, which could be responsible for the
change of catalytic environment and reaction selectivity.

It is worth noticing that metal particles are not only catalytically active for reac-
tions, but also active for graphitized carbon formation during reforming reaction.
Odedairo et al. studied the effect of Cr/Fe/Ta doping on the performance of Ni/CeO2

catalyst in dry reforming of CH4 [77]. A few layers of graphene were formed on

Fig. 2.11 Effect of the
heating mode on the dry
reforming reaction. Test “d”
carried out in the electric
furnace and test “e” carried
out in the microwave oven
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Fig. 2.12 EXAFS spectra of
the nickel reference
compounds [1, Ni foil, 2,
Ni2(OH)2CO3, 3, NiO] and
Ni catalyst (5%)/TiO2 (4,
initial; 5, after microwaving,
310 °C, H2; 6, after
conventional thermal
treatment, 350 °C, H2) [76]

metal particle surface, Fig. 2.13, which further improves the catalyst performance of
the reforming reaction.

Apart from reforming reactions, several studies focused on microwave-assisted
decomposition reactions. For example, Deng et al. used pyrolysis residue of sewage
sludge (PRSS) as microwave-responsive catalyst in methane decomposition reaction
[78]. PRSS has been demonstrated a better microwave absorption than commercial
AC, Fig. 2.14, probably due to the inorganic components as revealed by elemental
analysis (18 wt% C, 36 wt% O and about 20 wt% of K, Al, Fe, Ca, Mg). It is also
found that the gas atmosphere influences the microwave absorption as well. The sta-
ble system temperature follows the sequence of T nitrogen > T hydrogen > Tmethane, where
nitrogen is considered helpful for the formation of hot spots and higher reaction tem-
perature. Guler et al. developed molybdenum/mesoporous carbon (Mo/C) catalysts

Fig. 2.13 TEM images of layered graphene formed on Ta/Ni/CeO2 catalyst after 14 h [77]
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Fig. 2.14 Temperature curves of PRSS and AC under microwave in the different atmosphere
(VHSV = 0.3 L g−1 h−1)

and used them in microwave-assisted ammonia decomposition reaction [34]. During
the reaction, molybdenum carbide was formed, which is highly active for ammo-
nia decomposition. Complete conversion was achieved at 400 °C with microwave
heating, while only 49% conversion can be achieved at 600 °C by conventional
heating.

In other reactions, Suttisawa et al. demonstrated a tetralin dehydrogenation
method by using Pt/AC catalyst [79]. Microwave heating increased dehydrogena-
tion conversion by 19% as compared to conventional heating. Pillai et al. studied
microwave-assisted hydrodechlorination of chlorinated benzenes [73]. They found
that microwave irradiation is conducive to the fast desorption of the products from
catalyst surface and catalyst activity can be remained. In terms of energy efficiency,
a significant reduction of power consumption is also observed in the microwave
reaction system.

2.4.3 Solid Biomass Pyrolysis

Pyrolysis of biomass is a promising technique for energy refinery and waste manage-
ment [80, 81]. Char/coke, bio-oil, and syngas are the three main products of a pyrol-
ysis reaction. The properties of products largely depend on the biomass properties
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and pyrolysis reaction conditions. The temperature is the key factor that influences
product composition and quality. Like in other reactions, microwave pyrolysis can
accelerate the heating rate, reduce the energy consumption, and control the prod-
uct fraction [82, 83]. However, due to poor microwave response of most biomass
species, catalysts are often added to increase the microwave absorption and control
the property of pyrolysis products [84]. Omoriyekomwan et al. studied microwave
pyrolysis of palm kernel shell by using AC and lignite char as catalysts with an
aim to produce phenol-rich bio-oil [46]. The introduction of AC in the reaction is
believed to suppress secondary pyrolysis reaction and minimize the production of
by-products. Microwave has been demonstrated helpful to increase the phenol pro-
duction in bio-oil, where the concentration of phenol and total phenolics in bio-oil
reached to 64.58 and 71.24%, respectively.

Doping metal particles on AC support have been demonstrated successful to
improve microwave heating performance. Zhang et al. developed a series of rice-
husk char (RHC)-supported metallic (Ni, Fe and Cu) catalyst for syngas production
[85]. Compared to pure RHC, as shown in Fig. 2.15a, the maximum temperature
increased by 24.27%, 15.71%, and 9.56% after incorporating Fe, Ni, and Cu com-
ponents, respectively. Meanwhile, the maximum heating rate increased by 87.21%,
61.76%, and 60.55%, respectively. Metal particles induce corona discharge phenom-
ena during the microwave heating, which can boost hot-spot formation and improve
the microwave thermal effects [86]. Meanwhile, the metal particles can accelerate
the cracking/reforming reactions and increase the yield of syngas, Fig. 2.15b. Dong
et al. studied microwave-assisted pyrolysis of bamboo with AC supported iron (III)
catalyst [87]. Compared to pure bamboo, the maximal reaction temperature was
increased by 44.5% after incorporating 10 wt% catalyst. Further increase in cata-
lyst loading decreased the maximum temperature, while gas yield was significantly
increased from 25.62 to 65.16%. Moreover, the gas quality was also improved with
syngas composition increased from 66.24 to 81.14 vol.% together with an increased
H2/CO ratio from 0.78 to 1.04.

Mohamed et al. investigated the pyrolysis of switchgrass by adding different
species of K3PO4, clinoptilolite, bentonite, SiC, and AC [88]. Switchgrass mixed

Fig. 2.15 a Temperature curves and b heating rates of microwave pyrolysis by using different
catalysts [85]
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with 10 wt% K3PO4 + 10 wt% bentonite reached 400 °C in 2.8 min by microwave
heating, compared with 28.8 min by conventional heating, shown in Fig. 2.16a.
Figure 2.16b shows the pyrolysis product distribution with the addition of SiC, AC
and combinations of K3PO4, bentonite, or clinoptilolite. These results indicated that
SiC and AC favored gas production, while K3PO4/bentonite increased bio-oil yield.

Fig. 2.16 a Comparison of temperature profile with microwave heating and conventional heating,
b pyrolysis products distribution of switchgrass with 20 wt% SiC, 10 wt% K3PO4 + 10 wt%
bentonite, 10 wt% K3PO4 + 20 wt% bentonite, 10 wt% K3PO4 + 10 wt% clinoptilolite, and 20
wt% of activated carbon [88]
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2.5 Strategies to Enhance the Microwave Thermal Effect

Microwave-responsive catalysts have been demonstrated successful in a wide range
of catalytic reactions mainly due to the spatial alignment of reactive sites and hot
spots. Strategies discussed in this section attempt to enhance the thermal effect via
material design. The outcome of such strategies could further expedite the reaction
rate and improve the energy efficiency in a wider spectrum of reactions.

2.5.1 Integrating Magnetic Loss Materials

To further improve themicrowave thermal effect, magnetic loss phase can be coupled
with dielectric loss phase, where dual absorption peaks can be realized to maximize
the generation of hot spots. Commonmagnetic loss materials are Fe3O4, cobalt (Co),
γ-Fe2O3, Fe, etc. [89–92], which can be introduced in catalyst during synthesis or
via a post-doping process [93, 94]. These materials can absorb microwaves from
both electric and magnetic components. Besides, the introduction of magnetic loss
materials would improve the electron conductivity of catalyst, which could further
improve its microwave response [95]. However, most magnetic loss materials cannot
exert the best performance at 2.45 GHz, since largest absorption is often observed in
the frequency range of 4–14 GHz [96]. However, successful cases were also reported
to improve catalyst performance by incorporating magnetic loss materials. Liu et al.
synthesized Fe3O4/CNT catalyst for catalytic degradation of organics [36]. As shown
in Fig. 2.17, the reflection loss reached a minimum of −19.8 dB at about 2.6 GHz
for the Fe3O4/CNTs, indicating a better microwave absorption at 2.45 GHz than
that of the individual components. As such, the hot spot formation can be promoted
as well as the oxidation of antibiotics such as chlortetracycline, tetracycline, and
oxytetracycline.

Fig. 2.17 Reflection loss of
CNTs, Fe3O4, and
Fe3O4/CNTs



84 T. Ji and J. Zhu

Fig. 2.18 Scheme ofmicrowave transmission and reflection and heat dissipation on a rough surface
and b smooth surface [23]

2.5.2 Morphology Control

Morphology is another factor that affects microwave–material interaction. Consid-
erable research has been done to understand the effect of material morphology on
microwave response behavior [94, 97], which is often explained by the change of
electromagnetic impedance match [98]. Usually, nanomaterials with complex and
rough surface structure are favored for microwave absorption [23]. Since scattering
and multiple absorption of the incident microwave could occur on rough surfaces.
In a core–shell structured CNT/PANI catalyst with flake-patterned PANI grew radi-
ally from the center of shell, microwave absorption can be improved with enhanced
reflection. The effect of surface structure on the microwave transmission/reflection
is schematically presented in Fig. 2.18, where most of the electromagnetic wave can
be translated into the material on a rough surface while reflected on a smooth sur-
face. As a result, higher system temperature can be achieved with rough CNT/PANI
(158 °C) as compared to the smooth one (153 °C).

2.5.3 Heteroatoms Doping

Heteroatom-doped materials, especially carbon materials, have drawn prominent
interest in catalysts [99], electrochemistry [100], energy storage [101], and sensors
[102]. The advantage of heteroatoms doping including: (1) (N, S, B, etc.) dopants
with higher electronegativity result in higher positive charge density on adjacent
carbon atoms and thus greater polarity; (2) dopants bring more electrons to the
delocalized π bonds of carbon and thus larger electrical conductivity; (3) doping
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process generates more point defects (voids, vacancies, Stone–Wales defects) and
line defects (grain boundaries, dislocation) in the carbon skeleton, which breaks
the electron–hole symmetry. In general, heteroatom doping is beneficial in terms of
surface polarization and hot-spot formation.

As mentioned in Sect. 2.3.1, sulfated TiO2 can form surface polarization to
enhance microwave response. The sulfate groups at catalyst surface not only serve as
polarization center to generate heat under themicrowave, but also act as catalytic acid
sites for saccharides conversion reaction. The surface structure and properties of TiO2

can be further promoted by incorporating other n-type dopants, such as vanadium-
(V), niobium (Nb), and tantalum (Ta) [104]. Nb5+ (r = 0.70 Å) has a similar ionic
radius as Ti4+ (r = 0.68 Å), and thus, the lattice mismatch between TiO2 and Nb2O5

is negligible. In the literature, manipulation electronic structure of titania by incorpo-
rating Nb atoms has been extensively discussed [105]. The multivalent cation doping
increases the electrical conductivity of TiO2. Microwave absorption study showed
the equilibrium temperature increased from 146 °C of TiO2 to 161 °C of Nb-doped
TiO2 at 15 W. Mechanism analysis of microwave absorption found that sulfate acid
sites polarized the surrounding H2O molecules at the interface, which accelerated
fructose dehydration to HMF. Moreover, the introduction of Nb-enhanced electron
transfer in the matrix and the ratio of Bronsted acid, which further promoted the
polarization effect at the interface, Fig. 2.19. As a result, the highest rate constant
(0.58 min−1) and HMF yield (40.5 mol%) were achieved with the Nb-doped TiO2

catalyst.

Fig. 2.19 Simulation of sulfonic groups on a anatase (101) b Nb-doped anatase (101) [103]
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2.6 Summary and Future Perspectives

Microwave-responsive catalysts integrate the catalyst function and microwave
absorption into one single material, which has been demonstrated effective to expe-
dite reaction rate, enhance energy efficiency, and improve product quality. With the
presence of microwave-responsive catalysts, microwaves can selectively heat the
catalyst in a heterogeneous reaction and thus expedite mass transfer and reaction
at catalyst/solvent interface. Dielectric loss materials such as carbon and conduc-
tive polymers have been explored as microwave-responsive catalysts. Taking advan-
tages of thermal effects, these catalysts exhibited promising performance in liquid-
phase organic synthesis, gas-phase reaction, and solid biomass pyrolysis. To further
improve the performance of microwave-responsive catalysts, several strategies such
as integrating magnetic loss components, morphology control, and heteroatoms dop-
ing,were explored.Until now, the advantages ofmicrowave-responsive catalysts have
been realized, while the potential of such catalysts has not yet been fully explored.
The complex mechanism of thermal effects (e.g., hot spots, superheating) is yet
to be explored. More experimental techniques, computational simulation tools, and
fundamental theories need to be developed.

Considerable attention has been given to microwave-assisted catalytic reactions
nowadays. However, most of the existing research focuses on the microwave energy
input for chemical reactions, while the development of microwave-responsive cata-
lyst is still at its early stage. According to Google Scholar, only less than 100 studies
were reported for the design of microwave-responsive catalysts (up to 2018). In
terms of catalyst design, the major limitation is the fixed microwave frequency at
2.45 GHz. In the future, microwave reactors with tunable frequency can be designed
and the operating frequency can be optimized for specific reactions. In addition,
energy consumption of microwave-assisted reaction is rarely discussed in existing
reports. Even though microwave heating could accelerate the reaction rate, the gen-
eration of microwave itself also consumes large amount of energy. Therefore, it is
suggested that the energy efficiency of reactions should be included in future reports,
which is critical to establish an economic factor for industrial-scale applications.

At last, many previous works demonstrated the critical role of hot spots in the
catalytic reactions. Hot spots are considered responsible for free radical generation,
improved mass transfer, altered reaction pathway, etc. However, it remains a great
challenge to fully understand the formation of hot spots and their fundamental role in
reactions mainly due to the technical gap between characterization at macroscale and
reaction at nanoscale [106]. To address this challenge, characterization techniques
should be further developed to capture the experimental phenomenon at nanoscale.
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Chapter 3
Self-responsive Nanomaterials
for Flexible Supercapacitors

Daolan Liu, Yueyu Tong, Lei Wen and Ji Liang

Abstract The worldwide demand for green and renewable energy resources as well
as the development of electronic devices has greatly boosted the improvement of
energy storage systems. As one of the major types of energy storage devices, super-
capacitors, with ultrahigh power densities, long-term cycling lives, and rapid charge
and discharge capabilities, have been extensively investigated at the current stage,
especially for those flexible or wearable electronic devices, which could be inte-
grated into a smart system. In this chapter, the basic structures, the energy storage
mechanisms, the categorization, and the characteristics of supercapacitors are com-
prehensively discussed. This chapter mainly focuses on different major components
of flexible supercapacitors, ranging from the flexible electrode structure, the flexible
substrates, and the improved electrolyte, to the construction of self-responsive flexi-
ble devices. Meanwhile, the emerging flexible integrated systems with these devices
have also been illustrated, such as the energy sensor integrated systems and the energy
collection-storage-sensing systems. Furthermore, the future trend of flexible super-
capacitors based on future demands will be lastly discussed, focusing on the feasible
and efficient strategies for designing novel and high-performance supercapacitors in
future research.
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3.1 Introduction

In recent decades, the extensive worldwide exploitation of fossil fuels has made
people face increasingly serious environmental issues and resource shortages. And
this pushes us to develop new, efficient, and sustainable methods for utilizing and
converting energy with high environmental friendliness and low carbon emissions
[1]. At present, although various types of renewable energy resources, such as wind
energy, nuclear energy, solar energy, and biomass energy, have already replaced
traditional petroleum and natural gas resources partially, the seasonal and regional
distribution of those green energy resources makes them hard to be directly used
for practical applications [1–3]. If these energy resources can be properly converted
into electricity and stored in energy storage devices, then it will greatly facilitate the
delivery and convenient usage of energy, especially during peak hours.Moreover, the
rapid development of portable electronic devices and electric vehicles has also posed
higher requirements for energy storage systems on their energy and power densities,
as well as safety. Currently, fuel cells, lead–acid batteries, lithium ion batteries, and
capacitors are the four major types of energy storage devices [1, 4–8]. Although
the current battery technology can successfully satisfy most of those requirements,
the relatively low coulombic efficiency at high rates makes it difficult to be rapidly
charged and discharged. Supercapacitors (SCs), with ultrahigh power densities, rapid
charge and discharge capabilities, and long-term cycle lives (>500,000 times), are
expected to be a potential solution for the above-mentioned issues. Consequently, an
increasing amount of attention has been paid to further enhance the performance of
supercapacitors, which has already become one of themost promising energy storage
devices [4, 5].

More importantly, there has been much recent research on the development of
flexible or wearable electronic devices that can be integrated into clothes, glasses,
watches, and even skin, and the bottleneck in this technology appears to be the power
supply. Thus, one of the most significant issues impeding the success of these newly
developed portable gadgets is the development of smart electrochemical energy stor-
age devices, which can convert chemical energy and electricity, reversibly. Currently,
the most suitable candidates for this purpose are flexible and smart SCs. Such SCs
for mobile electronics have some important features [9, 10]. (1) Flexibility: Smart
SCs are devices that can work in a range of elastic states and retain electrochemical
performance during various deformation processes, such as stretching and bending.
(2) Self-response properties: In addition to being directly used as the power sup-
ply for flexible devices, future flexible SCs need to be combined with other flexible
devices, such as solar cells, nanogenerators, and various sensors to develop integrated
equipment. Future flexible batteries should have the characteristic of self-responding,
which is the fundamental and essential concept of the Smart Planet and the Internet
of Things. In this chapter, we first give an introduction about SCs, and then, review
the progress of flexible SCs and self-responsive flexible integrated system of SCs.



3 Self-responsive Nanomaterials for Flexible Supercapacitors 95

3.2 Introduction of Supercapacitors

3.2.1 The Structure of Supercapacitors

The supercapacitor, also known as an electrochemical capacitor, is an energy storage
device similar to a battery, but to some extent has differences. It is an electrochemical
device between an ordinary battery and a conventional capacitor. Energy storage in
a supercapacitor is achieved by adsorption and desorption of ions or rapid redox
reactions on the surface of the electrodes, which is highly reversible. Thus, a super-
capacitor can charge and discharge repeatedly, without significantly affecting its
capacitance. Usually, supercapacitors (Fig. 3.1) are composed of a positive elec-
trode, a negative electrode, electrolyte, separators, and current collectors, etc. [11].
The voltage of a supercapacitor during the charge and discharge processes is deter-
mined by the used electrolyte, and the breakdown voltage of the electrolyte cannot be
exceeded by the working potential. The separators of supercapacitors need to have
high electronic resistance but high ionic permeability, to prevent the internal short
circuit and maintain a smooth ion/charge transfer. Generally, the power density of
a supercapacitor is 1–2 orders of magnitude higher than that of secondary batteries
(Fig. 3.2). So, supercapacitors are good choices for driving consumer electronics,
electric vehicles, military equipment, etc. [6].

Fig. 3.1 Schematic view of a supercapacitor. Porous carbon materials with disordered structures
are used as the electrodes, and the cell is soaked with an electrolyte that may be organic, aqueous,
or ionic liquid-based, with some typical electrolytes shown. Note, for simplicity the separator
(which prevents short circuit), the binder that holds the electrode materials together and the current
collectors are not shown [11]
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Fig. 3.2 Ragone plot with
specific energy and power
for different energy storage
devices [6]

3.2.2 The Energy Storage Mechanisms of Supercapacitors

There are two types of energy storage mechanisms for supercapacitors: the
double-layer energy storage mechanism and the pseudocapacitive energy storage
mechanism.

3.2.2.1 Double-Layer Energy Storage Mechanism

The electric double-layer mechanism is the dominated energy storage mechanism
for traditional supercapacitors. Among the various electrode materials, carbon-based
materials with large specific surface areas and high porosities are mostly studied.
They store energy via oppositely charged layers on the surface of electrode materials
(Fig. 3.3a). The electrode and the electrolyte are in contact with each other in a capac-
itor. When the functional groups on the electrode surface are charged by adsorbing
the ions in the electrolyte, a charge distribution layer will be formed on the interface
between the electrode and electrolyte in a short time with the same amount of oppo-
site charge, which is called the electric double layer. Thus, the corresponding energy
storage devices are named as electric double-layer capacitors [12]. The charge and
discharge processes of an electric double-layer supercapacitor can be described as
followed:

Charging process: When an electric field is applied on two electrodes, the anions
and cations in the electrolyte move to the positive and negative electrodes, respec-
tively, thereby forming an electric double layer, which remains stable after the
removal of the outer electric field [13].

Discharging process: When the electrodes are connected with the external circuit,
electrons will directionally migrate to form an external current due to the potential
differences. In the meantime, the absorbed anions and cations on the surface of the
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Fig. 3.3 Basic schematics for a an all carbon electric double-layer capacitors (left), b a pseudoca-
pacitor (MnO2-depicted center). All devices have an active material (e.g., carbon, MnO2, LiCoO2),
a current collector, a separating membrane, and electrolyte (e.g., Na2SO4, or LiPF6 solutions) [12]

electrode will return to the electrolyte, accompanying with the disintegration of the
electric double layer.

Because the electric double-layer capacitor is storing energy through the high-
diffusion speed charge layer, extremely fast charge and discharge processes and
intrinsically high power densities can be guaranteed [14]. However, the physically
adsorbed charges in the electric double layer are very limited in number, which
makes it hard to achieve a high energy density for such capacitors. In general, con-
ductivity, specific surface area, porosity, pore size distribution, and ion sizes of elec-
trolyte involved in reactions are the key factors in determining the energy storage
characteristics of the electric double-layer capacitors [15].

3.2.2.2 Pseudocapacitive Energy Storage Mechanism

In this type of supercapacitor, electrochemically active materials, such as transition
metal oxides and sulfides, are loaded on the surface of the electrode, which are
capable of reversible energy storage by redox reactions (Fig. 3.3b) [11]. Since the
reaction is carried out throughout the bulk phase, rather than merely on the surface of
the electrode, the capacitance that can be achievedwith this system is relatively large.
Thepseudocapacitance-dominated energy storageprocessmayalso accompanybyan
electric double-layer energy storage process. Therefore, the energy storage capability
of pseudocapacitances is simultaneously determined by the active materials, specific
surface area, and redox reaction of the electrode materials [6]. In this system, the
charge–discharge process can be described as followed:
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Charging process: When the electrodes are connected with the external voltage
input/electric field, a large amount of anion and cation are accumulated on the surface
of the electrode. These ions will enter into the bulk phase of the active materials on
the surface of electrodes through redox reactions to store charges.
Discharging process: The ions entering the active material then returned to the elec-
trolyte by the reverse redox reactions while releasing stored electricity through the
external circuit.

3.2.3 The Categorization of Supercapacitors

3.2.3.1 By Working Mechanisms

Supercapacitors can be classified into double-layer supercapacitors, pseudoca-
pacitors, and hybrid supercapacitors according to their different energy storage
mechanisms. Generally, activated carbons and carbon aerogels are used as elec-
trode active materials for double-layer supercapacitors. For pseudocapacitors, metal
oxides/sulfides and polymers are usually used as the active materials for electrodes.
Comparing with the formal two kinds, hybrid supercapacitors can successfully over-
come the lowpower density of pseudocapacitors and the lowenergy density of normal
supercapacitors, and in the meantime, meet the high operating voltage requirements.

3.2.3.2 By Electrode Materials

Supercapacitors can be classified into carbon electrode capacitors, conducting poly-
mer capacitors, and noble metal oxides electrode capacitors according to different
electrode materials.

3.2.3.3 By Electrolytes

Electrolytes are electrically conductive compounds after being dissolved in an aque-
ous solution. The electrolytes for supercapacitors are usuallywater-based electrolytes
or organic electrolytes. The aqueous electrolytes can be mainly divided into acidic
electrolytes (e.g., 36% sulfuric acid aqueous solution), alkaline electrolytes (e.g.,
KOH, NaOH aqueous solution), and neutral electrolytes. The organic electrolytes
generally contain lithium salts mainly composed of LiClO4 and other quaternary
ammonium salts composed of ammonium tetraethylammonium tetrafluoroborate,
which are dissolved in the corresponding solvents according to specific requirements.
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3.2.3.4 By the Reaction and the Structure of Electrodes

Supercapacitors can also be classified into symmetric supercapacitors (Fig. 3.4a)
and asymmetric ones (Fig. 3.4b) according to the composition of the electrodes. A
capacitor in which the two electrodes have the same composition is called asymmet-
rical capacitor [5]. On a symmetrical capacitor, electrochemical reactions proceed
in opposite directions on the two electrodes. In contrast, an asymmetric capacitor
contains different active materials on their two electrodes, with different types of
reactions occurring on them, which is able to combine the high energy and power
density features to better meet the demands for high power applications [5].

3.2.4 Characteristics of Supercapacitors

Comparing with other energy storage devices, supercapacitors possess the following
advantages [17]:

Fig. 3.4 Schematic view of a a symmetric supercapacitor, and b an asymmetric supercapacitor
[16]
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➀ High power densities: The power density of supercapacitors is 10–100 times that
of ordinary batteries.

➁ Broad operating temperature ranges: During the charge and discharge processes
of supercapacitors, the transfer of charges is mainly carried out on the surface
or near the surface region of the electrode active materials. With the change
of temperature, its capacity does not change greatly, enabling them to operate
normally in the environment of −40 to 70 °C.

➂ High reliability:Ordinary batterieswill have suffered a voltage dropwhen leaving
unused for a long time, which is call self-discharge. Unlike ordinary them, the
capacity performance of supercapacitors will not be affected by this.

➃ Environmental-friendly with little pollution: Without using heavy metals and
other toxic substances during the production of supercapacitors makes superca-
pacitors an environmental-friendly power source with long life spans. Moreover,
the circuit is simple, and no special forming process is required. And the dump
energy can be directly read and easy to be detected.

However, supercapacitors also have some deficiencies [18].

➀ Low energy densities: The energy density of supercapacitors is much lower than
that of ordinary batteries.

➁ Low pressure resistance: limited cell voltage, which is subject to the decompo-
sition voltages of the electrolytes within supercapacitors.

➂ Narrow applicable circuit range: Compared with conventionally capacitors,
supercapacitors normally have larger internal resistance, impeding them to be
used in alternating current circuits.

3.3 Flexible Supercapacitors

Conventional supercapacitors are bulky and cumbersome; thus, they have signifi-
cant drawbacks for their applications in wearable devices. For example, toxic liquid
electrolytes require high-security packaging materials and techniques to effectively
prevent the leakage of electrolytes during use. Supercapacitor components can only
be assembled in a specific shape, such as spiral cylinders, which are difficult to
be assembled with other functional systems. In the meantime, with the improve-
ment of life quality and the advancement of technology, people have come up with
new requirements for electronic devices; that is, they need to be miniaturized and
wearable at the same time, while being humanized and comfortable. Compared with
traditional electronic devices, flexible/wearable electronic devices are widely used in
electronic skin sensors, flexible displays, health monitoring devices, etc., due to their
lightweight, flexibility, and ease of wear, which greatly changed the way people work
and live [19–22]. Key technologies for the development of flexible/wearable elec-
tronic devices include flexible energy storage technology, elastic conductor technol-
ogy, chip technology, and integration technology, while flexible energy storage tech-
nology is mainly controlled by the development of flexible supercapacitors/batteries.
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Theflexible supercapacitor is an energy storagedevicewith a certainflexibility,which
can be bent or stretched. It overcomes many shortcomings of traditional superca-
pacitors and has been widely used in wearable electronics [23–25]. Except for its
high power density, flexible supercapacitors also have other advantages, like fast
charge and discharge processes, long lifetime, and broadly applicable temperature
range, which can better serve wearable electronic or portable electronic devices.
Flexible integrated photodetection devices and flexible sensing devices driven by
flexible/stretchable supercapacitors have been developed. It is believed that in the
near future, it will become one of the indispensable devices in human daily life or
polar exploration.

3.3.1 Electrode Materials

The performance of flexible supercapacitors largely depends on the electrode materi-
als and electrolytes. The electrodematerials for electric double-layer supercapacitors
are mainly carbon materials with high specific surface areas, for example, nanocar-
bon materials, activated carbons [26, 27], carbon nanotubes [28–30], graphene [31,
32], carbon onions [33], etc. The electrode materials for pseudocapacitors mainly
include transitionmetal oxides (e.g., RuO2,MnO2) [34, 35], transitionmetal hydrox-
ides (e.g., Ni(OH)2, Co(OH)2) [36, 37], transitionmetal sulfides (e.g., NiCo2S4, CoS)
[38, 39], transitionmetal nitrides (e.g., TiN) [40], transitionmetal carbides (e.g., TiC)
[41], and conducting polymers (e.g., polypyrrole, polyaniline) [42, 43], etc. Beyond
that, some newly emerged electrode materials, such as MXenes, and black phosphor
(BP) have gradually become the research hot spot in recent years.

3.3.1.1 Carbon-Based Electrode Materials

Carbon materials have many outstanding properties, including excellent electrical
conductivity, flexibility, low cost, lightweight, etc., and are ideal electrode materials.
Currently, activated carbon, graphene, and carbon nanotubes are primary carbon-
based supercapacitor electrodes.

Activated carbon is a kind of carbon material with plenty of pore structures,
leading to a specific surface area up to 3000 m2 g−1. It is an ideal double-layer elec-
trode material [45]. Currently, commercial mass production has been realized with
high capacitance properties and low price. To fabricate activated carbons, carbon-
containing organic precursors are carbonized and then activated to form pores by
physical or chemical methods to obtain the desired activated carbon materials. The
resulted activated carbons can be divided into activated carbon powders and activated
carbon cloths. The activated carbon in the powder form (Fig. 3.5) is hard to handle
as an electrode material, which always needs to be mixed with conductive agents
(e.g., carbon nanotubes) and binders. But activated carbon clothes are good electrode
materials, especially for flexible supercapacitors. The electrochemical performance
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Fig. 3.5 Macroscopic photographs of a activated carbon powder and b activated carbon–carbon
nanotube 5% paper. The insert image shows the bending of the paper using a pair of tweezers [44]

of activated carbon materials is mainly determined by their specific surface area,
pore size, and the conductivity of materials. However, since it is difficult to control
the distribution and size of pores during the fabrication process, a part of the surface
area cannot be effectively utilized in practical applications, and thus, the actual spe-
cific capacity of the activated carbon is much smaller than the theoretical specific
capacity.

Hexagonal carbon networks, which are interconnected by carbon atoms, are the
primary units for graphene (Fig. 3.6), the two-dimensional layered carbon mate-
rial. The high conductivity, large theoretical specific surface area (2675 m2 g−1),
and the special two-dimensional layer structure all make graphene rich in active
sites and ideal for manufacturing flexible double-layer supercapacitor electrodes
[47]. The main preparation methods of graphene are mechanical stripping, chemical

Fig. 3.6 Structure of monolayer and multilayer graphene, carbon nanotubes, and buckyballs [46]
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vapor deposition epitaxial growth, and chemical stripping/exfoliation. Comparing
with other preparation methods, the chemical stripping/exfoliation method is a more
cost-effectivemethod, which is also the dominatingmethod for graphene preparation
nowadays. However, graphene that is obtained from this method is in an oxidized
form,which needs to be further reduced for supercapacitor electrode fabrication.Dur-
ing this process, the surface functional groups of graphene are destroyed, resulting
in graphene agglomeration, electrolyte permeability reduction, and electrochemical
performance degradation [48]. The specific surface area, active sites, and conductiv-
ity of graphene can be improved by chemically activation pore-making and element
doping (N, P, etc.) for higher specific capacitance [49–51]. Themanufacture of large-
area graphene should be further investigated to meet the requirements of the current
market.

Carbon nanotubes (Fig. 3.6) are closed, hollow tubular carbonmaterials formed by
the curling of hexagonal mesh graphite sheets [52]. Depending on the number of car-
bon layers on the surface, carbon nanotubes can be divided into single-walled carbon
nanotubes (one layer of carbon atoms) andmulti-walled carbon nanotubes (more than
one layer of carbon atoms). The diameters of carbon nanotubes range from smaller
than 1 nm to tens of nanometers, and their lengths range from tens of nanometers
to micrometers. The large aspect ratios give carbon nanotubes large specific surface
areas (100–400 m2 g−1), which are especially suitable for double-layer electrode
materials. However, comparing with activated carbons, the specific capacitance of
carbon nanotubes is relatively lower, which is mainly resulted from the relatively
smaller micropore volumes in carbon nanotubes, resulting in a reduction in the uti-
lization of the active area and, thus, a reduced specific capacity. Therefore, many
types of research combine carbon nanotubes with other pseudocapacitive electrode
materials to acquire better performances, using their unique structure and high con-
ductivity to compensate for the poor specific capacity of carbon nanotubes and low
conductivity of pseudocapacitive materials [53–56]. Carbon nanotubes are the most
widely used double-layer electrode materials in the field of flexible supercapacitors
for the preparation of flexible electrodes.

3.3.1.2 Metal Oxides/Nitrides/Sulfides-Based Electrode Materials

Generally, the electrostatic charge storage mechanism of carbon-based materials
gives them a lower specific capacitance than that of pseudocapacitive electrodemate-
rials. The charge storage of pseudocapacitive electrode materials is realized by a fast,
reversible surface redox reaction, thus exhibiting a considerable capacitance value
(300–2000 F g−1) [58]. Pseudocapacitive electrode materials can be classified into
transition metal oxides/hydroxides/sulfides/nitrides [59] and conducting polymers
(e.g., polyaniline, polypyrrole, polyethylene dioxythiophene) [60]. However, not all
transition metal oxides can be used as pseudocapacitive electrode materials. Only
those metallic elements with multiple valence states can manage the valence state
change during energy storage processes. In addition, the crystal structures of those
transition metal oxides should be stable during the valence state change. Among
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various transition metal oxides, RuO2 is the first and most widely studied electrode
material for its wide operating voltage window (1.2 V), highly reversible redox
reaction with three oxidation states, a high proton conductivity, a high mass ratio
capacitance, and a long cycle life [61]. However, the high cost, toxicity, requirement
of acidic electrolytes, and low natural abundance of RuO2 greatly hinder its potential
applications in real markets.

Therefore, many efforts have been directly exerted to alternative and inexpen-
sive metal oxides. Manganese-based oxides have been widely studied as a promis-
ing RuO2 replacement for its low-cost and high theoretical specific capacitance
(1400 F g−1) [62]. However, the relatively low conductivity (10−5 to 10−6 S cm−1)
and chemical stability of MnO2 have already limited its electrochemical properties.
Therefore, an effective strategy for improving the electrical conductivity and stabil-
ity of MnO2 is to combine MnO2 with other highly conductive materials, such as
carbon-basedmaterials or conductive polymers [63].Vanadium-based oxides are also
considered excellent candidates for replacing RuO2 due to their high mass-specific
capacitance [64]. Nickel-based and cobalt-based divalent or trivalent materials have
received extensive attention in the application of supercapacitors because they have
a relatively high theoretical specific capacitance through the Faraday reaction for
charge storage [65]. Metal nitrides, such as titanium nitride, are considered as a new
class of high-performance electrode materials due to their excellent electrical con-
ductivity (e.g., TiN 4000–55,500 S cm−1) [66]. Similarly, metal sulfides [67] and
metal phosphorous [68] are also being widely explored as electrode materials for
supercapacitors. However, metal nitrides are usually easy to be oxidized in aqueous
solutions. To solve this problem, these materials need to cooperate with more stable
materials through different processes, such as, encapsulated by carbon nanotubes
[69] or wrapped by graphene [70] (Fig. 3.7).

Fig. 3.7 Various
pseudocapacitive materials,
viz. metal oxides/hydroxides,
polymers grown on 3D
graphene frameworks as
supercapacitor electrodes
[57]
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3.3.1.3 Conducting Polymer Electrode Materials

Conducting polymers, such as PANI, PPy, and PTh (Fig. 3.8), are another kind
of pseudocapacitive electrode materials. They have the following advantages: low
preparation cost, easy preparation on any substrate, excellent conductivity, reversible
redox reaction, environmental friendliness. Moreover, their redox activity can be
adjusted by chemical modification; thus, they are considered as a kind of ideal pseu-
docapacitive electrode material [72] and are widely used in flexible supercapacitors.
High specific capacitance, excellent stability, and considerable energy storage per-
formance are always available for pseudocapacitors with conducting polymer-based
electrodes either under positive or negative potentials. Energy storage is mainly
achieved by a redox reaction for conducting polymers. When an oxidation process
occurs, ions in the electrolyte will enter into the frameworks of conducting polymers,
i.e., the doping process. According to the electrical properties of the inserted ions, the
oxidation process and reduction process can be divided into p-type doping and n-type
doping, respectively. Conducting polymers will lose electrons when anions enter the
frameworks of conducting polymers, which is p-type doping (Fig. 3.9a). Conversely,
when cations enter, the frameworks of conducting polymers will obtain electrons,
which is n-type doping (Fig. 3.9b). The doping type of conducting polymers ismainly
determined by the conjugated π bond of the main chain, and generally, the p-type

Fig. 3.8 Conducting polymer-based supercapacitor electrode materials [42]
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Fig. 3.9 Schematic representation of the charging and discharging processes at conducting polymer
electrodes associated with a p-doping and b n-doping [71]

doped conducting polymers are more stable than the n-type ones. When a reduc-
tion reaction occurs, ions are removed from the frameworks of conducting polymers
and reenter the electrolyte. In order to maintain electric neutrality, the entire redox
process is accompanied by continuously gaining and losing electrons to achieve the
storage of energy. However, during charging and discharging, conducting polymers
may expand or contract, causing the collapse of the electrode structure, resulting
in poor cycle stability. Therefore, developing strategies to enhance the pseudoca-
pacitance of conducting polymers is greatly in need, for example, optimizing their
nanostructures, doping surfactants, and preparing composite materials, etc.

3.3.1.4 Other Newly Emerging Electrode Materials

MXene (Fig. 3.10) is a general term for a class of substances, which are a member
of two-dimensional materials, including transition metal carbides, transition metal
nitrides, and transition metal carbonitrides, winning widespread attention since they
were discovered in 2011 [74]. Mn+1XnTx (n = 1, 2 or 3) is the general formula for
those compounds, where M represents early transition metals (e.g., Ti, V, Nb, Cr,
Mo); X represents C, N, or CN; and Tx represents surface terminal groups, includ-
ing hydroxyl, oxygen, and fluorine [75]. Their high conductivity, good mechanical



3 Self-responsive Nanomaterials for Flexible Supercapacitors 107

Fig. 3.10 Schematic illustration of MXene-based nanomaterials for flexible energy storage
devices, including flexible SCs, Micro-SCs, batteries, and other flexible electronic devices such
as nanogenerators and sensors [73]

properties, and hydrophilicity make them outstanding candidates for energy storage
applications. For instance, Ti3C2Tx that synthesized by various methods embraces a
wide scope of conductivity: from 1000 to 6500 S cm−1 [76].

Black phosphor (Fig. 3.11), a new member of two-dimensional materials family,
is the most stable allotrope of phosphor. It is a layered structure accumulated by the
folded planes that are made of phosphorus atoms, which are interacted by van der
Waals forces [68]. Similar to other layered structures, single or multiple layers of
black phosphorus nanosheets can be obtained by mechanical stripping and liquid
stripping techniques [70]. Multilayer black phosphorus is a layered p-type direct gap
semiconductor. In addition, the interlayer spacing between adjacent layers of black
phosphorus is 5.3 Å, which is larger than the layer spacing of graphene (3.6 Å) and
comparable to that of 1 T MoS2 (6.15 Å), making it an ideal material for flexible
energy storage.



108 D. Liu et al.

Fig. 3.11 Schematic illustration of black phosphor-based nanomaterials for energy storage devices,
including supercapacitors, Li-sulfur batteries, thermoelectricity, and Li/Na-ion batteries [77]

3.3.2 Flexible Substrates

The flexible substrate is a flexible, stretchable, or compressible substrate that holds
electrode active materials. Thus, the mechanical properties and structures of elec-
trodes can be directly determined by the selection of substrates. Comparing with
those self-supporting electrodes, the electrodes with flexible substrates not only pos-
sess good flexibility, but also outstanding tensile and compression properties, making
them capable of maintaining stable conductivity and electrochemical activity under
stretching and compressing. During the stretching and compressing processes, flex-
ible substrates are the main bearing carriers for stress, which can greatly reduce
the damage on electrode materials and maintain stable performances for electrode
materials. Currently, growth, coating, and winding are primary methods reported
for flexible substrate electrodes preparation. One or more preparation methods can
be used to prepare flexible substrate electrodes depending on the type of substrates
and electrode materials, such as printing, adsorption, and laser etching. According
to the conductivity of substrates, they can be divided into conducting substrates and
insulating substrates.

3.3.2.1 Conducting Substrates

Metal foils/fibers/foams (Fig. 3.12) are ideal flexible substrates due to their outstand-
ing conductivity, good flexibility, and the convenience of electrochemical deposition
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Fig. 3.12 An overview of support substrates, such as metal, carbon-based electrodes, cable-type
electrodes, and porous materials such as conventional paper, textiles, and sponges to fabricate
high-performance FSCs [78]

for various electrode materials [79]. Common substrates are nickel, copper, tita-
nium, stainless steel, carbon cloth, etc. Carbon clothes, except for their outstanding
conductivity, are also easy to process, corrosion-resisting, and lightweight, making
them suitable as flexible substrates as well. In themeantime, the large specific surface
areas and multiparous structures of carbon can greatly enhance the contact between
electrodes and electrolytes, further facilitating the transfer of electrons and ions.
Although both metal- and carbon-based flexible substrates possess good conductiv-
ity and flexibility, they also have some drawbacks. For the metallic substrates, they
normally cannot be fully restored to their original state after being stretched or bent
to a high degree. The carbon-based flexible substrates usually have relatively low
tensile strength, so they break easily.

3.3.2.2 Insulating Substrates

Paper, polymers, sponge, and fabrics are the main insulating substrates (Fig. 3.12).
Compared with the conducting substrates, these insulating substrates are lower in
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cost and have better tensile properties, making them the most available flexible sub-
strates at present. As the most common flexible substrate, the paper has a unique
pore structure and adsorption properties, together with its low cost, high flexibility,
and environmental friendliness, making it be widely used as a flexible electrode sub-
strate in recent years. The polymer substrates mainly included polyethylene glycol
terephthalate (PET) and polydimethylsiloxane (PDMS). PET has relatively stronger
corrosion resistance and a better bendability, especially suitable to be used as bend-
able flexible substrates [80]. Except for its good bendability, PDMS can also be
stretched, making it a very good candidate for the stretchable flexible substrate [81].
Sponges are mainly used as the electrode substrates of compressible supercapac-
itors. The three-dimensional porous structure of sponges can be compressed to a
certain extent, which can satisfy the requirements for compressible supercapacitors.
The sponge-based compressible electrodes also have the structural characteristic of
compression adjustable resistance, whose resistance can be reduced by compression.
This feature endows the sponge-based compressible electrodes a broad market in the
supercapacitors field. As for fabrics, they have excellent flexibility and can stand var-
ious stretching and deformation. They also have versatile porosity, lightweight, and
low price, making them one of the best choices as a flexible electrode substrate. The
machinability of fabrics enables them to be processed into plentiful sizes and shapes,
greatly expanding the application ranges of flexible supercapacitors [78]. Two pri-
mary methods for preparing electrode materials on the surface of fabrics have been
developed by far. One is to prepare a conductive layer on the surface of fabrics and
then grow the electrode materials on it; the other is to in situ prepare an electrode
material with good conductivity on the surface of fabrics. The latter can greatly cur-
tail the preparation processes and promote the development of fabrics in the flexible
supercapacitors field. The high conductivities of carbon materials and conducting
polymers make them good candidate to be in situ grown on the surface of fabrics
as flexible electrodes. However, the intrinsic low specific capacity of carbon-based
materials makes it necessary for them to combinewith other electrodematerials (e.g.,
conducting polymers, transition metal oxides, etc.), which is a cumbersome process.
In comparison, conducting polymers not only possess a better conductivity, but also
have a higher specific capacity and an easier processing process. In addition, the
in situ growth of conducting polymers on the surface of the fabrics will not damage
the mechanical properties of fabrics, making them the most ideal electrode materials
in matching with the fabric substrates.

3.3.3 Electrolytes

The electrolytes of supercapacitors can mainly be divided into water-based elec-
trolytes, organic liquids, ionic liquids, solid/quasi-solid electrolytes, and redox elec-
trolytes. Water-based electrolytes are aqueous solutions of certain substances, which
can be divided into alkaline electrolytes (e.g., KOH solution), acidic solutions (e.g.,
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H2SO4 solution), and neutral solutions (e.g., Na2SO4 solution), etc. A major draw-
back of the water-based electrolytes is that their operating voltage is limited to the
decomposition voltage of water. Theoretically, water will decompose into oxygen
and hydrogen when the applied voltage exceeds 1.23 V. The decomposition of water
will affect the performances of supercapacitors and even destroy their structure.How-
ever, the water-based electrolytes can achieve a high ion concentration and thus high
ionic conductivity, leading to higher output powers than other types of electrolytes.
Thus, current research on water-based electrolytes is mainly aimed to increase the
operating voltage and expand the potential window.

Organic electrolytes have a high share in the commercial market due to their high
operating voltage (2.3–2.5 V) and mass productivity. Moreover, when organic elec-
trolytes are used, low-density current collectors, such as Al foil, can be used, further
increasing their energy density. The commonly used solvents for organic electrolytes
are acetonitrile, polycarbonate, etc., while the electrolyte salts are tetraethylammo-
nium tetrafluoroborate, triethyl methyl ammonium tetrafluoroborate, etc. The ionic
radii of these salts are relatively large, and the ionic resistance of the organic elec-
trolytes is relatively larger than that of the water-based electrolytes. Therefore, the
conductivity improvement of organic electrolytes has been the research focus at the
moment. Moreover, some organic solvents, such as acetonitrile, are toxic, so the
environmental-friendly problem is another factor that must be considered.

Ionic liquids are a kind of electrolyte with considerable research value and appli-
cation prospects [82]. Usually, this liquid, a molten salt at room temperature, is
composed of an asymmetric organic cation and an organic/inorganic anion. The ionic
concentration and working voltage of ionic liquids are very high. The latter can reach
up to 6 V, so, obtaining a high potential window and a high energy density can be
expected by using such electrolytes. However, the viscosity of ionic liquids is usually
very high, greatly restricting the movement of ions, resulting in low conductivity and
the corresponding reduced power density. Thus, enhancing the compatibility between
ionic liquids and electrode materials, increasing the infiltration between ionic liquids
and electrode materials, and reducing the migration resistance of anions and cations
in ionic liquids are the key points for improving its performance.

Solid/quasi-solid polymer electrolytes not only can be used as ion-conductive
media, but also as separators. They are also controllable in shape, leak-free, and
reliable, thus, becoming the first choice for flexible supercapacitors and providing
a way for the miniaturization of capacitors. Solid/quasi-solid polymer electrolytes
can be classified into the following types: all-solid-state polymer electrolytes, gel
polymer electrolytes, and composite polymer electrolytes.

The functional groups of some polymers will form a polymer cationic complex
by complexation processes without the addition of solvents. This formed complex
is called an all-solid polymer electrolyte. The ionic conductivity of all solid poly-
mer electrolytes at room temperature is 10−8 to 10−7 S cm−1. For most polymer
electrolytes, their relatively low ionic conductivities at room temperature, poor con-
sistencies of the interfaces between electrodes and electrolytes, and the low solubil-
ity for electrolyte salts lead to the crystallization of electrolytes near the electrode.
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Thus, the resulted extremely low ionic conductivity of all-solid polymer electrolytes
in return largely limits its application in supercapacitors.

Compared with all solid polymer electrolytes, the gel polymer electrolytes pos-
sess much better ionic conductivities at room temperature (10–10−3 S cm−1), cer-
tain mechanical properties, and high cycling efficiencies, thus, being considered
as one of the most ideal polymer electrolytes. Gel polymer electrolytes consist of
polymer skeletons, organic/aqueous solutions serving as dispersion media, and sup-
porting electrolytes (salt/acid/alkali) working as conductive ions. Generally, poly-
mers contain the following types: polyethylene oxide, polyvinylpyrrolidone, polylac-
tic acid, polyvinyl alcohol, polyacrylic acid, polymethacrylic acid, polyacrylamide,
polyvinylidene fluoride hexafluoropropylene, polyethylene glycol, or biopolymers,
such as alginic acid, carrageenan, hyaluronic acid, and carboxymethyl cellulose.

For gel polymer electrolytes, water can be used instead of organic solvents in
the electrolytes, which not only can reduce environmental pollution, but also can
significantly cut down equipment costs. This aqueous gel polymer electrolyte is
known as a hydrogel polymer electrolyte. Hydrogel polymer electrolytes are widely
used in flexible supercapacitors due to their simple preparation, good hydrophilicity,
good film formation, non-toxicity, and low cost.

The hosts of composite polymer electrolytes are mainly inorganics that blend,
plasticize, and compound with various polymers, which possess similar structures.
The inorganic additives can be divided into two types: One is inert without ion-
transporting capacity and the other is a type of active additives, which can transport
ions. Those electrolyte ions can migrate in both inorganic filler phases and poly-
mer phases, significantly improving their ionic conductivity. For example, additives,
such as SiO2, TiO2, Sb2O3, graphene oxide, and hydroxyethyl cellulose, are used to
improve the performances of polyvinyl alcohol-based hydrogels. Two-dimensional
graphene and graphene oxides have also been introduced into gel polymer elec-
trolytes. These two-dimensional nano-fillers can help to reduce the crystallization
of gel polymer electrolytes and form an interconnected high-speed channel for
continuous ion motion to improve the ionic conductivity of gel polymer electrolytes.

In addition, adding the electrochemically active substance into a conventional
electrolyte can form a redox electrolyte. On the one hand, the electrolyte can form
an electric double-layer capacitance on the surface of the electrode; on the other, the
electrolyte can undergo redox reactions with electrochemically active substances.
Thus, this strategy will endow capacitors with “battery” characteristics to enhance
their energy storage performances.

3.4 Strategies for Flexible Supercapacitors Construction

Since the discovery of transistors by Bardeen and Brattain, electronics have revolu-
tionized our life. Especially in recent years, portable electronic devices have pene-
trated every aspect of our daily life. A more recent direction for electronic devices is



3 Self-responsive Nanomaterials for Flexible Supercapacitors 113

the development ofmodern flexible devices, such as touch screens, wearable commu-
nication devices, and surgical and diagnostic implements. These applications should
naturally integrate with the human body to provide unique performances and require
lightweight, rugged construction in thin, conformal formats [83].

Flexible integrated devices will be used in smart and self-powered sensory, wear-
able, and portable electronics. Therefore, in a sense, integration or the action of
incorporating multifunctions into one device to adapt itself to a changing environ-
ment is an essential trend in the evolution of flexible SCs. In the following section, we
first review the construction of flexible SCs and then summarize the recent progress
of the self-responsive SCs system.

3.4.1 1D Wire Supercapacitors

So far, most of the designed and developed flexible supercapacitors have been fabri-
cated into theflat “sandwiched” architecture similar to the traditional supercapacitors,
and a few pieces of research have focused on the wire-type supercapacitors. Com-
pared with the membrane-like structure, the wire structure has the special advantage
of weavable shape, which could meet the requirement of miniaturization and integra-
tion for the future development of mobile electronic devices. Lots of factors could
influence the performance of wire supercapacitors, such as the fiber electrode mate-
rials, electrolyte, encapsulation pattern, and so on. Among these factors, seeking
suitable wire electrode materials is the key to improving its intrinsic properties. By
now, the widely applied electrode materials for wire supercapacitor include carbon
fiber, polymer fiber, and metal fiber, and their modification or composition with the
second and even the third components. Recently, the development of novel materials
with wire structure, such as graphene fibers and carbon nanotubes fibers, provides
new research directions for wire supercapacitors. On the basis of structure, there are
two types of architectures for 1D wire supercapacitors, spirally twisted wire super-
capacitors and coaxial wire supercapacitors, the fabrication of which are different
from each other as well. In the following section, we will give an introduction of two
kinds of wire supercapacitors.

(1) Fabrication of spirally twisted wire supercapacitors

Figure 3.13 shows a typical spirally twisted wire supercapacitor. As shown in
Fig. 3.13, the flexible wire substrate is firstly required for fabrication of such a wire
supercapacitor. The applied substrate is carbon fibers, on which CoNiO2 nanowires
and active carbon were grown via a hydrothermal process as the cathode and anode
electrode materials, respectively. With KOH-PVA as the electrolyte, the cathode
fiber and anode fiber were spirally twisted together around a polymethylmethacry-
late (PMMA) backbone and encapsulated with a layer of PDMS as the shell [84].
The wire supercapacitors could be fabricated with a length of 1.2 m, which could
be further increased. Meanwhile, the electrochemical performance is also excellent
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Fig. 3.13 Fabrication process illustration for the spirally twisted wire supercapacitors (AWSs) [84]

with the potential window reaching 1.8 V, a high capacity of 1.68 mF cm−1 at the
current of 0.05 mA cm−1, and a high energy density of 0.95 mWh cm−3. In addition,
this unique structure endowed the supercapacitor with good flexibility, toughness,
weaveability, and skin-affinity, making it possible to be weaved as a Chinese knot,
watchband, belt, clothes textile, and even as wearable energy storage sources to
power portable electronics.

Liu et al. [85] also applied carbon fibers as flexible substrate to construct a
novel type of flexible all-solid-state planar integrated fiber supercapacitors by planar
integrated assembly of hierarchical ZnCo2O4 nanowire arrays/carbon fibers elec-
trodes, as shown in Fig. 3.14. More intriguing, it exhibited an enhanced distributed-
capacitance effect while integrated 2, 6, 10, 14, 20, and 30 composite fibers on
flexible carbon fiber substrate, making it possible to obtain the relative maximum
functionality and minimized size at the same time.

In addition, carbon fiber, metal wire, and plastic fiber coated with Au film were
also used as substrates to fabricate novel and efficient flexible fiber supercapacitors,
which consist of two fiber electrodes, a helical spacer wire, and an electrolyte, as
shown in Fig. 3.15. In such a supercapacitor, the active material is commercial pen
ink, which was added into the gel electrolyte, and a spacer wire plays the role of
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Fig. 3.14 Performance of the flexible planar integrated fiber supercapacitors with hierarchical
ZnCo2O4 nanowire arrays/carbon fibers electrodes [85]

separating the two fiber electrodes. With the unique structure, the Au-coated plas-
tic fiber-based supercapacitor could obtain the area-specific capacitance of approxi-
mately 5.5mFcm−2,while the carbonfiber-based supercapacitor about 26.4mFcm−2

[86].
As a two-dimensional material with atomic thickness, graphene exhibits good

electrical conductivity deriving from its 2D structure. Moreover, the relatively high
specific surface area enables graphene a promising electrode candidate for double-
layer electrochemical capacitors. Furthermore, it could be easily composited with
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Fig. 3.15 Wire supercapacitor with commercial pen ink as the active material [86]

other materials and used as the electrode of pseudocapacitance by introducing vari-
ous functional groups. Meanwhile, graphene could be fabricated into flexible, self-
supporting films and fibers for flexible, portable supercapacitor electrodes by means
of filtration, wet-spinning, and other methods [87–91]. Qu et al. fabricated a unique
all graphene core-sheath fiber by applying a graphene fiber core and a sheath of
3D porous network-like graphene framework and further assembled it into spirally
twisted wire supercapacitors with good flexibility and portability, just as shown in
Fig. 3.16 [91].

Conductive polymers, such as polyaniline, possessing high conductivity and high
pseudocapacitance, have been widely employed as electrode active materials for
electrochemical supercapacitors [92]. However, the polyaniline presents obvious
volume change during the repeated charging and discharging process, resulting in
low stability for the capacitor. In this regard, the carbon nanotube is often added into
polyaniline to improve the performance of supercapacitors due to its high surface
area and good mechanical, electrical, and thermal stability. But this strategy has lim-
ited effects, often attributed to the irregular accumulation of carbon nanotube in the
composite electrode material, in which the charge has to cross the numerous bound-
aries in the random carbon nanotube networks, leading to low efficiency. Therefore,
it is very likely to solve this problem by simply regulating the distribution of those
carbon nanotubes. On this basis, Cai et al. [93] designed a new class of polyani-
line composite fibers employing aligned multi-walled carbon nanotubes. Novel wire
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Fig. 3.16 a Schematic illustration of an all graphene core-sheath fiber wire supercapacitor. b,
c Photographs of the supercapacitor in the free and bending state. d, e SEM images. f, g CV curves
at 50 mV/s and charge–discharge curves at 2μA in straight and bending states. h, i The capacitance
stability in bending and straight state undergoing 500 straight-bending cycles [91]

microsupercapacitors were fabricated by twisting such two composite fibers, obtain-
ing a high specific capacitance of 274 F g−1 or 263 mF cm−1. Moreover, these wire
microsupercapacitors with high flexibility and unique knittability could be produced
by conventional textile technology on a large scale.

Baughman et al. [94] firstly obtained single-wall carbonnanotube (SWCNT)wires
with high toughness via a wet-spinning process, which could even bemade into body
armor. The specific fabrication procedure is as follows: (1) prepare carbon nanotube
gel fiber by injecting surfactant-dispersed SWCNT into a rotating bath of aqueous
polyvinyl alcohol (PVA); (2) wash and desorb the polyvinyl alcohol and surfactant;
and (3) spin solid nanotube fibers with lengths of 100 m in a continuous process at a
rate of more than 70 cmmin−1, then incorporate the SWCNT fiber into PVA solution
to produce SWCNT/PVA composite gel fiber, winding on a mandrel. The resulting
composite fibers are about 50 mm in diameter, containing 60 wt% of SWCNT. Then,
it was further put into PVA/phosphoric acid aqueous solution for surface coating
treatment and woven into textiles. After the second coating treatment, it could be
used as the electrode of twisted wire supercapacitors. This fiber supercapacitor with
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Fig. 3.17 Photographs of a
type of textile with two
nanotube fiber
supercapacitors woven in
orthogonal directions [94]

100 mm in diameter could provide a capacitance of 5 F g−1 and an energy storage
density of 0.6 Wh kg−1 at 1 V, as shown in Fig. 3.17.

Chou et al. [95] fabricated an all-solid stretchable wire supercapacitor by assem-
bling two CNT fiber electrodes, spandex fiber substrate, and H2SO4-PVA gel elec-
trolyte via a prestraining-then-releasing approach. This supercapacitor presented
high areal specific capacitance of 4.63–4.99mFcm−2, and good durabilitywith 108%
of the capacitance retention after 10,000 charge–discharge cycles and 20 mechani-
cal stretching–releasing cycles with a tensile strain of 100%. In addition, Ren et al.
also developed wire microsupercapacitors by twisting two aligned MWCNT fibers.
It exhibited a mass-specific capacitance of 13.31 F g−1, areal specific capacitance of
3.01 mF cm−2, or length specific capacitance of 0.015 mF cm−1 [96].

Recently, a variety of small devices for directly weaving spirally twisted wire
supercapacitors have been developed, which enhances the efficiency of the braided
devices and reduces the cost of manufacturing linear supercapacitors. For example,
Peng et al. have designed a rotation-translation method that could take advantage
of the elasticity of polymer and the excellent electrical and mechanical properties
of carbon nanotubes to fabricate stretchable wire supercapacitors. The capacitor can
be bent, folded, and stretched, and retains 100% of the properties of the capacitor
at a stretch of 75%. Such wire capacitors can be further woven into textiles with
different shapes and integrated into variousmicroelectronic devices tomeet the future
micro-energy demand [97].

(2) Fabrication of coaxial wire supercapacitors

As to coaxial wire supercapacitors, the fabrication process is illustrated in Fig. 3.18.
Firstly, the elastic fiber substrate was coated with a layer of gel electrolyte composed
of H3PO4-poly(vinyl alcohol) (PVA), followed by wrapping with the inner CNT
sheets electrode, separating with the second layer of electrolyte, wrapping with the
outer CNT sheets electrode, which should possess the same thickness as the inner
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Fig. 3.18 Fabrication
procedure of a highly
stretchable wire
supercapacitor with a coaxial
structure [98]

electrode, and finally coating with the third layer of electrolyte, achieving the whole
assembling process for supercapacitors [98]. Compared with spirally twisted wire
supercapacitors, the materials used for coaxial supercapacitors require higher stan-
dards, and this type of capacitor is not a universal device fabrication method. How-
ever, coaxial capacitors have the advantages of shorter spacing between the positive
and the negative electrodes, leading to a higher utilization rate of electrode materi-
als. Moreover, it has been evidenced experimentally that the specific capacitance of
coaxial capacitors is much higher than that of spirally twisted wire supercapacitors
with the same electrode materials. Therefore, further improvement and optimization
of such coaxial supercapacitors are still of significance.

Kou et al. [99] proposed a coaxial wet-spinning method to fabricate
polyelectrolyte-wrapped graphene fibers. In this system, the core solution and the
sheath solution could be spun onto the fiber substrate simultaneously through the
inner and the outer channels, respectively, which is an evident feature for the spin-
ner, just shown as in Fig. 3.19. The core solution is composed of graphene oxide liq-
uid crystals (GO-LC), while the sheath material is sodium carboxymethyl cellulose
(CMC), which exhibits the property of ionic conductivity and electric insulativity,
avoiding the occurrence of short circuit. This supercapacitor presented high capac-
itances of 269 and 177 mF cm−2 and energy densities of 5.91 and 3.84 mWh cm−2

with liquid and solid electrolytes, respectively.
Besides, Chen et al. [100] designed a novel class of coaxial electric double-layer

capacitor (EDLC) fibers, consisting of aligned CNT fiber and CNT sheet acting
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Fig. 3.19 Coaxial wet-spinning assembly procedure and the as-synthesized core-sheath fibers [99]

as two electrodes, separated by a polymer electrolyte gel (Fig. 3.20). It was found
that the maximum discharge capacitance could reach 59 F g−1 (32.09 F cm−3 or
29 μF cm−1 or 8.66 mF cm−2), much higher than 4.5 F g−1 of the EDLC fabricated
by twisting two CNT fibers together, which was attributed to the decreased contact
resistance between the two electrodes derived from the unique coaxial structure.

3.4.2 2D Flexible Planar Supercapacitors

The assembly strategies for planar supercapacitors mainly include photolithography,
printing, laser etching, and template. This section will focus on the application of
these four methods to fabricate 2D planar supercapacitors.

(1) Photolithography method

Photolithography refers to the process of transferring images from a mask to a sub-
strate with the assistance of a photoresist under the light. The main operating process
is as follows: First of all, evenly coat a layer of photoresist on the surface of the
substrate. After completely dried, the photoresist is covered with the mask, fol-
lowed by irradiating the substrate through the mask with ultraviolet light. Then, the
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Fig. 3.20 Fabrication process of the coaxial EDLC fiber [100]

photoresist, both on the exposed and unexposed area (the former is called positive
photoresist, while the later is negative photoresist), is dissolved and removed via
imaging techniques, leaving the image on the substrate surface.

Figure 3.21 is a typical process of fabricating a planar fork-finger capacitor via
a photolithography method. Polyethylene terephthalate (PET) as a substrate was
firstly cleaned and covered with a 40-nm-thick Ni film via sputtering using a vacuum
thermal coating technique at a vacuum below 8 × 10−4 mbar (Fig. 3.21a and b).
Subsequently, Ni(OH)2 nanoplates were spin-coated on the PET/Ni substrate, and
then another layer of the Ni foam (40 nm) was sputtering deposited on it (Fig. 3.21c
and d). After spinning a layer of photoresist onto its surface, put the finger-like mask
on the substrate and perform photolithography to pattern and expose the surface
of the Ni-coated PET with photoresist (Fig. 3.21e). Afterward, the Ni-coated PET
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Fig. 3.21 Schematic process of fabricating planar capacitors via photolithography technique [101]

was soaked in the developer to remove the photoresist on the exposure area and
then remove the nickel film on the exposure area with the sulfuric acid solution.
The unexposed photoresist shielded by the mask can protect the fork-finger metal
nickel electrode from sulfuric acid corrosion. After cleaning with water, the residual
photoresist was also removed using ethanol or acetone. Finally, the prepared device
was coated with a layer of PVA/KOH gel and encapsulated with a transparent soft
film, achieving the capacitor assembling (Fig. 3.21f–h) [101].

By using the photolithography technique, devices with an electrode spacing of
several microns or even smaller can be fabricated, and the structure of the devices
is diversified, such as round and wavy devices. Furthermore, it could also achieve
the fabrication of integrated electronic devices with different functions on the same
substrate, which paves the way to integrated multifunctional wearable electronics
[102].

(2) Patterning method

Patterning method refers to the process of fabricating devices with a metal or plastic
recycled template with a certain electrode shape achieved by 3D printing, metal
cutting, and other methods. There are two main strategies: First, the template is
placed on the surface of the flexible substrate, and the active material liquid with a
certain concentration is left on the surface of the flexible substrate via the template by
means of filtration. After removing the template, electrode material with a specific
shape can be left on the substrate. Second, the substrate is firstly coated with a
uniform layer of electrode materials, followed by being covered with the template.
The acid or alkali or corrosive ionic liquid is dropped on the corresponding anti-
corrosion template, and the corrosive liquid flows on the surface of the material
along the template channel to etch the material, leaving the materials covered by the
template unchanged. When the etch process is finished, the electrode material with
the template shape could be left on the substrate after the removal of the template.
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Figure 3.22 illustrates the fabrication process by using the second patterning
method [103]. By using recycled templates, this method is relatively simple to per-
form and applicable to a variety of materials; however, its accuracy is not high and
the edge of the electrode is usually rough; therefore, it is limited to be employed
in the fabrication of precise, miniaturized, and large-scale flexible supercapacitor
devices.

(3) Printing method

Printing electronics is an arisen novel technology with high efficiency and good
effect. It features high printing accuracy, universal applicability to materials, and
no mask, avoiding the corrosion of materials from acid or base photoresist. Inkjet
printing is the most widely applied technology in printing electronics. The key to
inkjet printing is the formula proportion of ink materials, which could be greatly
influenced by a variety of parameters, such as viscosity and dispersion. Therefore,
the proportion of different ink materials is not the same due to the different physical
properties of various materials. When the ink is qualified, the spray head of the inkjet
printer will absorb the ink reagent through the microporous plate and transfer it to the
treated substrate, spraying the droplets onto the surface of the substrate in a preset
pattern with the power of a thermal or acoustic injector, leaving the device with
specific patterns of electrodes on the substrate. By using more nozzles and spraying
the same area repeatedly, most inkjet printers can produce high-resolution images.

Figure 3.23 shows the inkjet printing of custom-designed microsupercapacitor
arrays from a “home computer and printer” using pristine exfoliated graphene ink
[104]. Therefore, an ordinary household printer could even print capacitors, which
perform excellent electrochemical properties as well, and the capacitor can be con-
nected in series and parallel on a piece of paper, which greatly reduces the pollution
to the environment and the waste of materials.

Fig. 3.22 Illustration of the fabrication process with the patterning method [103]
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Fig. 3.23 Inkjet printing of custom-designed microsupercapacitor arrays from a “home computer
and printer” using pristine-exfoliated graphene ink [104]

Inkjet printing has played an irreplaceable role in flexible electronics due to its low
cost, high efficiency, and high accuracy. The flexible electronic circuit printed by this
technology has been put into practical application, which improves the mechanical
stability of electronic devices, reduces the production cost of circuit boards, and
brings new experience for human beings.

(4) Laser etching method

Laser etching technology is developed on the basis of the traditional technology of
etching lineswith a chemical reagent [105]. In this system, the high energy laser beam
directly focused on the substrate coated with the thin material film through adjusting
the focus position, making the material film layer instantaneously gasified, achiev-
ing the etching process. Moreover, this method has little influence on the substrate
materials due to the adjustable nature of laser energy at the same time. Compared
with chemical reagent etching, this method is smaller in size, easier to operate, lower
in cost, and higher in yield. Specifically, by simply controlling computer software,
expected laser-etched patterns could be obtained by importing electrode structure
drawings. After feeding, adjusting parameters, capacitors can be processed and car-
ried on the test. By saving setting parameters, it could realize batch production,
greatly improving the efficiency and yield.
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Figure 3.24 shows the laser etching process for preparing planar capacitors. Firstly,
spray a layer of conductive materials on the glass substrate as the current collector,
followed by spraying a layer of supercapacitor electrode materials. After that, the
fork structure electrode could be achieved after the laser etching treatment. Finally,
the capacitor assemblywill be completed after coatedwith electrolytematerial [106].

El-Kady et al. designed graphene-based and all-solid-state electrochemical capac-
itors on a standard LightScribeDVDoptical drive to achieve the direct laser reduction
of graphite oxide films to graphene (Fig. 3.25) [107]. The produced films could be
directly applied as supercapacitor electrodes without using any additional binders
or current collectors, as is the case for conventional supercapacitors. Moreover, the
capacity of the all-solid-state device using gel electrolyte is equivalent to that of
the supercapacitor using a water-containing electrolyte, and the preparation method
is relatively simple. In addition, the capacity of the supercapacitor remained almost
unchanged after 1000 bending cycles fromdifferent angles. The flexible and optically
transparent all-solid supercapacitor canmaintain a capacity ofmore than 96.5% of its
initial capacitance after bending for 10,000 times at 45°; therefore, the performance
of the supercapacitor is relatively stable.

With advanced technology, laser etching has become a mature technology that
has been put into production and application, and its precision has reached several
microns in industrial application, which provides a powerful technical guarantee for
the development of flexible electronics.

Fig. 3.24 Illustration of the laser etching process for preparing planar capacitors [106]
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Fig. 3.25 Fabrication process of the all-solid-state laser-scribed graphene LSG-EC electrochemical
capacitors [107]

3.5 Self-responsive Flexible Integrated System

Flexible/stretchable integrated systems, such as self-actuated photoelectric detection
systems and self-actuated sensor systems, have developed rapidly in recent years due
to their features of high integration, multifunction, comfort, and contact with human
skin [108, 109]. Supercapacitors have evident advantages as energy suppliers and
storage units. The existing integrated systems can be divided into two categories
based on the roles that supercapacitors play. The first is the energy sensor integrated
system, in which the supercapacitors are used as the power supply support function
units tomake sure its normalmovement [110, 111]. In the second type,which refers to
the energy collection-storage-sensing system, the supercapacitors bridge the energy
collection unit and the functional unit. Specifically, the supercapacitors firstly save
the energy converted by energy collectors, such as nanogenerators and solar energy
collectors and then power the functional units [112]. This section will introduce the
development status of a self-responsive flexible integration system, mainly based on
these two categories.

3.5.1 Flexible Capacitor-Sensor Integrated System

In this section, we introduce the energy sensor integrated system on the aspect of the
one-dimensional linear integrated devices and the two-dimensional planar integrated
devices. Early in 2014, Wang et al. [113] developed a fiber-based flexible all-solid-
state asymmetric supercapacitor, in which the Co3O4 nanowires growing on nickel
fibers act as the positive electrode while graphene on carbon fibers as both the neg-
ative electrode and light-sensitive material. Therefore, a flexible linear integrated
system was obtained, which could simultaneously achieve the function of energy
storage and optoelectronic detection (Fig. 3.26a). Photograph in Fig. 3.26b directly
demonstrates the fiber-based all-solid-state flexible asymmetric supercapacitor with
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Fig. 3.26 Flexible capacitor-sensor integrated systems [113, 114]

high mechanical stability at different bending states. Figure 3.26c presents the CV
curves of this supercapacitor at different scan rates ranging from 10 to 100 mV s−1.
It performed a good rate capability both at a scan rate as high as 100 mV s−1

and a maximum cell voltage of 1.5 V. And the volumetric capacitance could reach
2.1 F cm−3, the maximum energy density is 0.62 mWh cm−3, and the power density
is 1.47 W cm−3 at a current density of 20 mA cm−3. Moreover, it also exhibited
good cycling stability with approximately 84% of its initial capacitance preserved.
This excellent electrochemical performance of this supercapacitor can be attributed
to the improvement of the voltage window, the high specific capacitance provided by
Co3O4 nanowires with pseudocapacitance as well as electric double-layer capacitor
properties, and the excellent cycling stability resulting from graphene-based carbon
materials. Figure 3.26d displays the response of the integrated system to white light
at different bending states under a light intensity of 40 mW cm−2. The test started
with charging the supercapacitor to 1.5 V from an external power supply, then plac-
ing the system on the probe table and periodically turning the white light on and off.
The integrated system can reliably detect white light switches as the light response
curve presented, demonstrating the feasibility of integrating supercapacitors and
photodetectors on a single fiber.

Afterward, a series of planar supercapacitors integratedwith a self-drivenphotode-
tector system has been developed as well. Xu and Shen [115] assembled a reduced
graphene oxide (rGO)-based planar supercapacitor with 8.01 F cm−3 of volumetric
capacitance and 6.204 Wh cm−3 of energy density, integrated with a CdS nanowire-
based photodetector. One single such a microdevice could reach 34.50 of current
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on/off ratios, which is parallel with the conventional one driven by the external
power source.

In addition to photodetectors, supercapacitors have recently been integrated with
other devices, such as solar cells and detectors, to improve energy efficiency and
endow supercapacitors with more functions, such as energy conversion and artificial
muscles [116, 117].

Besides a single self-driven integrated system, multifunctional integrated systems
that can monitor health or the environment are also proposed. For example, an array
planar all-solid-state microsupercapacitor integrated with wireless radio frequency
power receivers and stretchable bioenvironmental multi-sensors was also proposed
[114]. Figure 3.26e shows the circuit diagram of the stretchable multisensor system.
Figure 3.26f presents the cyclic voltammetry curves, demonstrating the 4.7 F cm−3

of volumetric capacitance and 1.5 mWh cm−3 of energy density. In this system, the
fragmentized graphene foam (FGF) strain sensor takes charge of detecting biosignals,
such as a neck pulse, saliva swallowing, voice, and body movement (Fig. 3.26g,
h). And the MWNT/SnO2 nanowire hybrid film sensor bioenvironmental sensors
response to the signal upon exposure to NO2 gas andUV light (Fig. 3.26i). Therefore,
this multifunctional system paves the way to the next-generation body-attachable
health/environmental monitoring devices.

3.5.2 Flexible Capacitor-Energy-Collection-Storage-Sensing
System

Although the above-integrated systems have successfully realized monitoring the
signals from the biological environment, such as temperature, sound, light, gas, and
pressure, they generally lack energy collection units, requiring large charging facili-
ties, leading to independently working mode. Therefore, it is of great significance to
employ energy collection and wireless charging units to achieve an integrated system
including energy collection, storage, and application [118–120].

Gao et al. [121] developed a flexible integrated system comprising a wire-
less charging coil, an all-solid-state asymmetric microsupercapacitor (MSC), and
a photoconductive-type photodetector of perovskite nanowires (NWs), as shown in
Fig. 3.27a. In this system,MSC as the power source saves the energy via the wireless
charging coil received from the wireless power transmitter and then drives the pho-
toconductive perovskite NWs detector in sequence. The MSC presented a stable CV
curve and capacitance retention under different bending angles, which is illustrated
in Fig. 3.27b. Besides, the MSC also displayed good cycling stability, preserving
92% of capacitance after 7000 cycles. Figure 3.27c shows the self-discharge curve
of the MSC. When the capacitor is charged to 1.6 V, it starts to drive the perovskite
nanowires-based photodetector. And the photocurrent response curve in Fig. 3.27d
proves the stability of the integrated system.
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Fig. 3.27 Energy-collection-storage-sensing system [121–124]

Solar energy is considered one of the most promising renewable and clean energy
sources, and energy conversion patterns stored in capacitors by harvesting solar
energy and converting it into electricity are also received a lot of attention [125–130].
In 2013, Xu et al. [131] reported an integrated solar energy-supercapacitor system
based on bipolar TiO2 nanotube arrays. In this system, the dye-sensitized solar cells
act as energy collectors and the supercapacitors as energy storage units. The areal
capacitance of the supercapacitor is as high as 1.1mF cm−2, and the power conversion
efficiency of the whole integrated circuit reaches 1.64%. Peng et al. [123] designed
an integrated energy wire system, comprised of a photoelectric conversion section
and an energy storage part, as shown in Fig. 3.27e–h. The schematically illustration
of the working mechanism for this system is shown in Fig. 3.27e. Specifically, the
transportation of electrons to the CNT fiber electrode via an external circuit starts
with the incorporation of the released electrons from dyemolecules to the conduction
band of titania nanotubes. In the internal circuit, the electrons from the CNT fiber
electrode will be captured by the I3− ions to produce I− ions in order to make the
activated dye molecules reduced to the ground state to achieve the cycle. The current
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density/voltage curve of the solar cell in Fig. 3.27f demonstrating the conversion
efficiency is calculated as 2.2%. Figure 3.27g depicts the CV curve at a scanning
rate from 10 to 100 mV S−1, with the calculated area ratio of 2.0 mF cm−2. The
photocharging–discharging curve of the energy wire is shown in Fig. 3.27h. The
entire photoelectric conversion and storage efficiency of the system reaches 1.5%,
demonstrating the great potential for the applications in electronic textiles. Zou and
Peng have also integrated supercapacitors with solar cells to achieve the integration
of energy conversion, storage, and output, improving energy utilization efficiency
[132, 133].

In addition to solar energy, human motion, such as walking or running, may gen-
erate significant amounts of mechanical energy. Nanogenerators can capture and
harness the energy produced via human movement. Since the first prototype of a
nanogenerator was proposed by Wang, a variety of one- and two-dimensional nano-
generators havebeendeveloped [134–146]. In 2012,Wangcameupwith an integrated
system including nanogenerators, supercapacitors, and sensors [122], as shown in
Fig. 3.27i. Figure 3.27j presents the optical images of the brightness changing of
an LED lamp over time, powered by a nanogenerator. In 2016, Guo et al. improved
the nanogenerator by assembling an all-in-one self-powered system consisting of
nanogenerators, supercapacitors, and an electronic watch (Fig. 3.27k) [124]. The
as-fabricated supercapacitor displays a specific mass capacitance of 12 F g−1 and a
specific surface capacitance of 1mFcm−2 at the scan rate of 10mVs−1.Moreover, the
capacitance has no evident decrease after 5000 cycles, indicating the highly promis-
ing reliability and stability for the application in a high-frequency charge/discharge
system. Figure 3.27l shows the V–t curve of the integrated system. The energy from
the nanogenerator stored in the capacitor can drive the stable operation of the elec-
tronic watch, demonstrating its feasibility and reliability and paving way to the new
research directions of the self-powered wearable electronic products in the future.

3.6 Future Trends

On the basis of the current developing trends, the future demand for flexi-
ble/stretchable integrated electronic devices requires the energy storage devices with
high ability of miniaturization, flexibility, and integration. Coincidentally, the emer-
gence of flexible microsupercapacitor highly satisfied these requirements. In this
paper, different types of flexible/stretchable supercapacitors are introduced based on
the flexible/stretchable substrates, the electrodematerials, the electrode structure, the
improved electrolyte, and the constitution of the devices. Meanwhile, the application
of these devices in the emerging field of integrated systems is also simply illustrated,
such as the integration of micro-planar supercapacitors with pressure sensors, linear
supercapacitors with photoelectric detectors, and supercapacitors with gas sensors
and the corresponding in situ signal acquisition and display system, etc. By now,
a variety of different types of flexible/stretchable supercapacitors and self-driven
multifunctional wearable devices have been developed and even put into practice,
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greatly enlarging the application form of wearable electronic devices and improv-
ing comfort experience for human beings. But there are still many issues requiring
further exploration. For example, a single microsupercapacitor with small voltage
window and low energy density is generally unable to power the sensor unit; there-
fore, the integrated systemwith several supercapacitors in series is always the simple
operation, leading to volume expansion of the integrated system, which, however,
obviously contradicts the basic requirements for comfortable experience. In order
to improve the electrochemical performance of flexible/stretchable supercapacitors,
more attention could be paid to the following aspects in future research:

(1) A flexible/stretchable substrate is the most basic component for flexible elec-
tronic devices. Till now, a variety of cheap and excellent substrate materials
have been widely employed in the fabrication of supercapacitors; however,
such issues as poor hydrophilicity seriously limit their further development.
PET substrate is a commonly used flexible substrate, but this material is sharp,
easy to scratch the skin when used in wearable devices; PDMS is very soft
and high comfort, but it requires high standards for the combined materials
due to its poor hydrophilicity. Therefore, more attention should be paid to
those flexible/stretchable substrates with excellent performance and universal
applicability.

(2) Optimizing all-solid electrolyte is also an effective strategy to improve the
properties of capacitors, to which less attention has been paid.

(3) Improving electrode materials with high performance is the most direct way to
enhance the electrochemical performance of supercapacitors. It is still of great
significance to improve the utilization rate of the materials by fabricating novel
nanomaterials with high performance under the guidance in theory.

(4) Stretchable/self-healing supercapacitors will be a promising device in the
near future. Although various types of stretchable/self-healing supercapaci-
tors have been successfully assembled using stretchable/self-healing substrates
or wavy electrode structures, other new assembling methods enabling large-
scale production for stretchable/self-healing supercapacitors should also be
considered.

(5) As for the integrated system, it will become the main research direction to real-
ize multi-intelligentization for supercapacitors via an integrated self-driven sys-
tem including energy collection unit (nanogenerator, photovoltaic cell)/wireless
charging ring, energy storage unit (supercapacitor), and functional unit (various
sensors and detectors). Generally, the energy required by the functional unit is
very low as the low working current and fast responding; however, the stable
energy output of the energy device is still challengeable. Therefore, how to sta-
bilize the output voltage of the microcapacitor is one of the main issues that
need to be figured out as soon as possible.
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Chapter 4
Magnetic Responsive MnO2
Nanomaterials

Wenxian Li

Abstract Themagnetisms of nanosizedMnO2 in different phases depend greatly on
the morphology and the dimension of the nanoparticles and the interaction between
the induced magnetism and the intrinsic magnetism. Different sharing modes of the
basic structure in MnO2 (i.e., MnO6 octahedron) contribute to the low-temperature
ground-state magnetism deviation from general antiferromagnetism. MnO2 bulks
possess an antiferromagnetic ordering between the corner-sharing MnO6 octahe-
dra and a ferromagnetic ordering between the edge-sharing MnO6 octahedra. The
essential reason is the change of interatomic distances, coordinate environment, and
symmetry, resulting in the different surface states. For this reason, the effects of
shapes, ions introducing, electronic structures, and exposed planes on magnetism
are as important as sharing modes.

4.1 Introduction

4.1.1 Background

MnO2 materials have attracted intensive research interest among medical scientists,
biologists, and magnetism researchers [1, 2] due to their excellent magnetic per-
formance in magnetic resonance imaging (MRI) enhancement, magnetic transport
in biochemical engineering, and magnetic memory storage [3]. The typical non-
toxic and environmental-friendly properties of MnO2 precisely satisfy the require-
ments of medical, biological, and environmental materials. Liu et al. [4] prepared the
MnO2 nanoparticle encapsulated byNCP-shells constructed based onhigh-Z element
hafnium (Hf) ions and c,c,t-(diamminedichlorodisuccinato)Pt(IV) (DSP) for tumor
radiotherapy sensitizer. Song et al. [5] also synthesized the HA-coated and mannan-
conjugated MnO2 particles as an intelligent magnetic resonance molecular imaging
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probe to positioning and diagnosing tumor. MnO2 can become Mn2+ with magnetic
resonance enhancement at specific sites, which significantly enhanced longitudinal
relaxation and lateral relaxation properties of tumor sites. Therefore, it is critical to
study themagnetic properties of manganese dioxide because it is beneficial to human
health.

4.1.2 The Phase of MnO2

The basic structure ofMnO2 isMnO6 octahedron [7, 8]. InMnO6 octahedron, oxygen
atoms are distributed at the corners of octahedra, while Mn atoms are placed in the
center, shown in Fig. 4.1a. One Mn atom is surrounded by six neighboring oxygen
atoms. The structure of MnO2 is quite flexible. There are a number of crystal forms,
such as α, β-, γ-, λ-, and δ-MnO2, which depends on the way of MnO6 octahedral
unit sharing [9–11]. The structures of different phases of MnO2 can be characterized
by the size of their tunnels and interlayer distance. Table 4.1 shows the information
of structural characters of MnO2.

For α-MnO2, the double chains of corner-sharing MnO6 octahedra form one-
dimensional tunnel structurewith T[2× 2] andT[1× 1] open tunnelwith dimensions
of 4.6 × 4.6 Å [18], shown in Fig. 4.1b. This tunnel structure has a large cross-
sectional area, which can accommodate a large cation to enhance its stability of the
structure, so it is suitable for the insertion/extraction of cations such as Li+, Na+, K+,
NH4+, Ba2+, or H3O+.

Fig. 4.1 a MnO6 octahedral and the crystal structure of b α-MnO2, c β-MnO2, d δ-MnO2-(001),
e γ-MnO2 and f λ-MnO2. Adapted with permission from Zhou et al. [6] © The Royal Society of
Chemistry and the Centre National de la Recherche Scientifique, 2018
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Table 4.1 Structural characters of MnO2

Phases Approximate chemical
formula

Crystal systems Structural feature

α-MnO2
[13]

(R)2[Mns]O16xH2
(R = K, Na, NH4)

Monoclinic/quartet T[2 × 2]
T[1 × 1]

β-MnO2
[14]

MnO2 Quartet T[1 × 1]

γ-MnO2
[15]

[MnII, MnIII,
MnIV](O, OH)2

Hexagonal T[2 × 1]
T[1 × 1]

δ-MnO2
[16]

K0.27MnO2·0.54H2O
Na4Mnl4O27·9H2O
RxMnO2xH2O
(R = Li, K, Na, NH4)

Orthogonal/hexagonal/diamond Two-dimensional
infinite sheet

λ-MnO2
[17]

(R1.0)[Mn2]O4
(R = Li)

Cube T[1 × 1] tunnel
interconnection
Three-dimensional

Reproduced with permission from Musil et al. [12] © the electrochemical society, 2015

β-MnO2 owing a tetragonal rutile structure has T[1 × 1] tunnel [19, 20], formed
by a single strand of corner-sharing MnO6 octahedra, shown in Fig. 4.1c. The tunnel
cross-sectional area of β-MnO2 is so small that it does not provide ion channels to
diffuse ions. β-MnO2 is the most stable phase with relatively stable thermodynamic
properties.

δ-MnO2 is a two-dimensional layered birnessite structure with an interlayer sep-
aration of 7 Å [21], shown in Fig. 4.1d. This unique two-dimensional structure is
characterized by the layer interspacing distance, which depends on the cations like
H2O.

γ-MnO2 also has a complex one-dimensional tunnel structure formed by double-
chain and single-stranded alternate, T[2 × l] and T[1 × l] tunnel structure, shown
in Fig. 4.1e. Since the alternating arrangement of the double-stranded and single-
stranded alternating structures is difficult to maintain long-range order, it is difficult
for γ-MnO2 to obtain single crystal.

λ-MnO2 composes of coplanar tetrahedron and octahedron with a T[1× 1] three-
dimensional network tunnel structure, shown in Fig. 4.1f. Mn ions occupy 16d sites
in Fd3m and form a three-dimensional array of corner-sharing tetrahedron. Ions are
able to insert/extract freely in the three-dimensional space channel.

4.1.3 Electronic Distribution and d-Orbit of Mn

Electron distribution outside the nucleus of Mn is 1S2 2S2 2P6 3S2 3P6 3d5 4S2, in
which the majority 3d-orbitals are completely filled with five electrons, while the
minority 3d-orbitals are all left empty. This phenomenon would inevitably impact
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the magnetic coupling states of the Mn atoms in different valences [22]. Manganese
has a variety of valence states ranging from +2 to +7 [15]. And manganese ion has
a magnetic moment on its valence Mn2+, Mn3+, and Mn4+ [23], respectively, which
are closely related to magnetism. The bond length of Mn–Mn is the other decisive
factor in the magnetic couplings between Mn atoms [24, 25].

MnO6 octahedron [28, 29], as the basic structure of MnO2, is of great significance
to study manganese dioxide. In the MnO6 octahedral field [29], the d-orbit of Mn is
repelled by the negative charge of the six ligands [30]. The spatial arrangement of
the d-orbit is shown in Fig. 4.2a. dxy, dxz, and dyz are between the gaps of the ligands,
so the energy of three orbits increases slightly resulting in the small exclusion of the
ligand. Yet the dz2 and dx2 −dy2 are head to head with the ligand, the orbital electrons
are subject to a larger repulsive force, causing the energy of the two orbits increasing,
which contributes to the division of d-orbit into a triple degenerate orbit t2g and a

Es

Free ions d orbit 

10Dq

eg

t2g

dxy, dxz ,dyz

Octahedral field 

Spherical field 

eg
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Fig. 4.2 a Octahedral complex d is the relative position of the orbital and ligand. Reproduced
with permission from Li et al. [26] © Scientific Reports, 2015. b Energy splitting of the center
atom d-orbit in the octahedral field. The distribution of Mn d5 electrons in the c weak and d strong
octahedral field. The Mn4+ electrons parallel distribution e Spin-up and f Spin-Down. Reproduced
with permission from Li et al. [27] © Scientific Report, 2014
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double degenerate orbit eg, shown in Fig. 4.2b. The major states of t2g are thought to
be occupied, whereas the minority states of t2g and the whole eg states keep empty
[31]. According to the crystal field theory, the five d-orbitals of Mn are degenerated
before d-orbital splitting into the freemetal ions. Electrons are distributed in different
orbits and spin parallel, satisfying the Hund rules, which is the only way of electrons
arranging. Nevertheless, electrons appear with high-spin distribution and low-spin
distribution after d-orbital splitting. Electrons occupy a high-spin state in the weak
octahedral field, opposite in the strong octahedral field. The distribution of Mn d5
electrons in the weak and strong octahedral field is shown in Fig. 4.2c, d. Mn4+

electrons distribution is shown in Fig. 4.2e, f. The three electrons occupy the lowest
energy orbit t2g and are arranged in parallel.

In this review, detailed discussions about magnetism ofMnO2 with various phases
are concluded from intrinsic magnetism, ions-induced magnetism, and the great
influence of exposed plane and shape and size effect on the magnetism of MnO2.

4.2 Magnetism

The magnetic mechanism of MnO2 is quite complex to understand, which relates to
the electronic structure in some way. Li et al. [32] plotted the spin-resolved density
of states (DOS) of α-, β-, and δ-MnO2 bulks to further reveal the differences in
the electronic structure between the layered phase and two tunneled phases, shown
in Fig. 4.3. They drew δ-MnO2 has a distinct electronic structure compared to other
two tunneled structures (α-MnO2 and β-MnO2). First, δ-MnO2 is ferromagnetic (FM)
while the others are in antiferromagnetic (AFM) ordering. Second, the conduction
band (CB) and valence band (VB) of δ-MnO2 are narrower compared to the others.
They considered that the way of MnO6 octahedral unit sharing plays an important
role.AllMnO6 octahedra are edge-sharing in δ-MnO2, but corner-sharing inβ-MnO2,
while α-MnO2 consists of 50% edge-sharing and 50% corner-sharing octahedra. The
Mn–O–Mn in edge-sharing MnO6 is 98°, which is smaller than that in the corner-
sharing MnO6 (129°). This causes much stronger superexchange antiferromagnetic
[33] coupling between two corner-sharingMnO6 than that in the edge-sharingMnO6.
Consequently, δ-MnO2 bulks prefer FM ground state, while the spins of corner-
sharing MnO6 prefer to be antiparallel, leading to the AFM spin ordering [32].
Their views agree with the Duan’s [34] opinion that the Mn–Mn coupling between
corner-sharing MnO6 is antiferromagnetic, while between edge-sharing MnO6 is
ferromagnetic, which contributes to the intrinsic magnetism of MnO2 in different
phases. Doping ions, exposed plane, and shape and size effect affect the magnetism
of MnO2 with different phases.
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Fig. 4.3 Spin-resolved density of states (DOS) for α-, β- and δ-MnO2 phases. Reproduced with
permission from Li et al. [32] © American Chemical Society, 2016

4.2.1 Intrinsic Magnetism

4.2.1.1 Magnetism of α-MnO2

The ground-state magnetic properties of α-MnO2 bulks are generally considered as
antiferromagnetic [35, 36] performance at low temperature due to the symmetric
nature of Mn–O–Mn bonds, different from the nano-α-MnO2. The Néel magnetic
transition temperature TN of α-MnO2 bulks is about 24.5 K. Kuang et al. found
that α-MnO2 nanorods have a paramagnetic state at 300 K, while exhibit a weak
ferromagnetic behavior at 5 K [37], shown in Fig. 4.4a, b. At 5 K, the coercivity
field (Hc) of α-MnO2 is 844.82 Oe. The corresponding remnant magnetization (Mr)
is 4.48 × 10−4 emu/g, and the hysteresis loop shows a weak ferromagnetic behavior
[38]. The Mr-Hc curves is nearly linear at 300 K. Yang et al. [39] pointed out that
the M-H curve of α-MnO2 microspheres shows a small hysteresis at 1.8 K and is
also nearly linear at 300 K, shown in Fig. 4.4c. α-MnO2 microspheres have the
Néel magnetic transition temperature TN (TN = 13 K), shown in Fig. 4.4d. This
temperature is lower than that of α-MnO2 bulks due to the small grain size effect
[40]. Below 13 K, α-MnO2 microspheres exhibit antiferromagnetismwith a parasitic
ferromagnetic component. Antiferromagnetic α-MnO2 showed the ferromagnetic
nature at the lower temperature at the nano-size level. The magnetic hysteresis loop
at 5.0K, nomagnetic hysteresis loop at 60K, and a straight line ofmagnetic hysteresis
loop at 120 K were also obtained by Zhu [41].
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Fig. 4.4 a Hysteresis loops of α-MnO2 nanorods at 5 and 300 K and b an enlarged view of 5 K.
Reproduced with permission from Kuang et al. [37] © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique, 2015. c The hysteresis loops of at 1.8 and 300 K and
d the temperature dependence of magnetization curves under zero field cooling (ZFC) and field
cooling (FC) of α-MnO2 microspheres. Reproducedwith permission fromYi et al. [42] ©American
Institute of Physics, 2004

It is supposed the ferromagnetic component at low temperature may result from
the non-collinear molecular field that cants the two antiparallel sublattices due to the
distortion of the crystal structure, especially arising from the oxygen vacancies. The
mixture of Mn3+ and Mn4+ [43–45] valence state in α-MnO2 has been considered
as one of the reasons for the ferromagnetic ordering/spin glass behavior [46] at low
temperature. Actually, the ferromagnetic-like ordering originates from the breaking
of equivalence between two different Mn–O octahedrals in α-MnO2 due to the filling
of ions, especially because of neighboring tunnels which may be filled and unfilled
lead to differences in the magnetic moment of Mn atoms in the apex site and plane
site. Li et al. reported the effect of exposed crystal planes on the magnetism of
α-MnO2 nanowires [27]. Detailed discussion is at Sect. 4.2.3.



146 W. Li

4.2.1.2 Magnetism of β-MnO2

Ground-state magnetism of β-MnO2 bulks is antiferromagnetism too. Tang et al.
proposed that dandelion-like β-MnO2 (Fig. 4.5a, b) has Néel temperature of about
100 K [47], which is about 6 K [45, 48] higher than that of the corresponding bulk
β-MnO2 crystals due to the special morphology and the effect of surface spins [49,
50], shown in Fig. 4.5c. The ZFC curve shows a small increase of the magnetization
than the FC curve. This may be related to the large ratio of surface/volume, which
inevitably leads to a much larger proportion of non-compensated surface spins on the
antiferromagnetic core and thus reveals the difference between the ZFC curve and
the FC curve [51]. No hysteresis loop at either 5 or 293 K is observed in Fig. 4.5d.
The M-H curves were nearly linear above the Néel temperature, revealing that a
paramagnetic state exists in this temperature. At 5 K, the M-H curve shows no
hysteresis, indicating its antiferromagnetic nature below TN.

However, Liang et al. considerated that β-MnO2 nanorods (shown in Fig. 4.6a,
b) exhibits paramagnetic behavior and there was not an antiferromagnetic transition
because of no hysteresis loop at either 5 or 300 K (shown in Fig. 4.6c) indicating that
the magnetic state remains unchanged in the whole temperature range [37]. This is

Fig. 4.5 SEM images a overall morphology and b detailed view of dandelion-like β-MnO2. c ZFC
and FC magnetization curves under an applied field of 1000 Oe and d field dependence of the
magnetization at 5 K and 293 K of dandelion-like β-MnO2. Reproduced with permission from
Tang et al. [47] © IOP Publishing Ltd, 2006
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Fig. 4.6 a SEM image (inset is the higher magnification image), bTEM images and c the hysteresis
loops at 5 and 300 K of β-MnO2 nanorods. Reproduced with permission from Liang et al. [37] ©
2015 The Royal Society of Chemistry and the Centre National de la Recherche Scientifique, 2006.
dResistivities of a single crystal of β-MnO2 (The current was applied along the c axis). Reproduced
with permission from Subhra et al. [55] © The American Physical Society, 2000

contrary to Tang’s views. Subhra et al. put forward that the shape of β-MnO2 makes
difference in magnetism, which is discussed in the part of “The effect of sizes on
magnetism of MnO2.” Then, the helimagnetism [14, 48, 52] of β-MnO2 was con-
firmed by Sato et al. through the X-ray magnetic scattering characterization [53, 54]
using synchrotron radiation. They gave a critical temperature point of 92 K, as is
shown in Fig. 4.6d. Below around 200 K, it deviates from a metallic behavior and
increases with decreasing temperature down to TN (92 K), which coincides with the
magnetic transition temperature into a helical state. Different from othermanganates,
β-MnO2 shows neither ferromagnetism nor giant magnetoresistance at low temper-
ature, but behaves anisotropic magnetoresistance and carrier localization. Sato et al.
also explain the critical effect of the conduction eg electrons and magnetic t2g elec-
trons in Mn d-orbitals on the β-MnO2 magnetic properties. They considered that the
t2g-t2g exchange interaction basically determines the magnetic structure in β-MnO2,
but double exchange interactions between eg electrons have no fatal consequences
[45].
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4.2.1.3 Magnetism of δ-MnO2

δ-MnO2 bulks prefer to be in the FM ground state. Ge et al. [56] have been suc-
cessfully prepared layered KxMnO2 [57, 58] (x < 0.3) nanoarchitectures and studied
the magnetism. The obtained samples have a phase transition from ferromagnetic to
paramagnetic phase at the corresponding low temperatures (T c) of 32 K [59], shown
in Fig. 4.7a. Figure 4.7b showed the field dependence of the magnetization for the
layered MnO2 nanowire bundles at 293 and 5 K. At 293 K, the magnetization does
not show any hysteresis at all, revealing that a paramagnetic state exists in this tem-
perature range. Whereas at 5 K, below the lower transition temperature, it exhibits
a much larger hysteresis curve and shows a ferromagnetic behavior. Zhu et al. [60]
reported birnessite-type MnO2 nanowalls have a magnetic transition temperature of
9.2 K (shown in Fig. 4.7c, d) and show ferromagnetism below 9.2 K. While above
9.2 K, the paramagnetism dominates their physical behavior, whereas, the nanowalls
exhibit prominent magnetic anisotropy at 5 K. This indicates that the easy magneti-
zation direction of the δ-MnO2 is out of plane, that is, the easy magnetic direction

Fig. 4.7 a ZFC and FCmagnetization curves under an applied field of 1000Oe and bmagnetization
hysteresis loops of δ-MnO2. Reproduced with permission fromGe et al. [56] ©American Chemical
Society, 2006. c, d M versus T of the birnessite-type MnO2 powder in an applied field of 100 Oe.
Reproduced with permission from Zhu et al. [60] © American Chemical Society, 2008
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is in the ab plane. The magnetism of δ-MnO2 is connected with the interlayer irons,
which can be revealed by irons doped magnetism. Ions (K+, Na+ and H+) have a
critical influence on the magnetism of δ-MnO2 (shown in Sect. 2.2).

4.2.1.4 Magnetism of γ-MnO2 and λ-MnO2

The ground magnetism of γ-MnO2 and λ-MnO2 bulks is similar to the ground mag-
netism of α-MnO2 bulks. Zheng et al. [61] came up with that hexagonal nanosheets
[62] of γ-MnO2 possess a paramagnetism transition to antiferromagnetism tempera-
ture of 78 K, shown in Fig. 4.8a. There is a discontinuous change in the temperature
range of 20–30 K on the zero field cooling curve, whichmay be caused by the surface
electron spin unsaturation [63–65] due to the special morphology of the hexagonal
nanosheets. This agrees with Zhou’s [6] opinion, shown in Fig. 4.8b. TheM-H curve
is close to linear, shown in Fig. 4.8c, d, revealing the antiferromagnetic character-
istics of the sample at 1.8 K. But the curve has a small hysteresis indicating that
there are some ferromagnetic or ferrimagnetic structures formed in the compound,

Fig. 4.8 a Relation of magnetic susceptibility with temperature, b the magnetization vs. applied
magnetic field and c the ZFC and FCmagnetization curves and d enlarged view of themagnetization
vs. applied magnetic field of γ-MnO2. Reproduced with permission from Zheng et al. [61] © The
Royal Society of Chemistry and the Centre National de la Recherche Scientifique, 2018



150 W. Li

which is related to small twist angles between sublattice magnetic moments of Mn
atoms. It is discussed in the former part of α-MnO2 microspheres [39]. λ-MnO2, a
metastable form of manganese dioxide, retains the cubic spinel structure. It shows
antiferromagnetism found by Reedan [17] in 30–32 K.

Therefore, δ-MnO2 ofMnO6 octahedras edge-sharing possesses FM ground state,
while β-MnO2 ofMnO6 octahedras corner-sharing and α-MnO2 ofMnO6 octahedras
edge-sharing and corner-sharing prefer AFM ground state.

4.2.2 Ions-Induced Magnetism

Magnetic properties of the materials are usually determined by its structural [66] and
geometrical properties, such as the interatomic distances [67], coordination number
and symmetry [68, 69]. Generally, the decrease of the coordination number causes
the increase of the magnetic moment of per atom as a result of the decrease in
the overlap of the nearby atomic orbitals. Compared to the coordination number,
the effect of interatomic distances is remarkable. Magnetic properties of MnO2 can
be induced by the doping ions. They have a critical influence on the magnetism of
MnO2 because the introduction of the ions destroys the equilibrium of chemical bond
valence resulting in the presence of Mn3+ and Mn4+ mixed valence state [70], which
affects the magnetic exchange between Mn ions. The positional distribution of Mn3+

and Mn4+ in the crystal structure is closely linked to the position where the cation is
inserted, which also results in a magnetic change ofMnO2 [46, 71]. Furthermore, the
filling of alkaline ions in the tunnels leads to lattice distortion, playing an important
role in the magnetism of MnO2 [72].

Tseng et al. synthesized α-MnO2 nanotubes with Li+, Na+, and K+ ions using a
hydrothermal technique, finding that when a doping concentration is lower than 12
at.%, the nanotubes performed ferromagnetic-like ordering [74] at low temperature
(<50 K) [26], shown in Fig. 4.9a. Antiferromagnetic coupling emerged at the doping
concentrations beyond 12 at.%, breaking the balance of Mn–O–Mn bonds. This
results in the ferromagnetic-like ordering. Figure 4.9b shows the inclusion of K in the
tunnels induces geometric frustration of the triangular lattices, which may destroy
the balance of Mn–O–Mn antiferromagnetic ordering, leading to ferromagnetic-
like ordering. 6 at.% Li or Na doping does not induce a large distortion in the
first MnO6 shell. This is due to the relatively lower dopant concentration of Li
and Na. Luo et al. [75] investigated the effect of K+ on the magnetic properties of
α-MnO2. The results showed that when the K+ is less than half the space, the sample
shows the behavior of the spin glass due to the triangular lattice arrangement of the
magnetic Mn ions and the mixed valence state of the Mn3+ and Mn4+. Their study
shows that the magnetic properties of nanotubes can be adjusted by changing the K+

concentration of α-KxMnO2. Duan et al. used first principles calculations to study
the effect of Fe doping on the magnetic performance of α-MnO2, shown in Fig. 4.9c.
It turned out that the covalent bond length of M–O is reduced, while the degree
of overlap of the M–O bond is increased after Fe doping, which is able to enhance
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Fig. 4.9 a M-H loops of Li, Na, and K-doped MnO2 nanotubes. Schematic diagram of the crystal
structure for ion-containing b [2 × 2] tunnel structure α-MnO2, c the basic MnO6-octahedra and a
possible substitution of Fe for Mn. Reproduced with permission from Jing et al. [73] © Published
by Elsevier B.V. All rights reserved, 2012. d δ-MnO2 with K+ ions. Reproduced with permission
from Yin et al. [18] © The Royal Society of Chemistry, 2015

bond strength. Consequently, Fe doping reinforces the spin polarization ofMnO2 and
increases the total magnetic moment, leading to the magnetic enhancement, shown
in Fig. 4.9b. Magnetic moments resulting from the orbiting and spinning of electrons
around the nucleus determined themagnetic properties. Themagnetism of δ-MnO2 is
typically inducedby ions.Ge et al. [56] explored the relationship betweendifferentK+

concentrations and themagnetic properties of samples, shown in Fig. 4.9d. The result
shows that the samples with higher K+ concentration would have larger coercivity
(Hc), saturation magnetization (Ms), and remanent magnetization (Mr), shown in
Table 4.2. Therefore, the magnetism is related to the concentrations of ions inclusion
of K+ or Na+ in manganese oxides.

4.2.3 The Effect of Exposed Surfaces on Magnetism of MnO2

The exposed surfaces of MnO2 show significant influences on the magnetic per-
formance [76]. Li et al. [26, 27] found α-MnO2-(1 1 0) is ferromagnetic (FM) and
α-MnO2-(2 1 0) is mainly antiferromagnetic (AFM), shown in Fig. 4.10. α-MnO2 (1
1 0) exhibits stronger magnetization and more stable magnetic coupling. The differ-
ence is caused by the surface structure that the (1 1 0) plane is formed by the coherent
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Table 4.2 K+ content and magnetic properties of 1D-layered MnO2

Treatment Morphology K (wt%) Ms (emu/g) at
5 K

Mr (emu/g) at
5 K

Hc (Oe) at
5 K

Washed with
water

Nanowire
bundles

3.2 14 9 4100

Washed with
HCl

Nanowire
bundles

0.27 4.4 2.5 3490

Without PEG
400

Nanorod
bundles

3.45 5.2 1.8 3478

Reproducedwith permission fromGe et al. [56] © 2006American chemical society. Nanostructures
by different treatments in the typical synthesis route

edge of MnO6, and the (2 1 0) plane forms a stepped plane from the common angle
MnO6. This agrees with the magnetism of bulk α-MnO2. The essence of the phe-
nomenon is the surface state which depends greatly on different planes exposed to
the free space [77]. The open tunnels of (1 1 0) plane form zigzag surfaces. The
(2 1 0) plane forms an irregular step-type surface, which consists of steps and two
adjacent grooves. There is a spin glass-like behavior [78] and with an exchange bias
effect in α-MnO2 because of the coupling of the surface spins with the antiferromag-
netic matrix. The net magnetic moment during the coupling is contributing to the
uncoupled spins in 3d3 orbitals of the Mn4+ ions in MnO6 octahedra on the rough
surface. The Mn 3d energy level can split into spin-up (↑) and spin-down (↓) states.
Each spin state is further split by the octahedral ligand field splitting parameter 10 Dq

into a low-energy triply degenerate orbital (t2g) and a high-energy doubly degenerate
orbital (eg). In an octahedral ligand field, the three t2g orbitals lie 4 Dq below the
average energy and the two eg orbitals lie 6 Dq above the average energy. Therefore,
in the Mn 3d3 energy level, the three 3d electrons occupy t2g(↑) orbitals as shown in
Fig. 4.10e. Consequently, the Mn4+ shows very stable net magnetic moment because
there is no spare electron occupying the high-energy orbitals to excite high-spin state
[79].

4.2.4 The Effect of Size and Shape on Magnetism of MnO2

Shape anisotropy can increase the coercivity [80], where the magnetic spins are
preferentially aligned along the long axis and their reversal to the opposite direction
requires higher energies than that for spheres [81]. The shape of rods is advantageous
because the nanorod will exhibit a greater dipole moment under the application of
the same magnetic field [82] using the same volume of material as a corresponding
nanosphere. When the size [81] of the magnetic particles decreases, they change
from multidomain to single domain [83]. If the single domain particles become
small enough, the magnetic moment in the domain fluctuates in direction due to
thermal agitation, which leads to superparamagnetism.
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Subhra et al. put forward that the shape of β-MnO2 makes difference inmagnetism
[55]. They reported that one-dimensional nanostructures have increased anisotropies
in both the shape anisotropy [42] and the magnetocrystalline anisotropy, compared
to spherical nanoparticles, which exert influence on their magnetic properties [80,
84, 85]. β-MnO2 nanorods exist as a superparamagnetic state at 77 K, as the coercive
force and remnant magnetization are zero, shown in Fig. 4.11a. At low temperatures,
such as 2 K, the M-H curve (Fig. 4.11b) displays a small hysteresis with coercive
force of 435 Oe and remnant magnetization of 0.84 emu/g, indicating its ferromag-
netic property below the blocking temperature (TB). The TB for nanorods has been
determined to be 4 K obtained from temperature dependence magnetization studies
between 0 K and 60 K with ZFC and FC in the applied field of 100 Oe,shown in
Fig. 4.11c, whereas for nanospheres, the TB is calculated to be 40 K as shown in
Fig. 4.11d. The nanorods remain superparamagnetic until 4 K, while for nanospheres
it is only 40 K. The field dependence magnetization curves for the spherical nanopar-
ticles at 77 and 5 K are given in Fig. 4.11e, f. The ZFC magnetization curve shows a
maximum at low temperature that is characteristic of the superparamagnetism, and
the temperature at which it occurs may be taken as blocking temperature. The FC
and ZFC data show divergence at low temperatures as indeed was found in the case
of other oxide nanoparticles.

4.3 The Applications of MnO2 Magnetism

MnO2 has been applied in various fields due to their excellent magnetic performance
in magnetic resonance imaging [86, 87] enhancement, magnetic drug delivery, and
magnetic memory storage, which is mainly applied in the medical diagnosis. MRI is
one of the important techniques of medical diagnosis, shown in Fig. 4.12. Compared
with tomography, MRI can achieve better imaging results in soft tissue when choos-
ing the right contrast agent.MRI technology depends to a large extent on the different
r1 (longitudinal relaxation rate) or r2 (transverse relaxation rate) [88] relaxation rates
of heavy water in different tissues (such as normal tissues and tumors). There are
many factors that usually affect the relaxation rate of contrast media. MRI is three
dimensional on tumors. Imaging or the application of advanced or early diagnosis
of tumors is limited by the low signal-to-noise ratio. Paramagnetic material has bet-
ter nuclear magnetic resonance signal enhancement. Paramagnetic materials can be
potential contrast agents for MRI. Paramagnetic ions can effectively enhance proton
relaxation due to their unpaired electron spins [89]. After cancerous tissue selectively
absorbs such contrast agents, the relaxation rate of heavy water is increased, result-
ing in nuclear magnetic resonance images of tumors and surrounding normal tissues.
The extranuclear electron arrangement of manganese ion Mn(II) is special. The 3d-
orbital of Mn2+ has five unpaired electrons [90]. This distribution is a semi-full shell
layer, which has strong paramagnetism and can greatly improve heavy water. The r1
relaxation time depends on the paramagnetic response.
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�Fig. 4.10 Origination of magentic moment of α-MnO2 nanowires a (2 1 0) planes composed and
b (1 1 0) planes composed of MnO6 octahedra. The highlighted parts indicate the weak linked
MnO6 octahedral chains on the (2 1 0) and (1 1 0) plane when it is at the surface. c The ther-
moremanent magnetization (TRM) and isothermoremanent magnetization (IRM) dependences on
applied magnetic fields at 5 K were measured in the field range of 0.4 to 50 kOe. The isosurface
plots of the spin density of d O-terminated (1 1 0) surface, eMn-terminated (1 1 0) surface and f (2
1 0) surface with the isosurface value being 0.02 electron/Å3. Reproduced with permission from Li
et al. [27] © Scientific Report, 2014

In practical applications, MnO2 nanoparticles, in the ischemic hypoxic region of
tumor tissue and endogenous H2O2 response, Mn2+, specific part of the reaction to
magnetic resonance-enhanced Mn2+, significantly improve the tumor longitudinal
relaxation rate rl and transverse relaxation rate r2, enhancing Tl and T2-weighted
magnetic resonance imaging of tumor sites. Liu et al. [91] developed an acidic
H2O2-responsive and O2-evolving SiO2-MB@MnO2 core-shell photodynamic ther-
apy (PDT) nanoplatform by usingMnO2 shell as a switchable shield, which prevents
the premature release of loaded photosensitizer in core and elevate the O2 concen-
tration within tumor tissue in PDT. An intelligent and biocompatible bovine serum
albumin-Ce6-Si QDs-MnO2 nanocomplex as a pH/H2O2-responsive photosensitizer
nanocarrier constructed by Wang et al. [92] to modulate tumor hypoxia for fluores-
cence imaging-guided efficient PDT and a self-reinforcing chemodynamic therapy
nanoagent based on MnO2 with both Fenton-like Mn2+ delivery and glutathione
(GSH) depletion properties reported by Lin et al. [93] to achieve MRI-monitored
chemochemodynamic combination therapy, in which the MnO2 shell undergoes a
redox reaction with GSH to form glutathione disulfide and Mn2+, resulting in GSH
depletion-enhanced PDT. PDT is the most widely used and least side effect treat-
ment inMRI. However, two problems still need to be solved during the PDT process.
One is the photo-bleaching, and premature leakage and poor selectivity of photo-
sensitizers severely affect the therapeutic efficacy. The other is altered vasculature
and consequent chaotic blood flow often cause gradients of O2 tension and acute
hypoxia in fast-growing tumors during tumor progression, which poses a survival
pressure to favor tumor initiation, metastasis and resistance to chemotherapy, and
deteriorate the PDT efficacy. To overcome those problems, He et al. [94] developed
a pH-/H2O2-activatable nanosystem with self-powered O2 for O2-elevated PDT and
potential MRI, shown in Fig. 4.13. Manganese dioxide nanoparticles (MnO2 NPs),
capable of generating O2 by reacting with H+/H2O2, were grown in situ within the
pores of large pore silica nanoparticles (LPMSNs). Chlorin e6 (Ce6) with high pho-
tosensitizing capability and low dark cytotoxicity was covalently linked to LPMSNs.
The AS1411 aptamer, which has high affinity to the overexpressed nucleolin on the
plasma membrane of most cancer cells, was anchored onto the surface of LPMSNs
to endow the NPs with cancer selectivity. In this system, the MnO2 NPs will serve as
the reactants. Upon selective internalization into cancer cells, they will react rapidly
with lysosomal H+/H2O2 to generate massive O2 in situ to enhance PDT. Moreover,
in vitro experiments revealed that under stimulation, they can dissolve to release
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Fig. 4.11 Field dependence magnetization curves of β-MnO2 nanorods at a 77 K and b 2 K. The
M-T curve at an applied field of 100 Oe of c spherical and d rod-shaped β-MnO2 nanoparticles.
Field dependence magnetization curve of α-MnO2 nanospheres at e 77 K and f 5 K. Reproduced
with permission from Subhra et al. [55] © American Chemical Society, 2007

Mn2+ ions that enable the access of Mn2+ to the surrounding water molecules, acting
as a “turn on” T1 probe to localize the tumor sites in real time during therapy.

Recently, several new types of manganese dioxide contrast agents have drawn
attention. Cao et al. [95] synthesized MnO2/Cu2-xS-siRNA nanoagent used in pho-
tothermal therapy (PTT) and PDT dual-modal therapy, in which reduced Mn2+ ions
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Fig. 4.12 Scheme illustrating the redox/pH-responsive behaviors of BM@NCP(DSP)-PEG com-
posite nanoparticles in the tumor microenvironment. Such nanoparticles are responsive to reduced
pH, reductive environment, and existence of tumor endogenous H2O2, enabling tumor-specific
imaging, drug release, hypoxia relief, and enhanced cancer chemoradiotherapy. Reprinted with
permission from Liu et al. [4] © WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei, 2017

Fig. 4.13 Schematic illustration of H+/H2O2-activated nanomaterials for potential MRI and O2-
elevated PDT. Reprinted with permission from He et al. [4] © The Royal Society of Chemistry,
2018

significantly enhanceMRI contrast and theCu2-xS acts a powerful photoacoustic (PA)
and photothermal (PT) imaging agent, leading to tri-modal accurate tumor-specific
imaging and detection. Tao et al. [96] designed polyethylene glycol (PEG) modified
reduced nano-graphene oxide-manganese dioxide (rGO-MnO2-PEG) nanocompos-
ites to trigger oxygen generation from H2O2 to reduce the tumor hypoxic microen-
vironments, which used radioisotope labeled rGO-MnO2-PEG as therapeutic agents
for in vivo tumor radioisotope therapy (RIT), achieving excellent tumor killing and
further enhancing the therapeutic efficiency of RIT, shown in Fig. 4.14.
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Fig. 4.14 Schematic illustration of the formation of 131I-rGO-MnO2-PEG nanocomposites for
reducing tumor hypoxia and enhancing radioisotope therapy efficiency. Reprinted with permission
from Tao et al. [4] © The Royal Society of Chemistry, 2018

4.4 Summary

The Mn–Mn coupling between corner-sharing MnO6 is antiferromagnetic, while
between edge-sharing MnO6 is ferromagnetic. The ground state of α-MnO2 and
β-MnO2 is generally considered as antiferromagnetic properties, while δ-MnO2 pos-
sesses the FM ground state. Electronic structure, morphologies, and the introduction
of ions have great impacts on the magnetic properties of the MnO2. Introducing ions
into MnO2 will change the interatomic distances and coordination number of Mn
and O, leading to the various magnetism. Doping of K will induce the spin glass due
to the triangular lattice arrangement of the magnetic Mn ions and the mixed valence
state of the Mn3+ and Mn4+. Fe doping reinforces the spin polarization of MnO2

and increases the total magnetic moment, leading to the magnetic enhancement. The
magnetism of MnO2 also changes with exposed planes, size, and shape because of
the strong surface magnetic effects on the particles.
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Chapter 5
Hydrogel Responsive Nanomaterials
for Colorimetric Chemical Sensors

Dandan Men, Honghua Zhang and Yue Li

Abstract The stimuli-responsive hydrogels are three-dimensional hydrophilic poly-
meric networks with a fascinating property that they will undergo an obvious and
reversible volumetric variation in response to a small variation of external environ-
mental stimuli. In particular, combiningof the stimuli-responsive hydrogelswith pho-
tonic crystals (PCs) or Au nanoparticles (NPs), the volumetric variation responded
to external stimuli could be converted into a color change, thus creating a kind of
colorimetric sensors. These colorimetric sensors attract more and more interest of
researchers in different fields due to their simple operation and visualized read-
out. Herein, after presenting a brief review on the basis concept, synthesis methods
and sensitive mechanisms of the stimuli-responsive hydrogels, this chapter mainly
focuses on their applications as colorimetric chemical sensors by combining with
PCs.And some typical applications are proposed in detail, such as detecting pHvalue,
ionic species, solvents, humidity, and biomolecules. In order to meet the increasing
requirements of practical applications, the selectivity, response rate, and resolution
ratio of these colorimetric sensors need to be improved in the near further.

5.1 Introduction

Hydrogels are three-dimensional (3D) hydrophilic polymeric networks with an abil-
ity to retain lots of water [1–9]. Hydrogels are constructed by natural and synthetic
polymers [1]. Due to their good hydrophilicity, biocompatibility, and stability, hydro-
gels have been widely applied in many fields, such as biomedical fields [10–14],
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electronic devices [15], and sensors [16–27]. Importantly, if they are synthesized
from stimuli-responsive polymers, hydrogels will possess an amazing property that
their volume can undergo a significant and reversible change in response to small
alterations of specific external environmental stimuli without structural destruction
[6, 7, 27–33]. Such property causes the hydrogels to be good candidates for sensors.

The stimuli-responsive hydrogels are known as “smart” or “intelligent” materials
[34–36] and their volume changes are commonly referred as swelling–shrinking tran-
sitions in literatures [37–40]. However, most hydrogels are colorless and transparent
[41, 42]. In this case, as a sensor, it is very difficult to detect the external stim-
uli only by means of measuring volume change [41]. Therefore, remarkable efforts
have been made to immobilize or produce regular pattern on surfaces or insides of
the hydrogels. Specifically, combining the stimulus-responsive hydrogels with pho-
tonic crystals (PCs), has created exciting interest of researchers because they can
realize colorimetric detection [43–55]. The PCs are spatially periodic arrangements
of materials with different dielectric constants. Because of the periodic arrangement,
the PCs materials own an unique photonic band gap (PBG). This PBG can prohibit
a specific wavelength of light located in the PBG from transmitting through the
PCs, so generates a structural color [56–58]. When the PCs are integrated with a
stimuli-responsive hydrogel, the volume change responding to external stimuli will
alter the periodicities of the PCs, resulting in a variation of PBG, accompanied by a
change of structural color [57–63]. If the forbidden wavelength lies in the region of
visible light, the structural color could be recognized by naked eye, thus creating a
colorimetric sensor. According to this mechanism, over the last decades, various col-
orimetric sensors based on RPCs have been prepared, such as temperature [64–69],
light [70], magnetic field [71], pH [72–76], solvent [77, 78], and ions [79–83]. By
conjugating appropriate recognition agents to the hydrogels matrix, these RPCs can
respond to specific molecules [84–88]. Besides PCs, Au nanoparticles (NPs) also are
combinedwith the stimuli-responsive hydrogels to construct the colorimetric sensors
[89–93]. The performance of these colorimetric sensors can be improved by chang-
ing crosslinking density of hydrogel or increasing the concentration of functional
groups.

Although most sensors based on stimulus-responsive hydrogels still require fur-
ther development before practical application, theywill becomevery promisingmate-
rials in the near future. The next hydrogel-based chemical sensor demands that the
hydrogel matrix can identify the specific analysts and their concentrations, respond
to them with excellent selectivity as well as stability, and monitor them easily. This
chapter provides an overview of recent researches in the fields of synthesis and appli-
cation of the stimuli-responsive hydrogels for chemical sensorswhose photonic prop-
erties are in response to external stimuli. After introducing the general development
strategies, this chapter focuses on (1) briefly presenting the fabrication methods
of hydrogels; (2) summarizing the sensitive mechanism of the stimuli-responsive
hydrogels; and (3) giving an overview of the applications of the stimulus-responsive
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hydrogels as sensors. Herein, this chapter mainly focuses on the colorimetric chemi-
cal sensors based on the composites of stimuli-responsive hydrogels and PCs. Addi-
tionally, the composites of Au NPs and stimuli-responsive hydrogels as colorimetric
chemical sensors also are slightly introduced.

5.2 Synthesis of Hydrogel

Hydrogels are hydrophilic polymerswith a 3D network structures crosslinkedmainly
through chemical crosslinking and physical crosslinking [1, 7]. A crosslinking step
is required to overcome the solubility and improve mechanical strength. Generally,
for the chemical crosslinking, there are two methods [7]. The first one is adding a
crosslinker in a reaction solution to simultaneously link polymer chains during their
synthesizing process. For example, polyacrylic acid (PAAc) as a typical pH-sensitive
hydrogel was synthesized via a free radical polymerization of a reaction solution con-
tainingmonomer (acrylic acid, AAc) and crosslinker (N,N-methylene bisacrylamide)
[72]. The second one is applying crosslinker to interconnect two polymer chains. For
instance, 3D chitosan (CS) networks as basic hydrogels were synthesized through
interconnecting the CS chains by glutaraldehyde [43, 94]. Recently, a kind of trans-
parent and multistimuli-responsive hydrogels were fabricated within a few seconds
by crosslinking the CS chains with a variety of transitionmetal ions at appropriate pH
value [95]. Upon mixing, these metal ions underwent ultrafast complexation with
the CS chains (within 2 s), resulting in forming interwoven network structure, as
shown in Fig. 5.1. The facile preparation process and short gelation time lead it to
be a promising approach for designing advanced hydrogel materials.

Compared with the chemical crosslinking, physically crosslinked hydrogels have
attracted increasing attentions owing to their relatively facile production process.
However, in comparison with their counterparts prepared via the chemical crosslink-
ing, the physically crosslinked hydrogels tend to be frailer because relatively weak
interactions [1].

5.3 Sensitive Mechanism of Hydrogel

For the chemical sensor based on hydrogel, three primary sensing mechanisms were
demonstrated [96, 97]: (1) immobilizing ions on the hydrogel [98–101]; (2) chang-
ing the crosslinking density [102–104]; (3) variation the solubility of the hydrogel
polymer [88, 105, 106].
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Fig. 5.1 a Schematic illustration of crosslinking the CS chains with metal ions in water via fast
complexation. b Chemical structures of the CS interwoven networks crosslinked by metal ions;
c Photographs of hydrogels formed by crosslinking the CS chains with different metal ions (from
left to right: Ag+, Cu2+, Co2+, Ni2+, Zn2+, Cd2+, and Pd2+, respectively) [95]

5.3.1 Immobilizing Ions on the Hydrogel

Immobilizing ions on the hydrogel network will result in an increase of osmotic
pressure within the hydrogel networks owing to increased Donnan potential arising
from introducing mobile counterions, leading to a swell [98–101]. This sensing
motif has been demonstrated for monitoring pH [43, 44, 72], Pb2+ [79], K+ [101]
and glucose [98, 107]. Taking a pH-sensitive hydrogel as an example, this sensitive
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motif is explained in detail as follows. The well-known property of hydrogels with
weak acidic or weak basic pendant groups in their polymeric structure has been
utilized as a pH sensor with good reversibility [7].When the pH value of surrounding
environment is above the pKa of the ionizable groups, the anionic hydrogels, such
as with carboxylic or sulfonic pendant groups, are ionized that forces the hydrogel
to swell. On the other hand, the cationic hydrogels, such as with amine pendant
groups, are protonated at the pH value below the pKb of the ionizable groups, thus
swelling occurs at lower pH. PAAc as a typical pH-responsive hydrogel has been
widely applied in the area of drug delivery and pH sensor. It deprotonates in a basic
surrounding condition as following:

[RCOOH]hydrogel + [OH−]aq → [RCOO−]hydrogel + H2O;

In an acidic ambient as following:

[RCOO−]hydrogel + [H+]aq → [RCOOH]hydrogel
In a basic surrounding condition, as the pH value increases, the carboxy pendant

groups on the PAAc backbone are ionized to carboxylate anions, accompanied by
an adequate generation of mobile counterions inside the hydrogel, which results in
an increasing Donnan osmotic pressure, thus, causing a corresponding swell of the
hydrogel. However, in an acidic solution, the charge density and the mobile counteri-
ons within the PAAc hydrogel strongly decrease, resulting in a reduction in Donnan
osmotic pressure and hence a shrink of hydrogel. Additionally, approximately at
pKa of the ionizable groups, the ionization begins and the volume change appears
obviously. However, when the ionization of the ionizable component is completed,
further increasing pH only increases the ionic strength, which causes the hydrogel to
shrink. The general swelling behavior of the acidic, basic, and amphiphilic hydrogels
at different pH are shown in Fig. 5.2. From it, it can be seen that the swelling of the
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Fig. 5.2 Phase transition
behavior of acidic (�), basic
(◯), and amphiphilic (�)
hydrogels [7]

acidic hydrogels appears in basic solutions because of the deprotonation. By contrast,
the basic hydrogels swell in acidic solutions because the protonation occurs in acidic
solution. Unlike them, the amphiphilic hydrogels show two phases transitions both
in basic and acidic condition.

5.3.2 Changing the Crosslinking Density

If an analyte molecule has the ability to bind with more than one recognition group, it
can form additional crosslinks within the hydrogel, thus causing hydrogel to shrink.
Based on this general principle, various chemical sensors related to hydrogel were
fabricated. For example, an ammonia-sensitive hydrogelwas developedby covalently
coupling 3-aminophenol as a recognition agent to poly (2-hydroxyethyl acrylate)
(PHEA) hydrogel backbone. When it is exposed to ammonia, an ammonia molecule
can react with two recognition groups to generate additional crosslinking. The cre-
ation of new crosslinking leads the hydrogel to shrink [108]. In addition to ammonia
sensor, other sensors for detecting including glucose [104], avidin and lectin protein
concanavalin. A [109] have also been prepared by changing the crosslink density of
the hydrogel.

5.3.3 Variation in the solubility of the Hydrogel Polymer

In this motif, altering the hydrogel polymer to increase its solubility can result in
the free energy of mixing of the hydrogel polymer with the surrounding medium
becomingmore favorable, thereby swells the hydrogel [96]. For instance, at high ionic
strength condition, as pH increases, the swelling behavior of poly(2-hydroxyethyl
acrylate-co-acrylic acid) (Poly(HEA-co-AA)) was attributed to increasing solubility
of carboxylates compared to carboxyl acid groups, rather than increasing Donnan
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potential [75]. Additionally, since the solubility of phenolates inwater exceeds that of
phenol, another pH sensor thatworks in high ionic strengthmediumwas fabricated by
attaching nitrophenol groups onto the polyacrylamide (PAAm) backbone. At higher
pH, the phenol groups dissociate to phenolates, leading to increase solubility and
resulting in swell of hydrogel [105].

5.4 Chemical Sensors Based on Stimuli-Responsive
Hydrogel

There are many ways for the chemical sensors responding to specific analytes. One
of themost convenient and obvious readout methods is changing their optical proper-
ties, especially a visually perceptible color variation. Relevant types of colorimetric
sensors based on the composites of stimuli-responsive hydrogels and PCs or Au NPs
are discussed below.

5.4.1 pH Sensor

The pH-sensitive hydrogel constructed by a 3D crosslinked polymer backbone car-
rying with weak acidic or basic groups [7, 110, 111]. The weak acidic or basic groups
contribute to the pH sensitivity. PAAc is a typical pH-sensitive hydrogel, but high
water solubility limited its further application. In order to overcome this shortcoming,
AAc is usually copolymerized with other monomers. For example, poly(acrylamide-
co-acrylic acid) (P(AAm-co-AAc)) was synthesized by using hydrophilic AAm
monomer as a basic monomer, AAc as a functional monomer, and N,N-methylene
bisacrylamide as a crosslinker [111]. What is more, both mechanical property and
sensitivity could be adjusted by changing the ratio between the PAAm and PAAc or
crosslinking density.

5.4.1.1 pH Sensor Based on Hydrogel/PCs Composites

Recently, various colorimetric pH sensorswere developed by embedding the PCs into
a pH-responsive hydrogel [57, 74]. Generally, 3D and 2D PCs have been employed
to construct hydrogel/PCs composites [57]. 3D hydrogel/PCs composites are mainly
formed by two methods, as shown in Fig. 5.3a, b. In the first one, the 3D PCs is
prepared primarily, and then the responsivematerials are infiltrated into the interstices
of PCs prepared in advance to lock the PCs (Fig. 5.3a). By this method, Song et al.
fabricated a pH sensor [74]. When the pH increases from 3.3 to 6.7, the diffraction
peaks shift from 510 to 590 nm, meanwhile, the color changes from blue to orange,
as shown in Fig. 5.3c, d. In the second approach, the 3D RPCs are prepared by
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Fig. 5.3 a, b Two preparation route of 3D RPCs [57]. Diffraction spectra (c) and color variation
(d) of the pH sensor based on 3D hydrogel/PCs composite [74]

electrostatic self-assembly of microspheres in a solution containing monodispersed
microparticles and polymerizable monomers, followed by polymerization, as shown
in Fig. 5.3b. This method was proposed by Asher et al. and the prepared RPCs
were called polymerized colloidal crystal array (PCCA) [79, 112]. In this method,
the formed 3D PCs are non-close-packed (NCP) structures, and the polymerizable
monomers should be nonionic to avoid disrupting charge stabilized PCs. Due to this,
compared to the first method, its functionalized process is relatively complex. For
example, a hydrolysis step is required to produce ionizable groups (–COOH) for
the pH-sensitive PCCA [112]. Moreover, the microspheres in the 3D RPCs can be
removed to form inverse-opal structure.

Due to fast, simple, and efficient self-assembly process of high-quality 2D PCs
on a large area, a lot of research has been devoted to fabricate 2D hydrogel/PCs
composites to construct visual sensors [109]. 2D hydrogel/PCs composite film was
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fabricated by directly in situ filled responsivematerials into the dried 2D PCs. By this
method, Asher et al. successfully prepared CS/2D PCs composite for detecting pH
value [94]. However, current reported 2DRPCs composite sensors aremainly limited
to 2D PS microspheres arrays, which have relatively small scattering cross section,
causing the diffraction signal too weak to be detected by instrument. Therefore, high
reflective mirror, such as Al, Au or Ag mirror [57, 94, 104], was applied to increase
their diffraction signal during the processes of diffraction measurement. However,
as a visual sensor, high diffraction intensity is an important factor. For improving
the diffraction intensity, Li et al. attached the 2D PS microsphere arrays onto double
surfaces of the CS film to detect pH (Fig. 5.4) [43]. It exhibits stronger diffraction
intensity than that attached 2D PS microspheres arrays only on one surface due
to multi-diffraction effect. Furthermore, with increase of pH value, the diffraction
peaks gradually red shift (Fig. 5.4c), accompaniedwith a corresponding color change
(Fig. 5.4d). However, although the diffraction intensity is improved, it is not high
enough and the high reflective mirror (Al mirror) is still needed. To further increase
the diffraction intensity, 2D Au nanosphere arrays were chosen as the PCs to replace
2D PS microspheres arrays to fabricate pH sensor (Fig. 5.5a) [72]. Compared with
the sensor based on 2D PS microspheres arrays, it displays obvious iridescent color
(Fig. 5.5b) and intense diffraction signals on quartz slide (Fig. 5.5c), which is helpful

Fig. 5.4 Preparation route (a) andSEM image (b) of theCSfilm-attached 2DPSmicrosphere arrays
on both surfaces. c Comparison of diffraction spectra of the CS film attached 2D PS microsphere
arrays on both surfaces (I) and only one surface (II) in different pH values. d Photographs of the
CS film attached 2D PS microsphere arrays on both surfaces at different pH values [43]
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Fig. 5.5 a Preparation route of the 2D Au nanosphere arrays/PAAc composite film. b Photograph
of the 2D Au and PS nanosphere arrays/PAAc composite film in water. c Diffraction spectra of
the 2D Au and PS nanosphere arrays (inset)/PAAc composite films on quartz slide in different pH
values [72]

for their practical applications in visual detection. The high diffraction intensity was
attributed to large scattering cross section ofAu nanosphere. Additionally, this sensor
with intense diffraction signal can be expanded tomonitor other analysts by attaching
appropriate identification agent to the hydrogel matrix.

The above sensors based on PCs/hydrogel composites may be unsuitable for
microscale detection owing to their bulk sizes. Additionally, as colorimetric sen-
sors, they may suffer from color uneveness. Guan et al. had fabricated a new
class of RPCs for microenvironment sensing with high resolution by a hydro-
gen bond-guided template polymerization method [75]. The new RPCs are com-
posed of individual one-dimensional (1D) periodic structure of Fe3O4 NPs and
responsive hydrogel shells with a thickness of tens-of-nanometer. It is worth not-
ing that since their submicrometer size, both lateral resolution (around 2 μm) and
response rate (less than 40 ms), are 2–3 orders of magnitude smaller than that
of the previous RPCs films. Figure 5.6a depicts the preparation process of the



5 Hydrogel Responsive Nanomaterials for Colorimetric … 175

Fig. 5.6 a Preparation route of the Fe3O4 NPs@PVP@Poly(HEA-co-AA) photonic nanochains.
Schematic illustration of hydrogen bonds between monomers and PVP chains (b) and immobilizat-
ing the nanochains in the crosslinked Poly(HEA-co-AA) hydrogel shell (c). d Schematic illustration
of structural color changing process triggered by pH and dark-field optical microscopy images of
the Fe3O4 NPs@PVP@Poly(HEA-co-AA) photonic nanochains in different pH values [75]

Fe3O4@polyvinylpyrrolidone(PVP)@Poly(HEA-co-AA) photonic nanochains. In
the process, monomers were concentrated in the vicinity of magnetic Fe3O4 NPs
via hydrogen bonds between monomers in the precursor solution and PVP fixed on
the surfaces of the Fe3O4 NPs (Fig. 5.6b), thus insuring the polymerization reac-
tion appears mainly close the NPs. Then, these Fe3O4 NPs were assembled lin-
early into dynamic nanochains with periodic structure by magnetic field. Afterward,
these dynamic nanochains were in situ locked in the crosslinked Poly(HEA-co-AA)
hydrogel (Fig. 5.6c). Figure 5.6d describes the color-changing process and dark-
field optical microscopy images of this Fe3O4@PVP@Poly(HEA-co-AA) photonic
nanochains as a pH sensor in different pH values. Furthermore, this method can be
extended to fabricate other sensors, such as temperature and solvent, by coupling
different functional groups to the hydrogel shell.

5.4.1.2 pH Sensor Based on Hydrogel/Au Dimer Composites

As aggregation changes, the color of Au NPs will change from red to purple, blue,
yellow, and even black because of interparticle plasmonic coupling effects [113–
117]. This color change provides an excellent platform for constructing colorimetric
sensors to detect target analytes. Au dimer, consisted of two Au NPs, is a simplest
plasmonic coupling structure. A noteworthy feature of such Au dimer is that it has
two distinguishing extinction peaks which named local surface plasmon resonance
(LSPR) peak and plasmonic coupling peak, respectively. Interestingly, the plasmonic
coupling peak position could be tuned by changing the interparticle gap between the
two Au NPs. According to this concept, Li et al. developed a novel colorimetric pH
sensor by embedding Au dimers in CS hydrogel film, as shown in Fig. 5.7a, b [90].
With decreasing pH value, the plasmonic coupling peak positions blue shift gradually
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Fig. 5.7 a, b SEM images of the CS composite film embedded with Au dimers with different
magnifications. c The extinction spectra of the CS films embedded with Au dimers at different pH
values. d The positions of the plasmonic coupling peaks of the spectra in (c). d The photographs of
the CS composite film embedded with Au dimers before and after soaking in buffer solutions with
different pH values [90]

and the color changes from dark blue to bright red due to increasing interparticle
gap, caused by the swell of the CS hydrogel matrix (Fig. 5.7c–e). Furthermore, the
sensitivity of the composite film could be adjusted by crosslinking time, and thus
will lead to a large shift range of plasmonic coupling peak for different applications.

5.4.1.3 pH Sensor Based on Au NPs@Hydrogel or Hydrogel@Au NPs

Compared with hydrogel film, the hydrogel microbeads can realize small-amount
detection with a relatively fast response rate. A pH sensor constructed by Au
NPs@P(AAm-co-AA) hydrogel microbeads were successfully created via encap-
sulating homogeneous Au NPs in the P(AAm-co-AA) hydrogel microbeads by
droplet microfluidics technology [41]. These composite microbeads exhibit a good
pH-responsive behavior, as shown in Fig. 5.8. When the pH increases from 2 to
9, the dimater of the Au NPs@P(AAm-co-AA) composite microbeads gradually
increases. As the pH is above 9, the hydrogel composite microbeads shrink again
owing to increase ionic strength (Fig. 5.8a–n). Thus, the pH can be detected via mea-
suring the change in size of the microbead by the microspectrometer system, which
leads this microbead to be a visual microsensor. Opposite to the changing trend of
the size, their absorbance intensity firstly declines and then increases with increasing
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Fig. 5.8 a–lMicroscopy images,m sensitive mechanism of absorbance intensity and n fluctuation
curve of the diameters of the Au NPs@hydrogel microbeads in different pH values. The red circles
in m represent the measurement area of absorption spectra. o Fluctuation curve of the absorbance
intensity at ca. 540 nm [41]

pH value, as shown in Fig. 5.8o. This is because the number of the Au NPs per unit
volume firstly declines and then increases due to hydrogel swelling and shrinking.

In addition, these P(AAm-co-AA) hydrogel microbeads embedded with Au NPs
are also employed as a sensor for glucose by adding glucose oxidase in the hydrogel
matrix. When they are exposed to glucose, glucose will be converted to gluconic
acid. The generated gluconic acid can lower the pH value of solution, thus causing
hydrogel to shrink, accompanied with gradually increase in optical absorbance. In
addition to encapsulating theAuNPs in the inside of the hydrogelmicrobeads, Li et al.
also attached the Au nanospheres on their surface through electrostatic self-assembly
method [99]. In these hydrogel microbead@Au nanospheres, the nanogaps between
adjacent Au NPs can be dynamically tuned by volume change derived from the
change of pH value, leading them to be highly sensitive dynamic surface-enhanced
Raman scattering (SERS) substrates.
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5.4.2 Ion Sensor

Ion-sensitive hydrogel is constructed by introducing certain functional groups along
the polymer chains. For example, by modifying hydrogel with crown ether, an Pb2+

[118], K+ [101], and Be2+ [24] sensors were obtained because the crown ether groups
can bind with certain metal cations to form crown ether-cation complexes. These
complexes behave as ionized side chains to result in an ionic hydrogel, thus swelling
the hydrogel, red shifting the diffraction, and finally causing a color change. The
swell of ionic hydrogel is mainly due to increasing osmotic pressure. Additionally,
repulsion between ionized side chains and increased solubility of the crown ether-
cation side groups compared with the neutral uncomplexed side groups also cause
the gel to swell [119]. Asher et al. prepared a Pb2+ sensor by embedding 3D PCs
into a Pb2+-sensitive hydrogel [79]. Figure 5.9a, b depicts the sensitive mechanism
and optical properties of this sensor in different Pb2+ concentrations. From it, it can
be seen with increasing Pb2+ concentration, the diffraction wavelengths red shift.
However, in higher Pb2+ concentration, the diffraction wavelength blue shifts again
because the Donnan potential is attenuated in high ionic strength solution. As a
result, the hydrogel swelling is decrease and the diffraction peak blue shifts. This
phenomenon indicates the response of this sensor is significantly influenced by ionic
strength. Moreover, by covalently immobilizing benzo-9-crown-3 (B9C3) groups to

Fig. 5.9 Sensitive mechanism (a) and optical properties (b) of the Pb2+ responsive photonic hydro-
gels [79]. c Sensitivemechanism and optical photographs of the Be2+ responsive photonic hydrogels
[24]
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Fig. 5.10 a Effect of the Cu2+ concentrations on the diffraction wavelength of the 8-
hydroxyquinoline-functionalized PCCA. b Sensitive mechanism of the 8-hydroxyquinoline-
functionalized PCCA to Cu2+ [103]

the hydrogel, a Be2+ responsive photonic hydrogel is prepared, as shown in Fig. 5.9c
[24]. ThegraftedB9C3can strongly and selectively chelatewithBe2+ ions in solution,
thus causing the hydrogel to swell and the diffraction color to change, just like the
above-mentioned Pb2+ sensor.

Besides immobilizing ions on the hydrogel, changing crosslinking density of
hydrogel is also an effective method for synthesizing ion-responsive hydrogel. For
example, a PCCA sensor for Cu2+ was prepared by grafting 8-hydroxyquinoline as
recognition agents into hydrogel matrix [103]. Interestingly, at low concentrations
of metal ion (<μM), this sensor responds to increasing ion concentration by blue
shifting the diffraction peaks, as shown in Fig. 5.10a. This is because the metal
cations formed bis-liganded complexes with two 8-hydroxyquinolines that crosslink
and shrink the hydrogel matrix. However, at higher cation concentration, these bis-
liganded complexes will be broken into mono-liganded complexes, which lead the
hydrogel to swell and the diffraction peak to red shift (Fig. 5.10b). However, the
8-hydroxyquinoline-modified PCCA sensor is not a nonspecific metal cation sensor
because it displayed high association constants to a wide range of metal ions in
aqueous solution, such as Ni2+, Co2+, and Zn2+. Therefore, it is desirable to develop
a sensor for heavy metal ion with high selectivity.

Single-stranded DNA (or RNA) molecules with specific sequences as aptamers
can bind to a variety of molecules or ions with good sensitivity and selectivity. For
instance, Hg2+ has high affinity for thymine–thymine (T-T) base pairs in DNA and
it can form stable T-Hg2+-T structures, resulting in change of the aptamer’s confor-
mation [82, 120–122]. By functionalizing the hydrogel matrix of the hydrogel/PCs
composite by these aptamers, in the appearance of target analyst, the specific bind-
ing of heavy metal ions and these aptamers can crosslink single-stranded aptamers,
which triggers hydrogel to shrink to alter the periodicity of the PCs, as shown in
Fig. 5.11a. Based on this unique feature, Gu et al. fabricated a Hg2+ sensor-based
hydrogel/PCs composite by modifying the hydrogel matrix with 5′-NH2-(CH2)6-
TTCTTTCTTCCCCTTGTTTGTT-(CH2)6-NH2-3′ (Fig. 5.11b) [82]. In the presence
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Fig. 5.11 a Corresponding aptamer sequences for Hg2+ and Pb2+, and sensitive mechanism of the
aptamer to heavy metal ions. b Synthetic route of aptamer crosslinked hydrogel. c Volume change,
color change, and optical property of the aptamer-functionalized hydrogel/composites in different
Hg2+ concentrations. d The effect of various metal ions on the diffraction shift (1 μM for Hg2+ and
100 μM for other metal ions) [82]

of Hg2+, the sensor reveals a prominent volume change, color variation, and diffrac-
tion peak shift (Fig. 5.11c). Importantly, this senor displays high selectivity to its
target analyte, as shown in Fig. 5.11d. This good selectivity can improve the pos-
sibility of practical application for this sensor because the Hg2+ generally coexist
with other metals ions. Later, they further developed PCs microcapsules for detect-
ing heavy metal ions [123]. Compared to the former, the PCs microcapsules can
realize label-free multiplex detecting. These PCs microcapsules are composed of
close-packed opal PCs cores and stimulus-responsive inverse-opal PCs shells func-
tionalized with specific sequences. When used in targets analysis, the PCs cores of
the microcapsules provide stable diffraction peaks for encoding, while the hydrogel
shells specifically recognize and react with the targets, causing the shells to shrink,
as shown in Fig. 5.12a. With the increasing concentration of Hg2+, the diffraction
peak gradually blue shifts due to the formed T-Hg2+-T structures, but the encoding
peaks are stable without obvious shift (Fig. 5.12b). Moreover, both above methods
could be extended for detecting other heavy metal ions with good selectivity, such
as Pb2+ and Ag+ by selecting specific aptamers.
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Fig. 5.12 a Encoding and sensitivemechanism of themicrocapsules for heavymetal ions. bOptical
properties of the microcapsules in different Hg2+ concentrations [123]

5.4.3 Surfactant Sensor

Amphiphilic surfactants are organic compounds that comprise of a hydrophilic, ionic
or nonionic group bound to a hydrophobic group [124]. When a slightly hydropho-
bic nonionic water-soluble polymer is immersed in the solution containing ionic
surfactants, strong cooperatively associating will take place owing to hydrophobic
interactions between the polymers and the surfactant hydrophobic tails [124–127].
The association between the slightly hydrophobic nonionic polymer and ionic sur-
factant is regarded as micelles formation [125]. The concentration where the sur-
factant forms polymer-bound micelles is called critical aggregation concentration
(CAC). The CAC is lower than the critical micelle concentration (CMC) of the pure
surfactant. Figure 5.13a displays the swelling equilibrium isotherm of the slightly
hydrophobic nonionic polymer soaked in a quasi-infinite solution of ionic surfactant.
At low surfactant concentration, the surfactant distributes evenly between the gel and
the external solution, and no micelles are formed. Thus, the volume does not change
obviously. However, above the CAC, a significantly increase in volume is observed
with increasing surfactant concentration. This phenomenon can be explained by the
fact that the polymer-bound micelles are formed inside the polymer, thus binding
charged surfactant to the polymer. The amount of bound surfactant increases as the
surfactant concentration increases, which causes the hydrogel to gradually swell.
After a swelling maximum, the swelling degree begins to decrease. The reason for
the decrease is that above the CMC, the added surfactant molecules mainly form
“free” ionic micelles. These “free” ionic micelles distributing between the gel net-
work and the outside solutionwill increase the ionic strength of solution, thus reduces
the swelling degree. A visible sensor for surfactants was prepared by attaching 2D
PS NPs arrays onto a poly(N-isopropylacrylamide) (PNIPAAm) hydrogel, as shown
in Fig. 5.13b [127]. PNIPAAm has side hydrophobic isopropyl groups attached to



182 D. Men et al.

Fig. 5.13 a Equilibrium swelling isotherm of a slightly hydrophobic nonionic polymer soaked in a
large volume of solution containing ionic surfactant that can bind to the polymer [125]. b Schematic
illustration of the surfactant sensor based on 2D PCs and PNIPAAm. c The effect of SDS concen-
trations on diffraction wavelength. d, e The effect of SDS, SDBS, SOS, and CTAB concentrations
on diffraction shift [127]

hydrophilic amide groups. Surfactants in aqueous solution can blind to it through
hydrophobic interactions. Figure 5.13c shows the diffraction spectra of this sensor on
the sodium dodecyl sulfate (SDS) concentration in aqueous solution. In pure water,
it diffracts at 470 nm. Increasing the SDS concentration to 5 mM, the diffraction
wavelength red shifts to 622 nm. However, at higher SDS concentrations (10 mM),
the diffraction wavelength blue shifts due to increasing ionic strength originated
from the formed “free” ionic micelles. Additionally, this sensor can be extended
to detect other surfactants, such as sodium dodecylbenzene sulfonate (SDBS) and
sodium C14-16 olefin sulfonate (SOS), as shown in Fig. 5.13d. Among these surfac-
tants, this sensor is most sensitive to SDBS due to increasing hydrophobic binding
affinity with increasing alkyl chain length. Besides anionicsurfactants, the sensor
also responds to cationic surfactant, as shown in Fig. 5.13e. It is worth noting that
the shift of diffraction peak of this sensor in the cationic cetyl trimethylammonium
bromide (CTAB) solution is less than in anionic surfactants, possibly since smaller
hydrophilicity of trimethylammonium ionic head groups of the CTAB. Moreover,
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by incorporating hydrophobic monomers into the hydrogel, the sensitivity can be
increased through increasing hydrophobic binding affinity.

5.4.4 Solvent Sensor

Hydrogel is highly hydrophilic and tends to swell when it comes into contact with
moisture. But this trend is restrained by adding ethanol in water. Based on this
mechanism, Gao et al. prepared a solvent sensor based on PAAm hydrogel with an
inverse-opal structure (IOPAAm) [77]. When it was immersed in mixed solution of
ethanol and water, an obviously monochromatic color variation appears. The color
changes from reddish orange, through green and finally to blue within a few seconds
with increasing ethanol content (Fig. 5.14). Meanwhile, the diffraction peaks show a
corresponding blue shift. The sensor has the advantages of rapid response in structural
color and diffraction wavelength responding to environment variations due to highly
porous structures. However, the procedure for removing the PC template may restrict
the preparation of samples with a large area.

Besides PAAm hydrogel, PNIPAM also displays solvent sensibility [128, 129].
Below the volumephase transition temperature (LCST), the PNIPAMpolymer chains
exhibit cononsolvency behavior to collapse in the presence a second solvent in pure
water such as alcohols or tetrahydrofuran. If the second solvent is a good solvent for
PNIPAM, further adding its content will recover the PNIPAM to swollen state [128,
130]. Based on this, Guan et al. developed a solvent sensor by locking magnetic
nanochains with 1D periodic structure in PNIPAM hydrogel balls [78]. The content
of methanol or ethanol in the water can be monitored via a diffraction peak shift
and color variation of the hydrogel/PCs composite balls, as shown in Fig. 5.15. As
methanol or ethanol content increases, the diffraction peaks display abrupt blue shift
and red shift at a critical methanol or ethanol content. This phenomenon is because
the polymer chains undergo a reentrant coil–globule–coil transition with increasing
methanol or ethanol content.Wu et al. attributed this reentrant transition to the forma-
tion of different water–methanol complexes [130]. Briefly, in a solution containing
PNIPAM,water andmethanol, there are at least three kinds of intermolecular interac-
tions: water-PNIPAM, methanol-PNIPAM, and water-methanol. Among these three
kinds of intermolecular interactions, the water–methanol interaction is the strongest.
As a result of the strong interaction, water–methanol complexes are formed. They
are poor solvents for PNIPAMm and can coexist with free water or methanol. In
low methanol content, there is a lot of uncomplexed free water because methanol
molecules are not enough to complex with all water molecules. In this case, these
free water molecules associate on the polymer chains to cause the polymer chains in
a coil state. With the increase of methanol content, more water–methanol complexes
are formed, accompanied by a decrease of solvent quality, resulting in a contrac-
tion of the PNIPAM chains. When methanol content increases to a certain value,
the water and methanol are nearly completely complexation, resulting in a sharp
coil-to-globule transition. With the further increase of methanol content, the free
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Fig. 5.14 Photographs of the IOPAM at different ethanol/water ratios: a 0/100, b 10/90, c 20/80,
d 30/70, e 40/60, f 50/50, g 60/40, h 70/30, i 80/20, j 90/10. k The reflection spectra of the IOPAM
at different ethanol/water ratios [77]

methanol molecules gradually increase, leading the PNIPAM to a coil state again by
associating on the polymer chains. Later, Tanaka et al. ascribed the coil–globule–coil
transition to a competition of the forming PNIPAM–water (p-w) hydrogen bonds and
PNIPAM–methanol (p-m) or PNIPAM–alcohol (p-a) hydrogen bonds [128]. They
thought that if both types of hydrogen bonds are cooperative, the total number of
bound molecules shows a sharp minimum, thus the polymer chains are in a globule
state. While there are competitive, the chains will be in a coil state. As a result, the
polymer chain undergoes a very interesting reentrant coil–globule–coil transition.
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Fig. 5.15 Reflection spectra of the solvent sensor based on PNIPAMhydrogel balls embedded with
1D periodic structures in different ethanol (a) and methanol (b) contents in water. Effect of ethanol
and methanol contents on the diffraction peaks (c) and color (d) [78]

5.4.5 Humidity Sensor

By means of hydrophilicity of the PAAm hydrogel, Song et al. prepared an humidity
sensor by infiltrating AAm solution into voids of PCs template and subsequently
photopolymerizing without a calcination or dissolution procedure to remove the PCs
template [131]. For this sensor, the diffraction peak red shifted from 390 to 630 nm
with increasing humidity from 20 to 100%, as shown in Fig. 5.16a. The shift range
of diffraction peak achieves approached 240 nm, which spanned almost the whole
visible range. In addition, the shift of spectral diffraction peak was accompanied
with a series of color variations (Fig. 5.16b). The large range of change of diffraction

Fig. 5.16 a Reflection spectra and (b) colors of the humidity sensor in various humidity
environments [131]
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wavelength and color made this sensor could monitor a very broad humidity range.
Later, Yin et al. developed a fast fabrication method for RPCs-based humidity sensor
by producing PCs structures through instant magnetic assembly of Fe3O4@SiO2

NPs in a in reaction solution of poly(ethylene glycol) acrylates, then immobilized
the structures by photopolymerization [132]. Compared with the processes referred
in above, which involves colloidal NPs assembly, responsive material infiltration and
polymerization, this process is more simple and fast. These convenient and visual
humidity sensors are highly desired because they need no specific apparatus and
power for operating.

5.4.6 Glucose Sensor

It is well known that phenylboronic acids (PBAs) have substantial affinities to diol-
containing molecules and can form a reversible covalent complex with them [85,
87, 104, 106, 107]. In particular, the PBAs exhibit high operational stability com-
pared with glucose oxidase and lectin [85, 96]. Interestingly, glucose can bind with
PBAs to generate 1:1 PBA–glucose complexes and 2:1 PBA–glucose complexes, as
shown in Fig. 5.17a. In low ionic strength aqueous solutions, only 1:1 PBA–glucose
complexes are formed and force hydrogel to swell [104]. The formation of 1:1 PBA–
glucose complexes may be because the PBA groups distance is too far to form the
2:1 PBA–glucose complex in low ionic strength aqueous. Oppositely, in high ionic
strength condition (ca.150 mM, as typical as physiological condition), the hydrogels
are in the shrinking state, which makes the PBA groups distance be near enough
to form 2:1 PBA–glucose complexes. The formed 2:1 PBA–glucose complexes will
increase the crosslinking density of hydrogel, thus leads the hydrogel to shrink [104].
However, at higher glucose concentration, the 2:1 PBA–glucose complexes may be
converted into 1:1 PBA–glucose complexes, leading hydrogel to swell again, as
shown in Fig. 5.17b, c [85, 133]. This phenomenon will cause interfere for practical
application because this sensor may display same volume and same diffraction peak
at two different concentrations. In order to solve this problem, Braun et al. used a
volume resetting agent to minimize the competing effects of these two complexes,
yielding sensor materials that show linear responses under physiological condition
[87]. In their design, polyvinyl alcohol (PVA) as a volume resetting agent is added
into a preformed PBA-functionalized hydrogel to form PBA–PVA–PBA crosslink-
ing, which shrinks the hydrogel. In contrast to the volume shrinkage caused by the
forming 2:1 PBA–glucose complexes in conventional PBA-modified hydrogels at
physiological condition, the formed PBA–PVA–PBA crosslinking will be replaced
by 1:1 PBA–glucose complexes, causing the hydrogel only to swell with increas-
ing glucose concentration (Fig. 5.17d, e). This because PBAs have lower affinities
to 1,3-diols (e.g., PVA) than 1,2-diols (e.g., glucose), and, therefore, 1,2-diol target
molecules can displace 1,3-diols to form a preformed 1,2-diol-PBA complex (1:1
PBA-glucose complex), causing the hydrogel to swell.
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Fig. 5.17 a Schematic illustration of the 1:1 and 2:1 PBA–glucose complex. b Interactions of the
PBA-modified hydrogel with glucose and their effect on the hydrogel volume with the increasing
glucose concentration in high ionic strength condition [85]. c Diffraction spectra of sensor based
on PBA-modified PCCA in different glucose concentrations in high ionic strength condition [133].
d Design route of the glucose-sensitive hydrogel with a linear response. e Diffraction wavelength
versus the glucose concentrations [87]

The above sensors are constructed by responsive hydrogel matrix and insensitive
PCs. Their sensitive mechanism is based on swell or shrink of hydrogel film induced
by external stimulus, further resulting in a red or blue shift of diffraction wavelength
and a corresponding color change of PCs. Contrarily, Zhang et al. constructed a
new glucose sensors by embedding P(NIPAM–PBA) microgel sphere arrays in a
PAAm hydrogel matrix [97]. In this system, the hydrogel matrix is nonresponsive,
instead, the spheres constructed PCs are stimulus-responsive. In the presence of
glucose, it does not show a significant wavelength change, instead have an intensity
response to glucose concentration. This change of diffraction intensity is caused
by decreasing refractive index of hydrogel microspheres with increasing degree of
swelling. Additionally, an important feature of this microgels sensor is it had a much
faster response rate than bulk hydrogel film.
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Fig. 5.18 a Reaction of PAAm and formaldehyde. b Schematic illustration of the variation of
lattice spacing of PCs induced by formaldehyde. c Photographs and corresponding reflection spec-
tra of the PAAm hydrogels/PCs composites in the aqueous solution with different formaldehyde
concentrations [84]

5.4.7 Aldehydes Sensor

Variation of Flory–Huggins interaction parameter between the polymer and solvent
would result in a change of hydrogel volume [105, 106]. For instance, amide groups
of PAAm can effectively undergo a hydroxymethylation reaction with aldehyde in
an aqueous solution of Na2CO3 [84]. Once the hydroxymethylation reaction takes
place, the polar hydroxyl groups are produced in the hydrogels, as shown inFig. 5.18a.
The generated polar hydroxyl group will lead to a concomitant change of polymer–
water interaction parameter and enhance interaction between the polymer and water,
which expands the hydrogels. According to this mechanism, Zhu et al. prepared
aldehyde sensor by combining carbon-encapsulated Fe3O4 nanoparticles PCs and
PAAm hydrogels, as shown in Fig. 5.18b. This sensor exhibits obvious reflection
spectra shift and structural color variation after treated with formaldehyde aqueous
solution. It also can be used for distinguishing different aldehydes by different shift of
reflection peaks. In addition, such RPCs sensors based on variation of Flory–Huggins
interaction parameter-induced swell can be expanded to detect to other analyst, such
as pH [88] and kinases [105].

5.4.8 Hydrogel Sensor Based on Strong Polyelectrolytes

So far, most responsive hydrogel materials for chemical sensors were constructed
by weak polyelectrolytes. Their response to pH and metal ions mainly depend on
changing charge quantity bounded in the hydrogel matrix. However, the response
could be significantly reduced by ionic strength [41, 79, 99]. For strong polyelec-
trolytes hydrogels, the interference derived from the ionic strength can be shield or
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reduced due to high charge density in the hydrogels. Additionally, the strong poly-
mer electrolytes are capable to rapidly exchange ions in solution and the bond energy
of ion–ion interaction can compare with covalent. Importantly, the aggregation and
conformation of the strong polyelectrolytes hydrogels could be changed by counte-
rions with different degrees of solvation, charge densities, and chemical structures.
The changed aggregation and conformation will affect volume changes of hydrogel
[81]. Based on these mechanisms, Zhang et al. prepared anions, cations, and amino
acid sensor by the strong polyelectrolyte hydrogels with an inverse-opal structure,
as shown in Fig. 5.19a [81]. The volume of this sensor changes with the exchanging
anions, thus causing a shift of diffraction signal. Taking the cation-sensitive sensor as
an example, it exhibits different diffraction peaks (Fig. 5.19b) and an obvious color
change (Fig. 5.19b) in different cations aqueous. The sensitive mechanism to cations
of this sensor is not only due to the different salvation but also tightly coupled with
the integration between cations and poly(ethylene glycol) which is a crosslinker.
The ionic strength dependence of this sensor was characterized by varying the salt
concentration (first by increasing and later by decreasing, Fig. 5.19e). It shows that
the anions concentration below 2×10−4 M has little effect on the diffraction wave-
length.However, this sensor does not exhibit good selectivity.As an extension of their
work, they functionalized the photonic polyelectrolyte sensors with N-containing,

Fig. 5.19 Schematic illustration of preparing the sensors based on polyelectrolyte films with
inverse-opal structure and their ion-sensitive mechanism. Reflection spectra of the cations sen-
sor in 0.02 M diverse monovalent cations aqueous solutions (b) and their corresponding colors
(c). d Reflection spectra of the cations sensor in 0.02 M diverse divalent cations aqueous solu-
tions. e Effect of the anions concentration on the relative diffraction maximum (α = λ/λmax) of the
cations sensor [81]. f Schematic illustration of sensitive mechanism of the cations sensor responded
to specific ions. Effects of other anions on the monitoring Pb2+ (g) and Ag+ (h) [82]
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O-containing, and S-containing ligands for detecting Cu2+, Pb2+, and Ag+ with good
sensibility and selectivity (Fig. 5.19f) [80]. From Fig. 5.19g, h, it can be seen that
these sensor responds to targetmetal ions by blue shifting their diffraction peaks. And
other ions show little effect in the concentration below 10 μM for Pb2+ and 100 μM
for Ag+, respectively. Due to their high sensitivity and ionic strength-shielding, these
photonic polyelectrolyte sensors may implement practical applications in the near
future in ions coexist environment, such as drinking water and waste water.

5.5 Conclusion and Outlook

The recent progress of the stimuli-responsive hydrogels has been demonstrated in
this chapter. The stimuli-responsive hydrogels are promising materials for chemical
sensor because of their exciting property that can undergo an obvious and reversible
volumetric variation in response to a small change of external environmental stimuli.
In particular, combination of the stimuli-responsive hydrogels and PCs or Au NPs,
the response to external stimuli can be converted into color change perceived by
naked eye without any necessary treatments or complex instruments. Many exam-
ples of such sensors are discussed in this chapter. Additionally, the potential of the
stimuli-responsive hydrogels is not fully exploited, which offers opportunities for the
development of new and functional materials to construct new chemical sensor for
detecting more target analyte to satisfy more demands in practical applications. Fur-
thermore, the future research directions in the field of the chemical sensor based on
stimuli-responsive hydrogels may include further developingmicrosensors for micro
detection; improving selectivity, sensitivity, and resolution of the sensor. Moreover,
in addition to chemical sensors, the stimuli-responsive hydrogels can be used in other
fields such as selective sorbents, drug delivery systems and memory devices.
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Chapter 6
Interfacial Responsive Functional Oxides
for Nanoelectronics

Pankaj Sharma and Jan Seidel

Abstract Functional interfaces can be considered ‘materials within materials’ that
are active at the nanoscale and are responsive to an applied external stimulus. At
these interfaces, the material properties are not only distinct from the bulk, but new
functionalities or phases can emerge. Notable examples of such functional inter-
faces include structural phase boundaries and domain walls in ferroelectric oxides.
In this chapter, nano-mechanical–electromechanical properties of the morphotropic
phase boundaries in bismuth ferrite thin films are reviewed. Specifically, using scan-
ning probe microscopy techniques, factors governing nano-mechanical and elec-
tromechanical properties of morphotropic bismuth ferrite are identified and potential
applications in oxide nanoelectronics are discussed.

6.1 Introduction

For long-time interfaces and boundaries inmaterials were regarded as defects that are
detrimental to a (bulk) material’s functionalities and potential applications. However,
this viewpoint has changed over time, from being ‘detrimental’ to offering new
aspects and being ‘responsive functional nanomaterials’ in their own right. The most
prominent example, while restricting ourselves to the field of complex oxides, is the
exciting discovery of a high-mobility electron liquid confined at the interface of two
band insulators [1]. This functional interface is responsive to various external stimuli
and its electronic density can be tuned via a multitude of means [2] enabling all oxide
nanoelectronics concepts [3]. Another example of a responsive functional interface in
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ferroelectric oxides with great potential for sustainable nanoelectronics applications
is the recently reported morphotropic phase boundaries in BiFeO3. These nanoscale
interfaces and their properties have been widely characterized using scanning probe
microscopy (SPM) techniques. SPM techniques involve a sharp probe (radius few
tens of nanometre) that interact through interatomic forces with the sample and are
used to gain a nanoscopic insight into materials properties. Besides imaging the
surface and spatially resolved properties, the tip of an SPM can be used to tailor and
control materials functionalities at the same confined length scales. Furthermore, the
sharp tip acts as a nano-indenter that can be used to deliver a mechanical impulse
to trigger mechanical-activated phenomena such as phase transitions, polarization
reversal [4], ion migration [5, 6] and metal–insulator transitions [7]. This chapter
reviews recent pivotal developments in this research field and gives an outlook on
future prospects.

6.2 Morphotropic Phase Boundaries

Ferroelectric oxides are important technological materials that exhibit a spontaneous
polarization (electrical dipole moment), with many of them possessing a perovskite
structure (general formula, ABO3, where A and B are metal cations) [8]. The sponta-
neous polarization can be reversed or transitioned between equivalent states (two or
more) by a suitably oriented electric field. Ferroelectrics have a non-centrosymmetric
crystal structure (piezoelectricity) and therefore display a coupling between electri-
cal and mechanical properties. When such materials are subjected to an external
stress, electrical charges are generated, or conversely, they undergo a shape change
(strain) on the application of an external electric field. This interlinking of electrome-
chanical properties makes ferroelectrics highly suitable for ‘sensing and actuation’
applications. An especially large coupling is achieved in materials that possess mor-
photropic phase boundaries (MPBs). MPBs are actually transition regions in the
phase diagram of ferroelectric oxides, where the crystal structure becomes very sus-
ceptible to external stimuli. This is due to a flattened energy landscape between
competing for structural polymorphs at the MPB. The term morphotropic was orig-
inally coined to refer to phase transitions due to changes in the composition, but of
late has acquired a more general meaning. Under this approach, the crystal struc-
ture changes at the MPB, and the electromechanical coupling attains a high value
due to the associated polarization rotation. Initially, these MPBs were realized in
composition-driven intricate solid solutions [9–11] that contain lead (Pb). It is only
recently that these MPBs were realized in chemically simple oxide compounds, e.g.
in PbTiO3 [12, 13] and BiFeO3 [14]. Here, we will consider the MPBs in the BiFeO3

(BFO) system. The discovery of MPBs in BFO is quite special on two counts: (i)
it provides an opportunity to unravel microscopic physical origins of the enhanced
electromechanical couplings in chemically simple compounds and (ii) presents a
lead-free recyclable alternative for ferroelectric devices.
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The MPB in BFO is achieved using thin-film strain engineering. In epitaxially
grown thin films, by imposing a compressive strain of about –4.3%, the ground
state of the BFO is tuned to a novel tetragonal-like phase (T-like) with a large c/a
ratio of ~1.25 [14]. With increasing film thickness, strain relaxation takes place and
intermediate strain values drive BFO to the brink of anMPB, where a rhombohedral-
like phase (R-like) starts to emerge to relieve elastic strain. This R-like phase coexists
with tetragonal-like phase formingmixed-phase regions. These mixed-phase regions
appear as corrugated nanoscale stripes that are embedded in the parent T-like phase
matrix. Detailed structural studies reveal that the crystal structure in the corrugated
nanoscale regions is highly distorted and differs greatly from their parent counter-
parts (i.e. the novel T-like phase and bulk-like relaxed rhombohedral phase of BFO)
[15]. Therefore, from now on the tetragonal- and rhombohedral-like phases in the
mixed-phase regions will be referred to as the T ′- and R′-like phases, respectively.
The T ′- and R′-like phases form due to strain relaxation and are low symmetry inter-
mediary phases that connect the novel T-like phase and relaxed R-phase (bulk-like)
of the BFO. At this stage, it is important to note that in the mixed-phase regions,
MPBs are real physical boundaries [16], in contrast to a transition region in the
phase diagram for the traditional lead-based complex solid solutions. These physi-
cal MPBs are typically a few unit cells wide and spatially segregate T ′- and R′-like
phases. The crystal structure changes smoothly across these boundaries without the
formation of any misfit dislocations and/or defects. At these MPBs, enhanced elec-
tromechanical responses have been observed [17] prompting investigation into the
underlying microscopic origins [18–21] associated with structural phase transforma-
tions, motion of phase boundaries and nano-mechanical properties. In the following
section, we will explore these aspects at the nanoscale in detail.

6.2.1 Nanoscale Structural Transformations

The competing structural polymorphs in morphotropic BFO are responsive to an
applied external stimulus (i.e. electric field, strain/thickness, stress and chemical
alloying) [17, 22–25] and can be transitioned into one another. The structural and
polarization transformations can be inferred by X-ray diffraction (XRD) [15], scan-
ning probe (SPM) [14, 15, 17] and transmission electronmicroscopy [17] techniques.
However, precise control and visualization of the structural transformations at the
nanoscale have been lacking. This has been addressed recently using a scanning probe
technique called static piezoresponse [26]. In this technique, a nanoscale tipmonitors
the external field-induced static surface displacement of the electro-active ferroelec-
tric film. Figure 6.1a displays a typical nanoscale surface displacement (δz) versus
DC bias hysteretic curve for the morphotropic BFO film. The response is a distinct
butterfly-shaped nonlinear hysteretic curve revealing a large electric field-induced
reversible strain of about 6% strain ε = δZmax/L, δZmax is the maximum surface
deformation; L is film thickness, which is 60 nm. A closer look at the obtained
spectroscopic curve elucidates concomitant phase transitions, i.e. both structural and
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Fig. 6.1 Nanoscale phase transformations and pathways in morphotropic BFO. a Local surface
displacement as a function of applied external bias (±20 V). b Schematic illustration of nanoscale
phase transformations and bias-dependent pathways. c, d Surface displacement versus electrical
bias in a range of ±8 V (c) and ±4 V (d). In b, black/orange/purple arrows show sequence of
transitions for data shown in a/c/d, respectively. The initial quarter cycle in a is shown in red. Data
in a, c and d was acquired at a film’s location with an initial T-like phase [26]

that of polarization. The structural transformations between well-established com-
peting polymorphs (i.e. T- and T ′/R′-mixed phase) are decoded because of significant
change in the out-of-plane lattice constant and consequently the surface morphology.
Therefore, in the acquired response the structural transitions manifest as an abrupt
jump from ~0.5 to 1 nm (event # 1, 3, 4 and 6, Fig. 6.1a). The electronic transfor-
mations associated with a flip in the direction of the ferroelectric polarization on the
other hand are marked by reversal in the sign of the strain (i.e. where δz reverses
direction, event # 2 and 5, Fig. 6.1a). Also, the polarization of the T ′/R′-mixed phase
is tilted away from the surface normal compared to the nearly vertical orientation in
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the T-like phase [15, 20, 27]. Therefore, the structural transitions are accompanied by
polarization rotation away from the surface normal. The sequence of all transitions
(1–6) as inferred from Fig. 6.1a is schematically sketched in Fig. 6.1b.

A few interesting features of observed nanoscale phase transformations are as
follows: (i) T- to T ′/R′-mixed-phase structural transition takes place at low bias com-
pared to the inverse transformation, (ii) T- to T ′/R′-mixed-phase structural transition
precedes polarization reversal, (iii) Both T- to T ′/R′-mixed-phase and T ′/R′-mixed-
phase to T-phase structural phase transformations can be realized by applying bias
of the same polarity depending upon its history and magnitude, (iv) morphotropic
phase boundary motion takes place due to reversible structural transitions between
the completing polymorphs, and (v) the initial T-like phase after being subjected
to a relatively high bias is no longer stable in the absence of bias and indicates a
strong tendency towards the formation of nanoscale mixed-phase region with phase
boundaries (after the initial quarter cycle, the subsequent T- to T ′/R′-mixed-phase
structural transition occurs at ~0 V). This is possibly due to charge injection from
the tip. Their observations underpin the origins of enhanced piezoelectric coupling
in morphotropic BFO thin films.

In addition, the number and sequence of these nanoscale phase transformations
mediating electromechanical response can be controlled in a ‘dial-in’ manner by
tuning the applied external bias. Consequently, the electrically recoverable strain
can be regulated. For instance, in the bias range of ±20 V, all possible transitions
#1–6 (Fig. 6.1a, b) were realized in a sequential fashion. However, by reducing the
applied to ±10 V the pathway of phase transitions can be altered (Fig. 6.1c) to
achieve a field-induced stain of ~4%. The new sequence of transitions is highlighted
by orange colour arrows in Fig. 6.1b. In this case, four (i.e. two structural transitions
and two polarization reversal events) transitions take place in a successive manner.
On restricting the applied bias even further (Fig. 6.1d), only two structural transitions
take placewithout any polarization reversal resulting in electrically recoverable strain
of about ~3%. These quantitative strain measurements identify structural transitions,
MPB kinetics and polarization rotation as the key factors behind the associated
observation of large electromechanical responses.

6.2.2 Elasticity Mapping Across MPBs

Across physical MPBs, the crystal structure changes, and therefore, it is natural to
expect a change in the associated nano-mechanical properties, e.g. elastic modulus.
In the mixed-phase regions, the competing crystal phases (i.e. T ′-, and R′-like phase)
appear with a periodicity of few tens of nm. Therefore, unambiguous high-resolution
elucidation of nano-mechanical properties across these boundaries has been a chal-
lenge. Lately, significant progress in this direction has beenmadewith the use of SPM
techniques, e.g. force–volume mapping [28] and ultrasonic force microscopy [29].
Figure 6.2 shows a spatially resolved map of elastic modulus across phase bound-
aries acquired using force–volume imaging. The force–volumemapping involves the
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acquisition of spectroscopic force–distance curves over a grid of M X N points and
their subsequent analysis in the elastic regime to quantify elastic modulus. The map
shows a distinguishablemodulation of elasticity across the physicalMPBs (Fig. 6.2a,
b). A one-to-one correlation between elasticity and crystalline phases can be estab-
lished directly by performing a cross-sectional analysis. The asymmetric sawtooth
profile of the morphology enables structural phase identification [15] (Fig. 6.2c, top
plot). Namely, the R′-like phase shows a higher slope compared to the T ′-like phase.
The phase boundaries (i.e. R′/T ′ and T ′/R′) on the other hand manifest as extrema in
this cross-sectional profile. In comparison with the corresponding elasticity profile,
the high and low modulus values coincide with T ′- and R′-like phases, respectively.
This distinct elastic behaviour of structural phases is also illustrated by force–defor-
mation spectroscopic curves (Fig. 6.2d). A comparatively larger deformation is seen
for the R′-like phase, and the elastic modulus varies by a factor of ~2 across MPBs.
Therefore, the R′-like phase is mechanically more compliant than the T ′-like phase.

The observed trend is consistent with results from ultrasonic force microscopy
and modelling results from thermodynamic analysis. A detailed X-ray diffraction
strain analysis [29] suggests relatively large misorientation and spacing distortion
of the c-axis for R′-like phase. This implies that the crystal structure of the R′-like
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phase is more ambiguous and thus malleable. Another argument that buttresses this
position is based on a structural aspect. As noted before, the T ′- and R′-like phases
are intermediary phases between the T-like and the relaxedR-phase of the BFO. Prior
high-resolution XRD studies [15] have shown that the crystal structure of the T ′-like
phase (in the mixed-phase region) is the same as the strained T-phase but is slightly
tilted with respect to the surface normal. Therefore, to traverse the large structural
disparity between T-like and bulk-like R-phase of the BFO, the R′-like phase must
vary more dramatically [29]. This together with the smaller spatial extent of the
R′-like phase compared to the T ′-like phase (Fig. 6.2c, top plot) suggests that the
former must be more pliant elastically. However, the opposite behaviour has also
been reported for thick (>100 nm) mixed-phase BFO films [30] with modulus values
much higher than seen in Fig. 6.2.

Besides, the elastic modulation across phase boundaries correlates with the obser-
vation of large piezoelectric responses across such structures [28, 29]. A high piezo-
electric response has been observed at phase boundaries compared to either of the
crystalline phases one each side of the boundary. This enhancement of the electrome-
chanical response has been attributed to flexoelectricity [29], i.e. a coupling between
polarization and strain gradients. The flexoelectric effect scales inversely with length
and therefore contributes substantially at the nanoscale. This is precisely the case at
phase boundaries, where crystal lattice varies significantly over a length scale of a
few nm to few tens of nm. Consequently, at phase boundaries distinct ‘kinks’ are seen
in the modulus profile (shown by red arrows in Fig. 6.2c). These ‘kinks’ point to the
presence of strain gradients at phase boundaries and implies flexoelectricity-induced
high piezoelectricity at these structures. Further, the slope of the modulus profile
for the R′-like phase is higher than the one for the T ′-like phase—suggesting the
presence of a larger strain gradient in the R′-like phase. This agrees with detected
higher piezoresponse for the mechanically compliant R′-like phase relative to the
neighbouring stiff phase.

6.2.3 Mechanical Injection of MPBs and Phase Transition
Yield Strength

The manipulation and rewritable dynamic control of MPBs are critical for their
potential applications in nanoelectronics. This can be achieved by the application
of external stimuli [19, 23, 31, 32]. Here, we will explore the application of nano-
mechanical force for the injection of MPBs in BFO. Such an approach is supported
theoretically by a thermodynamic analysis [28]. This analysis predicts that the struc-
tural transition in morphotropic BFO can be accomplished solely with the use of
mechanical force, but thus far the magnitudes of applied external mechanical stimuli
were below the threshold needed to stimulate phase transition.

To characterize mechanical force-induced phase transition and yield strength, the
force–distance curves are acquired over an extended force regime (Fig. 6.3a). These
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spectroscopic curves are acquired on the initial T-like phase of BFO (Fig. 6.3b, top
image). The nano-mechanical force-induced phase transformation from T- to T ′/R′-
like phase appears as tip ‘sink-in’ (i.e. discontinuity at ~0.44 μN, Fig. 6.3a) during
force ramp-up [28, 33]. As a result, a gap arises between approaches and retracts
traces for force magnitudes (in contact) below the phase transition. The tip ‘sink-
in’ represents the onset of the phase transition and the mechanical force needed to
achieve it is the phase transition yield strength. These structural transitions can be
explicitly visualized in themorphology (Fig. 6.3b). For instance, in Fig. 6.3b (bottom
image) mechanical force caused local structural transitions are visible at eight (i.e.
local force–distance curves are acquired at these locations) distinct spatial locations.
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In the morphology, these transitions appear as a well-defined isolated dark stripe
(i.e. T ′/R′-like phase). Therefore, using mechanical stress, it is feasible to induce
the phase transformation and insert localized isolated MPBs on demand. This is in
contrast to external electric fields, where it is challenging to create isolated MPBs.
This is due to field lines typically extending up to several hundred nm’s away from the
tip–sample contact. Here, the nanoscale SPM tip exerts highly localized mechanical
pressures (tip radius of curvature ~30 nm) and results in structural transitions directly
underneath the tip. These mechanical written MPBs are still responsive to electric or
thermal stimulus and can be restored back to the initial state.

Next, the force–distance curves are analysed as indentation (depth) versus force
to simplify the identification of transition yield strength (Fig. 6.3c). In these curves,
at transition yield strength, there arises a distinct ‘step-like feature’ in the indenta-
tion. Clearly, there is a slight spread in value of transition yield strength. To gain
statistical information and get the average transition yield strength, these measure-
ments are repeated. The observed distribution of yield strength is shown as inset
in Fig. 6.3c. The distribution peaks at 0.330 ± 0.020 μN, representing the average
phase transition yield strength of the T-like phase (60 nm La-doped BFO film). The
phase transition yield strength is commonly given in units of pressure and can be
calculated as: F th/πr2, where F th is threshold mechanical force for phase transition
and r is the radius of curvature of the tip (~30 nm). Thus, the average transition
yield strength of the T-like phase for a morphotropic La-doped BFO film is ~116
± 7 MPa. Additionally, the effect of doping on transition yield strength has also
been explored in detail [34]. Relative to the pure BFO, the transition yield strength
decreases by over 50% with isovalent Lanthanum dopant, whereas it increases by
~15% with aliovalent calcium.

Further, the scaling behaviour of transition yield strength with respect to in-plane
dimensions ofT-like phasehas been addressed. For this, spectroscopic force–distance
measurements are performed on T-like phase stripes of different widths (w) that are
embeddedwithin themixed-phase regions (see top left inset, Fig. 6.3d). The transition
yield strength or the threshold force increases (from 0.3 to 0.8 μN, Fig. 6.3d, also
see inset) with decreasing width of T-like phase. A stronger pinning of T-like phase
with decreasing width by the surrounding mixed-phase stripes has been argued as a
key factor governing this increase. This scaling behaviour can also be understood by
considering the changes in the elastic energy. Phase-field simulations (inset top left,
Fig. 6.3d) show that the elastic energy of the T-like phase decreases with width, i.e.
the elastic energy of the T-like phase surrounded by T ′/R′-like phase stripes is low
compared to the enclosing T-like phase. Considering this, the stable phase regions,
i.e. T- and T ′/R′-mixed phase, can be represented by a double-well potential. In such
a situation, the energy barrier is proportional to the transition yield strength. With
decreasing width, the elastic energy of the T-like phase decreases, resulting in a
deeper well for the phase. Consequently, the barrier height for phase transformation
increases and a high mechanical force (transition yield strength) is required to trigger
this transition.

Precise injection of individual phase boundaries using a force stimulus also opens
a possibility to dynamically regulate electronic characteristics of morphotropic BFO
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Fig. 6.4 Mechanical control of electrical properties of morphotropic La-doped BFO. a, bA simul-
taneous recorded electrical current (top plot) during acquisition of force–distance curve (bottom
plot) with force values ramped up to above (a), and below (b), the phase transition yield strength
of T-like phase. During these measurements, tip was maintained at a fixed DC bias of −3 V (below
ferroelectric switching threshold), and electrical current is recorded across BFO between tip and
bottom electrode [28]

at the nanoscale [28]. This concept is achieved by using a conductive SPM tip to
both mechanically press and simultaneously monitor electrical current across BFO
(Fig. 6.4). Thus, during acquisition of force–distance curves the tip is maintained at
a fixed low DC bias, which is below the critical bias needed to switch polarization
and inject MPBs. As before, a nano-mechanical force drives structural transition at
a threshold value of ~0. 31 μN (Fig. 6.4a, top plot). Concurrently, at the structural
transition the conductivity increases dramatically in a non-volatile fashion (Fig. 6.4a,
bottom plot). This sharp increase in the conductivity arises from the creation of the
stable phase boundaries which depending upon their type (i.e. T ′/R′ and R′/T ′) have
been shown to display distinct electrical properties [20, 21, 28]. A simultaneous fast
‘step-like’ increase in electrical current implies the electronic nature of conduction
at these isosymmetric phase boundaries. Also, to note, no such changes in the con-
ductivity are seen if the applied mechanical force is below the local threshold needed
to induce the phase transition (Fig. 6.4b).

6.2.4 Elastic Anomalies During Phase Transitions

Thus far, we reviewed elastic properties of the crystalline phases in morphotropic
BFO.The elastic anomalies associatedwith structural phase transformations between
thermodynamically stable competing crystalline phases of BFO remain unexplored.
The phase transitions and the coupled elastic properties can be characterized using
a contact resonance-based piezoresponse force microscopy (PFM) approach called
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as dual AC resonance tracking (DART) [35]. DART-PFM detects dynamic piezore-
sponse and involves excitations of the electromechanical active surface at frequencies
close to the tip–sample contact resonance. SPM tip in contact with the surface is elec-
trically driven with a linear combination of sinusoidal voltages, one below and one
above the contact resonance frequency. The approach increases the sensitivity of the
standard PFM by Q-factor of the resonance and allows the resonance frequency to be
tracked. The contact resonance frequency is a function of local mechanical properties
of the sample such as elastic modulus. One of the most prominent features of any
structural transition is the accompanyingmechanical softening. The elastic tunability
during phase transition therefore can form the basis for the detection of such transi-
tions using dynamic contact resonance-based atomic force microscopy techniques,
e.g. DART-PFM [36]. The elastic softening during transition decreases AFM tip–
sample contact stiffness, which, in turn, will shift the tip–sample contact resonance
frequency dynamically to lower values. Therefore, a shift or decrease in the contact
resonance frequency will signify the occurrence of structural phase transformation
and the associated elastic softening of the underlying structural phase in the probed
nanoscopic volume [36].As a result, changes in tip–sample resonance frequency, pro-
vided the tip–sample contact area remains unchanged, will signify elastic variations
in the underlying materials volume. Such changes in elastic properties manifested in
the form of a resonance frequency shift can be quantified with the help of appropriate
models for cantilever dynamics and tip–sample contact mechanics [36–38].

In addition, the spectroscopic mode of the DART-PFM, in which a low amplitude
high-frequency (near resonance as described above) AC voltage is superimposed on
a slowly varying DC waveform, allows simultaneous recording of resonance fre-
quency, dynamic and static piezoresponse as a function of the applied DC bias. The
simultaneous recorded spectroscopic signals for a morphotropic La-doped BFO thin
film (thickness = 22 nm) are shown in Fig. 6.5. Figure 6.5a shows static piezore-
sponse and visualizes electrically induced reversible phase transformation between
competing for stable crystalline phases (i.e. T-like and T ′/R′-mixed phase) of the
BFO. As before, for instance in Fig. 6.1d, at phase transitions the static piezore-
sponse shows a distinct jump. The hysteretic static piezoresponse in Fig. 6.1d is
flipped compared to that shown in Fig. 6.5a because of the reversed polarity of the
applied field (in Fig. 6.1, the bias is supplied to the bottom electrode of the sample
and tip is grounded, whereas in Fig. 6.5, the tip is biased, and bottom electrode of
the sample is grounded). Note that the applied bias range in Fig. 6.5 is chosen to
be below the polarization switching threshold of the BFO film. From Fig. 6.5a, the
electrically recoverable strain can be calculated as, ε = 7.5%, using equation ε =
δZmax/L, where L is film thickness, which is 22 nm. This giant piezoelectricity is
attributed to nanoscopic phase transitions and the accompanying slight polarization
rotation between the competing crystalline phases. Further, the La-doped BFO film
thickness is right at the brink where T ′/R′-mixed-phase areas in the as-prepared state
can spontaneously appear (we will explore this in more detail in the next section).

The simultaneously recorded bias-dependent evolution of contact resonance fre-
quency and high-frequency PFM response is shown in Fig. 6.5b–d. The resonance
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Fig. 6.5 Elastic anomalies during morphotropic structural phase transitions. a Spectroscopic local
surface displacement as a function bias. b–d A simultaneously recorded tip–sample contact reso-
nance frequency (b), dynamic piezoresponse amplitude (c) and phase response (d), versus applied
bias. Inset in a shows a schematic illustration of nanoscale phase transformations [36]

frequency displays a hysteretic behaviour and shows noticeable sharp changes. Inter-
estingly, these sharp changes emerge during crystalline phase transformations only.
During phase transition, the resonance frequency decreases by ~10 kHz due to
mechanical softening of the La-BFO. Once the transition is complete, the resonance
frequency increases to nearly the same value as before. The increase in resonance
frequency shows the hardening of the La-BFO film. The acquired high-frequency
electromechanical response (Fig. 6.5c) shows enhanced piezoelectric coupling dur-
ing nanoscale structural transitions.We reiterate that the polarization does not switch
within the applied bias window of ±3 V. This conclusion is supported by observing
no significant piezoresponse phase changes (Fig. 6.5d). Therefore, intrinsic rather
than extrinsic lattice contributions such as softening of the crystal lattice, activated
morphotropic phase boundary kinetics and pathways for the evolution of polar-
ization among competing structural phases govern the enhanced piezoelectricity
of the (22 nm thick) La-BFO during crystalline phase transitions. The extrinsic
contributions include polarization switching and ferroelectric domain wall motion.
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In order to explicitly visualize polarization switching and rule out extrinsic factors,
similar spectroscopic curves can be acquired over an extended bias range (Fig. 6.6a–
d). In these curves, the response is acquired for one half of a bias cycle (from−5.5 to
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+5.5 V). Clearly, the phase transition from T-like phase to T ′/R′-mixed phase takes
place at ~−1.5 V. At the phase transition, as before, static piezoresponse shows a
sharp jump and a concomitant dip in the resonance frequency occurs due to mechan-
ical softening. At the same time, the high-frequency piezoresponse amplitude shows
a peak and the corresponding phase signal remains unaffected. With further increase
of the bias in the negative direction, polarization switching occurs at about −4 V.
The polarization switching causes a reversal in sign of the acquired strain both in the
quasi-static limit and at high-frequencies: (i) for the quasi-static response (Fig. 6.6a),
the direction of surface displacement, i.e. δZ, reverses direction, (ii) whereas in the
high-frequency response (Fig. 6.6c, d), the amplitude goes to a minimum value
and the corresponding phase response shows a 180° flip. The simultaneously moni-
tored resonance frequency (Fig. 6.6b) shows a small anomaly in the form of a peak
(~3 kHz). The increase in resonance just before the switching threshold followed
by a decrease is consistent with other previously reported experimental studies [39].
Nevertheless, these measurements reveal distinct onset biases for crystalline phase
transitions and polarization switching. The phase transition takes place at compara-
tively low bias, and therefore contributions of extrinsic factors in the observed giant
piezoresponse in the applied bias window of ±3 V can be ruled out (Fig. 6.5).

Figure 6.6e, f shows further statistics on bias-induced phase transitions and asso-
ciated elastic anomalies (below the polarization switching threshold). Using appro-
priate models [36, 38], the actual mechanical softening of La-BFO during the phase
transition can be estimated quantitatively (Fig. 6.6g). FromGaussian fits to calculated
modulus change values, the elastic modulus softens by ≈1.93 ± 0.532 GPa (1.31
± 0.3667 GPa in the flat-punch contact) assuming Hertzian contact [38] during the
phase transition. Therefore, La-BFOsoftens by≈6–10%during this crystalline phase
transition, which contributes to its superior electromechanical response. Using this
approach, phase transitions and coupled elasticity modulations can be detected and
probed in a nanoscopic volume (≈10−24 m3) directly beneath the AFM tip. More-
over, this approach is quite general and in principle is applicable to a wide range of
electro-active systems and not just to piezoelectrics or ferroelectrics.

6.2.5 Critical MPB

BFO thin films with coexisting T- and T ′/R′-like phases exhibit a high electrome-
chanical response about a factor of 2–4 larger than the one for BFO films in the
bulk-like rhombohedral phase and pure strained T-phase [17]. However, a critical
degree of freedom that remains unexplored and analysed is the film thickness scal-
ing of the response, which is known to control strain relaxation and the evolution
of competing structural phases [40]. For undoped BFO thin films, the strain relax-
ation for the T-phase starts to occur at a thickness (tc) of around 30 nm, while
for La-doped BFO thin films, the chemical pressure exerted by La reduces this
critical thickness to around 20 nm (Fig. 6.7a). A systematic investigation of quasi-
static and high-frequency electromechanical response of morphotropic La-BFO as a
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function of thickness (10–50 nm) reveals superior piezoelectricity at the crossover
region between strained T-like phase and mixed-phase states (Fig. 6.7b, c). This
crossover region exists in a small thickness window around tc, at which nanoscale
mixed-phase stripes first begin to spontaneously appear in the as-grown BFO. In
this region, referred to as the critical MPB, the observed response is significantly
enhanced compared to either of the surrounding regions (i.e. for T-like phase t <
tc; thick mixed-phase films t > tc) and is approximately 40% higher than the previ-
ously reported results in mixed-phase morphotropic BFO (t > tc). This enhancement
is ascribed to an energetic degeneracy of the mixed-phase states and an increased
mechanical softening (Fig. 6.7d, e) at the cross-over region [40].
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6.3 Summary and Outlook

In summary, we have reviewed recent progress in the nanoscale characterization
of morphotropic phase boundaries in strained crystalline BFO thin films using a
spectrum of scanning probe techniques that allow insight into electromechanical,
electronic,mechanical and coupled electroelastic properties of these responsive func-
tional interfaces. With this approach, a microscopic insight into the factors underpin-
ning superior piezoelectricity, correlations between elasticity and crystalline phases,
electrically andmechanically activated crystalline phase transitions and coupled elec-
troelastic and electronic anomalies is obtained. Detailed information of microstruc-
tural aspects, interactions and coupled electroelastic and electronic properties at the
MPBs along with their rewritable control using electrical or mechanical activation is
a critical step towards the realization of related applications, analogous to develop-
ments involving ferroelectric domain walls [41, 42] in the field of sensors [43, 44]
and electronic devices [45–47].
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Chapter 7
Heat and Electro-Responsive
Nanomaterials for Smart Windows

Jiadong Qin and Yu Lin Zhong

Abstract Energy-saving buildings have drawn increasing interest worldwide in the
past 30 years, during which the growing population and expanding urbanization sig-
nificantly increased the energy intensity of numerous cities. In the modern energy-
saving buildings, smart windows are playing an important role in the efficient uti-
lization of daylight and the intelligent control of heat exchange between indoor
and outdoor, eventually reducing the energy waste associated with lighting and air-
conditioning. The “intelligence” of smart windows originates from the responsive
materials of which the optical properties are adaptive to temperature or applied
voltage. Recently, the development of smart windows has been greatly motivated
by the burgeoning nanomaterials. This chapter focuses on the development of heat
and electro-responsive nanomaterials-based smart windows which outperform the
conventional ones and, more importantly, likely to cost less for commercialization.

7.1 Introduction

The residential, public and commercial buildings consume considerable energy for
heating, ventilation and air conditioning (HVAC) but more than 50% of the energy
use is wasted due to the unwanted heat exchange through the conventional windows
[1]. Additionally, due to the poor utilization of daylight, the maintenance of interior
brightness still relies on the lightings even in the daytime. To reduce the unneces-
sary energy waste, smart windows are regarded as an efficient and promising energy
conservation technology as they can dynamically adapt the heat flux and the light
transmission to the changing exterior temperature and sunlight intensity. Further-
more, smart windows, through flexible switchability between a transparent state and
an opaque state, can provide privacy protection and the control over indoor brightness
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and temperature. Therefore, smart windows will eliminate the needs for curtains or
blinds and provide additional controls.

The core of smart windows lies in the chromogenic materials whose transmit-
tance is in response to the external stimuli, such as temperature (thermochromic)
and applied voltage (electrochromic). Currently, thermochromic and electrochromic
materials are playing the dominant roles in the smart windows. The temperature-
responsive thermochromic windows are one of the most-studied smart windows as
they can reduce the influx of heat in hot weather but welcome the heat from sunlight
in cold weather. The principle is that the thermochromic materials can undergo a
reversible phase transition or chemical reaction at a well-defined critical tempera-
ture (T c). This will significantly change their optical properties to the near-infrared
(NIR) light in the spectral range of 780–2500 nm, which is the predominant con-
tributor of solar heat. They can block the NIR light at high temperature above T c,
whereas allowing the traverse of IR light at low temperature belowT c (as illustrated in
Fig. 7.1a). Therefore, thermochromic windows with well-controlled heat exchange
ability are helpful to reduce the energy consumption by HVAC. Electrochromic
windows are another attractive type of smart windows. They can reversibly switch
between coloured and bleached state, responsive to the applied voltage. A typical
electrochromic window is based on an electrochemical cell structure where the active
electrochromic components and the electrolyte layer are sandwiched between two
transparent conducting electrodes (TCEs), as shown in Fig. 7.1b. When the device
is switched on, the external voltage propels the migration of electric charges from
the counter electrode, through the electrolyte, to the electrochromic electrode, giving
rise to the change in its oxidation state and hence, the corresponding colouration [2].
When switched off, electric charges move back to the counter electrode for charge
balance, and the electrochromic electrode concurrently reverts to its original bleached
state. Electrochromic windows behave like an electrical curtain which facilitates the
flexible broadband modulation of light transmittance [3].

Commercial smart windows have already emerged in the market. One of the
best-known examples is the electrochromic windows employed in the Boeing 787
Dreamliner aeroplane, which can gradually darken under the external bias. Though
advantageous in the improved energy conservation and dynamic energy manage-
ment, smart windows fail to make a greater impact in the building market at the
present stage because the conventional chromogenic materials are limited by high
cost, inconsistent chromogenic ability as well as questionable working life. For-
tunately, the recent promising researches in nanomaterials are likely to revive the
commercialized smart windows in the near future. The functionality, reliability and
stability of smart windows can be further improved by nanomaterials and nanostruc-
turing via the facile and precise controls of morphology, nanocrystal size, surface
chemistry and composition. Also, the employment of nanomaterials will benefit the
scalable and cost-efficient manufacturing of smart windows. This is because a wide
range of nanomaterials and their synthesis routes are solution-processable and free
from high-temperature treatment [3]. Apart from the conventional methods (roll-to-
roll printing and bar coating), many chromogenic nanomaterials can be deposited
onto glass to form the “intelligently” responsive layers using the three-dimensional
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Fig. 7.1 Schematic mechanism of thermochromic and electrochromic windows. a For the ther-
mochromic windows, the active thermochromic coating has a critical transition temperature. Below
the transition temperature, most of the NIR light can pass through the window, thus transferring the
solar heat into the building (keep the interior warm). However, the NIR light will be blocked out-
doors above the transition temperature, which greatly reduces the transmitted heat radiation (keep
the interior cool). Reproduction from [4] with permission from Royal Society of Chemistry, Copy-
right 2014. b When applying the voltage, the flowing ions will cause the reversible chromogenic
reaction in the electrochromic layers, contributing the colour changes. Reproduction from [2] with
permission from Royal Society of Chemistry, Copyright 2014

(3D) printing techniques [5–7]. With the advantages in the reproducible and cus-
tomizable fabrication, the low-cost 3D printed smart windows show great promise
in standardization and commercialization.

In this chapter, we review the recent progress in the responsive nanomaterials
for smart windows. In Sects. 7.2 and 7.3, we focus on the nanomaterials-based
thermochromic and electrochromic windows, respectively, from the perspective of
working principles, light management ability and device engineering. Finally, to
provide an outlook for the commercialization of smart windows, we discuss the
importance of the utilization of nanomaterials and the challenges to be solved for the
crucial laboratory-to-industries transition in Sect. 7.4.
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7.2 Responsive Nanomaterials for Thermochromic Smart
Windows

Temperature-responsive thermochromic smartwindows can switch between theNIR-
transparent and -blocking state at the transition temperature of T c to realize the
dynamic regulation of heat flux through the windows. For an ideal thermochromic
smart window, it should simultaneously have high solar energy modulation abil-
ity �T solar and high visible light transmittance (also known as luminous transmit-
tance T lum in the spectral range of 380–780 nm). In terms of �T solar, it is the dif-
ference in the transmittance of solar energy, T solar, between the two states in the
range of 240–2500 nm, indicative of the energy conservation efficiency [8]. Apart
from that, a suitable T c in close proximity to room temperature (25–30 °C) is also
needed for more effective thermal management. Besides the optical performance,
thermochromic smart windows must be mechanically robust and chemically inert
due to their long-time exposure to the weather.

Major conventional thermochromic windows make use of thermochromic poly-
mers or inorganic solids to modulate the light transmission and the associated heat
exchange [9, 10]. The advancement in nanomaterial science not only revitalizes the
conventional materials but also introduces some new materials and novel device
design with improved performance. Here, we discuss some of the representative
thermochromic nanomaterials for smart windows.

7.2.1 Vanadium Dioxide-Based Thermochromic
Nanomaterials

Among all of the conventional thermochromic materials, vanadium dioxide (VO2)
has attracted themost extensive studies due to its unique reversiblemetal-to-insulator
transition (MIT) at a relatively low T c of 68 °C (as shown in Fig. 7.2) and the
accompanied abrupt change in the light transmittance in NIR region since the 1980s
[12]. Upon exceeding T c, the occurrence of MIT will immediately transform the
crystalline structure of VO2, from an insulating and NIR-transparent monoclinic
phase (M phase, <68 °C) to a metallic and NIR-translucent rutile phase (R phase,
>68 °C), within only 10−12 s [13]. In contrast, the phase transition of VO2 does not
apparently affect the transmittance of visible light (no obvious colour change) [8].
The T c of VO2 can be effectively reduced by elemental doping, such as H [14],
W [15] and Mo [16], which makes VO2 more applicable for practical use. This
thermochromism behaviour, therefore, enables the temperature-adaptive regulation
of solar heat. Nevertheless, the VO2-based smart windows are limited by the poor
�T solar and T lum, less than 20% and 50%, respectively [17]. The bigger challenge
is that �T solar and T lum are seemingly mutually exclusive because it is difficult to
enhance both parameters simultaneously [8]. In the traditional approach, T lum can be
improved by reducing the thickness of VO2-based continuous film but at the expense
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Fig. 7.2 Schematic of the change in the crystal structure of VO2 at the T c of 68 °C.When heated to
68 °C, the insulating monoclinic VO2 (IR transparent) will transform into the metallic rutile phase
with longer V-V distance (IR blocking). Conversely, the rutile VO2 can recover to the monoclinic
phase as cooled to below T c. Reproduction from [11] with permission from Royal Society of
Chemistry, Copyright 2011

of �T solar, as illustrated in Fig. 7.3 [18]. Another approach to enhancing T lum of
VO2 film is to apply the antireflection coatings and form the multilayered structures
which utilize the light interference between the film interfaces [19]. However, the
introduction of antireflection coatings normally requires the expensive and complex
physical vapour deposition technology [20–22]. To fulfil the great potential of VO2

for smart windows, a number of researches have attempted to achieve the optimal
thermochromic properties, especially �T solar and T lum [8], via the forming of VO2-
based nanocomposites [23, 24] and the nanostructuring of VO2 [25, 26].

Fig. 7.3 UV-Vis-NIR transmittance spectra for VO2 continuous films with different thickness. The
solid and dashed lines represent the spectra measured at 20 and 90 °C, respectively. It is apparent
that an ultrathin VO2 film (<30 nm) can provide high T lum (~80%) but low �T solar (~20%). With
the increased film thickness (>100 nm), �T solar was noticeably enhanced (~50%) while T lum
was dropped sharply (~10%). Reproduction from [27] with permission from American Chemical
Society, Copyright 2010
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Relative to the bulk particles, the nanosized VO2 particles (<40 nm) with high
crystallinity and uniform sizes have better dispersibility in the aqueous solvent, in
favour of the low-cost solution processing [28, 29]. The facile dispersion will greatly
facilitate the forming of nanocomposites by dispersing the VO2 nanocrystals into the
dielectric matrix, such as polyurethane (PU) [30] and polydimethylsiloxane (PDMS)
[31]. The VO2-based nanocomposites, attributed to the minimized Mie scattering
[32], can offer higher solar modulation ability as well as visible transmittance than
the continuous VO2 thin films, which was first demonstrated by the theoretical cal-
culation [33]. As compared to the simulated spectral transmittance in Fig. 7.4a, b, the
dispersive VO2 nanocomposite can simultaneously achieve larger �T solar and T lum

than the continuous film.On top of that, the particle size-dependent optical properties,
which are obvious in Fig. 7.4a, imply the smaller VO2 particles are more favourable
for high �T solar and T lum [33]. Further, the advantages of the nanocomposite film
have been confirmed by the practical experiments [8, 30, 31]. For example, Chen
et al. reported a VO2-based nanocomposite foil comprised of uniformly dispersed
VO2 nanoparticles in the PU matrix, as shown in Fig. 7.4c–e [30]. This type of
nanocomposite film can deliver excellent optical properties (�T solar = 22.3% and
T lum = 45.6%), which was superior to the continuous thin film [27], and VO2-based
multilayered film [34]. Because VO2 is prone to be oxidized into V2O5 in the ambi-
ent air, VO2 nanoparticles are usually coated with a stable oxide layer, such as SiO2

[28] and ZnO [35], to form an oxidation-resistant core-shell structure. The model
of dispersive VO2-based nanocomposites also works well on the thin-walled VO2

nanoparticles, providing an even higher �T solar only at the cost of a slightly lesser
T lum [36]. Another advantage of scaling to nanometre-sized dimensions is that the
thermochromic performance can also benefit from the localized surface plasmon
resonance (LSPR) of the metallic VO2 (R) nanoparticles [37]. The LSPR, initiated
by the coupling of the resonance frequency of free electrons in VO2 (R) with the
wavelength of the incident light [38], will give rise to strong absorption in the NIR
range and hence the enhanced �T solar [39–42]. In addition to the improved optical
properties, VO2 nanoparticles are more resilient to the MIT-induced strain in the
lattice, which guarantees the mechanical stability of thin films [43].

The optical properties of the VO2 film can also be improved by the introduction
of nanopores, of which the sizes are far smaller than the visible wavelength [25,
44–46]. Similar to the dispersive VO2 nanocomposite, trapped air in the nanopores
acts as a secondary phase. According to the simulated thermochromic performance
(Fig. 7.5a), Zhang and his co-workers demonstrated that the increased porosity can
enhance �T solar of the nanoporous VO2 films without the sacrifice of T lum due to the
higher ability to depress the reflection [25]. They also fabricated the VO2 film with
randomporosity (pore size: 15–80 nm) by incorporating the removable polymer addi-
tives, and the resulting nanoporous film (T lum = 43.3%, �T solar = 14.1%, Fig. 7.5b)
had comparable optical performance to the multilayered VO2 film with the optically
optimized structure (T lum = 44%, �T solar = 12%) [25]. In contrast to the random
porous films, the highly ordered porosity can further improve the performance. For
instance, Zhou et al. first reported the fabrication of periodic nanoporous VO2 film,
which featured a grid-like structure (Fig. 7.5c), using a feasible colloid lithography
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Fig. 7.4 Simulated and the experimental dispersive VO2 nanocomposites. The ideal film models
and their simulated light transmittance spectra for a a nanocomposite in which VO2 nanoparticles
(with different sizes: 10, 40, 100 and 200 nm, filling factor = 0.01) are uniformly embedded and
b the continuous film in which the VO2 nanoparticles cluster together. With the same film thickness
of 10 μm, the dispersive VO2 nanocomposite obviously has advantages in high �T solar and T lum
over the continuous film. a, b Reproduction from [40] with permission from American Chemical
Society, Copyright 2015. c The image of the nanocomposite-coated glass which shows a yellowish
green colour. The composite coating is composed of the dispersed VO2 nanoparticles in the PU
matrix. d SEM images of the cross-sectional nanocomposite coating on the substrate and e the
homogeneous dispersion of VO2 nanoparticles in the PU matrix. c–e Reproduction from [30] with
permission from Royal Society of Chemistry, Copyright 2014
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Fig. 7.5 Simulated and experimental optical performance of nanoporousVO2 film.aThe calculated
T lum of monoclinic VO2 at low temperature (red dotted lines) and �T solar of rutile VO2 at high
temperature(black solid lines) as a function of thickness and porosity of theVO2 films.bSEM image
of the VO2 film with random porosity. The inset is the cross-sectional view of the nanoporous film.
a, b Reproduction from [25] with permission from American Chemical Society, Copyright 2011.
c SEM image of the single-layered periodic porous VO2 film. (3) The spectral transmittance of
the periodic porous film at low-temperature insulating (M phase, 30 °C) and high-temperature
metallic state (R phase, 90 °C). It is apparent that the porous VO2 highlights the ultrahigh visible
transmittance regardless of the phase transition (T lum > 80%). c, d Reproduction from [45] with
permission from Royal Society of Chemistry, Copyright 2014

method [45]. Owing to the optimal space occupancy of monoclinic VO2 crystals,
the periodic porous film possessed ultrahigh visible transmittance (T lum = 81%) and
excellent solar modulation ability (�T solar= 23%), as illustrated in Fig. 7.5d [45].

To fabricate the VO2-based smart windows, the traditional approach is to employ
the gas-phase deposition methods, including physical vapour deposition [47–49]
and chemical vapour deposition [50–52], to form a uniform and high-quality VO2

thermochromic film on the glass. However, the expensive and complex gas-phase
deposition methods impede the mass production and commercialization of the smart
windows. Due to the excellent solution processability, VO2 nanoparticles are fully
compatible with the scalable, low-cost and high-yield solution phase deposition
methods, such as sol-gel coating [53, 54] and polymer-assisted deposition [25, 55].
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Moreover, the dispersible VO2 nanoparticles can be exploited as the active compo-
nents in the thermochromic inks for 3D printed smart windows. In 2018, Ji et al.
demonstrated the first inkjet printed VO2 smart window with desirable performance
(�T solar= 15.31%) [7]. They carefully tuned the viscosity (8 mPa s) and surface ten-
sion (26.8 mN/m) of the ink based on VO2 nanoparticles (30–50 nm). Therefore, the
inks can be continuously deposited onto the glass and then solidify into the compact
VO2 thermochromic film via a simple thermal treatment at 80 °C after printing. This
proof-of-concept 3D printed smart window is likely to open up new possibilities for
the customizable fabrications of smart windows.

7.2.2 Polymer-Based Thermochromic Nanomaterials

Generally, thermochromism in the polymeric materials originates from the changes
in light reflection or absorption induced by the thermally driven structural rearrange-
ment or reversible reaction [3, 9]. In recent years, thermochromic hydrogels, which
consist of thewater-swollen networks of polymer chains, have emerged as a new class
of temperature-responsivematerials for smart window application [17, 56]. The solar
heat can activate a hydrophilic-to-hydrophobic transition in thermochromic hydro-
gels, accompanied by the change in transparency, as long as the lower critical solution
temperature (LCST) is surpassed (Fig. 7.6a). Below the LCST, intermolecular hydro-
gen bonds allow the polymer chains to be hydrated and swollen. When heated above
the LCST, the breakage of intermolecular hydrogen bonds will cause dehydration
of the polymer networks, leading to structural collapse and polymer aggregation
[17, 57]. The aggregated polymer chains tend to invite more light scattering, which
significantly reduces the transparency of the hydrogels (Fig. 7.6b) [58, 59]. The
thermochromic hydrogels include but are not limited to hydroxypropyl cellulose
(HPC) [60], polyampholyte hydrogel (PAH) [61] and poly(N-isopropylacrylamide)
(PNIPAm) [62–64].

Due to the intrinsic cross-linked structure and temperature responsiveness, ther-
mochromic hydrogels act as an ideal switchable matrix for photothermal nanopar-
ticles to form a dual-responsive nanocomposite for smart windows [63]. Typically,
the temperature-responsive materials only respond to the surrounding temperature
but not the intensity of sunlight. As a result, they fail to provide dimming control
in cold climates despite exposure to the intensive sunlight. In comparison, the dual-
responsive nanocomposites can sense not only the environmental temperature but
also the intensity of solar irradiation. The additional responsiveness to sunlight arises
from the conversion of sunlight to heat by the embedded photothermal nanoparti-
cles, such as graphene oxide (GO) and antimony tin oxide (ATO) [63, 66]. Once the
converted heat transfers to the hydrogel matrix, the temperature increase will trig-
ger the optical switching from transparent to translucent in the nanocomposite. For
example, Lee et al. fabricated such dual-responsive nanocomposites by incorporat-
ing ATO nanoparticles into the PNIPAm hydrogel (Fig. 7.7a, b) [63]. When the solar
irradiation is sufficiently intensive, the photothermal effect of ATO nanoparticles



224 J. Qin and Y. L. Zhong

Fig. 7.6 Schematic of thermochromic hydrogels below and above the LCST. a The temperature-
responsive arrangement of polymer chains. Below the LCST, the hydrophilic polymer chains are
surrounded by water molecules and the hydrogel is transparent. Above the LCST, the polymer
chains lose water molecules and collapse into polymer clusters which make the hydrogel opaque.
Reproduction from [65] with permission from Elsevier, Copyright 2016. b The schematic of a
smart window where the thermochromic hydrogel layer is sandwiched between two glass panels.
The incident light can pass through the hydrogel layer below the LCST but is largely blocked
above the LCST due to the light scattering. Reproduction from [42] with permission from Elsevier,
Copyright 2019

will enable the immediate phase transition in the PNIPAm, making dimming control
feasible even under the LCST of PNIPAm (~32 °C) in less than 5 min, as shown in
Fig. 7.7c [63].

In addition to the photothermal nanoparticles, VO2 nanoparticles can also be
hybridized with the thermochromic hydrogel to form the aforementioned dispersive
VO2-based nanocomposite [60, 64]. In 2015, Zhou et al. reported a sandwich-type
smart window based on a VO2/PNIPAm hybrid nanocomposite (Fig. 7.8a, b) [64].
The highlight of their work is that the hybrid nanocomposite can afford excellent
thermochromic performance (T lum = 62.6%,�T solar = 34.7%), superior to pure VO2

nanoparticles and pure PNIPAm hydrogel (Fig. 7.8c). The hybrid system exhibited
dramatical contrast in the visible and NIR region, contributing to the prominent
enhancement in �T solar [64].
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Fig. 7.7 Schematic of the dual-responsive PNIPAm/ATO nanocomposite in a clear state and
bopaque state. ThephotothermalATOnanoparticles are evenly distributed in the cross-linkedhydro-
gel networks. Upon exposure to the strong sunlight, the ATO nanoparticles, acting as a nanoheater,
convert sunlight to thermal energy, giving rise to temperature increase and phase transition in the
PNIPAm. The hydrogel matrix is in charge of the visible light manipulation while the ATO nanopar-
ticles can absorb the NIR light. c The optical switching of the nanocomposite is dependent on the
content of ATO nanoparticles. With the addition of more ATO nanoparticles, the phase transition
of PNIPAm tended to start at a lower temperature under the solar irradiation. Reproduction from
[63] with permission from American Chemical Society, Copyright 2017

Fig. 7.8 a Schematic of the smart window based on the VO2/PNIPAm nanocomposite. The PNI-
PAmmatrix regulates the visible transmittance at ~30 °C while VO2 nanoparticles regulate the NIR
transmittance at ~68 °C. The insets (i) and (ii) show the clear state at room temperature (hydrated
PNIPAm) and opaque state at 35 °C (dehydrated PNIPAm). b UV-Vis-NIR transmittance spectra
of VO2/PNIPAm nanocomposite, pure VO2 nanoparticles and pure PNIPAm at 20 and 80 °C. It is
obvious that VO2/PNIPAmhybrid has higherT lum than pureVO2 due to the reduced light scattering.
Further, VO2/PNIPAm hybrid has greatly enhanced �T solar relative to the other two. Reproduction
from [64] with permission from Royal Society of Chemistry, Copyright 2015
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7.2.3 Halide Perovskite-Based Thermochromic
Nanomaterials

Over the past decades, halide perovskites of an ABX3 crystal structure [A =
CH3NH3

+ (MA), HC(NH2)+2 (PA) or Cs+; B = Pb2+or Sn2+; X = I−, Br− and Cl−]
as shown in Fig. 7.9 have been the research hotspots of photovoltaic nanomaterials
due to their high-power conversion efficiency and low cost [67–69]. The tremen-
dous research efforts on perovskites not only make huge progress in the photovoltaic
devices but open up a new avenue for thermochromic smart windows as well.

In 2017, Bakr’s group pioneered the work on the organic halide perovskites-
based (MAPbBr3-xIx) thermochromic windows which exhibited yellow, orange, red
and black colour at 25, 60, 90 and 120 °C, respectively (Fig. 7.10a, b) [71]. The ther-
mochromism of the perovskite materials is associated with the inverse temperature
crystallization (ITC) of halide perovskites, which means their solubility decreases
at elevated temperature in certain solvents [72]. Another intriguing aspect is that
both the crystallization temperature of ITC and the absorption of photons by the
perovskites rely on the halogen constituent of the perovskites [73]. Therefore, with
the increment of the temperature, orange MAPbBr2.7I0.3, red MAPbBr2.4I0.6 and
black MAPbBr1.8I1.2 perovskite crystals successively precipitate out from the origi-
nal yellow biconstituent perovskite solution at 60, 90 and 120 °C (Fig. 7.10c). The
temperature-dependent precipitation and dissolution of perovskite crystals lead to
the reversible chromatic variation.

Most importantly, the use of halide perovskites realizes the perfect combination
of sunlight-regulating smart windows and power-generating photovoltaic windows

Fig. 7.9 Crystal structure of cubic halide perovskites with the general formula of ABX3. The larger
cation A (green) occupied the cuboctahedral voids formed by the 12 nearest-neighbouring X ions
(purple). The smaller cation B is centred at the unit cell. Reproduction from [70] with permission
from Nature Publishing Group, Copyright 2014
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Fig. 7.10 aAbsorption spectra of thermochromic perovskite crystals obtained at 60, 90 and 120 °C.
The original yellow solution changed to orange at 60 °C, to bright red at 90 °C and finally to black
at 120 °C. b Images of the thermochromic prototype annealed at 25 and 60 °C. c The formulation of
the original perovskite solution and the major contributors of colour changes at 60, 90 and 120 °C.
Reproduction from [71] with permission from American Chemical Society, Copyright 2017

at the same time (smart solar windows). One the one hand, perovskites can efficiently
convert sunlight to electricity, as what they do in solar cells. On the other hand, their
distinct chemistry and nanostructure render perovskites’ optoelectronic properties
responsive to the temperature change [74]. Consequently, the smart solar windows
literally make full use of solar energy. In 2017, Wheeler et al. fabricated an inor-
ganic–organic hybrid halide perovskite (MAPbI3)-based smart solar window which
can rapidly switch between transparent and opaque at 60 °C within a few minutes
(Fig. 7.11a) [75]. At cooler temperature, the perovskite forms a visibly transparent
complex with the methylamine (CH3NH2) in a sealed layer. When the temperature
hits 60 °C, the window switches into an opaque state attributed to the dissociation of
CH3NH2 from the complex and the strong absorption of sunlight by the perovskite
(Fig. 7.11b). In the opaque state, the photovoltaic effect of the perovskite enables the
transformation of absorbed solar energy into electricity, and the conversion efficiency
reaches up to 11.3% (Fig. 7.11c). When cooled below 60 °C, CH3NH2 gas returns to
the perovskite and reforms the complex, making the window return to the transpar-
ent state. Besides the chemical reaction-driven thermochromism, it has been found
that the purely inorganic halide perovskites are responsive to temperature, varying a
lot in their crystal structures and hence optical properties [76, 77]. In 2018, Yang’s
group reported a novel smart solar window utilizing the caesium-based perovskite
(CsPbI3-xBrx) thin film [78]. Figure 7.11d shows the thermochromic phase transition
of CsPbI3-xBrx. Once reaching a critical transition temperature (as low as 105 °C), the
structural rearrangement occurs in the CsPbI3-xBrx crystal: from a colourless room
temperature non-perovskite phase (low-T phase, 81.7% transparency) to an orange-
red-coloured high-temperature perovskite phase (high-Tphase, 35.4% transparency),
as shown in Fig. 7.11e. The exposure to moisture can initiate the back-conversion
of the high-T phase to low-T phase. Therefore, this perovskite-based smart solar
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window can reversibly switch between a transparent low-temperature state with low-
power output and a deeply coloured high-temperature state with high-energy output
(conversion efficiency ≈ 7%) (Fig. 7.11f, g).

In spite of the fascinating features, the stability and efficiency of the perovskite-
based smart solar windows are still far from satisfaction at the current stage.
Wheeler’s window, which is driven by chemical reaction, suffers from poor stability
due to the loss of methylamine during the repetitive switching back and forth. Yang’s
structure transition-driven window, however, is limited by slow response (>10 h) and
high transition temperature (>100 °C). In addition, both perovskite windows fail to
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�Fig. 7.11 Halide perovskite smart solar windows based on the complexion–dissociation of methy-
lamine (a–c) and the temperature-responsive structural change (d–g). a Schematic of the smart solar
window architecture and the chemical reaction-induced thermochromism. In the architecture, TiO2
is the electron transport layer, and fluorine-doped tin oxide (FTO) is the transparent conducting
electrode. The single-walled carbon nanotube (SWCNT) is to provide hole extraction and improve
lateral electrical transport. The topmost layer (microgrid/PEDOT:PSS) serves as an electric glue to
package the whole device. b Transmittance spectra of the smart solar window in the transparent
(red) and opaque (blue) states. It is obvious that the visible transmittance sharply drops after the
dissociation of methylamine from the perovskite. c Current density versus voltage curve of the
switchable smart solar window in the dark (dashed) and under illumination (solid). Reproduction
from [75] with permission fromNature Publishing Group, Copyright 2017. d Schematic of the ther-
mally driven, moisture-mediated reversible phase transition between the high-T and low-T phases.
e The picture of the CsPbIBr2 smart solar window in the colourless low-T state (left) and deeply
coloured high-T state (right). The sputtered indium tin oxide (ITO) layer acts as the top transparent
electrodes. f Current density versus voltage curve of the device. g The transmittance spectra of the
smart solar windows at low-T (black) and high-T state (red). The spectrum for the sputtered ITO
layer is as a reference. Reproduction from [78] with permission from Nature Publishing Group,
Copyright 2018

regulate the light transmittance in the NIR range. Nevertheless, it is expected the
smart solar windows will keep evolving with the persistent pursuit for new modified
perovskites.

7.3 Responsive Nanomaterials for Electrochromic Smart
Windows

Compared to the passive thermochromic windows with no energy input, elec-
trochromic windows are powered by the electric supply, and they allow users to
manage the light transmittance in a broad spectral range as needed by altering the
applied voltage. Electrochromic materials are the core components in the whole
device because they take control of the reversible redox switching between the
bleached and coloured state as a response to electrical potential. To achieve the
high optical performance of smart windows, electrochromic materials should pro-
vide high optical contrast, fast switching kinetics and high colouration efficiency
[3]. Colouration efficiency is measured by the ratio of the optical absorbance change
to the charge inserted into the electrochromic material per unit area [2]. In addi-
tion, the stability towards the long-term redox switching and sunlight exposure is
of great importance. Various electrochromic materials, including transition metal
oxides [79], conjugated polymers [80] and small organic and inorganic molecules
[81, 82], have been employed in smart windows while they rarely reach a trade-off
between optical performances, stability and production cost. These issues must be
addressed, which is also the prerequisite for the commercialization of electrochromic
smart windows. Numerous researches have proved that nanostructuring is an effec-
tive way to improve the conventional electrochromic materials [2, 3, 83]. Further,
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the introduction of nanomaterials endows smart windows with new functionalities,
which will greatly broaden their application in the energy saving and light managing.
In section, we will focus on the well-studied nanostructured metal oxides and the
emerging two-dimensional (2D) nanomaterials for electrochromic smart windows.

7.3.1 Metal Oxides-Based Electrochromic Nanomaterials

The use of transition metal oxides (TMOs), such as tungsten oxide (WO3) [79],
molybdenum oxide (MoO3) [84] and titanium oxide (TiO2) [85], in electrochromic
devices dates back to 1960s when Deb first demonstrated the electrochromic phe-
nomenon in WO3 [86]. In the 1980s, the successful introduction of electrochromic
WO3 to the dynamic light modulating windows flourished the researches on the
electrochromic smart windows [79, 87]. The electrochromic nature of TMOs origi-
nates from the reversible change in the oxidation state of transition metal ions with
the insertion/extraction of electrons (e−) and ions (M+) upon voltage bias [88]. For
example, the reversible electrochromism of WO3 between the transparent and blue
state is shown by the following Faradaic reaction [89]:

WO3(transparent) + x
(
M+ + e−) ↔ MxW

VI
1−xW

V
x O3(blue) (7.1)

In general, the colouration efficiency, optical contrast and response time are
closely related to the amount of reduced/oxidizedmetal ions (colouration centres) and
the kinetics of redox reaction. The electrochromic redox reactions of TMOs involve
the charge transfer at the interface between electrolyte and TMOs and the ion diffu-
sion controlled redox reaction within the lattice of TMOs. Typically, electrochromic
thin films based on bulk TMOs fall short of colouration efficiency (in the range of tens
cm2/s) and response time (>60 s) due to impeded charge transfer and long ion diffu-
sion distance [90]. Therefore, the facilitation and promotion of the two processes are
key to improving the electrochromic performance. Herein, nanostructuring of TMOs,
including nanoparticles [91–93], nanorods [94–96], nanosheets [97–99], nanowires
[100, 101] and quantum dots [102, 103], has been proven as a potent route to expe-
dite the processes and enhance the performance. Owing to the large specific surface
area, nanostructured TMOs greatly facilitate the charge transfer on more metal ions.
Further, the diffusion path for ions is considerably shortened, from micrometre to
a few hundred or tens of nanometres, within the lattice of nanosized TMOs. The
junction of these effects not only increases the total amount of colouration centres
but also accelerates the overall kinetics of redox reactions, resulting in the deeper
optical contrast, shorter switching time and higher colouration efficiency [90, 104].
It is also worth noting that nanostructured TMOs with higher colouration efficiency
tend to have better durability because less charge is needed to produce a given span
of optical modulation [2, 92]. In terms of economic benefit, solution-processable
TMOs nanomaterials have advantages in improved manufacturability, inexpensive
production and good compatibility with 3D printing techniques [6, 105–107].
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Among all electrochromic TMOs, tungsten oxides have attracted the most exten-
sive studies since Deb’s pioneering work and, accordingly, much progress has been
made in the nanostructured WO3. In 2011, Zhang et al. developed a hexagonal WO3

nanowire array film using a low-cost solvothermal method [108]. In the previous
works, thermal evaporation and physical vapour depositionwere the prevailingmeth-
ods to synthesize WO3 nanowires on the conducting substrates but these techniques
are costly and energy-intensive [109, 110]. In Zhang’s solvothermal method, the
orderedWO3 nanowires directly grew fromWO3 seeds on the transparent conductive
FTO-coated glass by controlling the reaction conditions, such as pH and reactants.
Compared with the WO3 micro-brick film, improved electrochromic performance
was observed in the resulting WO3 nanowire array film, with high colouration effi-
ciency of 102.8 cm2/s and fast response time of 7.6 and 4.2 s for colouring and bleach-
ing, respectively (Fig. 7.12a, b) [108]. Further enhancement in the electrochromic
performance can be achieved by downsizing the nanocrystalline tungsten oxide to
quantum dots (QDs) with an average size of 1.6 nm via a facile colloid process,
as reported by Cong and his co-workers [103]. In addition to the efficient charge

Fig. 7.12 Nanocrystalline WO3 in the form of nanowires and quantum dots and the corresponding
electrochromic performance. Colouration efficiency of WO3 nanowire array film (a) and WO3
micro-brick film (b). Reproduction from [108] with permission from Royal Society of Chemistry,
Copyright 2011. c Tungsten oxide QDs provide more efficient ion diffusion and charge transfer than
the bulk counterpart. Transmittance spectra for tungsten oxideQDselectrode deposited onFTOglass
in the coloured (−0.8 V) and bleached (+0.2 V) states, respectively. The electrochromic window is
highly transparent at bleached state (>90% of transmittance) and large modulation window (>80%).
The insets are images of the electrode at bleached and coloured states, appearing almost transparent
and dark blue colour, respectively. d The colouration efficiency of the QDs-based electrochromic
window. e Alternate transmittance switching for bulk (green) and QDs (black) tungsten oxide
showing significantly faster response for QDs. Reproduction from [103] with permission from
Wiley-VCH, Copyright 2014
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transfer and ion diffusion, tungsten oxide quantum dots are even more active in elec-
trochromic reactions due to the ultrahigh proportion of surface atoms (Fig. 7.12c).
Consequently, the QDs-based electrochromic window showed a remarkably high
colouration efficiency (154 cm2/s) and super-fast switching time (<1 s for both
colouring and bleaching), as shown in Fig. 7.12d, e. The significant performance
improvements can also be achieved in other TMOs at the nanoscale, such as TiO2,
[111] MoO3 [84] and NiO [112].

In addition to the improved electrochromic performance, some nanostructured
metal oxides with strong LSPR absorption can deliver a new functionality of selec-
tive NIR shielding to smart windows [113]. The LSPR effect can be flexibly tuned
across a wide range of wavelengths by electrochemical charging or doping of plas-
monic nanocrystals [2]. With the combination of intrinsic Faradaic reaction-based
electrochromism and NIR-selective LSPR, the use of plasmonic nanocrystals allows
the dynamic and independent control of NIR and visible light transmittance by vary-
ing the applied voltage, namely the dual-band electrochromism. In 2013, Milliron’s
group fabricated such a dual-band electrochromic window, for the first time, via
incorporating the tin-doped indium oxide (ITO) nanocrystals into niobium oxide
glass (NbOx) [114]. Figure 7.13a illustrates the architecture and working princi-
ple of this smart window. The nanocrystal-in-glass composite electrode is coupled
with a lithium counter electrode, both of which are immersed in the Li+ electrolyte.
Under the external bias, the amorphous NbOx matrix modulates mostly the visi-
ble light while the ITO nanocrystals mainly block the NIR light through LSPR. As
a whole, the nanocrystal-in-glass composite film progressively switches between
three distinct operating modes: bright mode at the open-circuit voltage, cool mode
at an intermediate voltage and dark mode at a low voltage (Fig. 7.13b). At bright
mode, neither the insertion/extraction of Li+ and electrons nor the LSPR happens,
allowing the traverse of both visible and NIR light. At cool mode, the LSPR effect
takes place in the charged ITO nanocrystals which have a sufficiently high concen-
tration of free electrons, whereupon they only block most of NIR light while still
welcome the visible light [115]. At dark mode, the electrochromic NbOx comes into
effect which results in the broadband blocking of NIR and visible light. Moreover,
relative to the pure NbOx film, the ITO-NbOx composite is more durable and has
better visible light modulation ability. This dual-band electrochromic smart window
is more energy efficient than conventional smart windows owing to its controllable
and selective regulation of solar heat exchange and interior lighting. Inspired by
Milliron’s work, the recent five years have witnessed the spring up of various metal
oxide nanocomposite-based dual-band electrochromic smart windows [116–119].
Apart from the nanocomposite system, a single-component metal oxide nanocrys-
tals with defects or dopants can also be utilized as an active material for this smart
window [120–122]. For example, Lee’s group reported a dual-band electrochromic
smart window which exhibited bright mode at 1 V, cool mode at −2.8 V and dark
mode at −4 V (as shown in Fig. 7.13c, d) [123]. Designed based on the monoclinic
oxygen-deficient WO3 (m-WO3-x) nanowires, this smart window makes use of the
LSPR property of m-WO3-x nanowires and the phase transition (from dielectric and
metallic) to modulate the NIR transmittance and the bandgap transitions (intraband
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Fig. 7.13 Dual-band smart windows which can dynamically and independently manage the trans-
mission of visible and NIR light. a The smart window based on plasmonic nanocrystal-in-glass
exhibits three distinct modes. Reproduction from [125] with permission from Nature Publishing
Group, Copyright 2013. b Changes in the transmittance spectra of the ITO-in-NbOx film with the
varying voltages versus Li/Li+. The composite shows bright mode at 4 V, cool mode at 2.3 V and
dark mode at 1.5 V. Reproduction from [114] with permission from Nature Publishing Group,
Copyright 2013. c The transmittance spectra of the m-WO3-x nanowires-based dual-band smart
window under different external biases. d The three modes under different voltages. Reproduction
from [123] with permission from Royal Society of Chemistry, Copyright 2018

and interband transition) to the visible transmittance. In addition, they replaced the
commonly used monovalent Li+ with the smaller multivalent Al3+ as the insertion
ions and thus the smart window can deliver excellent solar light modulation ability,
high colouration efficiencies (254 and 121 cm2/C at NIR and visible region, respec-
tively), fast response time (within 2 s for colouration/bleaching at NIR and visible
region) and good stability and cyclability. The dual-band electrochromic smart win-
dows are especially advantageous in the selective modulation of solar irradiation
without sacrificing the visible transmittance for daylighting, helpful to reduce the
energy consumption on HVAC and interior lighting [3, 124].
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7.3.2 2D Electrochromic Nanomaterials

Since the first isolation of graphene in 2004 [126] atomically, thin 2D materials
have been the spotlight of fundamental research and state-of-the-art technology due
to their extraordinary electrical, mechanical, optical and chemical properties [127–
131]. The uniqueness of 2D materials derives from the confinement of electrons
and photons within their nanoscale thickness, which is much less than their lateral
dimensions [132]. The recent in-depth research and exploration unearth the interest-
ing optoelectronic properties of 2D materials, which can be made use of in the novel
electrochromic applications.

As the best-known example of 2Dmaterials, mono- or few-layered graphene is an
ideal alternative to the traditional ITO transparent conductive electrode in the elec-
trochromic windows due to its high mechanical strength, optical transparency and
carrier mobility [133, 134]. The optical transparency tends to decrease with the num-
ber of graphene layers [135].However,multilayered graphenewill reveal a significant
increase in optical transmittance and/or electrical conductivity towards the interca-
lation of foreign species, such as FeCl3, Li+ and Na+, between the neighbouring
layers (Fig. 7.14a) [136–139]. The principle behind this exceptional phenomenon is
that intercalation heavily dopes graphene, which fills up the conduction band (higher
electrical conductivity) and suppresses interband optical transitions by Pauli block-
ing (higher visible transmittance) [137]. The controllable and reversible intercalation
of graphene can be achieved by electrochemical methods [132, 140]. For example,
Bao et al. fabricated an encapsulated electrochemical cell in which the multilayered
CVD graphene electrode received Li+ from the Li counter electrode, and hence, Li+

intercalation was enabled. As shown in Fig. 7.14b, c, the transparency of 40 and
80 nm thick graphene increases pronouncedly upon the external voltage is applied.
Therefore, electrochemical intercalation of graphene potentially provides an emerg-
ing and promising strategy for making a simply structured electrochromic device
with tunable transparency. In this device, graphene acts not only as a transparent
conductive electrode but also as an active electrochromic contributor.

In 2015, Wan and his co-workers demonstrated such a reversible electrochromic
device based on the electrochemical Na+ intercalation of reduced graphene oxide
(rGO) network (Fig. 7.14d, e) [139]. Its optical transmittance increases from 36 to
79% within 10 min when the Na+ intercalation reaches its maximum (Fig. 7.14f). In
comparison with Bao’s work, they adopted the low-cost rGO as the dual-functional
component instead of the costly CVD graphene. In addition, rGO has expanded
interlayer spacing due to the presence of some oxygenated function groups which
greatly facilitates the insertion of Na+. Moreover, although both Na+ and Li+ are
both highly reactive, this Na+ intercalation electrochromic system is much more
stable in air than Bao’s Li+ intercalation system. This is possibly related to the
poorer diffusivity of Na+ in the barrier layer at the edge of rGO sheets formed by
the reaction between Na+ and water/O2/CO2, thus well protecting the intercalated
Na+ inside the sheets. This electrochromic Na+-intercalated rGO system provides a
good example for the commercial intercalated graphene electrochromic windows in
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Fig. 7.14 Intercalated graphene-based electrochromic device. a Schematic of the multilayered
graphene intercalated by metal ions. Reproduction from [132] with permission from Royal Society
of Chemistry, Copyright 2016. b Images of the encapsulated CVD graphene electrochromic device
with different thickness of graphene electrode. c The optical transmittance before and after the
Li+ intercalation. Both CVD graphene electrodes showed increased transparency after applying the
external voltage to the devices. Reproduction from [137] with permission from Nature Publishing
Group, Copyright 2014. d Schematic of Na+ intercalation in the rGO film on the transparent sub-
strate. e The images show the transparency increase in the Na+-intercalated rGO electrochromic
device. f The optical transmittance of rGO film before and after Na+ intercalation. Reproduction
from [139] with permission from American Chemical Society, Copyright 2015

the future. In addition to graphene, the intercalation-induced reversible change in the
light transmittance also occurs in 2D molybdenum disulphide (MoS2) and titanium
carbide MXene flakes [141–143]. This type of 2D materials-based electrochromic
devices is still at the very initial stage but holds great promise for low-cost and
high-efficiency smart windows.

7.4 Conclusion and Outlook

Smart windows are appealing to green energy-saving buildings and smart home
systems because of their dynamic management of light transmittance and solar
heat exchange controlled by temperature (thermochromic) or users’ preferences
(electrochromic). After decades of development, thermochromic and electrochromic
smart windows have obtained the preliminary success in commercialization, but their
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high cost restricted their applications to high-end markets, e.g. the auto-dimming
aeroplane windows. Thus, to promote the widespread adoption of smart windows, it
is imperative to further lower the production cost, improve the performance and
durability and enhance the energy-saving benefits. As discussed in this chapter,
nanomaterials and nanotechnologies have considerable potential for enabling the
broader commercialization of smart windows, ascribed to the numerous advantages
offered by them. Firstly, the solution-processable nanomaterials are compatible with
low cost and scalable wet chemical processes, including sol-gel, hydrothermal and
electrochemical approaches. The feasible and flexible control of the composition,
morphology and structure of nanomaterials in the wet chemical processes greatly
facilitate the optimization of smart windows. The excellent solution processabil-
ity also makes the as-prepared nanomaterials amendable to ink formulations for
3D printings and applications on various surfaces. Secondly, nanocrystallization
and nanostructuring of responsive materials can contribute to the improved ther-
mochromic and electrochromic properties, for example, greater �T solar and T lum

in thermochromic windows and the deeper and faster switching in electrochromic
windows, and the better stability and durability. In particular, nanomaterials with
unique properties can even introduce new functionality to smart windows, such as
the electrical power generation and the independent control of visible and NIR light.
Lastly, nanomaterials-based smart windows are expected to be much more efficient
in saving energy consumed for HVAC than the static glazed windows or conventional
blinds, consequently compensating the relatively higher priced smart windows.

Despite the advantages of the utilization of nanomaterials, some fundamental
issues must be addressed before further development and large-scale commercial-
ization of smart windows can be realised. In terms of the wet chemical synthesis
of nanomaterials, one of the major challenges is the level of defects which is more
difficult to control than the more expensive chemical vapour deposition methods.
The presence of unwanted defects might degrade the performance and durability
of smart windows. In addition, it is still problematic to scale up the synthesis of
nanocrystals because the increased thermal input in the industrial-level production
will drastically influence the nanocrystal growth, different from the laboratory-scale
synthesis, which is undesirable for smart windows [2]. Although multiple challenges
are still awaiting solutions, the recent encouraging advances in the nanomaterials-
powering smart windows point to a promising future in this field, which provides the
possibility of achieving greater market penetration and commercial success in the
near future.
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Chapter 8
Proton-Responsive Nanomaterials
for Fuel Cells

Xi Xu and Lei Bi

Abstract Proton-conducting oxides receive more and more attention in the current
world because of its wide applications in renewable and sustainable devices. Among
all these applications, the use of proton-conducting oxide for fuel cells is becoming
quite a hot topic as it avoids the problems for traditional fuel cells using oxide elec-
trolyte and also lowers the working temperature of fuel cells, making them possible
for practical applications. With the framework of proton-conducting solid oxide fuel
cells, the utilization of nanomaterials now playing an essential part in the whole com-
munity, and this chapter will briefly summarize the nanomaterials for protonic oxide
fuel cells that are also known as proton-conducting solid oxide fuel cells (SOFCs).

8.1 Proton Conduction in Oxides

Ionic conduction has been discovered in oxides long back, and for a long period,
people can only find the migration of oxygen ions in the oxide at high temperatures,
and there is no evidence suggesting proton could migrate in the oxide. However,
Iwahara et al. [1] discovered that some oxides exhibit proton conductions under a
wet atmosphere which opens a new door in the solid-state ionic’s field. Although
the proton migration mechanism in oxides is not completely revealed, most of the
evidence suggests thatH2O incorporates into the lattice and fills the oxygen vacancies
to form the proton defects [2]:

H2O + V• •
o + O×

o ⇔ 2OH•

Compared with the traditional oxygen-ion conductors, proton-conducting oxides
have smaller activation energies that are helpful for their low-temperature operations
[3]. It should be noted that the low-temperature operation of SOFCs is important
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Fig. 8.1 Scheme for the
proton transportation in
polycrystalline electrolyte

as it could extend the lifetime of the fuel cells and also provide the possibility for
the quick start-up of fuel cell devices [4]. In addition, the fuel cells using proton-
conducting electrolyte offer another advantage of producing H2O at the cathode side
that will not dilute the fuels that always happens for the oxygen-ion conducting
SOFCs, making the development of proton-conducting SOFCs becomes a hot topic
in the community [5]. As a fuel cell device, it usually contains the components
including electrolyte, anode, and cathode. In the following sections, we will briefly
introduce the state-of-the-art as well as the recent development of nanomaterials for
protonic SOFCs.

8.2 Proton-Conducting Electrolytes

Proton conduction was firstly found in doped SrCeO3 materials [1] and then different
oxides are reported to show proton conduction in the past four decades [6–8]. How-
ever, themost classical proton-conducting oxides are still theABO3-based perovskite
oxides, and they are usually used as electrolytes for proton-conducting SOFCs [9].
As the fuel cell electrolyte, it is desirable to have a low resistance which could avoid
the high ohmic loss in the fuel cell operations. This requires high conductivity for the
electrolyte materials. According to the classical “brick-layer model,” the solid-state
electrolyte consisted of grain interiors (also called as “bulk”) and the grain bound-
aries, and protons have to pass through the grains and the grain boundaries for the
transportation [10], as schemed in Fig. 8.1. It has been demonstrated that the resis-
tance of the grain boundary is a few orders of magnitude of larger than that of the
grains, suggesting the reduction of the grain boundary resistance is the key for the
improvement of the overall electrolyte conductivity [10]. Generally, there are two
routes to improve the grain boundary conductivity. One is to decrease the thickness
of the grain boundary so that protons can pass through less distance with the high
resistance grain boundaries. In this case, the specific grain boundary resistance could
be decreased. The other approach is to increase grain size which decreases the vol-
ume of the grain boundaries. Although the specific grain boundary resistance is not
changed with this strategy, the total grain boundary resistance is reduced because
of the reduced grain boundary volume that allows the protons to meet fewer grain
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boundaries during their transportation. Nanotechnologies and nanomaterials play an
important role in both strategies and let us introduce them in detail.

8.2.1 Reducing the Specific Grain Boundary Resistance

Comparing with the grain which has typically a size of a few micrometers, the grain
boundary usually has a thickness of a few to tens of nanometers. Therefore, tailoring
the thickness at the nanoscale is quite challenging in early studies but now some
effective strategies have been used to reduce the specific grain boundary resistance
by tailoring the grain boundaries. Y doped BaZrO3 (BZY) is one of the most inves-
tigated proton-conducting oxides in the field but its conductivity is highly hindered
by its grain boundary resistance [11]. To overcome this drawback, Sun et al. [12]
have used Li2O as the sintering aid to improve the sinterability of BZY. Different
to other sintering aid-modified BZY materials that have large grains, the Li2O mod-
ified BZY pellet shows a small grain size of a few hundred nanometers. However,
electrochemical measurements indicate that the conductivity of Li2O modified BZY
shows high conductivity compared with other sintering aids-modified BZY. Further,
material analysis reveals that there are two factors helping the conductivity for the
Li2O modified BZY. One is that Li2O participates in the sintering procedure but it
evaporates leaving the sample without Li element. In this case, the electrochemical
properties of the sintered BZY electrolyte are free of the influence of the Li element.
It has been demonstrated that although sintering aids could improve the sinterability
of the samples, they impair the electrical properties, so the dense sample free of the
sintering aid could maintain the high conductivity of BZY. Second, the microstruc-
ture analysis reveals that the formed BZY pellet has a very clear and thin grain
boundary, as shown in Fig. 8.2. The thickness of the grain boundary is about 4 nm,
which narrows the distance that protons must pass through for each grain boundary
and thus improves the conductivity.

One may think how about the complete removal of the grain boundaries; although
this task is difficult for traditional protonic SOFCs, it becomes feasible in the filed
thin-film SOFC. Pergolesi et al. [13] have fabricated a grain boundary-free BZY thin
films by the pulsed laser deposition (PLD) method on the MgO substrate and found
that the conductivity of the BZY film is much larger than that of the polycrystalline
BZY pellet and the conductivity value is also higher than most of the oxygen-ion
conductors, implying the advantage in electrochemistry by using proton conductors.
Furthermore, the measured conductivity of the BZY films matches well with the the-
oretical bulk conductivity of BZY, suggesting the grain boundary is indeed removed
and the total conductivity is equal to the bulk conductivity. This study demonstrates
for the first time that the grain boundary of proton conductor could be removed from
an experimental way, achieving high conductivity for the sample. It should be noted
that this BZY thin film is fabricated on theMgO substrate that is not the configuration
for fuel cell devices, so the fabrication of nanoscale electrolyte on the conventional
NiO-based electrolyte is necessary to explore the possibility of using BZY thin films
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Fig. 8.2 Microstructure of BZY electrolyte sintered with the addition of Li2O, showing clean and
thin grain boundaries [12]. Reproduced by permission of the PCCP Owner Societies

for fuel cell applications. Fabbri et al. have employed to PLD method to fabricate a
thin BZY film on the NiO-based anode and tested in the fuel cell condition. How-
ever, the fuel cell performance of this fuel cell is not high, due to the use of the
single-chamber mode. In addition, the BZY electrolyte film was fabricated on the
NiO-based anode. Unlike the single-crystal MgO cathode used in the previous study,
the NiO-based anode did not have a specific orientation that made the growth of
single-crystal BZY film difficult. Therefore, although the thin-film BZY has been
fabricated by the PLDmethod, the grain boundary still existed for this electrolyte and
decreased the conductivity of the electrolyte and thus decreased the overall fuel cell
performance [14]. Similarly, the BZY thin film was also fabricated on the sintered
BCY electrolyte, forming the bilayer electrolyte structure [15]. The main purpose of
this structure is to shield the unstable BCY electrolyte with the stable BZY thin film,
making this electrolyte has better chemical stability. Although the conductivity of the
bilayer electrolyte is obviously larger than that of the pure BZY electrolyte, the value
is still apparently lower than that of the BCY electrolyte from the protective layer. In
spite of the thin BZY electrolyte used, the polycrystalline BZY electrolyte still influ-
ences the overall conductivity of the electrolyte. Recently, Bae et al. [16] have tried
to solve this problem by fabricating the BZY column-like crystalline electrolyte. As
seen in Fig. 8.3, different from the conventional polycrystalline BZY electrolyte, the
column-like grain allows the transportation of protons from the anode side to the
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Fig. 8.3 Microstrure for the BZY thin-film electrolyte with columnar structure grain boundaries,
facilitating the migration of protons. Reproduced with permission from [16]

cathode side without passing through the grain boundaries, facilitating the migration
procedure and thus improves the electrolyte conductivity. Although this work and
that work presented in [14] both use PLD fabricated thin-film BZY electrolyte, the
current work shows much higher fuel cell performance, suggesting the removal of
the grain boundary during the proton transport is essential for its high performance.
However, it should be noted that all these works have to rely on the PLDmethod and
PLD is an advanced physical deposition method that is more suitable for small-scale
applications. The tailoring of the grain boundary at the nanoscale with the traditional
processing method could be more significant for fuel cell applications.

The above strategies have been proposed to reduce the grain boundary thickness
or eliminate the high resistance grain boundaries, but these methods did not aim
to improve the conductivity of the specific grain boundary conductivity at a given
thickness, while it is reasonable to assume that the conductivity of the grain boundary
could be enhanced if the grain boundaries becomes conductive. Although the high
resistance of grain boundary is recognized, the reason for this high resistance is still
debating, and the most popular opinion is that the form of the space charge layer is
the main reason for the high resistive grain boundaries [17, 18]. The formation of the
space charge layer is due to the accumulation of positive charge of the core of the
grain boundary that blocks the transportation of protons. Therefore, neutralizing the
positive charge at the grain boundary core to suppress the space charge layer could
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be an effective way to improve the grain boundary conductivity. However, the grain
boundary is only a few nm, while the thickness of the grain boundary core is only a
few Å that makes the modification difficult. Recently, high-temperature treatments
were found to be a possible way to tailor the properties of the grain boundary [19,
20]. After sintering the pellet by spark plasma sintering (SPS), the sample was further
treatment at high temperatures that allowed the diffusion of the dopant to the grain
boundary region. The SPS method was used here to guarantee the high densification
of the pellet as well as almost no grain growth in further heat treatment. In this case,
the difference in grain size (the grain boundary volume) contribution to the grain
boundary conductivity is negligible. Due to the negative charge of the dopant (M′

Zr),
the accumulation of the dopant at the grain boundary core could mitigate the block-
ing effect of the grain boundary. The microstructure analysis has confirmed that the
dopant indeed diffuses into the grain boundary region, while the electrochemical
studies indicate that the conductivity of the sample is dramatically improved com-
pared with the sample without tailoring the grain boundary. This evidence suggests
that tailoring the grain boundary at nanoscale to suppress the space charge layer
effect is the key to improve the grain boundary properties.

Besides tailoring the grain boundary itself, the introduction of noble metal
nanoparticles is reported to be an effective method to improve the grain bound-
ary conductivity. Tong et al. [21] have reported the conductivity enhancement for
the BZY electrolyte with the use of nano-ionic composite. They have used Pd metal
nanoparticles as the dispersed phase and the Pd has little effect on the conductiv-
ity when it incorporates into the BZY lattice. After reducing in H2 atmosphere, Pd
nanoparticles exsolve from the BZY lattice, forming the nanocomposite, and the
exsolved Pd nanoparticles are found to accumulate at the BZY grain boundaries, as
shown in Fig. 8.4. Although all the BZY-Pd nanoparticle composites show higher
conductivity than that of BZY without exsolved Pd, the sample with the small Pd
nanoparticles (5–10 nm) shows the best conductivity which is 2.7 times higher than

Fig. 8.4 The use of Pd nanoparticles at the grain boundary of BZY could enhance the conductivity.
Reproduced from [21] with permission from Elsevier B.V.



8 Proton-Responsive Nanomaterials for Fuel Cells 251

that of the pure BZY sample, suggesting the smaller Pd particle size could better
promote the conductivity of the whole sample.

8.2.2 Reducing the Overall Grain Boundary Resistance

The other strategy to improve the electrolyte conductivity is to increase the grain size
of the electrolyte and thus decreases the volume of the grain boundaries and thus
reduces the overall grain boundary resistance. According to the ceramic sintering
principle, the oxide powder with small particle size having high surface energy could
be easily sintered and the better growth of grain size could be expected [22]. Proton-
conducting oxides are traditionally synthesized by a solid-state reaction, in which
metal oxides powders are mixed together and then co-fired at a high temperature to
achieve the desired phase for the target proton-conducting oxides. The solid-state
reaction method provides a simple and straightway to prepare proton-conducting
oxides, but high calcination temperatures have to be used in this method to accelerate
the inter-diffusion between the starting oxide materials, and the high calcination
temperature inevitably leads to the formation of coarse powders [23]. It is recognized
that the coarse powder is not good for the later material sintering procedure, and
ultra-high sintering temperature has to be used to density the pellet and sometimes
causes the material evaporation because of the too high sintering temperature used.
In contrast, the nano-sized powder is more desirable for the electrolyte fabrication
and wet chemical routes are used to prepare nano-sized proton-conducting oxides.
It has been reported that the solid-state reaction prepared BZY powder has to be
sintered at 1800–2200 °C, while the sintering temperature of 1600 °C is sufficient
for sintering the nano-sized proton-conducting powders [23]. Yamazaki et al. [24]
have used the sol–gel method to prepare nanometric BZY powder and the dense BZY
electrolyte pellet could be obtained after sintering at 1600 °C. In addition, the grain
size of the BZY pellet is around 1 μm that dramatically reduces the volume of the
grain boundaries and thus leads to high total conductivity of 0.01 S cm−1 at 450 °C.

Similar results are also obtained by Fabbri et al., who use Pr and Y co-doped
BaZrO3 (BZPY) as the electrolyte for protonic SOFCs [25]. The combustion method
was employed to prepare nano-sized BZPY powders. The sinterability tests indicate
that the incorporation of Pr into BZY can significantly promote the sinterability of
the material, leading to not only the higher shrinkage but also the large grains. As
a result, the BZYP pellet shows higher conductivity than that of the BZY pellet
without using Pr, leading a conductivity value of 0.01 S cm−1 at 600 °C, without
impairing the chemical stability. Furthermore, the introduction of 10 mol% Pr into
BZY does not bring obvious electronic conduction at intermediate temperatures.
Recent work reveals that evenwith a small addition of Pr (5mol%) forming the nano-
sized particles, the sinterability and conductivity could be significantly improved
[26].

NiO also plays a similar role in the sinterability and conductivity improvements
for BZY. Shafi et al. [27] use NiO as the dopant instead of external sintering aid for
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BZY. It is found that the doping concentration of NiO in BZY is less than 10 mol%
and the sinterability of the material greatly improves with an only doping amount of
4 mol%. As a result, the electrolyte can be easily sintered at 1400 °C and the anode
supported fuel cell generates a peak power density of 428 mW cm−2 at 700 °C which
is one of the largest power outputs for BZY-based cells at the time reported.

Apart from the use of wet chemical routes, the utilization of proper calcination
method is recently found to be feasible for further reducing the initial particle size of
the powder that helps the electrolyte densification and grain growth in the later sin-
tering procedure. Microwave sintering is a sintering method that has been employed
in ceramic sintering and it offers the advantage of fast sintering, eco-friendly, and
low sintering temperatures [28]. Although the phrase “sintering” usually refers to
the heat treatment to densify the material, the basic working principle of microwave
sintering makes it also feasible for the calcination of the powder, in spite it has not
been used for proton-conducting oxides before. However, a recent study indicates
that the use of microwave sintering to calcine the BaZr0.1Ce0.7Y0.2O3−δ (BCZY)
proton-conducting oxide powder could lower the phase formation temperature and
also reduce the dwell time, which leads to small particle size for the initial powder
[29]. It has been reported that the BCZY powder forms a pure phase at 900 °C with
a dwell time of 1 h when the microwave sintering method was used. In contrast,
the BCZY powder calcined in the conventional condition needs a thermal treatment
condition of 1000 °C and 5 h for getting a pure phase. Both the calcination temper-
ature and the dwell time are larger than those used in the microwave condition. As
a result, the particle size of the microwave sintering method prepared BCZY pow-
der is about 25 nm, while the corresponding value for the conventionally calcined
BCZY powder is 100 nm, as shown in Fig. 8.5. The small initial powder size for the
microwave method prepared BCZY allows the densification of the BCZY electrolyte
membrane at 1300 °C. Although the electrolyte membrane with the conventionally
calcined BCZY powder appears to be dense after firing at 1300 °C, the grain size
of this electrolyte is much smaller than that of the electrolyte with the microwave
prepared BCZY powder. This is because the small initial powder with small particle
size could be better sintered in the later sintering step, leading to improved grain
growth of the electrolyte. The large grain is desirable for the electrolyte which could
reduce the volume of grain boundaries and thus improve the fuel cell performance.
As a result, the single cell with the BCZY electrolyte started from the microwave
prepared powder generated a peak power density of 791 mW cm−2, which is at the
high level for protonic SOFCs. All these evidences suggest that nanomaterials used
in the electrolyte materials are beneficial for the overall fuel cell performance of
protonic fuel cells.

8.3 Anode Nanomaterials for Protonic SOFCs

In fuel cells, the anode should be catalytic active for H2 that splits H2 into protons.
Then protons pass through the electrolyte to react with O2 at the cathode side. For
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Fig. 8.5 The particle of BCZY material prepared under different thermal treatment conductions,
showing the microwave method could reduce the initial size of the BCZY powder. Reproduced
from [29] with permission from Elsevier B.V.

SOFCs, the anode is not only used as the electrode for catalytic purposes but also
serves as the support for the complete cell. Therefore, the anode is normally thicker
than the electrolyte layer and the cathode layer to guarantee the mechanical strength
for the complete cell. Up to now, the most used anode is the NiO-based anode in
which NiO powder is mixed with the electrolyte powder to assure first the thermo-
compatibility with the electrolyte and second improved the triple-phase boundaries
(TPBs). In protonic SOFCs, the anode is usually the composite anode consisted of
NiO and proton-conducting oxides. As the anode research is relatively mature and
there are nomany other materials that could compete with the NiO-based anode now,
the research on anode for protonic SOFCs is much less than that for electrolytes and
cathodes. However, it is that the use of nanomaterials in the anode could be beneficial
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for the anode performance aswell as for the cell fabrications. The anode powder is tra-
ditionally prepared by the mechanical mixing method, in which NiO powder and the
proton-conducting oxide powder were mixed by ball milling. Although this method
is straightforward and cost-effective, themixing of NiO and proton-conducting oxide
might not be homogenous. In addition, the size of the NiO is relatively large. Some
attempts have been carried out to prepare anode powder in wet chemical routes that
could make the powder in a nanometric scale with homogenous distribution of two
phases. Bi et al. [30] have used the NiO-BZY composite anode prepared by the com-
bustion method for protonic SOFCs. In their study, the preparation of the NiO-BZY
anode powder by the wet chemical routes offered a small particle size as well as
a homogenous distribution of NiO and BZY. As a result, the nano-sized NiO-BZY
anode powder showed better performance than that of the NiO-BZY anode powder
with the same composition prepared by the traditional solid-state reaction method. In
addition to the improved electrochemical performance, the nano-sized anode powder
showed better sinterability that allowed the densification of the deposited electrolyte
during the co-sintering procedure. It is known that the BZY suffers from its very
poor sinterability and the sintering for BZY is difficulty, usually requiring high tem-
peratures. However, the high sintering temperature is not feasible for use in the fuel
cell fabrication as the BZY electrolyte is usually co-sintered with the electrode, and
the high sintering temperature could lead to severe interfacial reactions. It is found
that the BZY electrolyte cannot reach dense if the electrolyte film is deposited on
the traditional mechanically mixed BZY-NiO anode, even after sintering at 1400 °C.
However, the situation was changed by employing the wet chemical route prepared
BZY-NiO anode. As the wet chemical route prepared BZY-NiO anode powder is
nano-sized powder, it shows better sinterability than that of mechanically mixed
BZY-NiO anode powder, leading to a higher shrinkage. During the cell fabrication
procedure, the electrolyte and anode are co-sintered and shrink together. The high
shrinkage of the anode could promote the deposited BZY film, allowing the densifi-
cation of the electrolyte without deliberately adding the sintering aids [31]. Similar
workwas also carried out forNiO-BCYanode for protonic SOFCs, and the composite
NiO-BCY also showed excellent electrochemical performance [32].

However, it is also noted that the anode nanomaterials have to be prepared by
wet chemical routes, which are more complicated and less straightforward than the
traditional mechanical mixing routes. The mass production of this kind of powder
is challenging and its application in the practical application seems limited. There-
fore, the use of these nano-sized anode materials as the functional layer instead of
the whole anode could be more proper for practical applications. Bi et al. [33] have
investigated the effect of the anode functional layer on the performance of protonic
SOFCs. In this study, the nano-sized anode functional layer power was prepared
by a combustion method and then fabricated on the anode substrate as a transition
layer for the cell. One can see that the use of the anode functional layer significantly
improves the microstructure for the cell. Obvious cracks appear for the cell without
the anode functional layer, which is probably due to the inhomogeneous distribu-
tion of proton-conducting phase and NiO phase as well as the coarse powder used.
When the anode functional layer was used, the interface of the anode/electrolyte,
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where the electrochemical reaction happens, becomes the interface of the anode
functional layer and the electrolyte. The nano-sized anode functional layer extends
the TPBs compared with the anode due to its small particle size. Furthermore, the
anode functional layer makes an improved contact between the anode part with the
electrolyte layer by eliminating macro-pores at the interface. As a result, both ohmic
resistance and polarization resistance of the cell with the anode functional layer have
been greatly reduced, leading to higher fuel cell performance compared with the
traditional cell without the anode functional layer. It is also true that many high-
performance protonic SOFCs now tend to use an anode functional layer to improve
the electrolyte/anode interfacial contact and thus to enhance the fuel cell performance
[34].

8.4 Cathode Nanomaterials for Protonic SOFCs

Compared with the relatively few researches on anode for protonic SOFCs, the
research on cathode materials for protonic SOFCs is now becoming the major
research topic in the field. Different materials and microstructures are proposed,
aiming to improve cathode performance. For protonic SOFCs in the early years,
people just take the cathode materials that work well in oxygen-ion SOFCs for
protonic SOFCs [35]. Although these cathodes can generate reasonable fuel cell per-
formance, it is not a rational way. In oxygen-ion SOFCs, oxygen ions and electrons
participate the cathode reactions, and the electronic conduction in the cathode is
usually a few orders of magnitude larger than that of the oxygen-ion conduction.
Therefore, the design and discovery of cathode materials with high oxygen-ion con-
duction are critical for cathodes for oxygen-ion SOFCs [36]. However, the cathode
reaction for protonic SOFCs is different from that of oxygen-ion SOFCs, making the
design of the cathode different. Peng et al. [37] have investigated the cathode process
for protonic SOFCs and found that both oxygen-ion migration and proton migration
are involved at triple-phase boundaries (TPBs). Therefore, the development of cath-
ode materials with both oxygen-ion conduction and proton conduction is essential
for high-performance protonic SOFCs. Although most traditional cathode materials
have oxygen-ion conduction and electronic conduction, the proton conduction is not
revealed before and the search of cathode materials with proton conduction is a hot
topic in the community but also quite challenging. Figure 8.6 shows the scheme
for the cathode reaction for protonic SOFCs using oxygen-ion and electron mixed
conductor as the cathode; one can see that the TPBs are restricted at the cathode
and electrolyte interface, which limits the reaction active area and thus restricts the
cathode performance. In order to improve the cathode performance, one of the most
feasible approaches is to couple the cathode material with the electrolyte material,
which could extend the TPBs to the connections where electrolyte and cathode meet.
In this case, the TPBs are extended compared with the single-phase cathode. This
method is widely used in the past decade and even now for protonic SOFCs and
the use of nanomaterials is critical for the enhancement of cathode performance as
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Fig. 8.6 Scheme for the
cathode reaction using
traditional oxygen-ion and
electron mixed conducting
cathodes. Reproduced from
[60] with permission from
The Royal Society of
Chemistry

nanomaterials could enlarge the TPBs compared with the large size cathodes. In the
past two decades, many studies have been carried out to find the suitability of the
cathode for protonic SOFCs and most of the studies use the nano-sized compos-
ite cathode [38]. Usually, wet chemical routes are employed to prepare the cathode
nanomaterials as well as the proton-conducting electrolyte materials, and then, these
two nanomaterials are mixed together to form the composite cathode [39, 40]. Many
different cathode materials were evaluated for protonic SOFCs and they generally
produced decent fuel cell performance [9]. In order to furthermaximize the TPBs, the
impregnation method was employed to coat cathode nanoparticles on the electrolyte
backbone, which allows a further improvement in TPBs and thus higher electro-
chemical performance [41]. This method receives more attention these days due
to its demonstrated suitability of improving the fuel cell performance for protonic
SOFCs. Da’as et al. [42] have used the impregnated Sr-doped LaMnO3 nanopar-
ticles as the cathode for BZY-based fuel cells and the performance is impressive.
In their study, LSM precursor was deposited on the BZY backbone forming the
LSM-BZY composite cathode by an ink-jet printing method (Fig. 8.7). LSM is the
first-generation cathode for SOFCs and it is regarded not appropriate for intermediate
temperature SOFCs due to its pure electronic conducting feature [43]. It is true that
most LSM-based SOFCs have to work at high temperatures (above 700 °C) and the
performance of LSM cathode for BZY-based fuel cells is reported to be low [44].
However, in the study of Da’as et al., the peak power density of the BZY cell using
the LSM nanoparticles reaches 200 mW cm−2 at 600 °C. The power output value
is one order of magnitude larger than that of the same cell using the mechanically
mixed LSM cathode, suggesting the extension of the TPBs by tailoring the particle
size of LSM to nanoscale is the key for the much-improved fuel cell performance.
This study somehow turnovers the traditional thinking that LSM is not proper to
use at intermediate temperatures, extending the application of the LSM material. It
also should be highlighted that although impregnation method for preparing cathode
nanoparticles is widely reported in the community, this study presents an interesting
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Fig. 8.7 Scheme for the preparation of nanoparticles cathodes for proton-conducting SOFCs with
the impregnation method integrated with the ink-jet printing technique. Reproduced from [42] with
permission from Science China Press and Springer-Verlag GmbHGermany, part of Springer Nature

strategy of using ink-jet printing for impregnation [42]. Different from the traditional
manual impregnation method that confronts difficulties in controllability and repro-
ducibility, the impregnation with ink-jet printing technique allows the fabrication of
nanostructured cathodes in a controllable manner in which the whole impregnation
process is carried by the machine. In this case, the cathode fabrication is independent
of the people once the parameters for the ink-jet printer are fixed. Furthermore, the
traditional impregnation method is only suitable for small-scale applications and the
impregnation, and firing procedure has to be repeated several times until the required
loading amount of LSM has been achieved. In the ink-jet printing procedure, only
one step of impregnation and firing procedure is used, saving much time and effort.
Also, the ink-jet printing can precisely control the volume of the drops, and the use of
very tiny drops in the impregnation procedure is feasible. In this case, the backbone
could be coated with a large number of tiny drops that could guarantee the homo-
geneity of cathodes. Although the performance of the fuel cell with the impregnated
LSM cathode has been dramatically improved with the traditional study, the power
output is still not at the top level of the reported protonic SOFCs which is mainly
due to the pure electronic conduction nature of LSM. By using LSM nanoparticles
covering the BZY backbone, indeed the TPBs are extended and the performance is
enhanced. However, it is also noticed that the oxygen-ion can only transport via the
LSM surface while the transportation of oxygen-ion through the bulk is unlikely for
LSM. Therefore, it is reasonable to assume that the fuel cell performance could be
further improved by using the oxygen-ion and electron mixed conductors. Bi et al.
[45] have attempted to use the impregnated Sm0.5Sr0.5CoO3(SSC) cathode for BZY-
based protonic SOFCs. Compared with the almost pure electronic conductor LSM,
SSC is a well-known mixed conductor that allows the diffusion of oxygen ions and
the cathode reaction activity could be much improved with the use of SSC cathode.
By using the SSC nanostructured cathode, the BZY cell generates a high peak power
density of 602 mW cm−2 at 600 °C and this value is one of the largest ever reported
for BZY cells and it is also at the high level for protonic SOFCs (Fig. 8.8). To further
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Fig. 8.8 BZY cells with impregnated SSC as the cathode: a surface and b cross-sectional view.
Reproduced from [45] with permission fromWILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

demonstrate the feasibility of using nanostructured mixed conductors for protonic
SOFCs, the impregnated PrBaCo2O5+x(PBCO) material is also used for BZY-based
cells. It is interesting to find that the PBCO without obtaining the pure phase shows
better performance than that of the cell with pure phase PBCO cathode. Unlike the
SSC material that can form the pure phase at 800 °C, the formation of the PBCO
phase requires a high firing temperature of 1200 °C.However, with the increase of the
calcination temperature, the size of cathode powder inevitably increases. Although
the calcination temperature of 1200 °C could allow the formation of pure phase
PBCO impregnated particles, such a high firing temperature also leads to the loss
of the nanostructure for the cathode. In contrast, the PBCO precursor fired at 800°C
cannot achieve the pure PBCO double perovskite phase but form the BaCoO3 and
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PrCoO3-based intermediates, while the nanostructured of the cathode is maintained.
The BZY cell with the 800 °C fired PBCO cathode shows a record-high performance
of 650 mW cm−2 at 600 °C. This study suggests that the formation of the nanos-
tructured for the cathode sometimes is more important than the formation of the
pure phase of the target cathode material, provided the intermediates still have the
catalytic activity for protonic SOFCs.

However, it should be noted that although nanomaterials were used in these stud-
ies, the extension of TPBs is still limited at the interface of the proton-conducting
phase (normally the electrolyte material in the composite cathode) and electron-
oxygenmixed conducting phase. The use of impregnated nanoparticles as cathode for
protonic SOFCs just further improves the TPB area compared with the mechanically
mixed two-phase composite cathode and it is a microstructure optimization without
using the new materials. According to the reaction mechanism of protonic SOFC
cathodes, the ideal cathode for protonic SOFCs should have the proton, oxygen-
ion, and electron conductions which could extend the reaction active area to the
whole electrode surface instead of only the connection between the cathode phase
and the proton-conducting electrolyte phase, as schemed in Fig. 8.9. Although the
advantage of using materials with proton, oxygen-ion, and electron conductions is
evidently recognized, the development of materials with proton, oxygen-ion, and
electron conductions is quite challenging. Unlike the oxygen–electron mixed con-
ducting materials that are widely available [36], few materials are reported to have
proton, oxygen-ion, and electron conductions and the situation is changed only in
recent years.

The mixed proton-electron conducting materials were firstly designed by tailor-
ing the traditional proton conductor with proper dopants. BaCeO3, which is a well-
known proton conductor, is doped with Bi-element, allowing the material to show
both protonic and electron conduction. Ba(Ce1−xBix)O3 (x = 0.0–0.5) are reported
to show both electronic conduction and protonic conduction [46], although the total

Fig. 8.9 Scheme for the use
of triple-conducting material
(proton, oxygen-ion, and
electron) as the cathode for
proton-conducting SOFCs,
extending the reaction active
area to the whole cathode
surface. Reproduced from
[60] with permission from
The Royal Society of
Chemistry
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conductivity of these materials is relatively low, reaching only about 0.1 S cm−1 at
600 °C. The following work has demonstrated that the use of BaCe0.5Bi0.5O3 mate-
rial as cathode could allow reasonable performance for protonic SOFCs, reaching
321 mW cm−2 at 700 °C with a polarization of 0.28 � cm2 at the same temper-
ature [47]. This power output value is at the high level for protonic SOFCs at the
time reported and the polarization resistance is similar to many composite cathodes
in the literature. It should be noted that only single-phase BaCe0.5Bi0.5O3 material
was used as the cathode instead of the conventional composite cathode, implying
protonic conduction in this material. Otherwise, the polarization resistance could be
huge due to the absence of proton conduction in the cathode [48]. These studies
suggest that the modification of existing proton conductors could be a feasible route
to design cathode materials with proton and electron mixed conductivity. Following
this idea, other materials have been designed and prepared. Compared with the mild
electronic conduction potential of Bi-doping materials, the modification with tran-
sition metal oxides could be a more straightforward way due to the valence change
of the metal elements. Similar to BaCe0.5Bi0.5O3 material, Fe was used as a dopant
to modify the BeCeO3 proton conductor forming the Fe doped BaCeO3 materials
as cathodes for protonic SOFCs [49]. Different phase structures have been obtained
with the different Fe-doping level and the BaCe0.5Fe0.5O3 material shows the best
electrochemical performance. It is also noted that doped BaCeO3 is a well-known
proton conductor but also gets criticized for its poor chemical stability. Therefore, the
modification of stable proton conductors could be a more rational way of designing
the cathodes with proton condition. Rao et al. [50] have used Co-doped BaZrO3 as
the cathode materials for protonic SOFCs. In their research, they have demonstrated
the BaZrO3 material with 40 mol% Co-doping shows superior performance than
that of Sm0.5Sr0.5CoO3-based composite cathode, even though Sm0.5Sr0.5CoO3 is
regarded as one of the most promising cathode materials for intermediate tempera-
ture SOFCs, implying the proton conduction in the material. A similar approach has
been used to dope Pr in BaZrO3, finding that the high concentration of Pr-doping
allows the appearance of electronic conduction for BaZrO3.Moreover, the ionic con-
duction is still maintained for these materials, making them attractive as cathodes for
protonic SOFCs [51]. However, it should be noted that the Pr-doping strategy does
not introduce sufficient electronic conduction to make Pr-doped BaZrO3 to be used
independently, and they have to be used together with other electronic conductors
as the composite cathode. Even in this case, the 30 mol% Pr-doped BaZrO3 used in
the cathode allows an encouraging electrochemical performance [52], making the
use of proton-electron mixed conductor as one of the most interesting directions for
developing cathode materials for protonic SOFCs.

It should be mentioned that the direct measurement of proton conduction in the
cathodematerial is still quite challenging. The directmeasurement of the conductivity
of the material can only give the value of the total conductivity, including electronic
conductivity, oxygen-ion conductivity, and protonic conductivity. In a mixed con-
ductor, such as the cathode material, the electronic conduction is usually a few orders
of magnitude larger than that of the ionic (both oxygen-ion and proton) conductivity,
which makes the value of the total conductivity almost equals to that of the electronic
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conduction. The oxygen-ion conductivity in the mixed conductor could be further
separated by using some strategies, such as oxygen permeation tests or concentra-
tion cell tests in oxygen-containing atmospheres. However, such strategies cannot
be applied for the separation of the protonic conductivity from the total conductiv-
ity. The cathode material tends to decomposes in the reducing atmosphere, so the
tests, such as hydrogen permeation tests or hydrogen concentration cell tests, are
not feasible. As a result, it is difficult to use conventional experimental methods to
measure the specific proton conduction in the cathodes. In order to overcome this
technical difficulty, theoretical approaches have been employed to investigate the
proton mobility in the cathode materials from an atomic point of view.

The density functional theory (DFT) method has been recently employed in the
field of protonic SOFCs to calculate the proton migration ability in the cathode,
which could avoid the technical problems that appeared in experimental approaches
[53, 54]. Wang et al. [55] have evaluated the performance of Sr3Fe2O7−δ as the
cathode for protonic SOFCs. Although Sr3Fe2O7−δ shows similar oxygen-ion con-
duction with the traditional oxygen–electron mixed conductor, its application in
protonic SOFCs shows superior performance suggesting the possible proton migra-
tion in this material. DFT method is employed to investigate the proton migration
energies in this material, suggesting feasibility for proton migration in this mate-
rial. In addition, the Sr3Fe2O7−δ shows a decreased performance when coupling it
with proton-conducting oxide as the composite cathode, indicating the occupancy of
the Sr3Fe2O7−δ by proton-conducting oxide impairs the fuel cell performance. Gen-
erally, the composite cathode using a certain amount of proton-conducting oxide
shows improved electrochemical performance than that of the single-phase cathode,
and this study shows an opposite trend which suggests the different electrochemical
reaction for the Sr3Fe2O7−δ cathode.

To introduce proton conduction in the cathode materials, the evaluation of
hydration ability is another rational approach to screen the possible cathodes
with proton and electron conduction. Poetzsch et al. [56] have measured the pro-
ton uptake of Ba0.5Sr0.5Fe0.8Zn0.2O3−δ from the hydration ability tests, suggesting
Ba0.5Sr0.5Fe0.8Zn0.2O3−δ is a mixed conductor with protonic conduction and the
hydration ability is the key for the protonic conduction. Based on this concept, some
newmaterials have been proposed for protonic SOFCs, aiming to improve the hydra-
tion ability and thus the proton migration ability. Ba0.5Sr0.5Co0.8Fe0.2O3−δ, which is
a high-performance cathode for oxygen-ion SOFCs [57], does not show similar high
performance in protonic SOFCs [58]. It is well known that Ba0.5Sr0.5Co0.8Fe0.2O3−δ

has good oxygen-ion migration ability and the lack of sufficient proton mobility
could be the reason for the low performance for Ba0.5Sr0.5Co0.8Fe0.2O3−δ in pro-
tonic SOFCs. To enhance the proton mobility, one straightforward strategy could
be the improvement of hydration ability in the material. Therefore, K was used as
the dopant for Ba0.5Sr0.5Co0.8Fe0.2O3−δ and K partially replaced Ba in the mate-
rial, aiming to enhance the hydration ability of the material [59]. As K has stronger
basicity than that of Ba, the K-doped Ba0.5Sr0.5Co0.8Fe0.2O3−δ material could pos-
sess higher hydration ability than that of the K-free sample. The hydration abil-
ity tests indicate the Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ has higher hydration ability than
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that of Ba0.5Sr0.5Co0.8Fe0.2O3−δ material. The improved hydration is also demon-
strated from theoretical point of view, in which Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ has
lower hydration energy than that of Ba0.5Sr0.5Co0.8Fe0.2O3−δ. In addition, the pro-
ton mobility investigation carried out by DFT calculations also suggests that the
K-doping strategy changes the proton hopping and rotation energies, leading to an
easier proton migration in Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ. As a result, the protonic
SOFC using the Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ cathode shows an encouraging fuel
cell performance of 1275 mW cm−2 at 700 °C.

Sn and Bi co-doping strategy also shows a similar impact on the cathode. Xia et al.
[60] have usedSn andBi as the co-dopant for traditionalBaFeO3-based cathodemate-
rials. The material shows higher hydration ability with an increased Bi-doping level
until 30 mol%. After that doping concentration, the material cannot maintain a single
phase. Although the doping of Bi could reduce the total conductivity of the sample,
the conductivity value is still higher than 1 S cm−1 at the SOFC testing temperature
range, making it suitable as the electrode for fuel cells.Moreover, the oxygen-ion and
proton migration ability improve with the Bi-doping, allowing the triple-conduction
in the target material. As a result, the cell using the BaFe0.5Sn0.2Bi0.3O3 cathode gen-
erates a high peak power density of 1277 mW cm−2 at 700 °C, which is the highest
ever reported for protonic SOFCs using cobalt-free cathodes.

Besides the design of new materials as cathodes for protonic SOFCs, interfacial
engineering is demonstrated to be important for cell performance. Choi et al. have
used PrBa0.5Sr0.5Co1.5Fe0.5O5+δ as the cathode for protonic SOFCs [61]. Due to the
proton and electron conduction nature of PrBa0.5Sr0.5Co1.5Fe0.5O5+δ, the cell exhibits
high fuel cell performance reaching 800 mW cm−2 at 600 °C. Further, tailoring the
cathode/electrolyte interface with a thin layer of dense PrBa0.5Sr0.5Co1.5Fe0.5O5+δ

(around 100 nm) could boost the fuel cell performance, leading to a peak power
density of 1098 mW cm−2 at the same testing temperature. The fuel cell per-
formance is record-high for protonic SOFCs until now. The addition of the thin
PrBa0.5Sr0.5Co1.5Fe0.5O5+δ layer could improve the contact at the cathode/electrolyte
interface, reducing the ohmic resistance of the cell and thus improving the overall fuel
cell performance. In addition, the improvement in fuel cell performance by adding
the dense PrBa0.5Sr0.5Co1.5Fe0.5O5+δ layer also demonstrates the protonic conduction
in the PrBa0.5Sr0.5Co1.5Fe0.5O5+δ. If the material has no proton conduction, the dense
layer could block the migration of proton from the anode to the cathode side and
then dramatically reduces the fuel cell performance. All the above evidence suggests
that the development of new materials with proton conduction and the optimization
of microstructure are now two hot directions for the cathode designs for protonic
SOFCs

8.5 Conclusions

The discovery of proton conduction in some oxides opens a new door in the solid-
state ionic field and many devices based on proton-conducting oxides have been
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developed. Among all these devices, protonic SOFCs become a hot topic recently
due to their unique advantages over the traditional SOFCs. Nanomaterials now play
more and more important roles in protonic SOFCs, including the utilization of nano-
materials in electrolyte, anode, and cathode. The electrolyte powder is preferred to be
restricted at the nanoscale that will be beneficial for later sintering procedures to pro-
duce high-quality electrolyte membranes. Different methods have been employed to
produce nano-electrolyte powders and wet chemical routes are more favorable than
the traditional solid-state reaction methods. In addition, the microwave method has
been recently used for the synthesis of proton-conducting oxide powders. It is found
that the microwave sintering method could allow the formation of pure phase at
relatively low temperatures with a shorter dwell time compared with the traditional
calcination method. As a result, the size of the electrolyte powder could be further
reduced. Although microwave sintering is not widely used in the community of pro-
tonic SOFCs, its advantages over traditional sintering make it appealing not only in
nano-sized powder preparation but also in electrolyte membrane preparations. The
low preparation temperature not only reduces the particle size for the initial powders
but also depresses metal element evaporations during the co-sintering procedure,
leading to high membrane conductivity and thus high fuel cell performance. Also,
the tailoring of the grain boundary core at sub-nanoscale has been demonstrated to
improve the specific grain boundary conductivity, although now the high-temperature
thermal treatmentmethod is the onlyway to tailor the grain boundary core. The devel-
opment of proper strategies to design the core of grain boundary could be interesting
but also challenging for the improvement of proton-conducting electrolyte materials.

Anode materials are less studied due to the maturity of NiO-based anode. NiO-
based anodes are widely used in protonic SOFCs due to their good catalytic activity
and chemical compatibility. Rather than the investigations on the materials as anode
for protonic SOFCs, the optimization of the microstructure of the anode is critical
for the overall fuel cell performance. The use of the composite nanomaterials as
the anode functional layer is found to be beneficial for the cell performance. The
nano-sized composite anode provides a more active reaction area compared with the
traditional mechanically mixed anode. In addition, the anode functional layer serves
as a transition layer which improves the interfacial contacts between the anode and
the electrolyte layer, reducing the overall ohmic resistance and thus improving the
fuel cell performance.

Among all the key components for protonic SOFCs, cathodes are mostly inves-
tigated. Nanomaterials are widely used in this aspect, including the fabrication of
nano-sized cathode particles and the design of novel cathode materials with protonic
conduction. The use of the impregnation method could deposit cathode nanoparti-
cles on the electrolyte backbone, allowing the extension of TPBs compared with
the traditional mechanically mixed composite cathode. Moreover, one recent study
demonstrates that the maintenance of nanoparticles for the cathode is somehowmore
important than the formation of targeting structure, provided the intermediates still
have sufficient catalytic activities. Due to the different reaction mechanisms of cath-
odes for protonic SOFCs compared with that for traditional oxygen-ion conducting
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SOFCs, the introduction of proton conduction is the key to the development of high-
performance cathodes for protonic SOFCs. Different strategies have been proposed,
aiming to enhance the proton migration ability and also the hydration ability of the
materials, and it is believed that this area will be still the hot topic for protonic SOFCs
in the following years.
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Chapter 9
Thermo-Responsive Nanomaterials
for Thermoelectric Generation

Wei-Di Liu, Jin Zou and Zhi-Gang Chen

Abstract In the past decades, as an emission-free technique capable of realiz-
ing direct energy conversion between heat and electricity, thermoelectric materi-
als/applications have attracted extensive attention. The efficiency of thermoelectric
modules/devices is dominated by the material dimensionless figure of merit, zT. zT
of thermoelectric materials can be enhanced through both optimizing carrier trans-
portation properties and refraining the lattice thermal conductivity. Module design
can also influence the energy conversion efficiency. Proper module design, such as
segmented or cascade design, can effectively utilize the potential of composingmate-
rials. Furthermore, through proper device design, the thermoelectric modules can be
designed as both flexible and rigid types and applied in both niche and macro-fields.

9.1 Introduction

Since the discovery of the Seebeck effect more than two hundred years ago, thermo-
electric materials, capable of direct energy conversion between heat and electricity
without direct environment pollution, have attracted extensive research interest [1, 2].
The direct energy conversion between heat and electricity has enabled thermoelec-
tric materials promising substitution/supplementation for fossil fuels. For example,
thermoelectric generator can be used for the waste heat recovery in various sectors,
such as vehicle engines and power plants, which may boost the energy utilization
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efficiency of the entire system, and in turn suspend greenhouse gas emission and
relevant pollution [1, 3–5].

Efficiency of thermoelectric materials is dominated by the dimensionless figure
of merit, zT:

zT = S2σ

κ
T, (9.1)

where S, σ , κ and T are the Seebeck coefficient, electrical conductivity, total thermal
conductivity and absolute temperature, respectively [6–8].S2σ is defined as the power
factor to identify the electrical performance and κ is contributed by the electrical (κe)
and lattice thermal conductivity (κ l): κ = κ l + κe. The κe = LσT, where L is the
Lorenz factor [9–11]. Apparently, thermal and electrical performance is interrelated
with eachother, so that enhancing zT lies in the optimization of electrical performance
and minimizing κ l. In terms of the electrical performance, based on the parabolic
band and energy-independent scattering approximation (generally suitable formetals
and degenerate semiconductors), S can be expressed as [12]:

S =
(
8π2k2B
3eh2

)
m∗

(
π

3nH

) 2
3

T (9.2)

where kB is the Boltzmann constant, h is the Plank constant, e is the elementary
charge, T is the absolute temperature and nH is the carrier concentration. σ is also
related to nH and can be described as [13, 14]:

σ = 1/ρ = nHeμ. (9.3)

As can be seen, both S and σ are strongly related to nH. Although high nH may
lead to high σ , it can also decrease S. μ is related tom* to some degree.m* increases
when the material has the flat, narrow bands at the Fermi surface [15, 16]. The
relationship between m* and μ is complex and related to the electronic structure and
the carrier scattering mechanisms [17–19]. Due to the complex relationship between
these factors, optimization of electrical performancemainly lies in optimizing carrier
transport properties, especially approaching an optimized nH under certain m*.

Efficiency of thermoelectric devices is defined on the basis of energy input and
output. For example, for a thermoelectric generator, its efficiency is defined as the
ratio of energy provided to the load to the heat absorbed at the hot junction. In a ther-
moelectric refrigerator, the efficiency is simply defined as the maximum temperature
drop which can be calculated as [20]:

�Tmax = zT 2
c

2
, (9.4)

where zT c is average zT. Efficiency of thermoelectric refrigerator may also be
expressed in the form of the coefficient of performance (COP) [21]:
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COP = Tc
Th − Tc

·
√
1 + zT̄ − Th

Tc√
1 + zT̄ + 1

, (9.5)

where T̄ is the average temperature between hot side (Th) and cold side (Tc), and zT̄
is the calculated zT under average temperature. Efficiency of thermoelectric power
generator, ηe, is similar with COP of thermoelectric refrigerator [21]:

ηe = Th − Tc
Th

·
√
1 + zT̄ − 1√
1 + zT̄ + Tc

Th

. (9.6)

Both efficiencies of thermoelectric power generator and refrigerator are limited
by the Carnot efficiency, εc [21]:

εc = Th − Tc
Th

. (9.7)

As can be seen, ηe ismainly determined by zT, the intrinsic property of thematerial
itself and the applied temperature, where the later part is mainly up to the applica-
tion conditions and temperature stability of the material. Hence, the development
of thermoelectric materials has been focused on searching for materials with nat-
urally high zT values under certain temperature or on enhancing zT of composing
thermoelectric materials. Figure 9.1a shows ηe of thermoelectric power generators
as a function of the hot-side temperature under different zT of composing materi-
als and the cold-side temperature is 300 K [22]. For the purpose of comparison, 1c
(upper-limit efficiency of heat engine) is shown in Fig. 9.1a. Under current peak zT
(~2) of most state-of-the-art thermoelectric materials and a temperature difference
of ~800 K, the estimated ηe of thermoelectric power generator can approach as high
as ~20%. Note that this value is still lower than 1c [23]. Therefore, more efforts are
needed on further enhancing zT of thermoelectric materials.

9.2 Recent Advances in Thermoelectric Materials

Electrical performance of thermoelectric materials has been effectively enhanced
via band convergence [24], superionic conductivity [14], modulation doping [25],
electron-energy filtering effect [26], quantum confinement [27] and resonant effect
[28]. Simultaneously, reducing κ l via nanostructuring [8], phonon-glass electron-
crystal (PGEC) [29], hierarchical architecture engineering [30] and nanoprecipita-
tions [31] further increases zT values. Recently, high-performance thermoelectric
materials with high zT values under various temperature range have been identified,
including skutterudites [32], half-Heusler alloys [33–35], clathrates [36], semicon-
ducting oxides [37, 38], silicides [39–42], polymers [43], chalcogenides [14, 44–47]
and single-element thermoelectric materials [48], which have been summarized and
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Fig. 9.1 a Energy conversion efficiency (ηe) of a thermoelectric power generator as a function
of the hot-side temperature under different zT of the composing thermoelectric materials, b and
c temperature-dependent zT of p-type and n-type state-of-art thermoelectric materials [14, 32, 33,
35, 36, 38, 41, 42, 44, 45, 48, 49, 67, 68, 70, 81–84], respectively, where HMS is higher manganese
silicide and LAST stands for lead-antimony-silver-telluride. dCost of thermoelectricmaterials [20].
Reproduced with permission [22]. Copyright 2018, John Wiley and Sons

shown in Fig. 9.1b and c. Although encouraging zT values of over 2 have been
achieved in various thermoelectric materials, such as a zT value of 2.5 at ~923 K for
Pb0.98Na0.02Te–8% SrTe [49], the zT values are still far below their theoretical pre-
dictions [50]. Additionally, ηe of thermoelectric devices/modules is not competitive
enough when comparing with other alternative/traditional energy sources [51, 52].

Traditionally, most thermoelectric materials are highly toxic or expensive, which
have limited their wide applications. In the synthesis of traditional thermoelectric
materials, high-purity earth-rare elements are generally required coupled with com-
plex synthesis process, which increases the cost. Figure 9.1d summaries the costs of
thermoelectric materials, in which costs of producing 1 kg traditional Bi0.52Sb1.48Te3
nanobulk and AgPb18SbTe20 are US$125 [53] and US$84 [53], respectively. Corre-
spondingly, the cost of generating thermoelectric power can be estimated as ~US$5
per W [20]. Hence, regardless of the long development history of thermoelectrics,
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its applications have been limited in niche areas, mainly focusing on out-space mis-
sions [54] and refrigerations [55]. Furthermore, nearly all state-of-art thermoelectric
materials are composed of earth-rare or toxic elements, such as expensive Bi [2, 7,
10, 38, 44, 56–65] and carcinogenic Pb [31, 49, 66–71]. In recent years, devel-
opment of nontoxic and low-cost thermoelectric materials has drawn increasing
attentions, especially the industrial attention. Inspired by this, earth-abundant and
less-toxic thermoelectric materials, such as eco-friendly SnTe [1, 72–74], Cu2Se [9,
75], Cu12Sb4S13 [76], Cu2ZnGeSe4 [77], Cu2CdSnSe4 [78], and silicides [40, 79],
(including Mg2Si [41] and higher manganese silicide (HMS) [80–82]) have been
widely explored in recent decades.

9.3 Electrical Performance Enhancement

Electrical performance of thermoelectric materials is generally enhanced via the
carrier transport property optimization under certainm* [16, 22]. Here, we take HMS
as an example for detailed discussion. In the single parabolic band model, under the
assumption of the κ l value of ~1 W m−1 K−1 [82], the calculated zT values of HMS
are shown in Fig. 9.2a, in which the reduced m* increases the zT values and suspend
the level of optimized nH. The optimized level of nH for HMS lies close to 1 × 1021

cm−3. When m* is ~7·m0 (m0 is the rest mass of an electron), under state-of-the-art
lowest κ l of HMS [82], a peak zT of as high as ~1 can be achieved. As reported,
the reduced m* can be achieved in Re-doped/alloyed HMS [85]. However, the low
solubility of Re in HMS (<4%) has limited further reduction ofm* in HMS [85]. The
nanoprecipitations will reduceμH andmodify carrier scatteringmechanism [85–87].
When introducing liquid quenching into HMS synthesis, the doping level of Re can
be effectively enhanced in HMS, leading to further increased electrical performance
and zT value [82]. A peak zT of as high as ~1 has been achieved at ~800 K with
16.5% Re in Re-doped HMS [82].

nH optimization is the most commonly employed strategy for enhancing the elec-
trical performance of thermoelectricmaterials [12]. nH is generally tuned by introduc-
ing dopants of different valence electron counts (VECs) comparing with the matrix
element. For example, VEC [88] has been employed to tune nH of HMS via employ-
ing Al to substitute Si [89–91], and Fe [92], W [81], Cr [93–96] to substitute Mn.
Kikuchi et al. [93] definedVEC ofMn1−xCrxSiγ as VI·x+ (1− x)·VII+ γ ·IV, where
VI, VII and IV are the VECs of Cr, Mn and Si, respectively, where the nH data are
not available. Referring to this definition, VEC of Mn(Si1−xAlx)1.80 can be defined
as VII + 1.80·(1 − x)·IV + 1.80·x·III, where III is the VECs of Al. Figure 9.2b and
c shows that decreasing VEC in p-type HMS via Al/Si substitution leads to unfilled
bonding orbitals or anionic states (valence band) which would subsequently increase
nH [93, 97]. The enhancement of nH has further increased σ and zT. By tuning VEC,
nH of HMS can be adjusted in a wide range. Based on this concept, through Fe-
alloying, VEC increases subsequently [81, 92, 98], and the intrinsic p-type HMS can
be even converted into n-type [99]. Limited by Fe solubility in HMS, peak zT of
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Fig. 9.2 a The hole carrier concentration (nH) dependent dimensionless figure of merit (zT ) at
900 K under different effective mass (m*) values, b a schematic diagram of Al/Si substitution in
higher manganese silicide (HMS) increases the nH [89], c the nH of Al doped/alloyed HMS as a
function of estimated valence electron count (VEC) [89] and d Re doping level (x) dependent nH
of Re-doped HMS [85]. Reproduced with permission [22]. Copyright 2018, John Wiley and Sons

the as-synthesized n-type HMS is only ~0.07 at 650 K [92]. However, the combina-
tion with liquid quenching and W-doping has further increased the Fe solubility and
maximized the zT value of n-type HMS to ~0.5 [81].

Apart from tuning VEC, nH can also be adjusted via isoelectronic dopants. In
HMS, isoelectronic doping can disturb the arrangement of Si/Mn sublattice, leading
to the formation of stacking faults [100], which subsequently modifies the density
of states (DOS) near the Fermi level [100, 101], nH and σ , leading to increased S2σ
and zT. This is possibly due to bond softening induced by either larger atomic radius
or smaller electronegativity difference [85, 102]. A typical case is Re-doped/alloyed
HMS, as shown in Fig. 9d. nH increases with increasing the Re doping level, leading
to enhancing σ , S2σ and zT [85]. Additionally, an ultra-high σ has been achieved
via Re-supersaturation in Re0.165Mn0.835Si1.75, resulting in a peak S2σ of ~22Wm−1

K−2 above 800 K [82]. With simultaneously reduced κ l, a peak zT of ~1 above 800 K
has been achieved in Re-supersaturated HMS. Similarly, Zhou et al. [100] and She
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et al. [103] have also demonstrated the increased nH, σ , S2σ and zT via substituting
Si/Ge substitution.

Regardless of the influence of changed m* and optimized nH, electrical perfor-
mance of thermoelectric materials can be modified via the resonant doping. For
example, in In-doped SnTe, S values of all the In-doped samples lie far above the
Pisarenko line, indicating that In-doped SnTe has a modified band structure [104,
105]. According to the Mahan–Sofo theory [105]:

S = π2

3

kB
e
kBT

{
1

nH

dnH(E)

dE
+ 1

μ

dμ(E)

dE

}
E=EF

(9.8)

where EF is the Fermi energy. Increasing n(E), via a local increase in DOS, S
increases. For example, in SnTe, the resonant doping, distortion of the DOS near
the Fermi level, is effective in enhancing S without affecting nH [1, 104, 106–109].
For a given thermoelectric material, the hybridizations of electrons between dilute
impurity and the host valence or conduction band can generate the resonant energy
level [107], which can locally increase DOS over a narrow energy range at the Fermi
level, leading to increased S. In SnTe-based thermoelectric materials, In can produce
a resonant state in the valence band and increases S due to the increased DOS near
the Fermi level, as schematically illustrated in Fig. 9.3a [1]. Figure 9.3b shows the
calculated DOS of In-doped and pristine SnTe [107], where high DOS is observed
near the Fermi level in In-doped SnTe comparing with pristine SnTe. Figure 9.3c and
d shows that In resonant doping can enhance the S2σ and zT of SnTe, respectively
[107].

Furthermore, the band structure convergence has also enhanced S. Figure 9.4a
shows a schematic diagramof doping-modified band structure of SnTe,where the sig-
nificantly reduced energy offset between heavy and light valence bands (�EVB, L-
)
by converging two valence bands has allowed the heavy hole to participate in the
electron–hole transport and increased S [1, 105, 107, 110, 111]. Figure 9.4b, c and
d shows temperature-dependent S, S2σ , and zT of Mn-doped SnTe [112], Ca-doped
SnTe [113], Mg-doped SnTe [111] and pristine SnTe [111]. Mg-doping can reduce
the energy offset between heavy and light valence band from ~0.375 to 0.18 eV,
leading to enhanced S, S2σ and zT [1, 111]. Similar results have also been reported
in Ca- and Mn-doped SnTe with increased S, S2σ and zT [1].

9.4 Lattice Thermal Conductivity Suspension

To increase zT, except for carrier transport property optimization (leading to enhanced
electrical performance), reducing κ is also necessary. As κe is directly related to
σ which has been considered in the electrical performance optimization, κ can
be further reduced via lowering κ l. This is generally realized strengthening the
phonons scattering with various wavelengths. This can be achieved by introduc-
ing corresponding multi-scale phonon scattering centers, including mesoscale ones



276 W.-D. Liu et al.

Fig. 9.3 a Schematic diagram of the distortion of density of states (DOS, g(E)). The green and red
lines stand for the DOS of pristine SnTe and In-doped SnTe (with resonant energy levels from In;
EF = Fermi energy level), respectively, b change of DOS in SnTe due to the resonance states [107],
c power factor (S2σ ) and d dimensionless figure of merit (zT ) of the In-doped SnTe comparing with
pristine SnTe [104]. Reproduced with permission [1]. Copyright 2017, John Wiley and Sons

(secondary phases [114] and pores [115]) to nanoscale ones (nanoprecipitates [31],
nanopores [115], or nanograins [34]) and atomic-scale ones (points defects) [85].

Figure 9.5a illustrates the influence of atomic-scale point defects on phonon scat-
tering, where the mass and radius fluctuation and subsequently rising strain field can
effectively scatter short-wavelength phonons and reduce κ l. Take an example of Cu
heavily doped SnSe, where Cu-doping has induced lattice defects. Figure 9.5b and c
shows transmission electron microscopy (TEM) images of the dislocations and the
strain field that are possibly induced by point defects. They can effectively scatter
short-wavelength phonons, leading to reduced κ l as shown in Fig. 9.5d. The inset
suggests that κ l has nearly linear relationship with 1000/T regardless of the Cu-
doping level which indicates that the phonon scattering in Cu heavily doped SnSe
is still dominated by the Umklapp phonon scattering. The reduced κ l has increased
optimized zT as shown in Fig. 9.5e where proper doping results in nH approaching
to the optimized level and in turn leading to enhanced zT [116].

Figure 9.6a schematically shows the influence of meso- and nanoscale phonon
scattering centers that scatter long and middle wavelength phonons to reduce κ l
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Fig. 9.4 a Schematic of band convergence of two valence bands, b Seebeck coefficient (S), c power
factor (S2σ ) and d dimensionless figure of merit (zT ) of Mn-doped SnTe [112], Ca-doped SnTe
[113], Mg-doped SnTe [111] and pristine SnTe [111]. Reproduced with permission [1]. Copyright
2017, John Wiley and Sons

[22]. Figure 9.6b is the calculated phonon mean free path (MFP) and accumulated
κ l as a function of phonon wavelength reciprocal of HMS [117]. The accumulated
κ l sharply increased with the reducing phonon wavelength, indicating the increase
of phonon energy [117]. This is attributed to higher DOS of high energy phonons
[117]. Meanwhile, indicated by the slope increment of phonon MFP versus energy,
the effective suspension of κ l in HMS lies in strengthening the scattering of short-
wavelength phonons (<10 nm) [117]. Additionally, as shown in Fig. 9.6b, reducing
HMS grain-size smaller than 20 nm can effectively scatter phonons with high MFP,
leading to reduced κ l [117]. Chen et al. [118] also pointed out that grain-boundary
scattering in the scale of ~10 nm may help to approach the glass-like κ l in HMS.

As discussed above, nanoengineering can effectively increase the density of grain
boundaries and subsequently strengthen corresponding phonon scattering, leading
to reduced κ l [34, 39, 41, 45, 49, 58, 119]. For instance, in HMS, to introduce
nanoprecipitations, nanosized secondary phases, nanopores and reduce the grain size
of HMS, different methods, including ball milling [120], melt spinning [87] or one-
step spark plasma sintering (SPS) [121–123], have been employed. Ball milling,
as a high energy and low-temperature synthesis method, has attracted extensive
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Fig. 9.5 a Schematic diagram of reducing lattice thermal conductivity (κ l) by atomic-scale phonon
scattering centers. Reproducedwith permission [22], Copyright 2018, JohnWiley and Sons. bHigh-
resolution transmission electron microscope (HRTEM) image of Cu heavily doped SnSe with a
dislocation shown in the inset, c transmission electron microscope (TEM) image of Cu heavily
doped SnSe with clear strain field, d T-dependent κ l with inset of 1000/T-dependent κ l of Cu
heavily doped SnSe and e comparison of experimental zT values with predicted plots for Cu-doped
SnSe pellet [116]

research interest in synthesizing HMS nanocrystals [120, 123, 124]. Chen et al.
[120] demonstrated that ball milling can achieve the HMS grain size as small as
~90 nm after the milling time of ~18 h [120]. Figure 9.6c shows κ l of ball-milled
HMS with different milling time. With prolonging the milling time (from 2 to 18 h),
the grain size of HMS has dramatically reduced from ~500 to ~90 nm, which has
subsequently decreased κ l from ~2.4 to ~2.0 W m−1 K−1 at 700 K [120]. Further
prolonging the milling time can introduce contaminations from jars and balls as well
as MnSi impurities due to decomposition of HMS [125, 126], in turn deteriorating
S2σ and zT [120]. However, with simultaneously reducedμH and S2σ , the reduction
of κ l via nanoengineering itself fails to enhance zT [120]. Additionally, as illustrated
in Fig. 9.6c, nanoprecipitations are also effective in reducing κ l of HMS. MnSi1.75
with MnSi nanoprecipitates (~50 nm in size) can reduce κ l from ~2 to ~1.5 W m−1

K−1 at 700 K [87].
Apart from nanograins and nanoprecipitates, nanosized poresmay also effectively

scatter phonons and suspend κ l. As an example, Fig. 9.7a and b shows scanning elec-
tron microscopy (SEM) and TEM images of SnSe with a high density of nanopores,
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Fig. 9.6 Schematic diagram showing a meso- and b nanoscale phonon scattering centers leading
to reduced lattice thermal conductivity (κ l), c calculated relationship between phonon mean free
path (MFP), accumulated κ l and reciprocal of phonon wavelength of higher manganese silicide
(HMS) under 800 K [117], d the effect of nanoengineering in reducing κ l of HMS, where BM is
ball milling and MS stands for melt spinning [85, 87, 90, 103, 120]. Reproduced with permission
[22]. Copyright 2018, John Wiley and Sons

which has led to reduced κ l (Fig. 9.7c). Such a κ l reduction in porous SnSe is
attributed to simultaneously reduced specific heat (CV), minimum phonon mean free
path (lmin) and sound velocity (ν), as the κ l can be expressed as:

κl = 1

3
Cvνlmin. (9.9)

It should be noted that κ l of porous SnSe is much lower than the calculated
minimum κ l (κ l,min, 0.36, 0.33, and 0.26 W m−1 K−1 along the b-, c-, and a-axes
of SnSe single crystals) using a classical Debye-Cahill model, respectively, due to a
high density of nanopores. The inset of Fig. 9.7c shows the plot of 1000/T-dependent
κ l for all porous SnSe, from which all κ l values show a roughly linear relationship,
indicating that the Umklapp phonon scattering plays a critical role in SnSe. With
the κ l reduction, zT at the optimized nH has been effectively enhanced (Fig. 9.7d),
where nH has not changed obviously [127].
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Fig. 9.7 a SEM image with inset of a magnified SEM image of SnSe-4% nanopores pellets;
b magnified TEM image to see one typical nanopore of SnSe; c lattice thermal conductivity (κ l)
with inset of 1000/T-dependent κ l for SnSe-x % nanopores pellets (x = 0, 1, 2, 3, 4 and 5); and
d comparison between experimentally achieved dimensionless figure of merit (zT) values with
predicted values via calculations. The yellow dashed line indicates the best carrier concentration
(nH) to achieve peak zT [127]. Reproduced with permission [127]. Copyright 2018, American
Chemistry Society

As a combination of different scattering centers on meso-, nano- and atomic-
scale, hierarchical architectural engineering can more effectively scatter phonons,
leading to ultralow κ l [30]. For example, optimizing atomic substitution in PbTe,
as illustrated in Fig. 9.8a, can lead to a zT value of 1.1 at 775 K (with 2 mol%
Na) [28, 30, 128, 129]. The maximum zT has increased to 1.7 at 800 K with further
introducing 2–10nmSrTenanoprecipitations [30]. This enhanced performance stems
from the fact that the nanoprecipitations may impede the heat flow in this system
while maintain the carrier mobility nearly unaffected. Nanostructuring can scatter
phonons with short and medium wavelengths (3–100 nm) effectively, leaving the
longer wavelength phonons un-scattered. Additional κ l reduction can be achieved
by further scattering the longer wavelength phonons (0.1–1 mm, mesoscale) with
grain boundaries. Experimentally, grain-boundary phonon scattering has effectively
improved thermoelectric performance of PbTe [30].
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Fig. 9.8 a Maximum achievable dimensionless figure of merit (zT ) values of PbTe-based thermo-
electricmaterials for the respective length scales: the atomic scale (alloy scattering: red, Te; blue, Pb;
green, dopant), the nanoscale (PbTe matrix, gray; SrTe nanocrystals, blue) to the mesoscale (grain-
boundary scattering). By combining the effects of atomic-scale alloy doping, endotaxial nanostruc-
turing and mesoscale grain-boundary control, maximum phonon scattering can be achieved at high
temperatures and the figure of merit can be increased beyond the value possible with nanostruc-
turing alone; b contributions of phonons with different mean free paths to the cumulative κ l value
for PbTe. Phonons with short, medium and long mean free paths can be scattered by atomic-scale
defects, nanoscale precipitates and mesoscale grain boundaries, respectively [30]. Reproduced with
permission [30]. Copyright 2012, Springer Nature

9.5 Efficiency of Prototype Thermoelectric Modules

As a prerequisite for further applications of thermoelectric materials, prototype ther-
moelectric modules have been constantly assembled, and their actual energy conver-
sion efficiencies have been evaluated. Figure 9.9 summarizes ηe of thermoelectric
modules made of HMS and other thermoelectric materials working from room-
temperature to ~800 K. In the FeSi2/HMS system under a temperature difference
of 600 K, limited by low zT of FeSi2 n-type leg, the ηe is only ~3% [130]. When
employingMg2(Si,Sn) as the n-type legs, simulation results illustrate that ηe of HMS
and Mg2(Si,Sn) thermoelectric module can approach a value >7%, where the cold-
side temperature is 298 K and temperature difference falls in the range of 400–700 K
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Fig. 9.9 Energy conversion efficiency (ηe) of thermoelectric modules composed of higher man-
ganese silicide (HMS) and other thermoelectric materials [130, 132–134], where BTS stands for
Bi2-xSbxTe3 andBST stands for Bi2-xSbxTe3, inset is a schematic diagram of the segmented thermo-
electric module composed of n-type Mg2Si0.4Sn0.6 and p-type Mo, Al and Ge-doped HMS single
crystal parallel to c-axis [132]. Reproduced with permission [22]. Copyright 2018, John Wiley and
Sons

[131]. Ikuto et al. [132] experimentally demonstrated that ηe achieved over 7.3%, as
shown in the inset of Fig. 9.9.

Peak zT values of different thermoelectric materials lie within different tempera-
ture ranges, when taking this into consideration of maximizing ηe of thermoelectric
modules, segmented design of joined thermoelectric materials with different opera-
tional temperature is a general strategy [133]. One thermoelectric module employ-
ing HMS and Bi2−xSbxTe3 as the p-type leg materials and Bi-doped Mg2Si and
Bi2Te3−xSex as the n-type leg materials has been assembled [133]. However, the ηe

value of segmented designed module is only ~4.6% under the temperature difference
of 500 K [133], which has been attributed to the low zT of Bi-doped Mg2Si (0.5)
at the working temperature of ~773 K [133]. More interestingly, stacking cascade
module employing Bi2Te3-based modules (p-type Sb2Te3 based alloy and halogen-
doped n-type Bi2Te3-Bi2Se3 alloy) and silicide modules (Sb-doped Mg2Sn0.4Si0.6
and Mo, Al and Ge-doped HMS) has approached an ηe as high as 12.1% [134].

9.6 Devices and Applications

Thermoelectric modules have been further assembled into devices and employed in
various sectors. With wide potential applications, flexible/bendable thermoelectric
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devices based on both flexible thermoelectric materials and bulk inorganic thermo-
electric materials have attracted extensive research interest. While employing ther-
moelectric generators substituting batteries (TEGs, Fig. 9.10a, b), durable power
supply can be secured for devices [4, 135]. For the practical applications, TEGs need
to become highly flexible and tailoring-convenient which leads to better adaptability
and processability. For these goals, thermoelectric devices can be assembled via the
following techniques: deposition or printing as films or on flexible bases (Fig. 9.10c),
or assembling niche TEG modules on the flexible bases via advanced microfabrica-
tion techniques, as demonstrated in Fig. 9.10d and e [4, 136]. Figure 9.10e shows a
flexible TEG module containing 72 thermoelectric couples, in which a high power
output density of ~4.78 mW cm−2 is achieved when the temperature difference is
only 25 K [4, 137].

Figure 9.11a shows a portable thermoelectric energy conversion unit (TECU) of
a thermal envelope covering a human body, and Fig. 9.11b schematically illustrates
the detailed functioning process of TECU. As can be seen, the ambient air is cooled
down (under the cooling mode) or heated up (under the heating mode) within TECU
before supplied to the human body through a tree-like rubber tube network that is
knitted into a thermoregulatory clothing [142]. The performance of TECU has been
tested on a non-sweating thermal manikin under 298 K. Figure 9.11c and d shows the

Fig. 9.10 a Schematic diagram of wearable thermoelectric generator (TEG) working mechanism.
Reproduced with permission [138]. Copyright 2016, Royal Society of Chemistry. b An example
of TEG powered wearable device. Reproduced with permission [139]. Copyright 2009, AIP Pub-
lishing. c An example of paper-based TEG device. Reproduced with permission [140]. Copyright
2017, Elsevier. d and e Schematic and photo of a flexible TEG assembled with inorganic modules
[4]. Reproduced with permission [141]. Copyright 2016, American Chemical Society
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Fig. 9.11 a Photo of a thermoregulatory clothing with tree-like tube network connected to the
thermoelectric energy conversion unit (TECU) and knitted into the clothes. b Schematic diagram of
working mechanism of the TECU. c and dUnder cooling/heating mode, energy consumption of the
manikin with TECU turned off and turned on [142]. Reproduced with permission [142]. Copyright
2018, Elsevier

test results under cooling and heating modes. While employing the same electrical
energy input for each test, in the cooling mode, energy consumption of the manikin
with TECU turned off and on is 93.1 W and 117.7 W, respectively. Hence, TECU
has approached a personal cooling power of 24.6 W. In the heating mode, energy
consumption of the manikin with TECU turned off and on is 94.2 W and 75.7 W,
respectively. Thus, the achieved heating power for TECU is 18.5 W. As can be seen,
the thermal manikin test demonstrated that TECU can function as a personal air
conditioner effectively [142].

Thermoelectric modules can also be employed in other applications, including
vehicles and water condensation systems. Figure 9.12a illustrates that the efficiency
of the combustion engine is smaller than 30% due to heavy waste heat of the entire
system. With the thermoelectric devices, the waste heat can be collected and re-used
effectively, leading to improve the system efficiency and reducing the CO2 emission.
The re-collected waste heat could be used as electrical energy and powering the
electrical systems in vehicles, such as air conditioner [4, 143].

As discussed above, exhaust TEGs are capable of converting waste heat into
electricity from the exhaust gas, where ~40% of the energy are from fuel combustion
(Fig. 9.12a). The temperature of exhaust gas can approach as high as 1073 K. Even



9 Thermo-Responsive Nanomaterials for Thermoelectric Generation 285

Fig. 9.12 a Typical energy path for combustion engines. Reproduced with permission [148]. Copy-
right 2009, Springer USA. b Schematic diagram of a heat exchanger for exhaust gas energy recol-
lection employing thermoelectric generators. Reproduced with permission [149]. Copyright 2017,
Elsevier. cA schematic concept of regenerative thermoelectric generators. Reproducedwith permis-
sion [150]. Copyright 2017, Elsevier. d Automotive air-conditioning seat in vehicles. Reproduced
with permission [151]. Copyright 2013, Nature Publishing Group

in the downstream, it is still higher than 500 K. Such a high temperature is sufficient
to secure a stable hot side for thermoelectric module [4, 143]. As illustrated in
Fig. 9.12b, in an exhaust TEG, the thermoelectric modules are highly integrated with
the heat exchangers whose function is identifying the thermal flux of the exhaust gas,
heating the hot side of the thermoelectric modules, cooling down the cold side and
enabling the optimized working condition of the thermoelectric modules to achieve
a high-density power output. To maximize the heat gain, heat exchangers should be
composed of high κ materials. To secure effective heat transfer and sufficient exhaust
flow, rational geometry design of the heat exchangers is also necessary. Furthermore,
as illustrated in Fig. 9.12c, the exhaust gas can be recirculated to suit thermoelectric
modulesworking under low temperature and further enhancing the energy conversion
efficiency of the entire system [4].

The dominating challenge of TEG-commercialization lies in their low efficiency
(<5%). In the 1990s, by employing commercialBi2Te3-based thermoelectricmodules
with an efficiency of ~5%, 1 kW exhaust TEGs were designed [144]. By the 2000s,
themaximumpower point trackingwas applied toTEGsystems,which canmaximize
the electrical power stored in the battery and improve the power output [4]. Since
then, extensive efforts have been devoted to optimizing the design of exhaust TEGs
for higher efficiency. Furthermore, the energy efficiency of vehicle-applicable TEGs
has been improved by twoways: (1) employing coolant water (363–383 K) as well as



286 W.-D. Liu et al.

charge air cooler outlet gases (423 K) as the heat source for low-temperature thermo-
electric modules and (2) introducing the thermoelectric cooling device (also known
as the automotive climate control system as illustrated in Fig. 9.12d) in automotive
air-conditioning [145–147].

In the future, with the development of high zT and low-cost thermoelectric mate-
rials, novel technology and rational design, efficiency of the exhaust TEGs can be
further increased. When efficiency of TEGs reached ~20%, it should reach to the
point that can be widely employed and significantly resolve environmental pollution
and suspend greenhouse gas emission [4].

Apart from the above-mentioned applications, thermoelectric devices can also be
applied in water condensers to collect clean water frommoist air directly, and in turn
solve the challenge of global water deficiency. For the Peltier cooler, a temperature
drop as large as 81 K is feasible at room-temperature, which can enable the appli-
cations of thermoelectric modules for water condensers [4]. Efficiency optimization
of the Peltier coolers requires proper control on the current input and temperature
difference between hot/cold sides. For this reason, a temperature controller assem-
bled to the system is necessary. In addition, employing solar cells as power source
can achieve self-sufficient solar-driven water collection. Such a design will make
the system more attractive and competitive, especially under extreme environment
conditions without extrinsic power supply. Figure 9.13a illustrates such integrated
water condenser systems that can supply as much as 1 L of water per hour in high
humidity areas [4, 152].

Fig. 9.13 Schematic diagrams of a a thermoelectric water condensation system powered by solar
cells, b a solar water distiller to generate humid air. Reproduced with permission [4]. Copyright
2018, John Wiley and Sons
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Additionally, thermoelectric modules can also convert undrinkable water into
drinkable ones, such as seawater. Figure 9.13b shows the schematic diagram of solar
distiller system, in which the seawater can be effectively evaporated by the sunlight.
Subsequently, themoisture can be transported into thermoelectric condenser systems,
which will condense as drinkable water. This system can be applied the situation
where the climate is dry with undrinkable water sources. It should be noted that
further purification may be also necessary when the undrinkable water is heavily
contaminated. In the future, with the ever-growing demand of drinkable water, the
market of thermoelectricwater condensers and relative assemble systemsmust attract
increasing attention with the advantage of utilizing undrinkable water sources or
moist air.

Figure 9.14a shows that thermoelectric module powdered devices can be also
employed in niche areas, such as implantable medical devices. Since the electrical
energy level required by implantable/wearable devices is only several microwatts
to milliwatts, TEGs may easily fulfill this requirement and power relevant devices.
Figure 9.14b illustrates that the power source of implantable TEGs lies in the tem-
perature difference between human body cores and the skin surfaces. In compari-
son, the power source of wearable TEGs is mainly temperature difference between
the skin and surrounding air [4]. Limited by the low zT values of thermoelectric

Fig. 9.14 a Schematic diagram of implantable pacemaker, b schematic diagram of an implantable
thermoelectric generator in muscle and human body, c schematic diagram of the thermoelectric gas
sensor. Reproduced with permission [4]. Copyright 2018, John Wiley and Sons. d Optical image of
a micro gas sensor assembled by Au/SnO2–Co3O4 catalyst on the Si membrane and e its voltage
signal against varied CO and H2 gas concentration. Reproduced with permission [154]. Copyright
2016, Elsevier
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materials while working under human body temperatures and the small tempera-
ture difference across the device, the output power of implantable/wearable TEGs is
not competitive. In recent years, with the development of high-performance thermo-
electric materials as well as advanced microfabrication technologies, application of
implantable/wearable thermoelectric devices is becoming more promising.

In general, implantable/wearable thermoelectric devices have also been applied
in other niche areas, such as signal detectors. Capable of heat signal detecting from
catalytic reactions, thermoelectric devices can be applied in gas sensors. Figure 9.14c
illustrated a thickfilmNiO-basedH2 sensor [153]. In thisH2 sensor, half of the surface
is coated with Pt thin film acting as catalyst, which will react with H2 and release
heat, create a hot region, subsequently generate a thermoelectric voltage across the
hot/cold side and alert the leakage of H2. Such a film gas sensor has shown sensitivity
for promising applications in gas control and alarm systems. Besides, SiGe film,
monodispersed SnO2 nanoparticles, Pt/alumina catalyst and chalcogenide nanowire
arrays [4] have also been developed for H2 sensing. Note that sensors designed
based on monodispersed SnO2 nanoparticles are also response to ethanol and NOx.
Additionally, as shown in Fig. 9.14d and e, double AuPtPd/SnO2 and Pt/Al2O3

catalyst and Au/SnO2–Co3O4 on a micro-thermoelectric sensor are employed for
CO gas sensors. For the purpose of detecting hydrocarbon, porous alumina-based
sensorswere developed. Dual-catalyzed Pd/θ-Al2O3 and Pt/α-Al2O3 system, capable
ofH2 andCH4 detecting, can be applied inmonitoring fuel gas combustion. These gas
sensors have extensive potentials for commercialization. Moreover, thermoelectric
devices can be combined with a heat-pulse method to measure the soil specific heat
and moisture.

9.7 Conclusion and Outlook

Since the discovery of thermoelectric phenomena more than centuries ago, thermo-
electric materials, capable of direct energy conversion between heat and electric-
ity without direct environment pollution, have attracted extensive research interest.
However, limited by the performance and high cost of material, the wide appli-
cations of thermoelectric materials still require further in-depth research. Low-
cost thermoelectric materials, such as silicides, are future promising candidates for
commercialization, although their performance is not competitive currently.

The performance enhancement of thermoelectric materials lies in two parts: elec-
trical performance optimization and κ l suspension. Decreasing the effective mass
can lead to enhanced optimized zT value. With proper nH optimization via vari-
ous doping, optimized zT values could be approached. In recent years, strategies,
including band convergence and resonant doping, have been proposed which could
further enhance electrical performance of thermoelectric materials. Suspending κ l

of traditional thermoelectric materials mainly lies heavy element doping induced
mass/radius fluctuations and strain field. Nanoengineering including nanograins,
nanoprecipitates and nanopores could effectively reduce κ l. The combination of point
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defects, nanograins and macro-grains, named hierarchical architectural engineering,
κ l of thermoelectricmaterials could be further reduced.With simultaneously reduced
κ l and optimized electrical performance, the zT value of thermoelectric materials
could be effectively enhanced. Composing thermoelectric materials into modules
properly could effectively utilize employed thermoelectric materials and approach
the peak energy conversion efficiency.

Under appropriate cost and performance consideration, thermoelectric materials
could be applied in various areas. With bendable matrix material, thermoelectric
modules can be assembled into bendable/flexible device and applied as power gener-
ator for niche applications, such as watches. Traditional thermoelectric devices could
also be applied in other areas, such as individual air-conditioning clothes, vehicle
waste-energy recovery, water condensing system, implantable pacemakers and gas
sensors.
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