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Preface

The rapidly increasing demand for flexible electronics, portable energy harvest-
ing/storage systems, autonomous sensors, soft robotics, and wearable and biomed-
ical devices has stimulated the need of electrode materials to be integrated on
nonconventional substrates such as flexible and soft polymers, textiles, fabrics, and
biomaterials.

The low cost, abundance, and facile processing routes make nanoporous carbon
electrodes ideal candidate for these applications. In fact, the structural properties
of carbon-based nanomaterials in terms of porosity, specific surface area, and
phase, combined with their mechanical, conductive, and catalytic properties, show
promising results for a wide range of applications where soft, autonomous, and
sustainable systems are necessary.

This book provides a timely and in-depth review of some of the main topics
and trends about the use of carbonaceous materials as high performing and cost-
effective ingredients for large scale technological implementation of devices. In
order to serve as a reference source for a multidisciplinary community working at
the development of sensors, energy harvesting and storage devices, actuators, etc., in
this book, we focus our attention to the electrical and structural properties of porous
carbonaceous materials, and how production and characterization approaches can
lead to systems with tailored properties. In particular, we concentrated on enhanced
interfacial interactions between fluids and the solid walls of the materials promoted
by the high surface area available in the porous matrix.

This book addresses systems relevant for autonomous devices requiring efficient
energy production and managing such as carbon-based flexible electronics with
reduced power consumption. Carbon fiber electrodes are promising materials to
be integrated into flexible batteries and carbon nanotubes-based flexible dual-
material gate (DMG) technology. Carbon-based ion-gated transistors (IGTs) are
also presented as enabling ingredient for the fabrication of energy harvester/storage
microsystems due to their low-voltage operational characteristics, in view of the
development of autonomous sensors with multiple functionalities on a single chip,
that is, Systems on a Chip (SoC).

v



vi Preface

A very important issue is the sustainable production of energy: the case of car-
bonaceous materials integrated into microbial fuel cells is presented and discussed
in view of scale-up of this technology. The focus will be on the most recent findings
and incorporation of lightweight, robust, and biocompatible carbon fiber electrodes
in the form of carbon veil both as the anode and cathode counterparts and their
suitability in larger-scale designs.

Fabrication methods allowing to control the internal and external structure of
the functional properties carbon-based systems will be discussed with particular
attention to carbon-based filler and matrices integrated into sensor architectures.
Solutions enabled by smart production approaches such as laser-induced graphene
(LIG) for stretchable applications in soft piezoresistive, electrophysiological, and
electrochemical sensors are also presented.

Finally, the last two chapters discuss and summarize the characterization of
porous carbon films’ growth mechanisms highlighting the achievement of the
fine control of the morphological properties that regulate mass transfer rates in
catalytic devices, electron diffusion pathway in dye-sensitize solar cells, double-
layer organization of the electrolyte in electrochemical devices, and performance of
gas sensors.

Milan, Italy Francesca Borghi

Bologna, Italy Francesca Soavi

Milan, Italy Paolo Milani
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Chapter 1
Carbon Nanotubes for Flexible Fiber
Batteries

Ye Zhang, Tingting Ye, Luhe Li, and Huisheng Peng

Abstract The development of various wearable flexible electronic devices has
become an important trend of modern electronics. Fiber batteries are seen as one
of the most promising power supplies for powering these wearable electronics
due to their flexible, lightweight, breathable, and weavable features. The key to
achieving flexible fiber batteries lies in constructing flexible electrodes. Among
many promising materials, carbon nanotubes, which have the merits of lightweight,
flexible, conductive as well as large specific surface area, are widely used to
produce fiber electrodes for flexible fiber batteries. In this chapter, the preparation
and the properties of carbon nanotube fibers are firstly described. Subsequently,
the application of carbon nanotube fiber for flexible fiber lithium-ion batteries,
lithium-metal batteries, aqueous-metal batteries, and other batteries are summarized
from the aspects of working principle, fabrication process, and electrochemical
properties. Finally, the issues of flexible fiber battery need to be conquered also
have been discussed for future development.

Keywords Carbon nanotubes · Flexible · Fiber electrodes · Fiber batteries ·
Lithium-ion batteries · Lithium-metal batteries · Aqueous-metal batteries

Y. Zhang (�) · T. Ye · L. Li
National Laboratory of Solid State Microstructures, Jiangsu Key Laboratory of Artificial
Functional Materials, College of Engineering and Applied Sciences, Nanjing University, Nanjing,
China
e-mail: yezhang@nju.edu.cn

H. Peng
State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular
Science and Laboratory of Advanced Materials, Fudan University, Shanghai, China

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
F. Borghi et al. (eds.), Nanoporous Carbons for Soft and Flexible Energy Devices,
Carbon Materials: Chemistry and Physics 11,
https://doi.org/10.1007/978-3-030-81827-2_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81827-2_1&domain=pdf
mailto:yezhang@nju.edu.cn
https://doi.org/10.1007/978-3-030-81827-2_1


2 Y. Zhang et al.

1.1 Brief Introduction

Flexible devices such as wearable electronics and smart clothes have emerged as
an important branch of modern electronics and represented a promising direction
for the future lifestyles. These devices would be directly worn on the human body
and work stably under complex deformations. As a result, the corresponding power
systems that match flexible devices should be miniaturized, flexible, and adaptable.
To meet these requirements, the configuration of batteries has recently evolved
from rigid three-dimensional bulks to flexible two-dimensional films, and finally
to super-flexible one-dimensional fibers. Compared to three-dimensional bulks and
two-dimensional films, these new fiber batteries can more effectively adapt to
complex deformations such as bending, folding, twisting and stretching during use,
and they may be also woven into breathable power textiles if necessary.

The key to realizing fiber batteries is the development of effective fiber elec-
trodes. Carbon nanotube (CNT) fibers have been widely studied to simultaneously
demonstrate high electrical conductivity, Young’s modulus and tensile strength with
large specific surface area as CNTs are aligned along the axial direction to extend
their remarkable properties to macroscopic scale. In the development of flexible
fiber batteries, the CNT fibers are usually used as supporting frameworks for active
materials and current collectors to transport charges. This chapter summarizes the
use of CNT fibers for fiber lithium-ion batteries, lithium-metal batteries and aqueous
metal-air batteries.

1.2 Carbon Nanotubes

Since discovered in 1991, one-dimensional CNTs have captured enormous attention
from researchers worldwide [1]. Depending on the wall numbers, CNTs are
classified as single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs).
SWCNTs can be idealized as a hollow cylinder rolled up with a 2D hexagonal
lattice of C atoms along with one of the Bravais vectors. MWCNTs consist of
concentric cylinders with an interlayer spacing of 0.32–0.35 nm [2]. Attributed
to the superb electrical conductivity, Young’s modulus, tensile strength, thermal
conductivity, and large specific areas, CNTs have been broadly adopted as electrode
materials, conductive additives, and flexible current collectors in various energy
storage devices [3–6]. For flexible fiber batteries, aligned CNT fibers are commonly
used to act as skeletons to support active materials and current collectors for charge
transport.
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Fig. 1.1 (a) Scanning electron microscopy image of dry-drawing CNT bundles from a super-
aligned CNT array. (a) From [30]. Reprinted with permission from Elsevier. (b) The three-
dimensional electron hopping model in CNT fibers. (c) The simulated stress distribution of CNT
fibers and carbon fibers under the same bending condition. (d) Single CNT fiber and scanning
electron microscopy image of nanometer-sized gaps formed among CNTs. (e) Multiply fiber and
scanning electron microscopy image of micrometer-sized gaps among building CNT fibers. (f) A
spring-like fiber and scanning electron microscopy image of micrometer-sized gaps among screw
threads. (b-f) From [21]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim

1.2.1 Preparation of Carbon Nanotube Fibers

CNT fibers were produced through various methods, including dry-spinning from
aligned CNT array, direct spinning from CNT aerogel, wet spinning and filtering
from suspension [7–10]. Compared to the others, CNT fibers dry-spun from the
CNT array possess the merits of superior mechanical and electrical properties,
which will be emphasized in the following section.

Dry-spinning of CNT fibers involves distinctive CNT precursors, spinnable CNT
arrays, also named super-aligned CNT forests. In 2002, Jiang et al. reported a self-
assembled CNT fiber produced by simply drawing out from a super-aligned CNT
array and demonstrated its application as the filament and polarizer [7]. Great efforts
have since been devoted to this specific field for its broad applications in various
electronics and energy storage devices.

Figure 1.1a displays a scanning electron microscopy image of a spinnable
CNT array. The CNT array was vertically aligned to the substrate, and the CNT
bundle was directly drawn out from the side of the array. Generally, the spinnable
CNT array was synthesized via chemical vapor deposition (CVD). A buffer layer
(Al2O3, ZnO, MgO, etc.) was firstly deposited on a silicon wafer to prevent the
penetration of catalyst into the substrate and limit the mobility and Ostwald ripening
of catalyst particles, which were critical for controlling the diameter and wall
number of the CNTs [11–13]. Subsequently, the catalytic iron layer of several
nanometers in thickness was deposited by electron-beam/thermal evaporator at a
low evaporation rate. Afterward, the CVD process was carried out in a furnace with
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carbon source and carrier gas. Typically, the synthesis of the spinnable CNT array
included two stages: the pretreatment of catalyst, in which the thin catalyst layer
formed dense nanoparticles of small and uniform diameters; the growing stage,
during which the carbon source was pyrolyzed and formed carbon clusters at high
temperature. Carbon caps first appeared when these carbon clusters diffused into
catalyst particles and reached a saturated state, and then they formed CNTs when
more carbon clusters diffused into the catalyst. Meanwhile, amorphous carbon was
also formed on the catalyst surface, which inhibited the diffusion of carbon clusters.
Consequently, the catalyst lost its activity when fully covered by amorphous carbon,
leading to growth termination. Properly extending the growth time before catalyst
deactivation by introducing a small number of weak oxidants, such as water and
ethanol, helps to produce higher CNT arrays [14–16]. After the final cooling stage,
a spinnable CNT array can be taken out from the furnace to fabricate CNT fibers.

Studies have confirmed that a spinnable CNT array should have a clean surface,
oriented arrangement, suitable density and proper length, which crucially depend on
the catalyst. An appropriate thickness of the catalyst layer ensures catalyst particles
of the right size, which impacts the diameter, orientation and length of the CNTs.
Besides, the temperature, gas content/flow rate, pretreatment and growth time are
all required to be optimized to synthesize the spinnable CNT array [17].

Under the optimized condition, suitable interaction and entanglement will
emerge among neighboring CNT bundles, which are pivotal to dry-drawing the CNT
sheet from the array [18]. CNTs in the CNT array tend to aggregate into bundles due
to van der Waals forces among CNTs. The bundles are disrupted and redistributed
by the flowing gas in the dynamic CVD process, leading to a unique structure where
CNT bundles interpenetrate between two neighboring bundles. When a CNT bundle
was pulled out by the external force, the CNT bundles that penetrated between
adjacent bundles would be divorced and gathered at the ends of the bundles, which
sufficed for peeling off the proximate CNT bundles. Therefore, CNT sheets can be
produced by continuously drawing out CNT bundles. By further twisting the CNT
sheet, a flexible and conductive CNT fiber was available.

1.2.2 Properties of CNT Fibers

Aligned CNT fibers show conductivities of ~104 S·cm−1, which are higher than
those of conductive polymer fibers (<102 S·cm−1) and close to those of metal
wires (105 S·cm−1). The high conductivities of CNT fibers are attributed to the
special hierarchical structure, i.e., individual nanometer-sized CNTs, CNT bundles,
and macroscopically continuous CNT fibers. This hierarchical structure allows the
electrons to conduct in a three-dimensional hopping model (Fig. 1.1b) in CNT fibers
instead of being confined in a one-dimensional channel as normal linear nanotubes
[19].

The excellent mechanical properties of CNT fibers include high strength and low
bending stiffness. The tensile strength of an individual CNT is ~100 GPa. In the
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hierarchically aligned structure, the CNT bundles inherited the ultrahigh strength
of individual CNTs, and the effective interactions among CNT bundles kept the
strength of the CNT fibers at the GPa order. Bending stiffness can be used to
measure the flexibility of the fiber through the equation D = (π × d3 × E)/64,
where d is the diameter of fiber and E is Young’s modulus. The Young’s modulus
is decreased from 1.8 TPa of individual CNTs to 400 MPa of CNT fibers in the
hierarchical structure. The bending stiffnesses of CNT fibers rang from 1.76 × 10−7

to 1.23 nN·m2, even matching with the bending stiffnesses of tissues (from neuron,
1.57 × 10−5 nN·m2 to muscle, 3.77 × 10−3 nN·m2) [20]. Furthermore, different
from the severe stress concentration in carbon fiber, the stresses are uniformly
distributed in CNT fibers during bending (Fig. 1.1c) [21].

Compared with metal wires and conductive polymer fibers, the CNT fibers
exhibit larger specific surface areas due to the abundant nanometer-sized gaps
formed among the CNTs (Fig. 1.1d) [22]. The active materials can be loaded onto
the CNT fibers by electrodeposition, electron beam evaporation, or co-spinning [23,
24]. High loading of 90% was achieved by directly impregnating the suspensions
of active nanoparticles into the aligned CNT sheets, followed by twisting the sheets
into a CNT fiber [25–27]. Furthermore, twisting several CNT fibers into a multiply
fiber can form micrometer-sized gaps among single CNT fibers (Fig. 1.1e). And
larger micrometer-sized gaps were formed by over-twisting multiply fiber into a
spring-like fiber (Fig. 1.1f) [22]. This unique structure of CNT fibers enabled a high
loading of active materials and rapid transport of electrolytes when used as a flexible
skeleton and current collector for the fiber electrode.

Besides, the catalytic activity of CNTs for both oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) makes them suitable for air electrodes in
fiber metal-air batteries. The high specific surface area and porous framework of
aligned CNT sheets afford abundant reaction sites and effectively gas diffusion
channels. High-efficiency catalysts, such as Ag, MnO2 and RuO2 nanoparticles
were deposited to further improve their catalytic performances [28, 29].

Benefiting from superior mechanical and electrical properties and large specific
surface areas, CNT fibers made by dry-spinning demonstrated their immense merits
in producing flexible fiber energy storage devices, which significantly promoted the
development of flexible and wearable electronic devices in recent years.

1.3 Flexible Fiber Batteries

1.3.1 Lithium-Ion Batteries

The lithium-ion battery is a kind of secondary lithium battery, which uses interca-
lated electrode material instead of lithium metal to realize the movement of lithium
ions between the cathode and anode during the charge-discharge process. Generally,
lithium-ion batteries use lithium-alloy metal oxide (LiCoO2, LiMn2O4, LiNiO2
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and LiFePO4) as cathode, graphite or Li4Ti5O12 as the anode, and non-aqueous
electrolyte consisting of lithium salts (e.g., LiPF6 and LiTFSI) and organic solvents
(e.g., ethylene carbonate, propylene carbonate, dimethyl carbonate, ethyl methyl
carbonate and diethyl carbonate). During the discharge process, lithium ions move
from the anode, migrate through the electrolyte, and insert into the cathode. At the
same time, electrons move from the anode to the cathode along the external circuit.
While in the charging process, lithium ions return to the anode from the cathode.
The energy delivery and storage of the lithium-ion battery are realized via this
reversible process. Lithium-ion batteries have become one of the most ubiquitous
power supplies for most electronic devices due to their superiority of high energy
density, no memory effect, long life cycle, high working voltage, and environmental
benignity.

1.3.1.1 Fiber Electrodes

The key to constructing fiber lithium-ion batteries is to prepare effective fiber
electrodes. The fiber electrode requires the active materials to be stably anchored
on the electrically conductive substrate. The substrate should also exhibit high
flexibility and stability. The CNT fiber can effectively act as a skeleton to support
active materials and a current collector for charge transport. Here, we discuss
the process of obtaining fiber electrodes from aligned CNT fiber through several
examples and analyze their structures and electrochemical performances.

The first fiber electrode based on CNT fiber was obtained by electrochemical
deposition of MnO2 nanoparticles on the CNT fiber in an aqueous solution [23].
The flower-shaped MnO2 nanoparticles were uniformly strewn over the surface
of CNT fiber, and the content of MnO2 varied from 0.5 wt% to 8.6 wt% by
adjusting the number of electrochemical deposition cycles. The CNT/MnO2 hybrid
fiber exhibited structural stability and electrical conductivity during the deformation
process. The electrochemical performance of the hybrid fiber was investigated with
a lithium wire as the anode in 1 mol·L−1 of LiPF6. The CNT/MnO2/Li battery
had a discharge platform of 1.5 V vs. Li/Li+, and the specific capacity reached
218 mAh·g−1 based on the whole mass of the CNT/MnO2 electrode. However, the
limited flexibility and security issue of lithium wire anode considerably restricts the
practical application.

Silicon is a promising anode material due to the high theoretical capacity of
4200 mAh·g−1 and low lithiation potential within 0.2–0.4 V vs. Li/Li+. As shown
in Fig. 1.2a, silicon was deposited onto the outer surfaces of CNT sheets to form
a core-sheath structure through electron beam evaporation, and then the hybrid
sheets were twisted into a CNT/Si hybrid fiber [24]. The amount of silicon was
controlled by the sputtering time. The decent flexibility of hybrid fiber enabled it to
withstand repeated deformation without apparent damage, which also remarkably
removed the shackle of lithium metal wire on the development of flexible fiber
batteries. The CNT/Si hybrid fiber with silicon (38.1 wt%) displayed a voltage
plateau around 0.4 V vs. Li/Li+ and a specific capacity of 1670 mAh·g−1 at 1.0
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Fig. 1.2 (a) Preparation of the CNT/Si hybrid fiber and its scanning electron microscopy images
at low and high magnifications. (b) Voltage profiles of CNT/Si fiber electrode vs. Li/Li+. (a, b)
From [24]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(c) Preparation of the CNT/LiMn2O4 hybrid fiber and its scanning electron microscopy images
at low and high magnifications. (c) From [27]. Reprinted with permission from the Royal Society
of Chemistry. (d) Voltage profiles of CNT/LiMn2O4 fiber electrode vs. Li/Li+. (d) From [32].
Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A·g−1 (Fig. 1.2b). However, due to the volume change of silicon, the capacity
decayed rapidly, which merely maintained 32% after 100 cycles. To solve this
problem, the silicon-deposited CNT sheet was sandwiched between two bare CNT
sheets and further scrolled into a hybrid fiber in a layered structure [31]. The bare
CNT sheets performed as a buffer against volume expansion and immobilized the
silicon layer. The CNT/Si/CNT hybrid fiber delivered a high delithiation capacity
of 1523 mAh·g−1 at 2 C and more than 85% of the capacity was retained after
400 cycles.

Another method to construct hybrid fibers was directly impregnating the sus-
pensions of active nanoparticles such as LiMn2O4 into the aligned CNT sheets,
followed by twisting the sheets into a CNT/LiMn2O4 hybrid fiber [25, 27, 32].
As shown in Fig. 1.2c, a large amount of LiMn2O4 nanoparticles (e.g., 90%
for LiMn2O4 in weight) were uniformly dispersed in the aligned CNTs. The
electrochemical performance of the hybrid electrode is displayed in Fig. 1.2d. The
CNT/LiMn2O4 electrode exhibited a high discharge voltage plateaus of 4.0 V vs.
Li/Li+. The specific capacity of the CNT/LiMn2O4 electrode was 72 mAh·g−1 and
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remained 86.8% after 100 cycles at 0.1 mA·cm−1 due to the improved structural
stability during the lithiation/delithiation processes.

1.3.1.2 Fiber Lithium-Ion Batteries

Benefitted from the fiber electrodes, a large number of flexible fiber lithium-ion
batteries have been assembled. Here, we mainly introduce the assembling method
of fiber lithium-ion batteries and demonstrate their application prospect in wearable
electronic devices via their electrochemical performance, flexibility, stretchability,
and weavability.

A coaxial fiber lithium-ion battery was assembled based on the CNT/Si/CNT
hybrid anode and CNT/LiMn2O4 hybrid cathode [31]. The fiber electrodes were
sequentially wound onto a cotton fiber separated with a gel electrolyte layer and
covered with a shrinkable tube as the protective layer. The fiber lithium-ion battery
featured a working voltage of 3.4 V, and the initial specific capacity reached 106
mAh·g−1. The capacity retention was also improved due to the stable CNT/Si/CNT
anode. Besides, the fiber lithium-ion batteries could be woven into textile subjected
to bending.

A more viable fiber lithium-ion battery was assembled in a parallel structure
[25]. The CNT/Li4Ti5O12 and CNT/LiMn2O4 hybrid electrodes, acting as anode
and cathode respectively, were assembled with a poly(vinylidene fluoride) separator
then encapsulated by a heat-shrinkable tube. The spinel Li4Ti5O12 and LiMn2O4
featured small volume changes during the lithiation and delithiation processes,
demonstrating high cyclic stability. The high lithiation potential of 1.5 V vs. Li/Li+
for Li4Ti5O12 could effectively avoid the dendrite formation on the anode surface.
Therefore, this lithium-ion battery exhibited spectacular electrochemical perfor-
mance and no safety issues were caused by lithium dendrites. The discharge voltage
plateau of the battery was 2.5 V, and the specific capacity was 138 mAh·g−1, which
retained 85% after 100 cycles. The fiber battery was also flexible and able to remain
97% capacity after bending for 1000 cycles. However, the lack of stretchability
makes it difficult for practical application in various wearable electronic devices.
Therefore, the parallel CNT/Li4Ti5O12 and CNT/LiMn2O4 electrodes were further
winded around an elastic poly(dimethylsiloxane) fiber substrate and coated gel
electrolyte to assemble a stretchable fiber lithium-ion battery [27]. The stretching
process was essential for the stretched elastic substrate to increase the two fiber
electrodes’ pitch distance. The winding structure remained unchanged, attributed to
the effective anchoring of the gel electrolyte. The specific capacity of this stretchable
fiber lithium-ion battery was 91 mAh·g−1 and could be maintained by up to 88%
after stretching by 600%. However, an elastic substrate’s introduction increased the
battery’s total weight and volume and resulted in poor electrochemical properties
and narrow operating temperature.

Intrinsically stretchable fiber electrodes are the key to making stretchable fiber
batteries without using an elastic substrate. To this end, new hybrid fiber electrodes
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Fig. 1.3 (a) Schematic illustration of a stretchable fiber lithium-ion battery based on CNT hybrid
fiber springs. (b) Scanning electron microscopy images of the CNT fiber springs before and
after stretching for 100%. (c) Dependence of specific capacitance on stretching number. (a-c)
From [32]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(d) Schematic illustration of the structure of a fiber aqueous lithium-ion battery. (e) Charge
and discharge curves of the fiber aqueous lithium-ion battery under increasing current rates
(1C = 183 mA·g−1). (f) Energy textile woven with fiber aqueous lithium-ion batteries under
bending, folding and twisting. (d-f) From [33]. Reprinted with permission from the Royal Society
of Chemistry

with springs structure were used to achieve stretchable fiber lithium-ion batteries
[32]. As shown in Fig. 1.3a, two spring-like fibers were prepared by over-twisting
CNT/LiMn2O4 and CNT/Li4Ti5O12 fibers together, which were separated and
filled by gel electrolyte. The spring-like fibers with uniform coiled loops could
be elongated over 300% (Fig. 1.3b). The battery exhibited a discharge voltage
plateau of 2.5 V and a specific capacity of 92 mAh·g−1, which could be maintained
by 92.1% after 100 cycles. The specific capacity was maintained 85% after a
100% strain and varied by less than 1% after stretching for 300 cycles (Fig. 1.3c).
Compared with stretchable fiber batteries based on a polymer substrate, the volume
and weight of this lithium-ion battery were decreased by appropriately 400% and
300%, respectively, making it more suitable for portable and wearable electronic
applications.

Lithium-ion batteries using flammable and toxic organic electrolytes suffer from
risks of combustions and explosions caused by short-circuiting during deformation,
which is a huge challenge that has hindered their potential applications. Although
gel electrolytes can solve this problem, the ionic conductivity is much lower
than the liquid electrolyte. A fiber aqueous lithium-ion battery assembled with
CNT/polyimide (PI) hybrid fiber anode, CNT/LiMn2O4 hybrid fiber cathode, and
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lithium sulfate solution electrolyte (Fig. 1.3d) avoided the safety issue and delivered
an ultrafast charge and discharge compared with the previous fiber organic lithium-
ion batteries [33]. PI determined capacitor-like properties of this fiber aqueous
lithium-ion battery, and the rapid reaction of CNT/PI hybrid fiber resulted in
excellent electrochemical performance. The battery exhibited a discharge voltage
platform of 1.4 V at 10 C, and the specific discharge capacity reached 123 mAh·g−1

based on the mass of PI (Fig. 1.3e). The ultra-high power density of 10,218 W·kg−1

exceeded those of most supercapacitors, and the energy density of 49 Wh·kg−1 was
also comparable to those of thin-film batteries. As shown in Fig. 1.3f, this fiber
aqueous lithium-ion battery could be woven into various flexible structures, such as
textiles, and be bent, folded and twisted.

Fiber lithium-ion batteries based on CNT fibers have made significant progress
in electrochemical performance. Their excellent flexibility, stretchability and weav-
ability have attracted increasing attention in wearable electronics. However, many
efforts should be made to meet the needs of practical applications. On the one hand,
active materials with higher theoretical specific capacities can be incorporated to
improve batteries’ capacity and energy density. The capacity compatibility of the
cathode and anode also requires attention to maximize their superiority. On the
other hand, high-performance gel electrolytes should be developed to replace liquid
electrolytes.

1.3.2 Lithium-Metal Batteries

Lithium-metal batteries are batteries that use lithium metal as the anode. Due to
the extremely reactive property of lithium metal, the processing, storage and use of
lithium-metal batteries have very strict requirements on the environment. Here we
mainly introduce flexible fiber lithium-sulfur batteries and lithium-air batteries.

1.3.2.1 Lithium-Sulfur Batteries

Lithium-sulfur batteries using sulfur cathode have attracted significant attention
due to their high theoretical energy density (2600 Wh·kg−1) and capacity (1675
mAh·g−1). In the discharge process, lithium ions migrate toward the cathode and
react with sulfur to produce lithiated polysulfide compounds (Li2Sx). Due to the
intrinsically non-conducting nature of sulfur and the soluble polysulfides (Li2Sx),
the cathodes usually introduce the second component (e. g., TiO2, metal-organic
frameworks, polyethylene dioxythiophene, polyaniline, carbon nanomaterials, etc.)
as the conducting substrate and sulfur host [34].

A fiber lithium-sulfur battery was assembled with a fiber CNT/S (GO/CMK-
3@S) hybrid electrode [35]. The preparation of hybrid cathode was similar to that
of CNT/LiMn2O4, and the sulfur content reached 68 wt% due to the lightweight of
CNT fiber and CMK-3 particles, which was favorable for maintaining high energy
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Fig. 1.4 (a) Schematic illustration of a fiber lithium-sulfur battery’s structure and its photographs
in bending and twisting states. (b) Open-circuit voltages of a fiber lithium-sulfur battery being
bent from 0◦ to 180◦. The inserted photographs display a red LED lit up by the battery bent at
different angles. (c) Electrochemical performance comparison of this battery with previous fiber
lithium-ion batteries. C0, initial capacity specified to the total weight of cathode; E, energy density
specified to the total weight of cathode, which is obtained by multiplying C0 and V; CN/C0, the
capacity retention after cycling. (a-c) From [35]. Reprinted with permission from Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic illustration of the fabrication of a fiber
Li-air battery. (e) Photographs of the flexible battery under bending. (f) Output voltage of the
Li-air battery during the dynamic bending process. (d-f) From [37]. Reprinted with permission
from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Photograph of a fiber Li-air battery
powering an LED after immersing into water. (h) Discharge/charge curves of a fiber Li-air battery
before and after immersing in water with and without polyethylene film. (i) Six fiber Li-air battery
was woven into cloth to charge a smartphone. (g-i) From [36]. Reprinted with permission from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

density. The sulfur hybrid cathode had a voltage plateau of 2.0–2.1 V and excellent
cyclic stability. After being paired with lithium wire (Fig. 1.4a), the fiber lithium-
sulfur battery exhibited no apparent difference of open-circuit voltages during
bending and could light up a red LED at different bend angles (Fig. 1.4b). The
battery outputted a discharge voltage platform of 2.1 V, and the specific discharge
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capacity reached 714 mAh·g−1 based on the total weight of the cathode. The high
energy density of 1500 Wh·kg−1 was 2–6 times higher than reported fiber lithium-
ion batteries (Fig. 1.4c).

1.3.2.2 Lithium-Air Batteries

The lithium-air battery is one of the most commonly studied metal-air batteries
due to its unique high theoretical specific energy density of 3500 Wh·kg−1, which
is 5–10 times higher than conventional lithium-ion battery batteries. Commonly,
a flexible fiber lithium-air battery is composed of a lithium metal anode, gel
electrolyte, and air cathode. CNT sheet is widely utilized as the air electrode
due to its superior conductivity, tolerable catalytic activity and gas permeability.
The lithium-air battery’s primary reaction mechanism is ascribed to the reversible
formation and decomposition of Li2O2 (2Li+ + O2 + 2e− � Li2O2, 2.96 V vs.
Li/Li+) [36].

In a typical fabrication process of the flexible fiber Li-air battery, a gel electrolyte,
which consists of lithium salts and organic polymers, was firstly coated on a lithium
wire in an argon-filled glove box as the separator to prevent the oxidation and
corrosion of active lithium wire [37]. Subsequently, the dry-drawn CNT sheet
from the aligned CNT array was wrapped on the electrolyte, functioning as the air
electrode. A punched heat-shrinkable tuber was lastly packed exterior to the whole
fiber device to prevent damages (Fig. 1.4d). The thickness of the wrapped CNT sheet
needs to be well controlled to optimize the battery’s performance, as a thin CNT
sheet will result in a high electrical resistance air electrode and a thick CNT sheet
will lead to low O2 diffusion efficiency. A Li-air battery with an optimized CNT
sheet air electrode performed with a high specific capacity of 12,470 mAh·g−1 at a
current density of 1400 mA·g−1. The discharge voltage remained almost unchanged
with a cutoff capacity of 500 mAh·g−1 over 100 cycles. Due to the existence of
lithium wire, the battery showed limited flexibility, and was able to be bent from
0◦ to 90◦ (Fig. 1.4e). The output voltage can be stably operated under a dynamic
bending and releasing process at a speed of 10 degrees every second (Fig. 1.4f).

Generally, the Li-air battery’s poor cyclability mainly resulted from the side
reaction of the Li2O2 with moisture and carbon dioxide in ambient air, which
produced chemically stable Li2CO3 that gradually accumulated to accelerate the
failure of the Li-air battery. Besides, the organic components in the electrolyte
are also easy to react with the moisture, leading to reduced service life. To
tackle these challenges, a low-density polyethylene film was wrapped on the CNT
surface to prevent water erosion before the packaging of the heat-shrink tube,
and a gel electrolyte with LiI as a redox mediator was used to facilitate the
electrochemical decomposition of Li2O2 during discharge [36]. The polyethylene
film’s nonpolar molecular structure delivered a high permeability for the nonpolar
O2/CO2 molecules while preventing polar moisture molecules. As a result, the
side reaction of transforming Li2O2 to Li2CO3 was suppressed as it relied on
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the moisture, leading to an enhanced cycle life of 610 cycles. Furthermore, the
produced battery was partly immersed in water to power an LED (Fig. 1.4g) and the
discharge/charge curves were well maintained after immersion (Fig. 1.4h). Several
fiber Li-air batteries were integrated into clothes to effectively charge a smartphone,
which proved their enormous potential for wearable applications (Fig. 1.4i).

1.3.3 Aqueous Metal-Air Batteries

1.3.3.1 Aluminum-Air Batteries

Al-air battery attracts many researchers’ attention because of its relatively high
theoretical energy density of 2796 Wh·kg−1, abundant resources and lightweight
features [28]. Similar to the fiber Li-air battery, typical Al-air batteries are in an
open configuration with the CNT sheet air electrode wrapped on an Al anode coated
with gel electrolyte. However, the discharge mechanism of the Al-air battery is quite
different from the Li-air battery, which is as follows: [38].

Metal anode : Al + 3OH− → Al(OH)3 + 3e−

Air cathode : O2 + 2H2O + 4e− → 4OH−

The metal ions are released from the metal anode and they need to react with the
OH− to form Al(OH)3, which requires the electrolyte to be alkaline. Meanwhile,
the oxygen from the ambient air is reduced to OH− at the air cathode known as the
ORR. Ordinarily, the low oxygen diffusion and sluggish ORR in the air electrode
are the main limitations for the Al-air battery.

To produce a flexible and stretchable high-performance Al-air battery, alkaline
hydrogel electrolyte that contains KOH/ZnO/Na2SO3 and Ag nanoparticle dec-
orated dry-drawn CNT sheets were coated and wrapped on an Al spring anode
sequentially (Fig. 1.5a) [28]. ZnO served as a corrosion inhibitor of the Al anode in
the alkaline solution and Na2SO3 was used to decrease the open-circuit potential of
Al, which promoted the dissolution of Al in KOH solution. Meanwhile, the hybrid
CNT/Ag nanoparticle air electrode performed much higher ORR catalytic activity
and conductivity than the bare CNT sheet. As a result, the produced battery showed
a high energy density of 1168 Wh kg−1. Besides, the battery also performed superior
mechanical properties. It can be bent to 135◦ with almost unchanged output voltage
at a discharge current of 1 mA. Moreover, it can be stretched by up to 30% without
breaking (Fig. 1.5b) and hence can be worn around a human wrist to power an LED
watch (Fig. 1.5c).
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Fig. 1.5 (a) Schematic of a stretchable fiber Al-air battery with Al spring metal anode. (b)
Discharge curves of the Al-air battery under stretching. (c) Two fiber Al-air battery is woven into
a wrist strap to power a watch. (a-c) From [28]. Reprinted with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic illustration of the fabrication of fiber Zn-air
battery. (e) Photographs of a fiber Zn-air battery bent to increasing angles; scale bar: 1 cm. (f)
Discharge curves of the fiber Zn-air battery with a length of 5 cm at a current density of 1 A·g−1

before and after bending to 120◦ for 100 cycles. (d-f) From [29]. Reprinted with permission from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.3.3.2 Zinc-Air Batteries

Attracted by its intrinsic safety, environmental friend, low cost and high theoretical
energy density of 1086 Wh·kg−1, fiber rechargeable Zn-air battery is particularly
suitable for powering portable and wearable electronics [39]. The reaction mecha-
nism of the Zn-air battery is described as:

Metal anode : Zn + 2OH− → Zn(OH)2 + 2e−

Air cathode : O2 + 2H2O + 4e− → 4OH−

During discharge, ORR occurs at the air electrode while the metal ions react with
the OH− to produce Zn(OH)2, while during the charging process, OH− is oxidized
to O2 and Zn2+ is reduced to zinc metal [38]. Similar to the Al-air battery, a flexible
fiber stretchable Zn-air battery can be fabricated by using a zinc spring instead of the
aluminum spring. (Fig. 1.5d) To achieve a Zn-air battery with decent power density,
a strong alkaline gel electrolyte is favored as it improves the dissolubility of the
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Zn(OH)2. Also, the air cathode is required to catalyze the ORR and OER efficiently.
Therefore, a lot of efforts have been devoted to the improvement of the catalytic
activity of the air electrode. For instance, RuO2 was deposited on the dry-drawn
CNT sheets to improve the OER. The produced fiber Zn-air battery without obvious
damage in the structure under different bending angles (Fig. 1.5e) and the discharge
voltage remained almost unchanged after bending to 120◦ for 100 cycles (Fig. 1.5f)
[29].

Although significant progress has been made in fabricating flexible fiber metal-
air batteries using dry-drawn CNT sheets, some challenges still need to be solved.
For instance, the cycle life of the rechargeable metal-air batteries is relatively low.
The CO2 in the air reacts with the alkaline electrolyte, consuming the electrolyte
and leading to the device failure. In short, great efforts are still needed to facilitate
the real application of flexible fiber metal-air batteries.

1.3.4 Other Batteries

Sodium-ion batteries have recently received extension attentions, which are
expected to be potential alternatives to lithium-ion batteries due to abundant
natural reserves and low costs. Inspired by the fiber lithium-ion battery, an
aqueous fiber sodium-ion battery was assembled by CNT/Na0.44MnO2 (NMO)
and CNT/carbon-coated NaTi2(PO4)3 (NTPO@C) hybrid fibers [40]. NMO and
NTPO@C nanoparticle suspensions were impregnated into CNT sheets and then
twisted into fiber electrodes. As shown in Fig. 1.6a, the CNT/NMO cathode had
a potential window of 0–0.7 V, and the specific capacity was 44 mAh·g−1 at 0.1
A·g−1. CNT/NTPO@C cathode outputted a potential window of −0.9–0 V and a
specific capacity of 105 mAh·g−1 at 0.1 A·g−1. After putting the hybrid electrodes
in a tube containing 1 M Na2SO4 solution (Fig. 1.6b), the obtained fiber sodium-ion
battery delivered a potential window of 0–1.6 V and a discharge specific capacity of
46 mAh·g−1 at a current density of 0.1 A·g−1. The galvanostatic charge-discharge
curves of the fiber aqueous sodium-ion battery before and after bending displayed
no noticeable difference, indicating its high flexibility (Fig. 1.6c). More critically,
normal biocompatible saline and cell-culture medium act as electrolytes for this
fiber aqueous sodium-ion battery, which provided an opportunity for its use in
implantable electronic devices.
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Fig. 1.6 (a) Galvanostatic charge-discharge curves of fiber CNT/NMO hybrid electrode. (b)
Schematic illustration of the structure of the fiber sodium-ion battery. (c) Galvanostatic charge-
discharge curves of the flexible fiber aqueous sodium-ion battery before and after bending at
a current density of 0.2 A·g−1. (a-c) From [40]. Reprinted with permission from Elsevier. (d)
Schematic diagram of preparing the rGO/Bi/CNT anode. (e) Schematic diagram of the working
mechanism of the fiber Ni//Bi battery. (f) Galvanostatic charge-discharge profiles of fiber Ni//Bi
battery. (g) Ragone plots by comparing the fiber Ni//Bi battery with the other energy storage
devices. (h) Capacity retention of the fiber Ni//Bi battery under different bending conditions. (d-h)
From [41]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ni//Bi batteries that can combine high power density with high energy density
are attracting attention in wearable electronics. A new type of fiber Ni//Bi battery
was fabricated with rGO/Bi/CNT anode and rGO/Ni/NiO/CNT cathode [41]. The
rGO/Bi/CNT anode preparation was carried out by electro-co-depositing rGO/Bi
onto the CNT sheet. An interlaced rGO/Bi 3D structure was formed, which was
beneficial for the ion diffusion and electron transport among the active materials
(Fig. 1.6d). In comparison, the rGO/Ni/NiO/CNT cathode was prepared through
a solution-based process. The rGO/Bi/CNT anode and rGO/Ni/NiO/CNT cathode
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outputted operating voltage of −1.2–0 and 0–0.6 V, and a specific capacity of 147
mAh·g−1 and 115 mAh·g−1 at 5 A·g−1, respectively. The fiber Ni//Bi battery was
assembled by pairing two electrodes in 1 M KOH (Fig. 1.6e). During discharging,
NiOOH produced Ni(OH)2 and OH− while Bi reacted with OH− to produce Bi2O3,
while during the charging process, Ni2+ was oxidized to Ni3+ and Bi3+ was reduced
to Bi. The Ni//Bi battery possessed a stable operating voltage of 1.8 V, a specific
capacity of 164 mAh·g−1 at 5 A·g−1 (Fig. 1.6f), and the capacity could maintain
96.2% after 10,000 cycles. As shown in Fig. 1.6g, the maximal energy density
of fiber Ni//Bi battery was remarkably higher than those of fiber-based aqueous
lithium-ion batteries and thin-film lithium-ion batteries. The maximal power density
was around 25 times higher than that of the CNT@CMC-based supercapacitor and
10 times higher than those of commercial supercapacitors. Besides, the fiber Ni//Bi
battery had no noticeable damage in structure and capacity during bending and only
8.7% of its capacity was lost after 1000 bends (Fig. 1.6h).

1.4 Summary

This chapter highlights varioius flexible fiber batteries based on CNTs, including
lithium-ion batteries, lithium-metal batteries and aqueous metal-air batteries. The
preparation of CNTs and fiber electrodes, the assembly technology, and fiber
batteries’ performance are introduced in detail (Table 1.1). Benefitting from the
excellent performance of CNT fiber electrode materials, fiber batteries exhibit
unique properties, e.g., miniaturization, flexibility, stretchability and weavability,
which make them a prime choice for portable and wearable devices. However, there
are still some formidable challenges of fiber batteries for practical applications. The
first is to realize the large-scale production of fiber electrodes. At the same time,
the electrical conductivity of aligned CNT fibers must be further enhanced. Finally,
developing high-performance gel electrolytes for flexible fiber since safety is the
last thing to be ignored.
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Chapter 2
Carbon Nanotube Dual-Material Gate
Devices for Flexible Electronics

Li Xiang and Youfan Hu

Abstract Due to limited power supply and multifarious scenarios in practical appli-
cations, flexible electronic devices are expected to have low power consumption and
functional configurability. In this chapter, a novel technology of dual-material gate
(DMG) is demonstrated in flexible carbon nanotube (CNT) devices, which could
modulate the energy-band structure in channel area of the devices by adopting two
kinds of metals with different work functions, leading to low-power characteristics
and functional configurability simultaneously. First, concept and principles of CNT-
based DMG technology are introduced, followed by demonstrations of low-power
characteristics of DMG devices under the transistor configuration. Then, after
the exhibition of the devices under diode configuration, factors that could affect
the electrical performances of DMG devices are identified. Finally, the flexibility
of DMG devices and multifunctional integrated circuits (ICs) are demonstrated,
together with the discussion of future perspectives of DMG technology.

Keywords Dual-material gate · Carbon nanotubes · Flexible electronics ·
Configurable devices · Multifunctional electronics · Integrated circuits

2.1 Introduction

Flexible electronics that can interface with complex curved surfaces and dynamic
biological tissues have largely enhanced the capability of electronic devices in
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applications of smart sensing [1–6], healthcare monitoring [7–12] and advanced
therapy [13–18]. Although tremendous efforts have been made to achieve much
progress in this field, there are still some critical issues that need to be addressed
to further push flexible electronics toward practical applications. One is reducing
the power consumption of flexible devices. This is because that in most application
scenarios of flexible electronics, the supplied power is limited. Achieving low-power
flexible devices could yield an integrated system with a longer standby time or
more functions with a restricted power supply [19–21]. Another one is enabling
flexible devices to be functionally configurable, which has great advantages in pro-
viding superior adaptability to ever-changing and multifarious application scenarios
[22–26].

Dual-material gate (DMG) technology, which has been well investigated in
InGaP/InGaAs heterostructure FETs [27], bulk silicon MOSFETs [28] and silicon-
on-insulator devices [29], has demonstrated promising characteristics in lowering
power consumption and overcoming the short channel effect. For carbon nanotubes
(CNTs), their ultrathin thickness, combined with high-k dielectrics to provide
high gate efficiency, could demonstrate new electrical behaviors of functional
configurability [30, 31]. Here, the high gate efficiency means a sufficient gate
controlling ability of the energy band structure in channel area of the devices.
Therefore, by adopting DMG technologies, CNT-based flexible devices could
simultaneously exhibit low-power characteristics and functional configurability,
which could give great impetus to the applications of flexible electronic devices.
In this chapter, we first introduce the concept and principles of CNT-based DMG
devices. Then, the low-power characteristics under the transistor configuration of
DMG devices are presented in comparison with the characteristics of normal CNT
devices, followed by a demonstration of the diode operation of flexible DMG
devices. Next, factors that could affect the electrical performances of DMG devices
are exhibited, including the length ratio and work function difference between two
gate metals, gate dielectrics thickness and carbon nanotube diameters. Finally, the
flexibility of DMG devices and multifunctional integrated circuits (ICs) is presented,
and the future perspectives of this technology are discussed.

2.2 Principle of CNT-Based DMG Devices

Figure 2.1 depicts a comparison between a normal-gated (NG) device (Fig. 2.1a–c)
and a DMG device (Fig. 2.1d–f) based on CNT thin films. As shown in Fig. 2.1a
and b, the gate electrode of the NG device is constructed with only one kind of
metal, while the DMG device adopts a dual-material gate electrode, which utilizes
two kinds of metals (Fig. 2.1d and e) [30, 31]. In the dual-material gate electrode,
the metal close to the source electrode should have a low work function (i.e.,
Al, Y, Ti, etc.), while a high-work-function metal (i.e., Pd, Au, etc.) should be
chosen to serve as the other part of the gate close to the drain electrode [27–29].
When the gate electrodes have enough controlling ability to adjust the energy band
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Fig. 2.1 Working principle and energy band diagrams of DMG and NG devices. (a), Structural
illustration, (b), SEM image (scale bar: 1 μm), and (c), energy band diagram of NG devices. (d),
Structural illustration, (e), SEM image (scale bar: 3 μm), and (f), energy band diagram of DMG
devices. (Reproduced with permission from Ref. 31. Copyright 2020 Elsevier)

structure in channel area, here achieved by using ultrathin channel materials and
high-k dielectrics, different gate electrode structures will lead to different energy
band structures and thus different device behaviors [32]. In NG devices, the energy
band in the channel area is symmetric (Fig. 2.1c), while the DMG devices have
an asymmetric energy band structure (Fig. 2.1f) due to the modulation of different
metals with different work functions in the dual-material gate electrode [31]. This
asymmetry allows DMG devices to serve as a diode or a transistor with proper
operation, as described in the subsequent part. Remarkably, due to the difference
in energy band structures, the DMG devices have a smaller off-state current (Ioff)
than that of the NG devices when operating as a transistor. Such a smaller Ioff
indicate a smaller static power consumption, which is critical in wearable or portable
applications [20, 33, 34]. In the off state (i.e., Vgs = 0 V), for DMG devices, due
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to the step-like energy band structure caused by the dual-material gate electrodes,
the energy barrier introduced near the source electrodes is increased compared to
that in NG devices (Fig. 2.1f, top), resulting in enhanced blocking of holes and thus
a decreased Ioff. In the on state (i.e., Vgs = −2 V), for DMG devices (Fig. 2.1f,
bottom), a negative voltage is applied to the gate electrode, which can reduce the
height of the introduced barrier to a considerably low value, allowing holes transport
easily from the source to the drain. Thus, the on-state current (Ion) in DMG devices
is maintained at a similar level to that obtained in NG devices.

2.3 CNT-Based DMG Devices Under the Transistor
Configuration for Low-Power Applications

Due to the introduced step-like energy band structure, DMG devices could have
great advantages over NG devices in low-power applications. When the devices
operate in the transistor configuration, the transfer characteristics under different
voltage biases of a DMG device and an NG device are as shown in Fig. 2.2a and
b, respectively. Here, the channel length (L = 1 μm), CNT purity (99.99%) and
CNT density (~20 tubes/μm) in the DMG device and NG device are the same to
verify the differences between the DMG and NG devices introduced by different
gate structures. For the DMG device, Al (work function = 4.08 eV) and Pd (work
function = 5.2 eV) serve as the metals of the gate electrodes, while for the NG
device, the gate electrode is constructed with Pd only. When the supplied voltage
increased from a small bias to a large bias (−2 V), different characteristics in the
transfer curves between the NG device (Fig. 2.2a) and the DMG device (Fig. 2.2b)
were observed, including the differences in the width-normalized off-state current
Ioff/W, current on/off ratio (Ion/Ioff), subthreshold swing (SS) and threshold voltage
(Vth).

As depicted in Fig. 2.2c, when the bias voltage (Vds) increased from −0.1 V
to −2 V, Ioff/W of the NG devices dramatically increased from 8.2 × 10−12

A/μm to almost 10−7 A/μm, while that of the DMG device increased only from
1.4 × 10−12 A/μm to 8.2 × 10−11 A/μm. A much smaller Ioff/W revealed a lower
static power consumption, which indicates that DMG devices are more suitable for
low-power applications than NG devices are. The current on/off ratio, Ion/Ioff, which
is a key parameter to characterize the switching properties, decreased rapidly in the
NG device from 2 × 105 to 2.1 × 102 as Vds increased, while that of the DMG
device remained above 105 throughout the whole Vds range (Fig. 2.2d). It should
be noted that modern digital ICs require the Ion/Ioff values of devices to be over
104 under a supplied voltage of over 0.7 V [34–37]. Therefore, the DMG devices
have great advantages over the NG devices considering this requirement, especially
when the device dimensions are continuously scaled down. This is because that
much more difficulties would be encountered to switch off the devices due to the
increased effect of drain-induced electrical field in short channel devices [27, 32,
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Fig. 2.2 Advantages of DMG devices in low-power applications under the transistor configu-
ration. (a), Transfer characteristics of the NG device. (b), Transfer characteristics of the DMG
device. Comparison of (c), width-normalized off-state current (Ioff/W), (d), current on-off ratio
(Ion/Ioff), (e), subthreshold swing (SS), and (f), drain-induced barrier lowering (DIBL) between the
NG device and DMG device. (g), Transfer characteristics of 78 DMG devices at Vds = −1.5 V.
Statistical distribution of (h), SS and (i), Ion/Ioff of these 78 DMG devices. (Reproduced with
permission from Ref. 31. Copyright 2020 Elsevier)

38]. Moreover, if the channel material is a single CNT or aligned CNT array, which
has no or much fewer nanotube-nanotube junctions, the energy band modulation
will be more efficient and can lead to a larger Ion/Ioff of over 108 [30]. The SS
is an important parameter used to characterize a device’s switching-off properties,
which should be as small as possible to enable device operation at a low supplied
voltage, benefiting low-power applications [39]. As shown in Fig. 2.2e, when the
supplied voltage was set at a relatively low value of Vds = −0.1 V, both the DMG
and NG devices had a similar SS of approximately 100 mV/dec. As the supplied
voltage increased, the SS of the NG device obviously degraded from 100 mV/dec
to 380 mV/dec, while that of the DMG device hardly changed (from 100 mV/dec
to 106 mV/dec) in the full bias range. This result indicates that the DMG devices
can still maintain efficient control over the channel even at a large bias voltage,
which is also applicable for low-power devices. The drain-induced barrier lowering
(DIBL), which is commonly observed in short channel devices [32], is depicted in
Fig. 2.2f to compare the short channel effect in the DMG and NG devices. Here,
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DIBL is measured by the Vth shift divided by the drain voltage difference. Because
the DMG structure was originally designed to overcome the short channel effect in
silicon MOSFETs [28, 29], similarly, when the channel material is CNTs, the DIBL
obtained in DMG devices, as small as 54 mV/V, is greatly minimized compared to
that obtained in the NG device (234 mV/V). This small DIBL in DMG devices is
mainly attributed to the screening effect of the high-work function metal close to
the drain [27], which effectively reduces the electrical field near the drain electrode.
These results, including a lower Ioff/W, larger Ion/Ioff and smaller SS, indicate that
the DMG devices have many advantages over the NG devices considering the low-
power issues. Together with the reduction in the short channel effect, this superiority
could be maintained if the device dimensions are further scaled down.

Additionally, these low-power advantages are not only realized in a single device
but also achieved in scalable manufacturing [31]. As shown in Fig. 2.2g, 78 DMG
devices were fabricated, and their transfer characteristics were measured under a
large bias voltage of Vds = −1.5 V, which demonstrated a narrow distribution
with great uniformity. For example, the SS of these devices exhibited a statistical
distribution of 103 ± 11.4 mV/dec (see Fig. 2.2h), while the statistical distribution of
the Ion/Ioff values of these devices was 5.5 ± 0.15 decades (see Fig. 2.2i), indicating
good and uniform switching properties for low-power applications, which enables
scalable integration based on these DMG devices.

2.4 DMG Devices Operated in the Diode Configuration

The DMG devices can not only serve as low-power transistors but also be configured
as diodes due to their asymmetric electrical potential distribution in the channel. In
this configuration, the source and drain electrodes of DMG devices are equivalent
to the cathodes and anodes of diodes, respectively. As illustrated in Fig. 2.3a, due to
the different energy band structures, the carrier transport properties in the channel
are quite different between the DMG and NG devices [30]. For the DMG device,
when a negative voltage is applied between the drain and source electrodes (i.e.,
Vds < 0), as shown in the top panel of Fig. 2.3a, holes are blocked by the introduced
energy barrier near the source electrode, resulting in a small current in the channel.
Under this condition, the DMG devices can be regarded as a diode under reverse
bias. When a positive voltage is applied between the drain and source electrodes
(i.e., Vds > 0), the holes can no longer be inhibited from transport from the drain to
the source, leading to a large current in the channel, which is equivalent to a diode
under forward bias conditions. For NG devices, because of the symmetric device
and energy band structures, holes injected from the electrodes could transport easily
in the channel under both reverse and forward biases. These results are verified by
the experimental results presented in Fig. 2.3b. For the NG device (red curve in
Fig. 2.3b), when Vds was swept from negative (−1 V) to positive (1 V) voltages,
a nearly symmetric I-V characteristic was demonstrated, with a rectification ratio
of approximately 6. Here, the rectification ratio, a key parameter to characterize
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Fig. 2.3 DMG devices under the diode configuration. (a), Schematic energy band structure of NG
and DMG devices under negative and positive Vds. (b), I-V curves of the DMG and NG device. (c),
I-V curves of 78 DMG devices under the diode configuration. Statistical distribution of (d), on-
current of diode (Idiode-on) and (e), rectification ratios of these 78 DMG devices. (f), Comparison of
Idiode-on and the rectification ratio between DMG devices and other published CNT-based diodes.
(Reproduced with permission from Ref. 31. Copyright 2020 Elsevier)

the rectifying performance of a diode, is defined as the current ratio between
Vds = −1 V and 1 V. In contrast to NG devices, the DMG device (blue curve in Fig.
2.3b) exhibited obvious asymmetric I-V characteristics with a rectification ratio of
8 × 104, which is a typical value that can be obtained for a rectifying diode [40, 41].
Another important parameter of diodes is the on-current (Idiode-on), which is defined
by the current under forward bias (e.g., Vds = 1 V). The Idiode-on of the DMG device
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here is approximately 26.5 μA, which is superior to almost all of the reported CNT-
based diode values [40–49], indicating good driving ability. The I-V curves of 78
DMG devices in the diode configuration are depicted in Fig. 2.3c, which present
obvious asymmetric behaviors that could be used for rectification. As shown in Fig.
2.3d, the Idiode-on of these devices has a statistical distribution of 21.8 ± 5.8 μA.
Moreover, the rectification ratios of these DMG devices (see Fig. 2.3e) are in the
range of 103~105, with a statistical distribution of 4.28 ± 0.46 decades, which is
adequate for them to serve as rectifying diodes. The Idiode-on and rectification ratio
of these DMG devices are summarized in Fig. 2.3f. Compared with other diodes
based on CNT materials [40–49], the obtained DMG devices have a larger Idiode-on
and decent rectification ratios, indicating the better driving ability and smaller output
resistance of the DMG devices in circuit integration.

2.5 Effect of Structural Parameters on the Characteristics
of DMG Devices

The structural parameters of DMG devices, including the length ratio between two
gate metals, work function difference between two gate metals, thickness of the
gate dielectrics (tox), and diameter of the CNTs, all contribute to the modulation
efficiency of the DMG structure and thus influence the electrical performances
of the devices [30]. Therefore, to obtain the optimized configuration of the DMG
structure, a more quantitative investigation should be carried out. Here, to make the
system under investigation straightforward and clear, DMG devices based on single
CNTs with different structure parameters are explored to eliminate the influence of
nanotube-nanotube junctions in CNT networks.

First, devices in the transistor configuration with different length ratio of two
gate metals were evaluated. By using Pd and Y to construct gate electrodes with
different length ratios (LPd:LY = 3:1, 1:1, 1:3), DMG devices are fabricated on the
same CNT with the same total gate length of 500 nm. The transfer characteristics of
these DMG devices exhibit very little difference (see Fig. 2.4a), which indicates that
the length ratio of the two metals in the gate electrode has a negligible effect on the
performance of the device, providing high immunity against dimension variations
introduced by fabrication deviations.

Then, DMG devices with different gate metal combinations are fabricated to
explore the effect of the work function difference between the two gate metals. Here,
Pd is fixed as the high-work-function metal near the drain electrodes, while metals
with different work functions (Y, Ti, and Pd) are deposited as the other part of the
gate electrodes close to the source electrodes in the DMG devices. The transfer
characteristics shown in Fig. 2.4b indicate that Ion/Ioff of the device increases from
8.9 × 103 to 1.8 × 105 as the work function difference increases (changing from the
Pd-Pd to Pd-Y combinations). The fundamental reason for this increase is mainly
the increase in the introduced energy barrier height, which is positively correlated
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Fig. 2.4 Investigation of the effects of the structural parameters. Transfer characteristics of
DMG devices under the transistor configuration with (a), different length ratios between a high-
work-function metal and low-work-function metal, (b), different metal combinations of the gate
electrode, (c), different dielectric thicknesses (tox), and (d), different CNT diameters. I-V curves
of DMG devices under the diode configuration with (e), different length ratios between a high-
work-function metal and low-work-function metal, (f), different metal combinations of the gate
electrode, (g), different dielectric thicknesses (tox), and (h), different CNT diameters. (Reproduced
from Ref. 30 with permission from The Royal Society of Chemistry)
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with the work function difference between the metals used in the gate electrode,
leading to the suppression of Ioff and thus an increased Ion/Ioff. Therefore, two metals
used in the gate electrode of DMG devices are desired to have a larger work function
difference to promote the effect of the DMG structure and obtain better electrical
characteristics.

Gate capacitances are of great significance in the modulation efficiency of the
energy band structure in the channel. For a certain dielectric, the gate capacitance
is determined by the dielectric thickness. As shown in Fig. 2.4c, as the thickness
of dielectrics (HfO2 used here) decreases from 20 nm to 8 nm, Ion/Ioff of the DMG
devices increases from 2.4 × 105 to 1.8 × 106. This improvement mainly occurs
because a thinner dielectric leads to a stronger coupling between the gate electrode
and the CNT channel, resulting in a more efficient energy band structure modulation
introduced by the DMG structure [32]. On the one hand, the improved efficiency
yields a higher introduced energy barrier near the source electrodes with the same
metal combination used in the gate electrode, resulting in a reduced Ioff. On the
other hand, a thinner dielectric can also improve the electrostatic gate controlling
efficiency, which can improve Ion. Therefore, Ion/Ioff can be significantly elevated
when the dielectric thickness is reduced in the DMG structure.

The bandgap of CNTs is also an important parameter that can significantly affect
the Ioff of CNT-based transistors, which is inversely proportional to the diameter
of the CNTs [50]. To verify this influence, DMG devices with the same structural
parameters were fabricated on different CNTs with diameters of 1.5 nm, 1.9 nm and
2.3 nm. When the CNT diameter decreases from 2.3 nm to 1.5 nm, Ion/Ioff increases
from 5.4 × 104 to 108, as shown in Fig. 2.4d. Notably, the large Ion/Ioff of 108 is as
good as the best reported result of CNT-based transistors [33], revealing that DMG
technology is superior for low-power applications.

These structural parameters also impact the characteristics of DMG devices
under the diode configuration. Figure 2.4e shows the I-V curves of DMG devices
with different length ratios obtained by using Pd and Y to construct the gate
electrode. As the length ratio of Pd to Y decreases from 3:1 to 1:3, the rectification
ratio increases remarkably from 9.4 × 102 to 7.2 × 104. The length ratio of metals
plays a more significant role when the DMG devices serve as diodes than as
transistors because the introduced energy barrier that blocks the carrier transport
is under the area of the low-work-function metal. When the length of the low-
work-function metal increases, the width of the introduced energy barrier increases,
resulting in a further suppressed current under negative bias in those devices in the
diode configuration.

The influence of the work function difference between the two gate metals is
presented in Fig. 2.4f. When the work function difference decreases as the metal
combination changes from Pd-Y to Pd-Pd, the rectification ratio of the DMG devices
decreases from 4.6 × 103 to 1.5, which is due to the decreased height of the
introduced energy step and weakened asymmetry in the energy band structure. As
shown in Fig. 2.4g, when the dielectric thickness is changed from 8 nm to 20 nm,
the rectification ratio is reduced greatly from 4.6 × 103 to 98 due to the decreased
coupling capacitance between the gate electrodes and the channel. The impact of
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the diameters of the CNTs under the diode configuration is shown in Fig. 2.4h. As
the diameters decrease from 2.3 nm to 1.5 nm, the rectification ratio of the DMG
devices increases from 104 to 10 [5], as CNTs with a smaller diameter have a larger
bandgap with which to suppress Ioff and thus increase the rectification ratio.

Therefore, to optimize the performance of DMG devices in both the transistor
and diode configurations, the following approaches could be taken: (i) the length
ratio between the high- and low-work-function metals in the gate electrodes should
be designed with a relatively small value to ensure that the width of the introduced
energy barrier is wide enough; (ii) the work function difference between these two
gate metals should be as large as possible to realize a larger energy barrier near
the source electrode; (iii) the gate capacitance should be made as large as possible
by adopting thin high-k dielectrics to elevate the energy band modulation efficiency;
and (iv) CNTs with smaller diameters are better choices due to their larger bandgaps
for suppressing the Ioff.

2.6 Flexibility Test of DMG Devices

In practical applications, deformations may be introduced to electronic devices,
which will affect the electrical performance of the devices [19]. Therefore, an
investigation of the flexibility of DMG devices was carried out. As shown in Fig.
2.5a, the DMG devices fabricated on ultrathin flexible parylene-C substrates can be
conformally laminated on human skin, and this intimate interface between the foil
and human skin can be well maintained even when deformations of compression
(Fig. 2.5b) and poking (Fig. 2.5c) are introduced [31]. As depicted in Fig. 2.5d, to
quantitatively investigate mechanical deformation stability, DMG devices, together
with ultrathin parylene foil, are mounted on a polyethylene terephthalate (PET)
substrate with an adhesion layer of polydimethylsiloxane (PDMS), and cyclic
bending tests are applied to them with a bending radius of curvature of 3.23 cm.
After 4000 bending cycles, some wrinkles are generated in the DMG devices on
the flexible parylene substrates, as shown in Fig. 2.5e. Figure 2.5f presents the
transfer characteristics of a typical DMG device after different bending cycles when
operated as a transistor. It is obvious that the electrical parameters, especially Ioff
and Ion/Ioff, decline after 1000 bending cycles. The detailed changes in Ion/Ioff
exhibited in Fig. 2.5g show that Ion/Ioff can be maintained at a large value of over
105 before 1000 bending cycles, after which it degrades gradually as the number
of bending cycles increases. After 4000 bending cycles, Ion/Ioff declines to near
1. Similarly, under the diode configuration, the I-V curves of DMG devices after
different bending cycles show an obvious deteriorating trend, as depicted in Fig.
2.5h. As the number of bending cycles increases, the I-V characteristics of the DMG
devices gradually convert from an asymmetric curve to a nearly symmetric one. The
rectification ratio extracted from Fig. 2.5h is illustrated in Fig. 2.5i. Before reaching
1000 bending cycles, the rectification ratio of the DMG device is kept larger than
103 and decreases to 2.6 after 4000 bending cycles. These results indicate that
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Fig. 2.5 Flexibility test of DMG devices. Optical images of the flexible DMG devices (a),
laminated on human skin and under deformation: (b), compression and (c), poking. (d), Optical
image of DMG devices attached to a curved PET substrate. (Scale bar: 2 cm). (e), Magnified
optical image of the DMG devices after 4000 bending cycles. (f), Transfer characteristics and
(g), corresponding Ion/Ioff of a DMG device in the transistor configuration after different numbers
of cycles of the bending test. (h),I-V curves and (i), corresponding rectification ratios of a DMG
device in the diode configuration after different numbers of cycles of the bending test. (Reproduced
with permission from Ref. 31. Copyright 2020 Elsevier)
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the obtained DMG devices can withstand 1000 bending cycles and thus maintain
decent performances in both the transistor and diode configurations. Although
robust operation under 1000 bending cycles is sufficient for general applications,
some further improvements, such as specialized mechanical structure design [18,
51–55] and material optimization [6, 56–58], can be adopted to further ameliorate
the robustness of the electrical performances under deformations.

2.7 Multifunctional Integrated Circuits Constructed
by the DMG Devices

Due to the configurable behaviors of DMG devices, multifunctional ICs can be
constructed by using these devices. As shown in Fig. 2.6a, DMG devices are applied
with a controlling bias on the gate electrodes, while the input signals are supplied
on the drain electrodes. In this implementation, the controlling bias could modulate
the energy band structure and thus change the functions of DMG devices on
demand, which leads to different circuit functions dynamically. The corresponding
mechanism is present in Fig. 2.6b. When the controlling bias on the gate electrode
is set at a low level (e.g., Vgs = 0 V), simultaneously with a negative input signal
on the drain electrode (i.e., Vds < 0), the introduced step-like energy barrier near
the source electrode can block the holes transported from the source to the drain,
leading to a small current in the channel. While under a positive input signal on
the drain electrode (i.e., Vds > 0), holes can transport from the drain to the source
easily with a large current in the channel. Therefore, with this low-level controlling
bias, DMG devices operate as diodes with asymmetric I-V curves. However, as
illustrated in Fig. 2.6c, when the controlling bias is set at a large negative bias (e.g.,
Vgs = −2 V), the introduced energy barrier can no longer block the holes either
with negative (i.e., Vds < 0) or positive input signals (i.e., Vds > 0), leading to nearly
symmetric carrier transport in the channel and thus symmetric I-V curves. This
outcome was proved by the I-V curves under different controlling biases presented
in Fig. 2.6d. When the controlling bias on the gate electrode changes from 0 to
−1 V, the I-V curves of the DMG device gradually transform from an asymmetric
curve with a rectification ratio of 5.2 × 104 to a nearly symmetric curve with a small
rectification ratio of 6. Therefore, DMG devices can serve as asymmetric rectifying
diodes under a small controlling bias or work as symmetric devices, i.e., resistors
or transistors, when proper negative controlling biases are applied. As shown in
Fig. 2.6e, based on the controllable operation of DMG devices, multifunctional
ICs are constructed by integrating a DMG device with an on-chip resistor. Here,
the controlling bias signal is applied to the terminal of Vg-in (referring to the gate
electrode of the DMG device), while the input signal is applied to the terminal of
Vd-in (referring to the drain electrode of the DMG device). The equivalent circuit
diagram is illustrated in Fig. 2.6f. When the controlling bias is set at −2 V, the
DMG device is equivalent to a resistor with a small resistance (top panel of Fig.
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Fig. 2.6 Configurable multifunctional ICs based on DMG devices. (a), Schematic illustration of
the configuration of a DMG device integrated in circuits. Energy band structure of the DMG device
applied with (b), a small controlling bias of 0 V and (c), a large negative controlling bias of
−2 V. (d), I-V curves of a DMG device when applied with different controlling biases to the
gate electrode. (e), Optical image, (f), equivalent circuit diagram, and (g), dynamic input-output
characteristics of a configurable one-device-one-resistor circuit. (h), Optical image, (i), equivalent
circuit diagram and (j), dynamic input-output characteristics of a configurable two-device-one-
resistor circuit. (Reproduced with permission from Ref. 31. Copyright 2020 Elsevier)
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2.6f). In this condition, input signals on the terminal of Vd-in can propagate directly
through this small resistor to the output terminal with very little amplitude loss,
during which the circuits can be regarded as a signal follower. When the controlling
bias is set to 0 V, the DMG device operates as a diode with a large rectification
ratio; thus, the input signals applied to the terminal of Vd-in are rectified, making
the whole circuit operate as a rectifier, which is a basic element in analog ICs. The
dynamic input-output characteristics of these circuits are shown in Fig. 2.6g, which
reveals that the function of the circuit is successfully configured and switched by
the controlling bias, either from follower to rectifier or vice versa.

A more complex circuit that integrates two DMG devices and one resistor is
depicted in Fig. 2.6h, and the corresponding equivalent circuit diagram is presented
in Fig. 2.6i. As shown in the left panel of Fig. 2.6i, controlling biases are applied to
the terminals of Vctrl1 and Vctrl2, while input signals are applied to the terminals
of Vin1 and Vin2. Similar to the circuit in Fig. 2.6f, because of the functional
configurability of DMG devices, this two-device-one-resistor circuit can operate as
a voltage adder (bottom of right panel in Fig. 2.6f) or an OR gate (top of right panel
in Fig. 2.6f). The dynamic input-output characteristics shown in Fig. 2.6j prove this
function switch. When the controlling biases of Vctrl1 and Vctrl2 are set at 0 V, the
whole circuit can be equivalent to an OR gate, while when Vctrl1 and Vctrl2 are set
at −2 V, this circuit operates as a voltage adder according to Kirchhoff’s laws. It
is expected that by further improving the integration scale of DMG devices, the
functions of ICs can be further diversified in dynamic operation, and much better
adaptability can be provided to the ever-changing application scenarios of flexible
electronic devices.

2.8 Conclusions

In summary, this chapter introduces recent advances in exploring configurable
flexible electronic devices based on CNTs. By using two metals with different
work functions to construct the gate electrodes, together with the highly efficient
gate modulation and ultrathin nature of CNTs, an asymmetric step-like energy band
structure is generated in the CNT channel; thus, functional configurability and low-
power characteristics can be simultaneously realized through this DMG technology.
Compared to NG devices in the transistor configuration, DMG devices have great
advantages over NG devices in low-power applications, with a smaller Ioff, a larger
Ion/Ioff and a smaller SS, and can maintain this superiority as the device dimensions
are scaled down owing to their ability to overcome the short channel effect. Under
the diode configuration, DMG devices can demonstrate large rectification ratios and
on-currents at the same time. A proper length ratio and larger work function differ-
ence between two gate metals, thinner high-k dielectrics and smaller CNT diameters
are desired to further optimize the performance of DMG devices. Based on the
functional configurability of DMG devices, multifunctional ICs are demonstrated,
which can be dynamically configured as a rectifier or a signal follower and as an OR
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gate or a voltage adder. Continuous efforts are still in high demand to push DMG
technology from proof-of-concept to practical applications. Adopting aligned CNT
arrays, rather than randomly oriented CNT networks with many nanotube-nanotube
junctions or single CNTs that are not scalable for mass production, could further
improve the scalability and energy band modulation efficiency simultaneously.
Additionally, adopting a more advanced circuit architecture rather than the current
design of simply integrated DMG devices and resistors will greatly expand the
functionality of configurable ICs with broadened applications. It is expected that
many possibilities arising from the great advantages of DMG technologies will push
this technology forward both in fundamental research and technical breakthroughs,
enabling future flexible electronic devices to be more adaptive to ever-changing
application scenarios.
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Chapter 3
Integration of Cost-Efficient Carbon
Electrodes into the Development
of Microbial Fuel Cells

Jiseon You, Iwona Gajda, John Greenman, and Ioannis A. Ieropoulos

Abstract Microbial fuel cells are a renewable energy technology that can generate
electricity from organic fuel such as wastewater, whilst simultaneously treating
it. In order to implement this technology at larger scale, a major challenge is the
choice of suitable electrode material that determines system performance and cost.
This chapter discusses carbon-based electrodes and characteristics of carbonaceous
materials that are both high performing and cost-effective in light of the technology
implementation at larger scale for practical applications. The focus is on the most
recent findings and incorporation of lightweight, robust and biocompatible carbon
fibre electrodes in the form of carbon veil both as the anode and cathode counterparts
and their suitability in larger scale designs. The chapter also presents modification
strategies of this substratum with microparticles such as activated carbon as another
cost-effective approach that may assist in bringing this technology closer to market.

Keywords Microbial fuel cell · Carbon veil · Activated carbon · Electrode
modification · Cost-effective · Electrode material

3.1 Introduction

Research on sustainable energy is now focusing on organic waste material as a
renewable energy source. Waste products both organic (wastewater) and inorganic
(CO2, pollutants) are abundant, easily accessible and yet still require energy and
resources to treat. Recent advances in treatment and processing of waste are
shifting towards more sustainable methods of resource recovery that require novel,
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innovative ways of preserving natural resources with simultaneous biorefining of
already polluted soil, air and water.

Bioelectrochemical energy conversion within the microbial fuel cell (MFC)
technology brings new alternatives and novel opportunities to convert organic
substrates in waste-streams into green electricity using living microorganisms as
active biocatalysts. Hence, the use of MFCs in water quality improvement, which
is related to wastewater treatment, has attracted attention over recent years. More
importantly, MFCs can operate as self-powered wastewater treatment systems.

Microorganisms respire and capture energy for the production of ATP (adenosine
triphosphate) through the oxidation of organic and inorganic matter and reduction
of a terminal electron acceptor. The application of MFCs for wastewater treatment
has become increasingly important due to the multiple benefits of recovering
electrical energy from wastewater, reducing the organic content and recovering
nutrient resources. Organic molecules can be continuously broken down by the
bio-electrochemically active microbes leading to continuous operation of the MFC.
These benefits open up opportunities for technology scale-up and with the advance-
ment in material science, power output levels increase and come closer to those
desired for practical applications.

3.2 Microbial Fuel Cells

Microbial fuel cell (MFC) is an energy transducer that coverts chemical energy into
electrical energy using microbial metabolism. The earliest discovery of the link
between metabolic processes of living organisms and electrical energy was made
by Luigi Galvani who observed the bioelectrical properties of animal tissue in 1791.
More than a century later, in 1911 an English botanist Michael C. Potter published
the first MFC report on the ability of microorganisms to transform organic substrates
(chemical energy) into electricity by demonstrating production of electrical energy
from living cultures of either Escherichia coli and Saccharomyces cerevisiae [1].
Although there were several remarkable milestones in the MFC development
history, such as Cohen’s stack of multiple MFCs and the USA National Aeronautics
and Space Administration (NASA)‘s attempt to recycle human waste in space
missions [2, 3], it was only in the last two decades that significant advancements
in terms of power performance have been made.

Initially researchers started paying attention to the two main aspects of the MFC
technology; electricity generation and organics degradation. Since almost any type
of organic matter and some inorganic compounds can be used as an MFC substrate,
the vast majority of MFC studies have been carried out with a focus on sustainable
and effective waste/wastewater treatment [4, 5]. However, the range of applications
of MFCs go beyond that; in the early 2000s, two robots, Chew-Chew and EcoBot I,
both inspired by the MFC technology were developed [6, 7]. MFC powered robots
can be goes truly autonomous with no maintenance requirements unlike most of the
miniaturised mobile robots that are powered from standard primary or secondary
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chemical batteries. They can also be less affected by latitude, location, time of
day and weather, in comparison with (e.g.) photovoltaic panels. Moreover MFC
powered biodegradable robots can be realised, so that they may decompose once
the task at hand has been completed in ‘release and forget’ missions [8]. Sensing is
another promising application of the MFC technology. Since the current flow of an
MFC is affected by the surrounding environmental cues, such as concentration of
organic substrate or toxicants, pH or temperature, the number of studies into MFC
biosensors has been growing significantly [9, 10]. The potential use of MFC as a
power source in implantable medical devices is a more recent interesting research
avenue that is being explored [11]. Soft MFCs made of flexible materials for low-
power electronics such as wireless communication system have also been suggested
[12, 13].

MFCs usually consist of two compartments; an anode and a cathode separated
by a membrane which facilitates ion flow. In the anode, electrochemically active
microorganisms oxidise organic matter (fuel) and release CO2, electrons and
cations. Electrons produced in the anode flow towards the cathode via an external
circuit as the result of electrophilic attraction from the cathode electrode, whilst
protons migrate from the anode to the cathode through the separator between the two
compartments. The electrons and protons subsequently combine with oxygen (final
electron acceptor) and this reduction reaction completes the circuit. The electron
flow through the external circuit results in current flow.

3.3 Cost-Effective Carbon Electrodes

For every MFC, regardless of its design or application, both the anode and cathode
electrodes are essential components that determine performance and initial material
cost [14]. For the successful choice of MFC electrodes, certain criteria need to be
met such as high conductivity, large surface area, high porosity, good stability and
durability as well as low cost. Considering that MFC anodes and some cathodes
(i.e. bio-cathodes) act as hosts to microorganisms, biocompatibility is imperative.
Moreover, minimising the environmental impact throughout the life cycle should be
considered when selecting suitable electrode materials as well as easy accessibility
and fabrication methods for the purpose of commercial applications.

A wide variety of MFC electrode including carbon-based and metal/metal oxide-
based materials have been tested [14, 15]. Carbon-based materials such as carbon
cloth [16], carbon paper [17], carbon veil [18] and granular activated carbon
(GAC) [19] are mostly used as both anode and cathode due to the aforementioned
properties. Carbon fibre brushes are also widely used as anodes due to their
good surface area, however their cost has been reported as double that of carbon
cloth [20]. Anodic carbon materials can significantly promote interfacial microbial
colonisation and accelerate the formation of electroactive biofilms, which eventually
improves power by providing a conductive microenvironment for extracellular
electron transfer [21]. On the other hand, despite the excellent electrical conduc-
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tivity, metals tend to suffer from corrosion and biocompatibility issues (for biotic
electrodes) with a few exceptions [22, 23]. The high cost of metals also cannot be
overlooked for system scale-up. Recent advances in the design and fabrication of
MFC electrodes based on bio-derived carbon such as biochar and activated carbon
as well as pyrolised natural raw materials such as corncob [24], sugarcane [25],
coconut [26] or even bread [27] is worth noting. Utilisation of these bio-derived
carbon substrata is an attractive strategy due to their sustainability, low cost and
satisfactory performance. However, the stability and longevity are rarely reported to
assess how the materials would behave in real environments over prolonged periods.

The benefits of the larger surface area therefore higher surface activity than
that of solid materials are faster biochemical and electrochemical reaction rates
and higher catalytic activity leading to improved system performance. Therefore,
nanocomposite electrodes containing carbon nanotubes, graphene or polyaniline
(PANI) have gained a great deal of attention in recent years. These nanomaterials
have shown promising results, although poor stability, cellular toxicity, complex
fabrication process and high cost prevents their use in commercial products [28–
31].

One of the biggest hurdles that hinders commercialisation of the MFC technology
is the high cost of materials [32, 33]. Therefore, continuous efforts should be made
in searching for cost-effective but well performing and robust electrode materials
for long-term operation.

This chapter presents one of the most cost-effective carbonaceous materials such
as carbon fibre veil and activated carbon powder used as electrode material in both
the anode and the cathode within various microbial fuel cell settings.

3.3.1 Carbon Veil

Carbon veil (CV) is a thin ply of continuous strands of fibres that are looped
randomly throughout the material. The fibres are held together with a binder such
as poly vinyl alcohol (PVA). The nonwoven structure allows excellent resin uptake
that increases chemical stability and reduces the risk of micro-cracks forming on the
composite surface. Therefore, it is widely used in a variety of industries worldwide,
including aerospace, defence, automotive, construction, consumer electronics and
energy. Carbon veil can also be used for grounding a composite structure, minimis-
ing the build-up of static electricity that could prove dangerous when in contact with
explosive liquids and gases.

As an MFC electrode material, carbon veil has many advantages. It possesses a
non-woven structure of smooth, long, cylindrical fibres (Fig. 3.1) forming a network
with large (macro-size) gaps between fibres that determine the porosity of this type
of carbonaceous substratum. Carbon veil structure even when convoluted, allows
for permeation and interpenetration of liquid media within the structure due to
macro-porosity [18], and as such has been explored as the material for mL- and
L-scale MFCs including large scale applications. It has good electrical conductivity,
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Fig. 3.1 A photo of folded 3D carbon veil material electrode (carbon loading: 20 g/m2) (; left) and
a scanning electron microscopy (SEM) image of the single layer at ×100 magnification (; right)

chemical resistance and higher porosity than woven carbon cloths. This lightweight,
carbon-based nonwoven fabric, can be easily manipulated, folded, convoluted in any
shape forming three dimensional (3D) structures for the bacterial attachment and
formation of the electroactive biofilm. Also compared to other carbon-based fabric
materials such as carbon cloth, the cost of carbon veil is much lower per unit area.
Thus, it has been widely used as a 3D MFC electrode material.

As mentioned earlier, modification of the plain carbon veil is essential for
enhanced performance, longevity and easy of scale-up. Thanks to the aforemen-
tioned properties (cost-effective and nonwoven structure that enables high chemical
uptake) and high thermal stability, carbon veil is an ideal base material for electrode
modification.

3.3.2 Activated Carbon

One of the most low-cost carbon-based materials are activated carbon and graphite
which both show the lowest cost per mass [21]. Activated carbon (AC), also known
as activated charcoal, is a carbonaceous, porous solid material with high specific
surface area, relatively even pore size distribution and high-degree of surface
reactivity. Due to its excellent adsorption properties, it has been widely used as
an absorbent in many fields including hydrogen storage [34], medicine [35], water
purification [36] and air filtration [37].

AC is produced from various carbonaceous materials such as wood, nutshells,
fruit stones, peat, lignite, coal and petroleum pitch [38]. The process of AC synthesis
usually consists of two steps, carbonisation and activation. Carbonisation is to
reduce the volatile content of raw materials via pyrolysis of the carbon precursors
in the temperature range of 300–900 ◦C. The following activation step is to improve
the specific surface area or porosity through opening new pores and improving the
existing pores. Properties of synthesised AC such as porosity, pore size, pore size
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distribution and surface reactivity are affected by several factors including carbon
precursors, activation pathways and activating agents [39].

Activated carbon electrodes have been widely used in bioelectrochemical sys-
tems, electrical energy storage as well as capacitive deionisation technologies due
to the high storage capacity on the available large surface area, cost-effectiveness,
availability and chemical stability. In MFCs, activated carbon is usually employed
in granular, powder or woven form in either anodic or cathodic half-cell. However,
it is primarily the powdered form that is used for in-house fabrication, modification
and incorporation with other carbonaceous or metallic substrates. While the use of
binding agents such as polyvinylidene difluoride (PVDF) or polytetrafluoroethylene
(PTFE) is needed for AC powder attachment to the surface of the backbone, these
binders can hinder ion access to the pore [40]. Currently, the choice of electrode
core material and the method of surface modification is one of the main challenges
undertaken in MFC research as it determines the system performance as well as
technology cost for the purpose of future commercialisation.

3.3.3 Activated Carbon Doped Carbon Veil Anode

In order to enhance the bacterial adhesion as well as the electron transfer for efficient
current collection, a strategy including the combination of carbonaceous scaffold
decorated with a microporous agent can be successfully pursued [40], which can be
followed utilising low-cost materials such as activated carbon as one of the most
affordable and widely available forms of carbon [21]. Given the MFC anode is
biotic, it is essential to give priority on pore size as well as the large surface area
and high porosity. Surface topology has a direct influence on the formation and
performance of electroactive biofilms [41]. This is important from the perspective
of the mass transfer and diffusion limitations with regard to the substrate availability
for the microbial biofilm grown on the surface of the electrode.

The clogging of pores in 3D porous carbon materials by the entrapment of
bacterial cells can ultimately result in fast accumulation of inactive cells [42].
This may lead to a significant reduction of the power output levels. It has been
reported that clogging most likely will happen if the diameter of the pore is smaller
than 200 μm, and as a result mass transfer limitations would affect the bioanode
performance [43].

Increasing the electrode macro area and electrode thickness by introducing
multiple layers of carbon fibres provides a larger surface area for the electroactive
biofilm to inhabit, but also a longer electron transfer path. Therefore the combination
of macro- and micro-porosity has been introduced as a means of increasing the
specific surface area in order to decrease the total (bulk) geometry [44].

The following sections describe some of the material parameters (Table 3.1)
and show SEM images as well as data from real MFC experiments in which these
materials were rigorously investigated; the methodology for experiments has been
previously reported [44]. In summary, the MFCs were of cylindrical shape, made
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Table 3.1 Material surface
area and resistivity

Material Surface area (ma/g)b Resistivity (�•m)a

Carbon veil 0.3183 9.2 × 10−4

Activated carbon 672.1842 n.d.c

Modified anode 498.4422 7.7 × 10−4

ameasured using the four-wire resistance measurement
bmeasured by the Brunauer–Emmett–Teller (BET) method
cnot determined

Fig. 3.2 Scanning electron microscopy observing plain carbon veil at (a) 100× (b) 10,000× (c)
80,000× and activated carbon doped carbon veil at (d) 99× (e) 20,000× (f) 80,000×. (Adapted
from [44], Elsevier, under licence CC BY 4.0)

in house with terracotta clay and had an internal volume of 5 mL. The anode was
a modified carbon veil with 5 mg/cm2 of activated carbon powder and the cathodes
were also modified carbon veil electrodes with 60 mg/cm2 of activated carbon
powder loading. In both cases, PTFE was used as the binding agent and it was
5% w/v for the anode and 20% w/v for the cathode. During the main parts of the
experiment and for those data shown herewith, the external load connected to the
MFCs was 100 �.

As shown in Table 3.1 and Fig. 3.2, AC particles attached on the smooth long
fibres of plain carbon veil through the modification, created much higher surface
area (1566 times) without losing the large void spaces. The additional micro- and
nano-porous structures enhanced the surface roughness (Fig. 3.2e and f). The rough
surface as a result of combination of macro, micro and nano pores should provide
easier attachment for electroactive microorganisms compared to the smooth carbon
fibres, hence higher cell population [45]. For bacterial attachment, the effect of
electrode surface topology is predominant in macro-pores and grooves [46, 47],
while the actual microbe-electrode interaction is determined by the microscopic
roughness [47].
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Fig. 3.3 Performance of activated carbon doped carbon veil anode in comparison to plain carbon
veil both in batch operation (a) and under continuous flow feeding mode (b), OCV (open circuit
voltage) depicts the period of time when the MFCs were operated under open circuit condition

Figure 3.3 illustrates 1-year performance of MFCs equipped with modified or
unmodified, plain carbon veil electrodes. In Fig. 3.3a, the MFCs were operated in
batch-fed mode and the maximum power performance of 3.2 mW was achieved
by the modified anode MFCs, while the plain carbon veil showed up to 1.4 mW
of power. Under continuous flow shown in Fig. 3.3b, MFCs with modified anodes
stabilised at 1.8–2.0 mW, while MFCs with unmodified anodes showed output levels
of 0.9–1.3 mW. The power fluctuations in this case were due to the cathode flooding
by the continuously formed catholyte inside the cathode half-cells. The modification
showed improved performance throughout the prolonged period of time and under
various operating conditions including periodical feeding regime and long-term
open circuit conditions (Fig. 3.3b). This shows both stability and resilience in the
long term, which is sought after when implementing the technology in practical
demonstrations. This is in line with the results obtained in the stack configuration
[26].

These results show the enhanced surface area, surface topology, and electri-
cal conductivity contribute to anode performance improvement. The results also
demonstrate that the modified anode is suitable for long-term operation, showing
no decrease in power generation performance for nearly one year of operation. In
the literature, longevity is rarely reported which is connected to the performance
stability within the lab, field trials and prototypes tested with real wastewater. The
majority of materials and methodologies are unsuitable for practical implemen-
tations due to complex manufacturing processes, their scalability or high costs;
moreover, the long-term stability of most tested materials is not given or is still
unknown. Apart from the materials, scaling-up to multi-litre level brings about
various challenges relating to design, stacking, fluidic and electrical complexities
such as fuel starvation and voltage reversal. In this regard, the choice of materials
for MFC assembly apart from electrodes as well as the choice of the semi-permeable
membrane is of primary concern as it dictates technology performance and overall
cost.
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3.3.4 Cathode Electrodes: Incorporation of Carbon Veil
and Activated Carbon

Carbon veil has also been a material of choice for the cathode in the biotic [48],
synthetic [49], open to air cathode configurations [50], where the progress in
material science and modification strategies are leading towards functionalisation
of the carbon fibre matrix as a scaffold for the incorporation of microporous layers
[51]. Cathode development is focusing on the improvement of air-breathing (open to
air) cathode electrodes for the oxygen reduction reaction (ORR). The backbone of
the carbon veil becomes a gas diffusion layer (GDL) and current collector where
the active layer is directly attached to the scaffold and made of various carbon
powder blends. This includes the carbon black and activated carbon. Activated
carbon as the most affordable option was chosen for several lab-based studies as
well as multiple prototypes tested in field trials of the technology. The powder of
AC particles show micro-nano structure that promote electro-activity and enhances
ORR while the carbon veil treated with hydrophobic agent such as PTFE allowing
the air to permeate into the active layer (Fig. 3.2). Performance of the air-cathode
that can be improved by developing an ORR catalyst with a high electrocatalytic
activity, ensuring efficient transport, and enhancing oxygen diffusion.

The physico-chemical stability, robustness and cost of ceramics makes it par-
ticularly suitable for the technology advancement into larger scale and real-world
applications. Optimum cathode modification results in better levels of performance,
which can directly be used to power practical applications, as reported in [52]. As
part of previous work, the modification was investigated under microscopy, which
is now shown below in Fig. 3.4. Briefly, the MFCs were made of terracotta clay
with 10 cm height, 3.6 cm inner diameter and a volume of 100 mL. Plain carbon
veil (carbon loading: 20 g/m2) was used as the anode and for the cathode, activated
carbon/PTFE blend (20% w/w) was applied onto PTFE-treated carbon fibre veil.
The MFCs were supplemented with a mixture of sludge and 0.1 M sodium acetate
and tested in triplicates in batch-fed mode under 100 � external load.

In a different unpublished study, four types of carbon veil-based cathodes
(10 cm2) were tested as follows: i) plain carbon veil (20 g/m2), ii) PTFE treated
carbon veil, iii) thin layer of activated carbon paste with 20% PTFE content applied
onto and iv) thick layer of AC paste applied onto the PTFE treated carbon veil
backbone. The thickness of the thick AC was 3.0–3.5 mm, while the thin one
was 1.5–1.6 mm. Carbon loading was 0.693 ± 0.03 g for the thin layer and
1.304 ± 0.05 g for the thick layer. The total of twelve MFCs were assembled as
previously described [50].

Anode half-cells contained well matured anodes adapted from previous long-
term MFC experiments operated for over 18 months. MFCs were assembled using
25 mL anode and 25 mL cathode chambers separated by a cation exchange
membrane (CMI-7000, Membranes International Inc., New Jersey, USA) as pre-
viously described [48]. Anode electrodes were made of plain carbon fibre veil
(20 g/m2). MFC anodes were connected to the reservoir to recirculate the feedstock
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Fig. 3.4 Cathode electrode morphology. (a) Photograph illustrating AC layer; (b) digital micro-
scope image using 400× magnification of AC; (c) SEM image of AC under high (15,152×)
magnification; (d) photograph illustrating GDL on the air side; (e) digital microscope image at
400× magnification of GDL; (f) GDL under 960× magnification. (Adapted from [53], Elsevier,
under licence CC BY 4.0)

Fig. 3.5 Performance of thin and thick layer of activated carbon applied onto carbon veil cathode
in comparison to plain carbon veil and PTFE treated carbon veil

(acetate/wastewater and urine) at a constant flow rate, while the external load
connected was 300 �.

As can be seen in Fig. 3.5, the performance of the both AC-based cathodes
was significantly higher than the unmodified plain CV both in PTFE treated and
untreated versions. The maximum power achieved by the thick AC cathode was up
to 500 μW, while the thin AC reached up to 260 μW, while the CV PTFE and CV
produced only 32 μW and 43 μW respectively.

Figure 3.6 illustrates all MFC groups when tested under external load and two
different feedstocks, namely wastewater supplemented with acetate and human
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Fig. 3.6 Temporal behaviour of all four types of MFCs (n = 3, shaded areas illustrate error
bars) when fed with sodium acetate/wastewater and when fed with neat human urine. Drop in
performance shows feedstock depletion while the increase in power indicates fresh feedstock
supply

urine. Although the MFCs were operated under constant recirculation mode
between the anode and 1 L reservoir, the periodic feedstock depletion resulted
in a decrease of power and subsequent feedstock replenishment resulted in restored
and even improved output levels. Both thin and thick AC-modified cathode MFCs
showed up to almost 400 μW when fed with acetate and over 500 μW when fed with
urine, while the CV and CV PTFE reached up to 43 μW and 69 μW respectively
when fed with acetate and 77 μW and 90 μW when urine was used as feedstock.
The effect of AC-modification suggests an almost eightfold improvement. What
is interesting to observe, both thin and thick AC modifications resulted in similar
power performance, therefore higher carbon loading in this case did not improve
the output.

In Fig. 3.7, both anodic and cathodic modifications are analysed in terms of
performance and cost. It shows that for both anode and cathode, AC modification
of the carbon veil is the most effective in terms of power to cost of material used
(expressed in mW/£) reaching up to 7.4 mW/£. This is calculated using materials
sourced in the United Kingdom, whereas both carbon veil and activated carbon are
widely available and can be sourced worldwide even at more competitive prices
when bought in bulk quantities. For the MFC experiments, both modifications of the
core carbon veil are tailored for separate environments where the anode electrode
is designed to accommodate biotic biofilm whereas the cathode is more compact,
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Fig. 3.7 Maximum power output and power/cost (in British pound sterling) comparison of the
following anode/cathode configurations: 1) unmodified (plain) carbon veil anode and unmodified
(plain) carbon cathode, 2) unmodified (plain) carbon veil anode and modified (with AC powder)
carbon veil cathode, 3) modified (with AC powder) carbon veil anode and modified (with AC
powder) carbon veil cathode. Please note that the 4th variation of modified anode/unmodified
cathode was not tested. Costs of the PTFE binder material and fabrication are not included in
power/cost comparison

hydrophobic (higher PTFE content) and abiotic for efficient ORR. Therefore, both
methods of material preparation for the purpose of either cathode or anode assembly
differ in binder content and in carbon loading because of the specific half-cell
requirements. Power/cost ratio is particularly important when developing multi-
modular stacks and prototypes for off-grid power production [54]. Therefore, further
efforts in optimisation strategy with reducing overall cost and increasing MFC
power output at the individual unit scale and from overall multi-unit stack can lead
towards commercialisation of this technology.

3.4 Conclusions

The choice of electrode material is crucial for further development of the MFC
technology as it determines its market readiness. Recent research had been directed
towards anodic and cathodic modifications utilising high performing and affordable
materials in order to enable scale-up and implementation. The combination of low-
cost materials such as carbon fibre veil and activated carbon powder showed high
power output, good longevity and improved power/cost ratio when implemented in
both anode and in the cathode half-cells.
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Chapter 4
Bridging Electronics and Micro Energy
Storage

Alexander Masson, Federico Poli, Francesca Soavi, and Clara Santato

Abstract The development of small, smart and remote objects requires microscale
components and energy autonomy. Activated carbon electrodes with high specific
surface areas, achieving high electrical double layer capacitances present an oppor-
tunity to associate electronic components and energy storage. Transistors are a key
element in any integrated circuit and the use of carbon gate electrodes has proven
efficient to achieve low-voltage (sub-1 V) current modulation, reducing the energy
required to operate them. Furthermore, the monolithic integration of an ion-gated
transistor and a supercapacitor allowed to store and reuse up to 50% of the energy
used to switch on the transistor. This paves the path to low-power, durable and
autonomous devices able to function on small ambient energy harvesters and/or
energy storage units.

Keywords Ion-gated transistors · Carbon electrodes · High surface area ·
Electrochemical energy storage

4.1 On-Chip Technologies for Autonomous Systems

Energy autonomy is a key issue for remote sensors, small robotics, and wearable
and bio-medical devices that require ultra-small, flexible, and compact components.

In the home, autonomous sensors are at work in security systems, thermostats,
and intelligent lighting systems. In the factory and in other mechanical applications,
sensors powered by engine vibrations enable the detection of defects in parts before
they break, reducing downtime. In agriculture, sensors are expected to be needed
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to monitor soil temperature and acidity level, wind speed and direction, and other
variables. The bio-medical sector will require great numbers of monitors of vital
signs, such as blood pressure, glucose levels, and cardiac function [1–4].

To be autonomous, these devices must be coupled with ambient energy harvesters
(EHs) (photovoltaic (PV), thermoelectric, piezoelectric) or energy storage units
(ESUs, secondary rechargeable batteries, supercapacitors, and dielectric capacitors).
EH power output typically fluctuates over time and is often lower than that required
for continuous operation of devices like wireless sensors. ESUs can be used to buffer
EH output discontinuities. However, the low voltage and power of EH require that
ESU are tailored designed for an efficient energy storage. In addition, their leakage
currents are higher than those of small EHs.

Vast numbers of sensors, ESUs, and EHSs will need to be coupled through the
internet of things (IoT). To meet this need, considerable research is focused on the
integration of multiple functionalities on a single chip i.e., Systems on a Chip (SoC).
Due to their low-voltage operational characteristics, ion-gated transistors (IGTs) are
attractive candidates to be coupled to energy harvester/storage microsystems [5–14].

This chapter concerns carbon-based materials and architectures for autonomous
SoC. The low cost, abundance and facile processing routes make carbon an ideal
candidate for these purposes.

4.2 Fundamentals of Capacitance

The value of capacitance (Eq. (4.1)), expressed in Farad (F), corresponds to the
amount of charge (dQ) that can be stored over a potential difference (dV). For ideal
systems, C is constant.

C = dQ

dV
(4.1)

When an electrode is polarized, charge carriers can distribute into the bulk of the
electrode over a relatively large distance (screening length) that is inversely related
to the charge carrier density; this is called the space charge region (SCR) and ranges
between 0.1 nm to 1 μm in semiconductors [15]. On the electrolyte side, a compact
layer of ions of opposite polarity, the inner Helmholtz plane (IHP), forms in close
proximity to the electrode surface, while a diffuse layer, the outer Helmholtz plane
(OHP), forms at larger distances.

With the formation of an electrical double layer (EDL) at the elec-
trode/electrolyte interface, the charge is distributed with potential gradients
developing in the SCR, IHP, and OHP regions. These three potential gradients
(Fig. 4.1 �C, �H, and �diff) generate three capacitive components (CC, CH, and
Cdiff) that are connected in series and contribute to the EDL capacitance (Cdl). For
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Fig. 4.1 Scheme of the electrical double layer at the electrode/electrolyte interface (for symbols,
refer to main text). For electrolyte concentrations higher than 10−2 M, the typical total thickness
of IHP and OHP is about 10 nm. EC and EF are the electrode conduction band edge and Fermi
level, respectively. (Reproduced with permission from [16])

high conductivity electrodes and concentrated solutions, CC and Cdiff are high and
the capacitance of the EDL is limited by CH.

According to the Helmholtz model, for concentrated solutions (typically 1 M)
the capacitance CH is related to the surface area of the electrode (A) as stated in Eq.
(4.2):

CH = k0ε
A
δdl

(4.2)

where k0 is the vacuum permittivity (8.85 10−12 F.m−1), ε is the dielectric constant
of the EDL region (that depends on solvent chemistry), and δdl is the thickness of the
double layer (δdl is of the order of the nm). Carbon electrodes with a specific surface
area up to 2000 m2.g−1, have a specific double layer capacitance in the order of 100–
150 F.g−1. Pore size and distribution in the electrode play an important role in the
formation of the EDL. An optimal combination of micropores (< 2 nm), mesopores
(2–50 nm), and macropores (> 50 nm) in the electrode structure minimizes ion
transport resistance and maximizes the capacitance of the EDL. In the same way,
ionic composition and concentration of the electrolyte are important parameters.

Faradaic (redox) processes bring about a higher charge accumulation at the IHP,
paralleled by the increase of CHwith respect to the case of ideally polarized elec-
trodes. When the redox processes are reversible, and determine the electrochemical
signature of capacitive electrodes, i.e. they exhibit a linear dependence of the charge
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Fig. 4.2 Cyclic voltammetry and galvanostatic charge/discharge profiles of EDLC, pseudocapac-
itive, and exclusively faradaic battery-type electrodes. (Adapted with permission from [18])

stored with the width of the potential window (Fig. 4.2b), the electrodes can be
defined as “pseudocapacitive” [17, 18].

Typical examples of pseudocapacitive materials are transition metal oxides (e.g.
MnO2 or RuO2), and electronically conductive polymers (e.g. polythiophenes).

As for EDL capacitance, pseudocapacitance also depends on specific chemical
interactions between the electrode material and electrolyte ions and accessibility of
the electrode surface [19].

Capacitive, pseudocapacitive, and battery-type (exclusively faradaic) electrode
materials are used in supercapacitors [20].

Different classes of supercapacitors making use of electrodes of different nature
have been investigated. The most common supercapacitors are electrochemical
double-layer capacitors (EDLCs) that use high surface area carbon electrodes,
which store/deliver charge by an electrostatic process (no charge transfer occurs at
the electrode surface). Pseudosupercapacitors feature electrodes (e.g., electronically
conducting polymers and metal oxides) that are charged/discharged by fast and
reversible redox processes. Pseudocapacitive electrodes provide electrochemical
responses similar to those of high surface area carbons, i.e. box-shaped voltamme-
tries and triangular galvanostatic charge/discharge profiles. Unlike pseudocapacitve
electrode, battery-like electrodes feature the typical response of solid-state battery
electrodes. Hybrid supercapacitors feature positive and negative electrode materials
of different nature that are charged/discharged via different electrostatic and faradaic
mechanisms.

High specific energy is achievable in supercapacitors by high capacitance values
(C) and cell voltage which are dependent on the carbon electrode porosity and
nanostructure, the electrochemical stability window of the electrolyte, and in the
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case of pseudo or hybrid capacitors, the operating stability of the electrodes. The
maximum specific energy Emax is:

Emax = 1
2

C(Vmax)2

msc
(4.3)

where Vmax is the maximum cell voltage and msc is the total electrode mass.
Further, high specific power is achieved at low ESR (equivalent series resistance),

which in turn depends on the conductivity of the electrolyte, the electronic resistance
of electrode materials, the interfacial resistance between the electrode and the
current collector, Mhe ionic resistance of ions migrating and diffusing through small
pores of the electrode. The maximum specific power Pmax is:

Pmax = 1
4

(Vmax)2

ESR msc
(4.4)

The best performing commercially available EDLCs operate in organic elec-
trolytes and feature Emax < 5 Wh.kg−1, Pmax < 10 kW.kg−1, and Vmax < 2.7 V
[21].

4.3 Fundamentals of Transistors

The first transistor was fabricated in 1947 by John Bardeen, Walter Brattain, and
William Shockley of Bell Labs who were jointly awarded the 1956 Nobel Prize
in Physics [22]. Since then, transistors have continuously improved, and their size
miniaturized to micro and nanometre scales. Gordon Moore proposed, in 1965, the
empirical observation that the number of transistors in an integrated circuit doubled
every year [23]. This concept, called Moore’s law, is verified even today and modern
smartphones are composed by over 11 billion transistors smaller than 5 nm [24].

Transistors are three-electrode devices acting as switches and amplifiers. A
transistor consists of a semiconducting channel, three electrodes, and a gating
medium (Fig. 4.3).

A semiconducting material has conductivity values (ranging from 10−6 to
104 S.cm−1) between that of a conductor (metal) and an insulator (glass), and that
value can be altered by doping to create an accumulation (or depletion) of positive
(p-doping) or negative (n-doping) charge carriers in the semiconductor.

The three electrodes of a transistor are: source and drain electrodes, where charge
carriers are injected into (or extracted from) the semiconducting transistor channel,
and the gate electrode, where an electrical bias can be applied to modulate the
doping, thus the conductivity, of the channel. The gating medium can consist of
a wide range of dielectric materials, e.g. SiO2 or HfO2, or, in the case of ion-gated
transistors (IGTs), ionic media, like aqueous saline solutions or ion gels [25]. The
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Fig. 4.3 Working mechanisms of IGTs: (a) in a purely electrostatic IGT ions from the gating
medium do not penetrate the semiconductor channel but create a strong electric field at the
interface, (b) in electrochemical IGTs doping (or de-doping) is achieved by permeation of ions
in the semiconductor

gating medium is electronically insulating [7, 26]. IGTs exploit EDLs forming at
the interface between the ionic medium and the channel, to modulate the electrical
conductivity in the transistor channel. The high capacitance of thin EDLs (ca. 2–
4 nm thick) enables high charge carrier density in the channel (ca. 1014 cm−2), at
operating voltages as low as 0.5 V [27].

As shown in Fig. 4.3, upon applying a potential to the gate electrode of
the IGT, cations and anions preferentially distribute at the gate electrode/gating
medium and gating medium/semiconductor interfaces doping the semiconductor
through two possible mechanisms. A purely electrostatic IGT will behave as a
field-effect transistor (FET), meaning that the accumulation of ions at the gating
medium/semiconductor interface will create a strong electrostatic field that will
attract charge carriers of opposite polarity in the semiconductor, modifying the
charge carrier density. In an electrochemical transistor, ions reversibly permeate the
gating medium/semiconductor interface and dope the semiconducting channel [7,
26].

Oxygen atom migration created by strong electric fields between the ionic liquid
and the metal oxide channel have been invoked, as probed by X-ray photoelectron
spectroscopy, to explain the working mechanism of IGTs making use of metal oxide
channels [28].

Independent of the specific working mechanism, the arrangement of the ions
upon application of an electrical bias at the gate electrode is an essential factor
in establishing the behavior of IGTs. Fundamental aspects pertaining to such
arrangements are complex and still under study. The complexity stems from the
number of interactions, from electrostatic to van der Waals, contributing to the
buildup of the ionic arrangement, possibly in the form of interfacial ionic layering
[29].
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Organic electrochemical transistors (OECTs) were first reported by Wrighton et
al. [30] and have attracted growing attention for flexible electronic and bioelectronic
applications, including synaptic devices [29]. OECTs are investigated in bioelec-
tronics because of their low operating voltage, compatible with the electrochemical
stability window of aqueous media, where biological processes take place [31].
Furthermore, the mechanical stability of OECTs, due to the softness of organic
materials, make them particularly compatible with human tissues compared to rigid
devices [32]. IGTs have been implanted in the human body [5, 33] and used for
pH sensing through the presence of an analyte in the gating medium that affects
the electrical response of the IGT [34, 35]. They have also been used to study
electrophysiological signals from the human brain exploiting as signal the transistor
transconductance (the change in source/drain current created by a small variation in
the applied gate voltage) [36].

The use of dissolved ions in aqueous solvent at very low operational voltages
in particular enables great biocompatibility and allows a wide range of in vivo
applications [33].

Ionic liquids present a variety of properties that make them interesting candidates
for IGT applications. They consist of salts with a relatively low fusion point
(generally below 370 K) and are generally chemically and electrochemically stable,
presenting optical transparency and low volatility. Ionic liquids can be created using
a great pool of anions and cations; tailoring each pair allows a choice of interactions,
such as electrostatic, van der Waals, and hydrogen bonding. This ensures the
cohesion of the liquid impacting the physicochemical properties including ionic
conductivity and viscosity. Finally, the use of a solvent allows further modification
of the main interactions and properties [31].

The main technical challenge associated with ionic liquids is their outflow. The
liquid state of these salts can cause packaging, portability, and leakage problems.
Ion gels combine ionic liquids with polymers or inorganic materials to effectively
immobilize them in a quasi-solid state by mixing the ionic liquid with the solid
matrix or growing the matrix in situ. Ion gels are very stable over time and are
resistant to pressure and temperature changes while keeping the properties of the
original ionic liquid intact, making them ideal candidates for ion- gating media [37].

While the properties of ion gating media have been extensively studied, the
specific role played by the gate electrode remains unclear. Most OECT devices
rely on Pt, Au, Ag, or Ag/AgCl and patterned PEDOT:PSS for the gate electrode,
but their respective impacts on device performance have yet to be investigated in
depth [38, 39]. Using a Pt wire gate electrode with a polyacetylene ionomer based
OECT, Lin et al. [40] studied the effect of the gate electrode geometric area on the
performance of the device. They found that an increase in the capacitance of the
gate electrode led to increased current modulation for comparable voltages. Cicoira
et al. [41] studied the impact of faradaic reactions at the gate electrode by comparing
Pt and Ag gate electrodes for PEDOT:PSS-based OECTs using halide electrolytes.
The reaction between Ag electrode and halide electrolyte is proposed as the cause
of the higher current modulation by Ag compared to Pt, for the same gate voltage.
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4.4 Carbon Processing for Flexible Electronics

Deposition of electrochemically active materials on flexible substrates for energy
storage and electronics has attracted growing attention due to the advent of wearable
electronics [42–44], flexible displays [45], and medical applications for monitoring
patient health [46]. Due to its electronic and mechanical properties, carbon is an
ideal candidate for low-cost, environmentally friendly, flexible electrodes on strings
[42, 47], substrates [48–50], or freestanding [51, 52]. In what follows, we explore
deposition and fabrication techniques for flexible carbon electrodes.

Carbon presents multiple dimensionalities: from 1D carbon nanotubes (CNTs)
to 2D graphene sheets and 3D carbon foams. These three possible dimensionalities
for carbon technologies make them excellent candidates for a variety of electrodes.

4.4.1 Introduction to Microfabrication and Patterning
of Electronic Devices

Microfabrication aims at creating micro and nanometre scale devices using precise,
tunable, and reproducible techniques. These methods can be classified in three main
categories depending on whether they add, shape, or remove materials. Most of the
time, the device is constructed in a step-by-step process that builds a film on a rigid
substrate (wafer) to ensure good stability during fabrication, followed by peeling off
the film to achieve flexibility. In the following paragraph we give an overview of a
few microfabrication techniques [53].

Additive techniques are used to deposit a new layer of material. This can be
the active material that will then be patterned to comply with the desired device
properties, or a secondary layer used to protect or shape the surface for a following
step. A great variety of these additive techniques exist depending on the deposited
material [54–56].

Spin-coating consists of initially drop-casting a small quantity of viscous fluid
material on a substrate, followed by spinning to ensure homogeneity of film
thickness and surface (step c of Fig. 4.4). The technique is suitable for deposition
on flat surfaces of materials that can be incorporated in viscous solutions at room
temperature; through drying or gentle thermal treatment the spin-coated films
become solid. By adjusting the viscosity of the solution, volume of solution, and
rotation speed and time, the thickness of the film can be tailored. This method is
often used to deposit photoresist layers used for patterning and lift-off steps, as the
thickness of the layer does not need to be extremely precise [57, 58].

Physical vapor deposition and chemical vapor deposition (PVD and CVD) are
techniques used to create very uniform films whose thickness is precisely known
and can be controlled by depositing materials directly on the wafer under vacuum
conditions. Both methods use vapors of the material they wish to deposit to achieve
controlled growth on the substrate. However, they present a few key differences:
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Fig. 4.4 The microfabrication process of a flexible transistor on polyethylene terephthalate
(Mylar). (Reproduced with permission from [74])

PVD uses a solid material that is sublimed to allow its atoms to diffuse to the
surface of the wafer at relatively low temperatures (500–700 K), whereas CVD
materials are in gaseous form and react on the surface of the wafer to create the
desired thin film at higher temperatures (700–1300 K). PVD comprises a wide
range of techniques depending on the method used to sublime the material. Simple
heating under vacuum is sometimes sufficient. Electron beams or plasma beams can
also be used to bombard the material and eject its atoms (this is called sputtering
deposition). PVD and CVD techniques have been used to grow ordered, flexible
carbon thin films (step e of Fig. 4.4) [59–62].
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Patterning methods are used to imprint a precise structure on the active material.
Two main categories of patterning exist: optical and physicochemical. Optical
methods use photoresists and light exposure to transfer the desired pattern from a
mask to the thin film. Photoresists change molecular structure upon exposure to UV
light leaving the pattern on selected regions of the wafer’s outer layer (steps d and
i of Fig. 4.4). The advantages of optical methods are rapidity and reproducibility; a
single photomask can pattern a great number of devices with only a few minutes’
exposure each. By choosing positive or negative photoresists, either the unexposed
or exposed areas can be removed. This can be done in series or for several devices at
a time. Simple optical methods reach the limit of their resolution as light diffraction
at the mask creates a physical barrier of precision at about 2 μm for simple contact
or proximity techniques, but that can be reduced to 200 nm using optical lenses
(projection technique) and even 20 nm using X-rays instead of UV light [63–65].

Examples of high-resolution techniques include direct electron-beam lithography
and nanoimprinting. Electron-beam lithography uses a focused electron beam to
directly etch the desired pattern on the thin film, fully automated and without
needing a mask, thus solving diffraction problems. Focused beams can achieve
10 nm resolution but is a trade-off for a much slower process [66]. Nanoimprinting
uses solid molds to directly impress the desired pattern with a resolution that can
reach 10 nm [67, 68].

Once the desired pattern has been transferred to the photoresist, one can choose
from a few different removal techniques. Undesired layers can simply be peeled off
(step l in Fig. 4.4) or removed by chemical or physical etching, namely wet and dry
[53].

Physical dry etching is achieved by accelerating ions towards the surface under
inert gas atmosphere. Chemical dry etching uses reactive gases that will remove the
desired material through chemical reactions. These physical and chemical methods
can also be combined. Wet etching is used for metals or silicon through oxidant or
reducing solvents. Metals are oxidized (M → M+ + electron) and then can freely
diffuse in solution. Silicon is a special case as the silicon-oxygen bond is very strong,
requiring HF acid, leading to SiF6 [69, 70].

In some cases, direct nanoprinting can conveniently replace these adding-
patterning-etching steps, but not all materials can be printed, and each new material
requires a custom-made ink. More details on nanoprinting can be found in [71–73].

4.4.2 One-Dimensional Flexible String Electrodes

One-dimensional string-like electrodes can be integrated in wearable electronics
without altering the comfort or the texture of the fabric by knitting electrodes into
the textiles [47]. There are two main approaches to the creation of durable, flexible,
and resistant fiber electrodes: coaxial yarn electrodes [42] and deposition on an
existing flexible and robust thread to make use of its mechanical properties [47,
48].
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Wang et al. [42] have described the fabrication of a coaxial yarn asymmetric
supercapacitor using CNT-MnO2 composites and Fe2O3 on carbon fiber to achieve
high energy densities (about 30 Wh.kg−1) by introducing redox activity. Flexible
CNT-MnO2 nanosheets were constructed by floating catalyst-assisted CVD for CNT
films, followed by immersion in KMnO4 aqueous solution. The resulting composite
was cut into strips and twisted into strong yarns (a single yarn resulting from a
5-mm-wide strip could hold 50 g) later coated in lithium-based electrolyte. The
negative electrode made from Fe2O3 deposited on carbon fiber through a FeCl3
aqueous solution was then rolled around the positive one creating an asymmetric
supercapacitor.

Other techniques to create freestanding 1D carbon-based electrodes include wet-
spinning [75] and dry-spinning of CNTs [76].

Another approach to fabricating resistant and flexible electroactive threads
consists in coating metal fibers, cotton threads, rubber fibers, elastic polymers,
and carbon fibers [77–79] using simple dipping-drying [77] or hydrothermal [47]
methods. These methods have the advantage of making use of the mechanical
properties of the substrate. For instance, shape-memory supercapacitor threads [78].
Zhou et al. [47] reported the fabrication of a graphene oxide (GO) and CNT-based
supercapacitor on cotton threads. The GO/CNT composite was deposited by dipping
a bovine serum albumin coated cotton thread in an acidic (pH 3–4) GO/CNTs
suspension and maintaining it at 450 K in an autoclave. The supercapacitor was
fabricated by twisting two threads together after dipping them in a gel electrolyte
to achieve good capacitance (about 100 μF/cm), electrical stability (95% capaci-
tance retention after 8000 charge-discharge cycles), and mechanical stability (90%
capacitance retention after 500 continuous bending cycles).

4.4.3 Two-Dimensional Flexible Thin Film Electrodes

Thin film electrodes are garnering considerable attention in the field of wearable
electronics, flexible displays, and medical sensors, and a number of methods have
been considered in the past decade, such as printing, spraying, and dipping [48, 51,
80].

Key challenges when processing carbon on flexible substrates are adhesion and
electronic contact with the substrate throughout the patterning. Huang et al. [51]
focused on silicon compatibility with carbon-derived thin films that concentrated on
developing a wafer-scale magnetron sputtering technique with low energy densities.
They deposited a titanium carbide (TiC) film several microns thick, followed by
chlorination to create a carbide-derived-carbon film on the surface (after removal
of titanium chloride) while maintaining the TiC current collector and adhesion with
the silicon wafer.

Santato’s group [50] worked on creating flexible electrodes by combining the
electrochemical properties of carbon and bio-sourced redox molecules. Using a
parylene C film, patterned by photolithography, they were able to construct a
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carbon-black/melanin composite electrode on a gold/titanium current collector and
polyethylene terephthalate (PET) flexible substrate. First, gold and titanium were
deposited by electron beam evaporation, then a carbon-black/melanin slurry was
drop casted on the wafer and the parylene C film was peeled off to achieve patterning
of the carbon/melanin electrodes.

McCreery’s group [49] reported a very stable (unchanged performance after
107 current-voltage cycles) and flat carbon electrode allowing for good molecu-
lar junction to create a gold/carbon/anthraquinone/carbon/gold (in vertical order)
supercapacitor on (undoped) silicon and silicon oxide. Carbon was deposited on the
gold contact through electron-beam evaporation, creating amorphous carbon with an
extremely smooth surface (<0.4 nm root mean square roughness from atomic force
microscopy measurements) and allowing for strong C-C bonds with anthraquinone.
The group adapted the technique to achieve deposition on PET using chrome/gold
contact to add flexibility and transparency to the supercapacitor.

Other vapor deposition techniques of carbon have been reported [48, 80].
PVD was used to deposit amorphous carbon on metal oxide-coated carbon cloth
to achieve NiCo2O4/carbon composite flexible electrodes [80]. NiCo2O4 was
deposited on carbon cloth through hydrothermal deposition followed by standard
PVD of carbon on the coated cloth. The obtained electrode exhibits a 750 mAh/g
capacity and could be used to replace graphene in lithium- or sodium-ion batteries.

Gogotsi’s group studied spray coating techniques for titanium carbide MXene
(Ti3C2Tx) and reduced graphene oxide (rGO) electrodes [81]. MXenes are two-
dimensional inorganic compounds consisting of a-few-atoms-thick layers of car-
bides (carbon-metal), nitrides (nitrogen-metal) or carbonitrides (combination of
both). For this process, a mask was used to successively spray rGO and Ti3C2Tx
with a hot air gun to ensure quick drying of a pre-patterned structure on PET
substrate. These two asymmetrical electrodes were covered by a gel electrolyte
to form a supercapacitor bendable up to 90◦, exhibiting 97% retention after
10,000 cycles and an energy and power density of 8.6 mWh/cm3 and 0.2 W/cm3.
Spray coating methods are attractive due to their simplicity, scalability [81],
amenability to deposition on non-flat surfaces and precise control of the amount
deposited [82]. By controlling the physical and chemical parameters of deposition
properties, such as wettability of the substrate, spraying pitch, height of nozzle, and
gas flow rate, uniformity and density of the deposition can be controlled [82].

Printing techniques have been studied to facilitate automatic and large-scale
device manufacturing [46, 83]. However, printing techniques, such as inkjet and
aerosol printing, require pre-processing and thermal post-processing that are not
suitable for all materials. Gandhiraman et al. [46] reported an atmospheric pressure
printing technique for multi-walled carbon nanotube (MWCNT) electrodes on
commercial paper. Standard aerosol printing was enhanced by plasma to improve
density of MWCNTs on a paper substrate and a dielectric barrier was used to reduce
the temperature at the nozzle to adapt to the lower glass transition temperature of
MWCNTs. Improved printing techniques can produce a complete supercapacitor
instead of a simple electrode. Direct ink writing can be used to print a single-walled
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carbon nanotube (SWCNT) supercapacitor without mask, transfer, and alignment
steps, thus increasing productivity [83]. SWCNTs were dissolved in deionized water
with sodium n-dodecyl sulfate surfactant and the direct ink writing was conducted
by layer-by-layer deposition through a needle close to a moving platform.

4.4.4 Three-Dimensional and Freestanding Flexible
Electrodes

3D carbon-based electrodes make use of microporous flexible materials such as
sponges [48] or porous carbon [84] to coat macropores in the active material
of interest. Wu et al. [84] reported on a flexible 3D carbon electrode based
on the pyrolysis of pomelo peels to achieve a honeycomb-like structure onto
which were coated rGO and CNTs to produce a hybrid carbon film (Activated
Carbon/rGO/CNTs) presenting high specific capacitance of 214 F/g.

A different approach to making flexible carbon-based electrodes is to take advan-
tage of the mechanical properties of carbon and construct freestanding electrodes
instead of relying on deposition on a substrate. The carbide-derived carbon (CDC)
electrode constructed by Huang et al. [51] can be further chlorinated up to complete
consumption of the titanium carbide layer to be able to peel off the CDC layer,
making a freestanding flexible carbon electrode.

Other approaches are even more direct and make use of the flexible properties
of some forms of carbon, such as graphene sheets [85]. Graphene sheets were used
as a base for freestanding carbon-based electrodes by creating a graphene/polymer
composite via in situ anodic electropolymerization of aniline onto graphene paper
to overgrow a polyaniline (PANI) thin film. The resulting composite sheet exhibited
remarkable flexibility, tensile strength, and excellent specific capacitance (233 F/g)
due to very lightweight materials and the absence of a substrate.

Cheng et al. [52] used three-step carbonization of a graphene/PANI to create a
richly nitrogen-doped flexible freestanding electrode. The three-step pyrolysis was
conducted by progressively heating a furnace to 420 K under argon atmosphere for
5 h, followed by a slow warming to 720 K before progressing to 970 K for 3 h.
This slow carbonization allowed for strong nitrogen doping (10%) bringing about
increased energy density even under 180◦ bending.

Several other techniques have been developed to create freestanding carbon
electrodes adapted to a variety of dimensionalities. String-like electrodes were
obtained by wet [75] and dry [76] spinning of CNTs, thin film electrodes have been
created by vacuum filtration [86], casting of carbon ink followed by peeling off the
film [87], CVD [88], and dry drawing [89].
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4.5 Ion-Gated Transistors (IGTs) and Advantages of Using
Carbon-Based Gate Electrodes in IGTs

A number of channel materials have been used in IGTs and depending on their
nature, different doping mechanisms have been taken into account. IGTs making
use of organic polymers mainly rely on faradaic doping. In this case, the charge and
pseudocapacitance stemming from the doping surpasses those of electrostatically
doped, non-porous materials by about two orders of magnitude. In these polymer
channels, current modulation is achieved by varying the doping level. The faradaic
nature of this doping depends on the electrochemical potential of the channel.
Thus, careful monitoring of the channel potential is crucial to the optimization of
current modulation in polymer IGTs and requires an additional reference electrode.
The potential of the channel must be compatible with the electrochemical stability
window of the electrolyte.

IGTs have also made use of a wide range of gate electrode materials., The impact
of the nature of the material on the performance of the device is yet to be fully
understood and is at the heart of recent studies [41, 90]. Nevertheless, it is possible
to improve the device stability by using certain gate electrode materials to limit
undesirable electrochemical reactions. Furthermore, high specific surface area in
gate electrodes permits to achieve high current modulations in organic polymer
channels that are prone to bulk electrochemical doping. These electrodes have
high double layer specific capacitances enabling them, within a narrow potential
excursion, to supply a non-limiting charge to efficiently dope organic polymer
transistor channels. The charges are stored via highly reversible fast, electrostatic
processes following Q = mCΔV, where m the mass of the electrode material, Q is
the stored charge, C the specific capacitance (optimized high surface area carbon
can reach ca. 100–200 F.g−1) and ΔV the potential excursion of the electrode.

4.5.1 Enabling Low Voltage and Simple Design

Activated carbons are ideal gate electrode materials for IGTs. Indeed, their high
gravimetric and areal capacitance permits them to store electrostatically and within
a relatively low ΔV (a few hundreds of mV), the amount of charge required to
effectively dope the channel. Furthermore, the low ΔV permits the carbon gate
electrode to act as a quasi-reference electrode. High surface area activated carbon
gate electrodes present an interesting opportunity to lower the voltage required for
channel modulations. Nevertheless, low-voltage IGTs require a compatible redox
activity of the channel material that must take place at sufficiently low potentials vs.
the quasi reference carbon electrode [14].

We reported on an ionic liquid-gated organic transistor based on MEH-PPV
semiconducting polymer for the channel and activated carbon for the gate electrode
(Fig. 4.5) [91].
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Fig. 4.5 Electrochemical characteristics of [EMIM][TFSI]-gated MEH-PPV transistors. Cyclic
voltammetry at 50 mV.s-1 obtained using the polymer film as the working electrode, the activated
carbon gate electrode as the counter electrode and i) a second activated carbon electrode as the
quasi-reference electrode (black, solid line) or ii) the carbon gate electrode itself as both the counter
and the quasi-reference electrode (red dotted line). In the latter case, the potential of the transistor
channel corresponds to Vgs (the gate–source voltage). (Reproduced with permission from [91])

The channel/ionic medium/gate stacking of IGTs can be viewed as a 2-electrode
electrochemical cell where |Vgs| is the difference of the gate (Vgate) and channel
(Vch) electrode potentials (vs. a given reference).

∣
∣Vgs

∣
∣ = ∣

∣Vgate − Vch

∣
∣ (4.5)

The potential difference of the gate electrode vs. channel material (and vice
versa) has to be properly set to optimize current modulation in IGTs based on redox
channels.

When a Vgs bias is applied, both channel and gate electrode potentials change as
described in Fig. 4.6. Eq. (4.5) suggests that even the electrochemical behavior of
the gate is affecting IGTs’ current modulation. Developing low voltage (low Vgs)
IGTs, positively affecting power consumption and device stability, requires that the
redox activity of the channel takes place at low potentials vs. gate potential (i.e. Vch∼= Vgate), and that channel and gate potential excursions are as narrow as possible.
Being a bulk process, the doping of redox channels involves a high doping charge
(Qch.) and pseudocapacitance (Cch), which can be up to two orders of magnitude
larger than those involved in the electrostatic polarization of a flat surface/ionic
medium interface. Channels with high pseudocapacitance (Cch ∼= 100–200 F.g−1)
typically exhibit narrow �Vch:
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Fig. 4.6 Schematic description of the effect of the gate capacitance (Cgate) on the operation of
low-voltage IGTs. (Reproduced with permission from [92])

Cch = Qch

ΔVch
(4.6)

The channel doping charge has to be counterbalanced by the gate, i.e.:

Qch = Qgate (4.7)

and

CchΔVch = CgateΔVgate (4.8)

Conventional metal gates like Pt, of low gate capacitance (Cgate), are not capable
of effectively counterbalancing the doping processes occurring at redox channels
within a narrow �Vgate. On the other hand, gate electrodes based on high surface
area carbons with high double-layer capacitance (∼= 100 F.g−1), can store/deliver
a noticeable amount of charge Qgate by a fast and reversible electrostatic process
within a relatively low �Vgate., thus enabling an overall narrow �Vgs [92]. These
concepts are described in Fig. 4.6.

Tang et al. (Fig. 4.7) used an activated carbon (AC) gate electrode in an OECT
and proved it can provide large current modulation with low voltages and act as a
replacement for the reference electrode used to monitor the channel potential. They
concluded that the very high double layer capacitance of the AC electrode and its
intrinsic property to act as quasi-reference were responsible for the behavior [39].
Indeed, cyclic voltammetry (CV) shows that the high specific capacitance of the
AC counter electrode (CE) permits the potential excursion of the CE to be kept
within a few tenths of mV during PEDOT:PSS doping/dedoping. The overlap of
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Fig. 4.7 (a) Cyclic voltammograms where a doped (pristine) PEDOT:PSS film acts as the
working electrode (WE), and different counter electrodes (CE) and reference electrodes (RE) are
compared. The electrolyte is a 0.01 M aqueous solution of NaCl. Solid black line: three-electrode
configuration with a Pt wire CE and a saturated calomel electrode (SCE) RE; red dashed curve:
three-electrode configuration with a Pt wire CE and an AC electrode RE; blue dotted curve: two-
electrode configuration with an AC electrode acting as CE and RE. (b) Scheme of the architecture
of OECTs using an activated carbon (AC) gate electrode and a conducting polymer channel made
of PEDOT:PSS. (c) Transfer characteristics of PEDOT:PSS OECTs using an AC (black line) and
a PEDOT:PSS gate electrode (red line). (Reproduced with permission from [39])

the CV curves in Fig. 4.7a indicates that the AC electrode is able to effectively
dope/dedope the PEDOT:PSS channel, while simultaneously acting as a quasi-
reference electrode. When the CV is performed in a two-electrode configuration
(Fig. 4.7a, dotted blue curve), the potential applied between the working electrode
(PEDOT:PSS) and the AC quasi-reference corresponds to −Vgs in PEDOT:PSS
OECTs making use of an AC gate electrode. Therefore, our results indicate that
a Vgs range between −0.6 to +0.8 V enables safe switching of the OECT from the
ON to the OFF state (Fig. 4.7c).

4.5.2 Monolithic Integration of Supercapacitor and Ion-Gated
Transistor: TransCap

In what follows we try to evaluate the energy and power required to operate IGTs.
The energy required to drive IGTs (EIGT) consists of two terms: that required to
dope the channel (Egs) and that required for the source/drain current to flow through
the channel (Eds) over a certain time (t), i.e.:

EIGT = Egs + Eds (4.9)

The doping energy is related to Vgs and Qch by:

Egs = ∣
∣VgsQch

∣
∣ (4.10)

This is why low-Vgs IGTs are promising for low-power devices.
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Fig. 4.8 (a) Scheme of the ON/OFF switching mechanism and (b) evolution of Ids and Pgs as a
function of time for charge (ON) and discharge (OFF) conditions of the TransCap. For meaning of
symbols, please refer to the main text. (Reproduced with permission from [14])

Eds depends on the power flowing through the channel, in turn related to Ids,
and t:

Eds = Pdst (4.11)

where:

Pds = |IdsVds | (4.12)

Table 4.1 reports the energy and power of IGTs making use of organic polymer
and inorganic semiconductors as the channel materials, ionic liquids, possibly mixed
with propylene carbonate, as the gating media, and high surface area carbon gate.

The channel/ionic medium/gate stacking of IGTs can be viewed as a 2-electrode
electrochemical cell where the capacitive channel and carbon gate components
reversibly store charge at given Vgs. Specifically, the channel/ionic medium/carbon
gate stacking is analogous to that of a hybrid supercapacitor where channel and
gate electrodes are charged/discharged by a faradaic and an electrostatic process,
respectively. This means that Egs used to dope the channel is stored and then is ready
to be delivered when the IGT is switched OFF. The percentage of stored energy can
be described as Estored = 100 Egs/EIGT (Table 4.1). Ids, Igs, and the IGT power
demand depend on geometric parameters like channel thickness and area.

Table 4.1 also shows the performance of a TransCap, a device which seamlessly
integrates an IGT and a micro-supercapacitor [14]. The TransCap whose character-
istics are shown in Table 4.1 featured an MEH-PPV channel, a gate based on an AC
layer deposited on carbon paper, and the ionic liquid N1113TFSI as gating media
[14]. Figure 4.8b shows the power stored upon channel doping (Pgs = Igs Vgs) and
delivered upon channel dedoping. The integration of Pgs over time provides Egs of
ca. 0.02 μWh stored during switch ON and delivered with an efficiency of 99.5%.

Furthermore, the storage capability of the TransCap permits the transistor
channel to be kept open even when the transistor is not connected to a power supply.
This storage capability can be affected by the presence of leakage currents, resulting
in discharging of the device. This was demonstrated by an [N1113][TFSI]-gated
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Fig. 4.9 Supercapacitor characteristics of the [N1113][TFSI]-gated MEH-PPV TransCap: (a)
voltage profile vs time when the device is galvanostatically charged/discharged at ±10 μA up
to 0.8 V (data taken during the second cycle of a sequential type of acquisition: 6 s TransCap
ON followed by 6 s TransCap OFF); (b) voltage (left axis) and current (right axis) vs time upon
galvanostatic charging at 10 μA up to 0.8 V, followed by 10 s at 0.8 V, 30 s rest in open circuit
conditions, and galvanostatic discharge at −10 μA. (Reproduced with permission from [14])

Fig. 4.10 (a) Transfer curves of micron-sized (L = 5 μm, W = 80 μm) OECTs making use
of a PEDOT:PSS channel, a nanostructure carbon (ns-C) gate deposited at room temperature by
supersonic cluster beam deposition (SCBD) and a PSSNa-based gel electrolyte. Vds = −0.5 V. (b)
Voltage profile over time for galvanostatic charge-discharge cycles at different currents from 1 to
10 μA for the TransCap. (c) Devices patterned on Mylar® during peel off from the PDMS-glass
support for later use. SEM image of a microscale device. (Reproduced with permission from [74])

MEH-PPV TransCap. Figure 4.9 shows the voltage behavior over time during the
OFF step proving that the supercapacitor can keep its charge within a voltage drop
of 1.4% after 0.2 s (high resolution plot not shown here). Afer 30 s, the voltage
decreases by 30% of its initial value. This result suggests that the TransCap can
operate without being connected to an electric grid for relatively short times and
that the transistor channel is still open (doped) at relatively long times.

The TransCap concept was further demonstrated by a flexible, planar OECT
using PEDOT:PSS as the channel material and nanostructured carbon as the gate
electrode material and poly(sodium 4-styrenesulfonate (PSSNa) gel as the gating
media. The electrical characteristics of the system reveal good current modulation
at low voltages, while demonstrating efficient charge retention and satisfying energy
storage characteristics (Fig. 4.10; Table 4.2).
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Table 4.2 Discharge Time (t), Capacitance (C), Delivered Energy (E), and Power (P) of Type I
OECTs/Supercapacitors at Different Values of the Current (I), Normalized to the Geometric Area
and Volume (Footprint) of the PEDOT:PSS Electrode (0.16 cm2 with a thickness of 470 nm).
Reproduced with permission from [74]

I (μA) t (s) C (mF/cm2) E (μWh/cm2) P (μW/cm2) C (F/cm3) E (mWh/cm3) P (W/cm3)

1 143.5 1.08 0.10 2.48 23.0 2.1 0.05
2.5 39.3 0.87 0.06 5.25 18.5 1.2 0.11
5 11.7 0.61 0.03 8.56 13.0 0.6 0.18
10 1.6 0.25 0.005 10.56 5.32 0.1 0.22

4.6 Conclusions

Flexible carbon electrodes represent a key component to bridge electronic and micro
energy storage. Indeed, their good volumetric capacitance can be exploited for
different devices, which, if properly designed and connected, could bring about a
miniaturized autonomous system. Carbon electrodes can be used to process sub-1 V
IGT components and to design novel architectures for new multifunction energy
storage elements. Specifically, nanostructured carbon electrodes can be used as
gates in IGTs and TransCaps assembled with both organic and aqueous electrolytes,
the latter of interest for biosensing applications. The integration of transistor and
capacitor provides a very efficient and low-cost energy system of great interest
for autonomous flexible/stretchable electronics and bioelectronics. Furthermore, the
charge storage properties of the channel and the gate electrodes of the OECTs permit
the operation of the OECT without power supply for short periods of time.
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Chapter 5
Nanoporous Composite Sensors

Adebayo Eisape, Bohan Sun, Jing Li, and Sung Hoon Kang

Abstract Nanoporous composite sensors provide great opportunities to tune their
characteristics for specific functions beyond the intrinsic properties of constituent
materials. To make nanoporous composites, one needs to mix matrix materials with
fillers and introduce small scale pores. While many different classes of materials can
be utilized for the synthesis of nanonporous composites, we will focus on carbon-
based materials as they are the most common and widely utilized materials. In
this chapter, carbon-based filler and matrix materials will be introduced to inform
selection based on sensor application and environment, followed by fabrication
methods to control the internal and external structure of the composites to have
desired properties. Finally, we will conclude by discussing current challenges and
future opportunities.

Keywords Piezoresistive · Carbon-based · Nanocomposite · Microstructure ·
Nanostructure

5.1 Introduction

Sensors are used in many aspects of modern life to collect information about
environments, health conditions, and machines, as they provide quantitative infor-
mation about various stimuli (e.g. pressure, strain, temperature) which can be
used as guides for monitoring and decision making. One typically chooses a
sensor based on requirements such as sensing capability (e.g. types of signals to
detect, sensitivity, sensing range) and associated mechanical, thermal, chemical,
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and electrical properties. In this regard, nanoporous composites provide great
opportunities for sensor applications, as their properties can be tuned for specific
applications, rather than relying on the inherent properties of the materials used.

To tune the properties of a sensor, mechanisms such as the control of compo-
sitions, constituent materials, and porosity have been utilized for the manipulation
of the mechanical/electrical/electrochemical properties of composites. These mech-
anisms are also used to adjust the associated sensitivity and sensing range of the
devices fabricated with these composite materials.

Beyond tunability, such sensors have other desirable attributes including low
cost, scalability, light weight, and ease of fabrication and shaping. As a result, there
have been many studies exploring the use of nanoporous composites for sensing
applications such as the measurement of strain [1], pressure [2], physiological
signals [3], gas [4], humidity [5, 6], and antibiotic agents [7]. In particular, they have
been actively studied for applications where flexibility and elasticity are desirable,
such as wearable electronics, human-machine interfaces, health monitoring devices,
and soft robotics.

While there are multiple mechanisms by which sensing can be achieved,
including change of capacitance and charge generation, change of resistivity or
resistance associated with stimuli such as pressure and strain is the most commonly
used mechanism. And, it is the effect by which the composites discussed in this
chapter are able to achieve sensing. As such, it is prudent to provide a brief
introduction of this sensing mechanism.

The piezoresistive effect is the effect by which a material changes its resistivity
with the application of a mechanical strain or stress. It is widely utilized for
sensing mechanical signals, and it is particularly well-suited for pressure sensing
applications because it is based on absolute pressure, as opposed to changes in
pressure (as is the case for piezoelectric sensing elements, for example). This allows
sensors utilizing this effect to provide an accurate measurement of slowly varying
pressures, such as those experienced due to changing atmospheric conditions,
descending into the ocean, or measuring body movements/joint articulation. The
piezoresistive effect is realized as the modification (both creation and destruction)
of electrically conducting pathways throughout the sensing material.

Conductive pathways can be established due to close proximity of conductive
elements in the matrix. Tunneling channels are responsible for variations in
conductivity when the distances between conductive elements are small enough
(on the order of 100 to 101 nm [8, 9]) such that charges can tunnel from one
conductive element to another. Conductive pathways can be also modulated due
to the change of direct physical contact between conductive elements, as shown in
Fig. 5.1a. The reversibility of this process can be ensured by the incorporation of an
architected structure. Conductive pathways can be (permanently) destroyed due to
ripping/tearing/damage to conductive elements or to the additive-matrix interface,
leading to a permanent increase in the base resistance of the composite material and
as a result, a permanent decrease in the performance of the sensor. The effects of
this damage (pull-out effects) will be discussed in Sect. 5.3.

While incorporating conductive fillers into a matrix will increase the electrical
response of the formed composite, the sensitivity of a bulk material will always
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Fig. 5.1 Piezoresistive nanocomposites [10]. (a) Mechanism of conductive pathway formation.
(b) Shift of electrical response due to pull-out effects. (Reprinted from Ref. [10]. Copyright 2012,
with permission from Elsevier)

be limited, as the only mechanisms for conductive pathway modification in such a
system are charge tunneling and damage to the filler or filler-matrix interface. As
such, microstructures can be introduced to provide more control over the interac-
tions of conductive elements. The microstructures discussed in this chapter will be
pores of varying geometries, with their associated methods of fabrication also being
discussed. While the fabrication method will vary based on the constituents of the
composite, the degree of the desired porosity, and the mechanical and electrical
properties and response of the desired sensor, they share common principles and
fabrication approaches.

In general the fabrication of all nanoporous composites requires the mixing
of one or more matrix materials with fillers and the introduction of small scale
pores. To ensure the uniform mixing of matrix and filler, and to introduce pores
in a desired size range and fraction, there have been many studies to facilitate the
process by overcoming challenges such as agglomeration and segregation. While
many different classes of materials can be utilized for the synthesis of nanoporous
composites, we will focus on carbon-based materials as they are the most common
and widely utilized materials.

In this chapter, different filler and matrix materials will be introduced to inform
selection based on sensor application and environment, followed by a discussion of
structure properties and morphology and fabrication methods to control the internal
and external structure of the composites to improve their properties. Finally, we will
conclude by discussing current challenges and future opportunities.

5.2 Materials

In this section, we will provide information about popular carbon-based filler and
matrix materials used for composite sensors, as a guide for material selection for
different sensor applications and environments. Composites consisting of polymeric
matrices and carbon-based conductive fillers (e.g. carbon black, carbon nanotube,
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graphene, graphite) can provide the integration of the electrical conductivity of
carbon fillers and the mechanical compliance of flexible matrices [11, 12].

Carbon Black Carbon black (abbreviated CB) is carbon in a nanoparticulate form,
and is a widely used filler with outstanding electrical properties, with a resistivity
in the range of 10−2–101 � cm [13] and a high surface area to volume ratio [14].
Controlling the concentration of carbon black in a polymer offers a mechanism of
tuning sensitivity when applied in pressure sensing applications by changing the
modulus and the conductivity of the composite.

Carbon black has been explored widely for use as a 0D conductive filler
in various applications to significantly improve the electrical conductivity of
polymer materials via incorporation [13]. CB can be directly mixed with soft
polymers such as polydimethylsiloxane (PDMS), Ecoflex, silicone rubber or ther-
moplastic polyurethane (TPU) to fabricate piezoresistive composite sensors using
methods including drop-casting, compression moulding or spin-coating [15–18]
to name a few. Besides the common carbon black/polymer composites, rubber-
band (RB)/CB/PDMS composite piezoresistive sensors have been demonstrated
with high sensitivity (Gauge factor ≈ 242.6 (ε = 38.8–71.4%), see Sect. 5.3 and
equation 5.1 for more information about the Gauge factor) and good reliability and
repeatability for human motion monitoring [19].

As shown in Fig. 5.2a, the pre-swollen RB is soaked in CB suspension to adsorb
CB particles onto its surface, followed by PDMS casting. Therefore, the added CB
fillers form a shell-like microstructure inside the PDMS matrix, and at different
stretching states the microstructure of the conductive CB layer on the RB surface
is gradually cracked, resulting in a significantly increased resistance. Additionally,
it is reported that the use of ionic liquids (IL) inside the polymer matrix can
improve filler dispersion and rubber-filler interaction (Fig. 5.2b) [20]. The reported
sensitivity of CB/rubber composite with IL/CB (ratio of 1 to 1.5) is about 6 times
higher than the composite without IL.

Graphite Graphite, a crystalline form of the element carbon with its atoms
arranged in a hexagonal structure [21], can be randomly dispersed in flexible
polymeric matrices to fabricate piezoresistive graphite/polymer composite sensors
with very limited sensitivity [22]. To overcome the poor sensitivity of polymeric
composites with graphite powders, a number of synthesis methods have been pro-
posed to prepare graphite nanosheets [23–25]. Taking advantage of the continuous
2D sheet form, the contact area changes are enlarged upon external mechanical
loading, leading to a high sensitivity for human motion monitoring (Fig. 5.3) [26].

Carbon Nanotube Carbon nanotubes (CNTs) are layered cylindrical molecules of
rolled-up carbon atoms which exhibit high electrical conductivity and exceptional
mechanical properties [27]. These tubes may form with a single rolled-up sheet of
carbon atoms (single-walled carbon nanotube, SWCNT) or with multiple rolled-
up sheets of carbon atoms (multiwalled carbon nanotube, MWCNT) and can have
length to diameter ratios exceeding 1,000,000 [28]. CNTs are widely utilized in
pressure and strain sensing, owing to their excellent electrical and mechanical
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Fig. 5.2 (a) Schematic of the fabrication process of the RB/CBNPs/PDMS piezoresistive com-
posite. (Reprinted from Ref. [19] with permission from Elsevier). (b) The improved sensitivity and
rubber-filler interaction of CB/rubber composite by adding ionic liquid. (Reprinted from Ref. [20]
with permission from Elsevier)

Fig. 5.3 Styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) triblock copolymer/graphite
nanoplatelet (GNP) composites with enhanced sensitivity for human motion monitoring.
(Reprinted from Ref. [26] with permission from Royal Society of Chemistry)

properties including high electrical conductivity (as high as 106 to 107 S/m for
pure CNT [29]), good flexibility, and high thermal conductivity (6000 W/mK for
SWCNT and 3000 W/mK for MWCNT [30]). These outstanding properties make
them widely used as conductive fillers for polymeric composite-based piezoresistive
sensors.

The most popular CNT/polymer composite synthesis method is to randomly
disperse CNTs in a PDMS matrix [31]. In order to imitate stretchability of human
skin, ultra-soft Ecoflex has been widely used to synthesize CNT/Ecoflex composites
for electronic skin applications [34]. Moreover, CNT/polymer composites with
various characteristics have been developed using different polymer matrices, such
as versatile thermoplastic PU, high-strength epoxy and transparent PMMA [35–37].
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Fig. 5.4 The schematic of the fabrication process of (a) self-segregated CNTs/PDMS composite.
(Reprinted from Ref. [31] with permission from Royal Society of Chemistry), (b) hybrid
CNTs-CBs/PDMS composite. (Reprinted from Ref. [32] with permission from Elsevier), (c) CNT-
arrays/PDMS composite for piezoresistive sensing applications. (Reprinted from Ref. [33] with
permission from Royal Society of Chemistry)

Remarkably, with the increasing popularity of the development of high performing
self-powered sensors for portable electronics, polyvinylidene fluoride (PVDF), a
piezoelectric polymer, has served as the matrix material for CNT-based composites
as well [38]. However, due to the nanoscale size and large aspect ratio, the randomly
dispersed CNT fillers are prone to agglomeration, forming clusters throughout
the composite [39]. The agglomeration negatively influences the sensitivity of
CNT/polymer composites and impedes the capability of the composite to detect
pressures in the tactile pressure range (≤1 kPa). Therefore, many methods have been
applied for the uniform distribution of CNT fillers. For instance, self-segregated
structures have been constructed to form dense conductive CNT networks in
PDMS. As shown in Fig. 5.4a, the self-segregated CNT/PDMS composite exhibits
a sensitivity 7.4 times higher than that of conventional samples and shows a more
prominent compression modulus and strength [31]. Another approach is to hybridize
CNTs with high surface area to volume ratio CBs. Such implementations combine
PDMS with hybrid CNT-CB conductive fillers using a mixing-casting method.
CNTs and CBs overlap and entangle, forming a bridged structure, resulting in
improved sensitivity and electrical conductivity for human joint motion detection
(Fig. 5.4b) [32]. Furthermore, a novel piezoresistive CNT-based composite with
aligned CNT-arrays in a PDMS matrix has also been proposed for stretchable sensor
applications (Fig. 5.4c) with the resulting composite possessing not only outstanding
electromechanical sensitivity, but also excellent elasticity [33].
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Graphene Graphene is a two-dimensional (2D) carbon allotrope, consisting of a
monolayer of carbon atoms arranged in a honeycomb lattice [40] and is a base
unit for other graphitic materials and the assembly of carbon nanomaterials in other
dimensions. It can be assembled as 0D buckyballs by wrapping, 1D nanotubes by
rolling, or 3D graphite by stacking [41]. The conduction bands of graphene make it
a semimetal, with unusual mechanical, electrical, and thermal properties that are
best described by theories for massless relativistic particles [41]. The scaled-up
and reliable production of graphene derivatives, such as graphene oxide (GO) and
reduced graphene oxide (rGO), offers a wide range of possibilities to synthesize
functional graphene-based materials for various applications [42].

Graphene exhibits great mechanical, electrical, and thermal properties. Graphene
stands out both as an individual material and as a reinforcing agent in composites
owing to its impressive mechanical properties including modulus of elasticity equal
to 1000 ± 100 GPa, an intrinsic strength (σint ) of 130 GPa and critical stress inten-
sity factor (KC) of 4.0 ± 0.6 MPa [43, 44]. For thermal properties, graphene has very
high in-plane thermal conductivity exceeding 3000 W (mK)−1 and thermoelectric
effects [44, 45].

Graphene has a very high electrical conductivity, with a low sheet resistance
of around 10 �/sq [46] and an electron mobility of 250,000 cm2/V s [43]. It is
widely utilized in various tactile pressure sensing applications. For graphene-based
composite sensors, graphene is incorporated into well-known polymeric matrices,
such as PDMS, Ecoflex, PLA, PVDF, PU, and rubber for wearable sensors and
biocompatible materials including PLA, PDMS, and Poly (ethylene-glycol) for
biomedical and implanted sensing applications [47–50].

Due to the high carrier mobility and large surface area of graphene, graphene-
based composite sensors possess higher sensitivity compared to other carbon-based
composite sensors [51, 52]. Remarkably, it has been shown that the lightly cross-
linked Silly Putty polymer matrix with highly viscous properties can enable
high mobility of graphene nanosheets, resulting in outstanding electromechanical
properties, such as dramatic changes in resistivity with mechanical strain and
temporal relaxation of electric resistance [53].

A PDMS sponge with graphene embedded as a filler material can enable pressure
sensors with a remarkable sensitivity of 2.2 MHz/kPa, wide operating range to
500 kPa, fast response time of around 7 ms, and a low detection limit of 5 kPa
(Fig. 5.5a) [54]. As shown in Fig. 5.5b, adding conductive metal nanoparticles
to a graphene/polymer mixture by drop-casting to make a nanoparticle-bridged
graphene/polymer composite can further increase sensitivity for both subtle and
intensive human activity detection [55]. To address the drawbacks of simply over-
lapping 2D graphene in composite materials, architected 3D graphene structures
have been utilized as an effective reinforcing agent to enhance the linear sensing
range and sensitivity of graphene/polymer composite-based sensors as well [56, 57].
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Fig. 5.5 (a) Graphene-based polymeric composite with PDMS sponge matrix, exhibiting high
piezoresistive sensitivity. (Reprinted from Ref. [54] with permission from Springer Nature). (b)
Metal nanoparticle-bridged graphene/polymer composite sensors for detecting subtle and intensive
human activities. (Reprinted from Ref. [55] with permission from American Chemical Society)

5.3 Structure

In carbon-based piezoresistive pressure sensors, the principle mechanism of resis-
tance modification is conductive pathway modulation. By controlling the size,
shape, and fraction of microstructures in a composite, it is possible to tune the
electrical response, sensitivity, and mechanical properties of the sensor, with a
decreased dependence on the intrinsic characteristics of the constituent materials.
This facilitates a more robust implementation and finer control of specific properties
of the resultant composite.

For example, consider a composite material X, consisting of an elastomeric
matrix material and a conductive filler, and a sensor A, made with bulk material
X. Consider another sensor B, made with the same material X, as well as having
incorporated microstructures. For sensor A, if the sensitivity or conductivity of the
sensor is to be increased, the loading of the conductive phase must also be increased.
This cannot be done to an arbitrary degree, as excessive increases in conductivity
would cause decreases in sensitivity (Gauge Factor, GF), given by equation 5.1,
where ΔR is resistance change (upon application of a given strain ε), R0 is the
initial resistance of the sensor, ε is the strain, ΔL is the length change, and L0 is the
initial length.

GF =
ΔR
R0

ε
ε = ΔL

L0
(5.1)
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Fig. 5.6 Mechanical and electrical response of a TPU/multi-walled carbon nanotube composite,
with and without porosity. (Reprinted with permission from Ref. [62]. Copyright 2013 Cambridge
University Press)

Additionally, increase in the amount of the conductive phase will result in an
increase in the stiffness of the overall composite, as increasing the filler loading
ratio will cause the properties of the composite to tend towards those of the filler
material [58–60].

If these effects could be decoupled, finer tuning of sensor performance and
more control over material properties could be achieved. It is possible to do
this (implementing sensor B in the example above) by leveraging microstructures
such as nanoscale pores [2, 61, 62]. The concentration of these pores is given by
equation 5.2, where f is the fraction of pores, M is the mass of fillers, V is the
volume of the fillers, and ρ0 is the density of the fillers.

f = 1 − M

Vρ0
(5.2)

This relationship can be clearly seen in Fig. 5.6, where not only are the electrical
and mechanical properties of the composite material made more linear (a beneficial
trait for sensors in general), but the electrical response with respect to deformation
is inverted, with the resistance increasing instead of decreasing when pressure is
applied, tracking the applied stress well.

Yet another factor to be mindful of when developing sensing composites is the
percolation threshold of the filler in the matrix. Percolation is the phenomenon by
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which a significant change (typically an increase) in one or more properties of a
system occurs. It is estimated by equation 5.3 where σ is the conductivity of the
composite material, Φ is the volume fraction of the filler in the composite, ΦC

is the volume fraction of the filler that is the percolation threshold (or the critical
value of the filler fraction) [63]. The exponent t is a fitting parameter based on
dimensionality, and has been shown empirically and theoretically to be between 1
and 4 for polymer-carbon nanoparticle systems [64].

σ ∝ (Φ − ΦC)t (5.3)

This proportionality can be represented as a scaling factor applied to a base
value, as shown in equation 5.4 where the base value σ0 is the conductivity of the
conductive filler [64].

σ = σ0(Φ − ΦC)t (5.4)

The percolation threshold is the volume fraction of a filler material in a matrix
such that long range connectivity is established, and can be derived algebraically
from equation 5.4, as shown in equation 5.5

ΦC = Φ − t

√
σ

σ0
(5.5)

As such, the loading (Φ) of a conductive phase in a composite should be above
the percolation threshold (ΦC) of the system in order to ensure that sufficient
conductivity will be established. However, because percolation is statistical in
nature, the percolation threshold describes the concentration of filler at which
the likelihood of the existence of a conductive network throughout the composite
becomes very high.

However, this does not necessarily preclude the existence of conductive pathways
at filler loadings below ΦC , nor does it necessarily guarantee the existence of
conductive pathways above ΦC . As such, it is advisable for some safety margin
to be added to ΦC in order to shift the loading of the system by a safe amount from
the threshold, where chance and slight variations have a more pronounced effect.

The formation of this network causes the conductivity of the composite to
increase sharply, as a filler network is established throughout the composite,
increasing the likelihood that a charge will be able to travel from any point to any
other. The percolation threshold and network formation of fillers provide yet another
method for the modification of sensor properties.
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Fig. 5.7 Pull out effects that cause damage to the matrix-filler interface

5.3.1 Effects of Deformation

The degree to which deformation causes a shape change in a sample is a function
of both the moduli and relative concentrations of the matrix and the filler. When
choosing a matrix material, the use case of the final composite should be taken into
account (i.e. anticipated strain and environmental compatibility).

Additionally, the forces from deformation that the matrix experiences are
transferred to the filler material via the matrix-filler interface. As such, the relative
stiffness of these phases, as well as the strength of their interface, is particularly
important. If the filler material is much stiffer than the matrix and not allowed to
deform, or if the strength of the interface is insufficient for the loads experienced,
damage to the interface may occur. Specifically, filler slipping, buckling, ripping,
necking, etc. may occur, as illustrated in Fig. 5.7. This causes a permanent decrease
in sensitivity as a result of the damage to the composite.

Since excessive deformation can cause damage to fillers, and thus degradation
of sensor performance, care should be taken when selecting a conductive phase. A
way of alleviating this concern is to architect the structure of the material, allowing
the potentially damaging loads from being borne by the fillers or their interface with
the matrix, which will be covered in the following section.

5.3.2 Structure Morphology

As non-planar microstructures reside in the bulk material between sensor faces, the
bulk is leveraged to increase the change of interfacial area in response to applied
strain, thus creating more sites for conductive pathway modification. While these
sensors can be very sensitive, they also have a low, narrow pressure range that they
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are sensitive in, with greater pressures leading to no significant change in the output
signal (saturation). From this point on, any further change in resistance is due to
the piezoresistive properties of the bulk material, because the microstructures have
collapsed and the composite subsequently behaves as a bulk material. As discussed,
the piezoresistive performance of bulk materials is typically low. Since any change
in resistance is ultimately due to the increased or decreased proximity of conductive
elements in the matrix, the only way for this change to occur in a bulk material is
by damaging the filler or straining the bulk-filler interface (see Sect. 5.3.1).

In the following sections, a distinction will be made between subtractive and
formed voids, as their fabrication methods and resulting behaviors can be grouped.
For the purposes of this discussion, the terminology subtractive voids will be used to
refer to porosity that has been introduced by the removal of some sacrificial phase.
Formed voids will be used to refer to porosity that has been introduced via the
forming/molding/deposition of the material.

As discussed in Sect. 5.1, the mechanism by which the resistance through a
composite material is changed with respect to pressure is based on the proximity
(and contact) of the introduced conductive filler. Based on the cell structure and
fabrication process, a composite can be synthesized such that its resistance increases
or decreases with an applied strain. Composites that exhibit a decrease in resistance
with applied pressure typically employ a fabrication process that exposes the filler
to voids throughout the bulk. As such, when these voids are progressively collapsed
by an applied pressure, the conductive elements exposed at the void interface are
allowed to make contact, decreasing the resistance of the material. Composites that
exhibit an increase in resistance when an external pressure is applied are typically
fabricated such that the conductive elements throughout the composite are encased
in the matrix material. In this case, when a pressure is applied, conductive pathways
throughout the material are made longer, as the deformation of the pores causes the
elements and the paths surrounding those pores bow, becoming disjointed.

5.3.2.1 Subtractive Voids

Voids can be introduced with different geometries, depending on the method of
pore induction. It has been shown that sensitivity increases as porosity increases
– that is, as the volume fraction of the space that is occupied by voids in the
material increases [2]. This can be accomplished by increasing the pore fraction
of the composite. While the porosity can also be increased by increasing the size
of the pores, this method would not increase the sensitivity of the composite. Even
through the porosity is being increased, in this case, the increased size of the pores
decreases the number of conductive pathway modification sites present, causing an
overall decrease in sensitivity. Depending on the fabrication method, the porosity
of these composites can be adjusted, allowing sensors made with them to observe
different ranges of pressures, potentially with modified sensitivities.
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Fig. 5.8 Resistivity change of the CNT/PDMS porous nanocomposite under compression strain
(pressure). (Reproduced from Ref. [2] with permission from The Royal Society of Chemistry)

An effective method for the implementation of such composites typically
involves the removal of some place-holding element, whose removal introduces
a void. Fabrication techniques for these kinds of sensors include freeze casting
(Sect. 5.4.2) and cast etching (Sect. 5.4.3). Due to the nature of the fabrication
process, conductive elements are typically available at the faces of the internal
voids, causing the resistivity of the composite to decrease with an applied pressure
(Fig. 5.8).

As composites with low pore density are primarily comprised of the bulk
material, they retain more of the properties of the bulk material. As such, these
composites are appropriate for use in applications where higher loads are expected,
and reduced sensitivity is acceptable. They are also beneficial in applications where
the load may not be well-known beforehand, as the composite is less likely to
be compromised by strains that are not damaging to the bulk material. This is in
contrast to composites that have more empty space, as the reduced amount of bulk
material (per unit volume) is responsible for the transmission of the same amount of
energy.

In addition, the aspect ratio of the pores can also be modified with an appropriate
fabrication process. Composites containing non-isometric pores exhibit different
behaviors when the pores are aligned (with respect to their principle axes) as
opposed to being randomly oriented throughout the sample [61]. Such a composite
potentially possesses a mechanism for the detection of loading direction.
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5.3.2.2 Formed Voids

Foams are popular because they provide high surface area via typically simple
fabrication methods such as dip coating [65] and gas foaming [62]. The coating
of foam scaffolds, with either a conductive phase or conductive phase suspended in
an elastomeric carrier, is popular due to the ease of fabrication and high sensitivity
achieved. When coated, these sensors provide an open-cell structure and a high
surface area, which results in an increased number of sites throughout the composite
for the modification of electrical pathways.

However, these sensors do not gain much strength or rigidity from their con-
ductive fillers (as it is typically a thin surface coating). So, they can only detect
strains similar to those the foam scaffold is able to withstand. Furthermore, if
excessive force is applied, it is possible to irreversibly damage the foam structure
and/or coating, compromising the sensor. As such, these sensors are best suited
for applications where high sensitivity and known, relatively low loads are to be
measured.

Gas foaming is also a popular method for creating foams. The created foams can
have either an open- or closed-cell structure, controlled by a heating and quenching
process. Such foams can be tuned to have more or less porosity, allowing the
mechanical and electrical response of the material to be finely controlled. The
Fig. 5.9 shows the porosity that is introduced into a TPU/MWCNT nanocomposite
by a gas forming process [66]. Since the interfaces of the pores and matrix were not
defined by the removal of a sacrificial phase, it is the case that these voids have well-
defined boundaries. As such, there typically are not exposed conductive elements
at these boundaries. As a result, the majority of the electrical response of such a
composite is due to the contact between the internal conductive elements, which
can cause the resistance of the composite to increase with an applied pressure due
to disruption of the conductive filler network [66].

Such a sensor is appropriate for when either high or low loading is expected,
as the materials that can be used have a wider range of moduli and the amount of
porosity introduced can be limited to preserve the strength of the reinforced bulk.

Fig. 5.9 TPU/MWCNT foam fabricated with CO2 foaming. SEM images shows MWCNTs
surrounding pores. (Reprinted from Ref. [66]. Copyright 2014, with permission from AIP
Publishing)
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5.4 Fabrication

The fabrication method used to synthesize a composite material varies based on
the nature of its constituents, but primarily the matrix material, as carbon fillers
are typically very stable and non-reactive (and are thus compatible with a wide
range of processes and treatments). The fabrication method will dictate not only
the morphology of the composite, but also its mechanical properties, as different
fabrication techniques introduce differing levels of porosity and control. It is also
important to note that the fabrication technique for one composite system may not
be appropriate for another, and may even cause damage to the matrix. Note the
effect of the use of hydrochloric acid on PDMS (little to none) versus TPU (high
degradation) in an etching-based process as an example.

5.4.1 Mixing and Dispersion

Homogeneous dispersion of the filler in the matrix is important for any fabrication
method used to develop porous composite sensors. As such, thorough mixing is
crucial. Mixing facilitates thorough incorporation of fillers, ensuring homogeneity
and uniform properties throughout the composite and making characterization
of, and measurements with, the material reproducible and reliable. Inadequate
dispersion can lead to varying electrical responses and material properties through-
out the material, making characterization of the composite and measurements
performed with sensors made of the composite difficult. Carbon fillers are typically
hydrophilic, owing to the strength of carbon-carbon bonds (among the strongest in
nature). Because of this, carbon fillers do not tend to readily mix with most matrix
materials. As such, adequate dispersion is needed. This is typically done in one of
two ways: (1) mechanically, through the addition of energy (mixing, ultrasonication)
to promote the separation of filler agglomerates, or (2) chemically, through the
addition of hydrophilic groups to the carbon fillers, which will be further described
below.

5.4.1.1 Ultrasonication

Carbon-carbon bonds are very strong and as such, carbon fillers are very stable and
do not readily dissolve in solvents or disperse in a matrix. Thus, mechanical mix-
ing/dispersion is required to ensure uniform dispersion of the filler. Ultrasonication
is commonly used for its ability to deliver mechanical energy to fillers in solution.
This energy can serve to break up or disentangle nanotube bundles, nanoparticle
clumps, and exfoliate (separate) layered graphitic structures. It is also important to
note, however, that the quality, duration, and degree of this separation depends both
on the nature of the filler (functionalization, geometry, etc.), the solvent in which the
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mixing occurs (polar, organic, etc.), and their interaction. Also of consideration is
the fitness of the method of energy delivery with respect to the nature of the system,
i.e. a metallic ultrasonic horn would be a poor choice for use in a system where the
solvent is strongly corrosive to that type of metal.

5.4.1.2 Filler Functionalization

Because of the tendency of carbon fillers to not readily disperse due to the stability
of its carbon-carbon bonds, it may be desirable to chemically treat them so as to
add functional groups to their carbon structure. These functional groups promote
dispersion by interacting with the surrounding fluid during fabrication. While this
means that the carbon filler itself is still not interacting with the solvent, the
functional groups allow it to remain suspended in solution through the repulsion
that occurs between the functional elements attached to filler particles, as well as
the size of the functional group preventing the carbon-based fillers from coming too
close together. These effects prevent π − π stacking and van der Waals force from
causing the filler to agglomerate, allowing it to remain suspended [67, 68].

While this promotes dispersion, it also diminishes the exceptional electrical and
mechanical properties of the carbon filler, as some of the carbon bonds that give
rise to the exceptional electrical and mechanical properties of carbon fillers are
broken to add functional groups (in the case of covalently bonded functional groups)
[67, 68]. While a comprehensive discussion of the nature and methods of carbon
functionalization is beyond the scope of this chapter, it is prudent to highlight that
functional groups can be added either covalently or non-covalently.

When adding groups covalently, the filler is chemically treated such that the
valence electrons of the filler and the functional group are shared. A notable sub-
class of this approach is doping, whereby carbon atoms in the filler are replaced with
atoms of other elements, providing a degree of tunability of the electrical behavior
of the filler. When adding functional groups noncovalently, the groups are affixed
via π − π bonds, van der Walls force, or other attractive forces. While each has its
advantages based on application, it is important to note that carbon-based fillers that
have functional groups covalently bonded generally posses decreased conductivity,
which may be important from the standpoint of the implementation of a pressure
sensor (to be weighed against the effect and benefits of homogeneity in a given
application).

5.4.2 Freeze Casting

When using freeze casting to induce porosity, the process is two-fold: (1) template
the composite (in liquid form) with ice, and (2) remove the ice, leaving behind
a porous structure. When freezing the solution, a temperature gradient needs to
be established. This enables the controlled growth of ice crystals in the solution,
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which provides control over the morphology of the pores. Of special importance
is the relationship between the rate at which ice is formed in the solution and the
displacement of the composite material by those ice crystals [69]. In order for the
composite material to be displaced by the formed ice, the inequality presented in
equation 5.6 must be satisfied, where γcs and γcl are the free energies that exist
between the composite material and the solid and liquid phases of the solvent
respectively, and γsl is the free energy that exists at the boundary of the solid and
liquid phases of the solvent.

Δγ0 = γcs − (γcl + γsl) > 0 (5.6)

Equally important is the control of the velocity of the ice front, v, relative to
the critical ice front velocity, vcr . This critical velocity is the threshold at which
the composite material in the solution is not displaced quickly enough to remain
external to the ice formed. It is given by equation 5.7, where d is the thickness of
the layer of unfrozen solvent that exists between the solvent ice and the composite,
η is the viscosity of the liquid-phase solvent, r is the radius of the particle (in the
particle model illustrated in Fig. 5.10), α0 is the distance between particles, and n is
a correction factor [69].

If energy is removed too slowly (v � vcr ), a planar ice front (rather than discrete
crystals) will propagate in the desired direction. This ice front will displace all of the
composite material ahead of it, leading to little or no porosity being induced. If the
solution is frozen too quickly (v ≥ vcr ), the ice crystals will form rapidly throughout
the solution, encasing the composite material throughout (see Fig. 5.10d). When
the velocity of the ice front is in the appropriate range for the system of interest
(Fig. 5.10c), well defined structures of ice will form and grow in the composite,
effectively displacing the composite material and templating the solution, as shown
in Fig. 5.11.

vcr = δγ0d

3ηr

(α0

d

)n

(5.7)

Fig. 5.10 Particle model schematic of ice front dynamics during freeze casting
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Fig. 5.11 Freeze casting schematic for the fabrication of porous, carbon-based nanocomposites.
(Reprinted with permission from Ref. [61]. Copyright 2017 American Chemical Society)

After the entire sample is frozen, the ice is then removed via freeze-drying.
During this process, the sample is placed in a chamber, in which a vacuum is then
established (based on the phase diagram of the solvent used). When the pressure is
sufficiently low, the ice in the sample will be able to sublimate (change phase from
solid to gas, without becoming liquid) and be removed in its gaseous state. This is
crucial, as the ice serves as a template for the to-be-made sample. If the ice that was
formed transitions through a liquid before becoming gaseous, the sample will lose
the imposed structure, leading to no porosity being induced.

5.4.3 Sacrificial Cast-Etching

In sacrificial cast etching, the sacrificial filler is mixed into a polymer (or its
precursor), and then selectively removed after curing, typically through the use of
solvents that act only, or preferentially, on the sacrificial filler (see Fig. 5.12). The
porosity can be controlled through both the size of the sacrificial particles and the
amount of this sacrificial phase that is introduced.

The particle properties can be chosen based on matrix and response to solvent.
Because the removal of the sacrificial particle is most typically performed by a
solvent, care should be taken with respect to nanoparticle selection such that the
solvent of the particle does not inadvertantly degrade the matrix material (as the
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Fig. 5.12 Schematic of sacrificial cast-etching. (Reproduced from Ref. [2] with permission from
The Royal Society of Chemistry)

case for hydrochloric acid and TPU, for example). Furthermore, while it might seem
obvious, it is critical for the success of this fabrication method that the solvent is able
to reach the particles that are to be removed. If the structure of the porosity induced
is not an open-cell structure, the matrix, in addition to being resistant to the solvent
used, must also be permeable to it.

5.4.3.1 Gas Foaming

Gas foaming describes the use of a gas for the induction of pores in a matrix. Though
CO2 is most widely used, other gasses (such as N2, Ar, or other inert gasses) can
be used [70, 71]. For example, the sample composite material is immersed in super-
critical CO2. The CO2 then dissolves into the polymer, forming a solid solution. It
is important to note the glass transition temperature (Tg) of many polymers drops
with an increase in pressure. As such, the polymer that has dissolved CO2 present
throughout is also likely to be near its transition point. The sample is then pressure
quenched as the saturation chamber is rapidly de-pressurized. As the pressure is
released, the dissolved CO2 leaves the supercritical regime (becoming a gas) while
the polymer matrix is still able to be easily deformed. Simultaneously, the matrix
material leaves its glass regime with the decrease in pressure, causing the gaseous
CO2 and deformable matrix material to coexist for a very brief amount of time.
This combination of conditions causes nanoscale pores (nucleation sites for future
porosity) to form (see Fig. 5.13).

To increase the size of the pores, thermally induced phase separation is used.
The sample can be introduced to an environment (typically liquid) or bath above
Tg , causing the matrix to become deformable while simultaneously causing the
precipitation of the dissolved CO2 out of the solid solution (at the nucleation sites
developed during pressure quenching). This combination causes the matrix material
to foam as the pores increase in size. This pore growth can be stopped by thermally
quenching the sample.
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Fig. 5.13 A schematic example of the gas-foaming process

5.5 Discussion

In this section, we will discuss some of the challenges and future opportunities of
nanoporous composite sensors.

5.5.1 Challenges

While there is exciting development and progress in the field, there are also
challenges, including scalable fabrication approaches for composite sensors with
sophisticated structures and environmental operation ranges for composite-based
sensors.

As discussed in Sect. 5.3 (Structure), incorporation of internal or external
structures to composites can improve the sensitivity of devices implemented with
them, and can be used to modulate their properties. For some types of complex
structures, there are challenges of fabrication in terms of scalability, time, and
cost. To address these challenges, one can potentially consider approaches such as
nanoimprinting and self-assembly for parallel patterning of large areas in a cost-
effective manner.

Besides the fabrication challenges, each composite has a range of environments
that it can be used in, as composites can change or lose their functionality in extreme
environments such as high/low temperatures and high humidity. For example,
polymers exhibit significant changes of their mechanical properties around their
glass transition temperature, Tg . If the sensor based on a polymer matrix will be used
for a wide range of temperatures, one needs to consider the effect of an environment
on the matrix of the composite. Moreover, polymers can degrade or melt at elevated
temperatures, which will damage the composite and the sensor. Polymers can also
become quite brittle at a very low temperature. So, depending on the environment in
which the sensor will be utilized, one need to choose a polymer matrix with suitable
thermal stability. These issues can be also mitigated by encapsulation.
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5.5.2 Opportunities

Beyond the current capability of composite sensors, there are potential opportunities
for further improvement. Nature and its many organisms are a constant source of
inspiration for scientists and engineers. One can learn from natural organisms for
expanding the types of information to sense, as well as improving the sensitivity of
sensors.

For example, many insects and fish use hair-like structures for detecting flow,
vibration, and sound [72, 73]. Incorporating structures with adequate bending
stiffness or resonance can be used as a method for sensing a specific range and
type of signal, informing the detection of stimuli ranging from flow rate of a fluid
to propioception (knowledge of the relative position or orientation of body parts) in
robotic applications.

One can glean inspiration for multifunctional sensors, such as skins, that can
detect multiple stimuli such as temperature, pressure, and strain [74] and utilize
filler materials that change their resistivity as a function of temperature, pressure,
and strain for detecting multiple stimuli by decoupling contributions from each
environmental stimulus, an aspect where advanced signal processing algorithms or
machine learning can help.

The use of soft matrices, such as elastomers, provides additional opportunities
such as usage in high pressure environments including underwater from their
incompressibility and durability. In addition, the fact that the matrix material
changes its properties can be utilized as sensing mechanisms of, for example,
temperature and/or humidity.

5.6 Conclusion

Nanoporous composites are attractive materials for sensor applications due to
their desirable characteristics including tunability, low cost, light weight, ease
of shaping, and scalability. As nanoporous composites allow us to modulate the
properties of materials for applications and required sensing capabilities (e.g. types
of signals to detect, sensitivity, sensing range) and associated mechanical and
electrical properties, there have been many studies to investigate compositions,
constituent materials, and the internal/external structures for controlling mechan-
ical/electrical/electrochemical properties of composites, as well as the associated
sensitivity and sensing range of the devices fabricated from these composites.

To provide guidance for synthesis of nanoporous composites, we first compared
various materials then described structural features to enhance and/or tune sensing
capability and associated fabrication methods. To ensure uniform mixing of matrix
and filler and introduce pores with desirable size range and fraction, there have been
many studies to facilitate the process by overcoming challenges such as clumping
and segregation. Then, we discussed the challenges and opportunities for future
studies.
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Currently, nanoporous composite-based sensors are utilized for measuring sig-
nals such as strain, pressure, temperature, physiological conditions, gas, humidity,
and antibiotic agent detection. They can be found in various applications including
flexible/wearable devices, human-machine interfaces, health/environment monitor-
ing devices, and soft robotics. We envision that future studies can expand the
sensing capability of nanoporous composite-based sensors by enhancing sensitivity,
increasing the sensing range, and enabling detection of multiple signals in cost-
effective ways.
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Chapter 6
Laser-Induced Graphene and Its
Applications in Soft (Bio)Sensors

Alexander Dallinger, Kirill Keller, and Francesco Greco

Abstract In recent years the technological importance of graphene increased
significantly also in the field of soft, flexible and wearable electronics. In this chapter
a simple one step process to create 3D porous graphene structures into flexible
polymer films is highlighted. By laser scribing polymer precursor substrates with
commercially available laser scribing setups the polymer is converted into so-called
Laser-Induced Graphene (LIG) via a photothermal conversion. The properties of this
material and the influence of different processing parameters on its composition and
structure are introduced. Different transfer methods for stretchable applications are
discussed. Three main application fields of LIG for soft (bio)sensors are identified:
piezoresistive, electrophysiological and electrochemical sensors. Each of the appli-
cation fields is highlighted more in detail and an overview of recent publications is
given. Concluding with an outlook on the future of LIG – including improvement of
patterning resolution and the use of renewable, bio-derived precursors – this chapter
provides a broad overview of LIG for soft and flexible sensor devices.
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6.1 Introduction

Traditional synthesis of porous carbon involves high temperatures (up to 1200 ◦C)
and an inert atmosphere for thermal decomposition of organic precursors (resins,
pitches) [1].

A fairly new method to produce 3D nanoporous graphene, first discovered and
investigated by Lin et al., utilizes commercially available CO2 laser scribing systems
to convert insulating polyimide (PI) and other synthetic polymers into conductive
Laser-Induced Graphene (LIG), thanks to a photothermal pyrolysis process [2].
This process (schematically depicted in Fig. 6.1) benefits from the absence of any
chemicals, no need for inert atmosphere, full and easy customization, and the
possibility of converting an insulating polymer substrate into a conductive material
while simultaneously patterning it with a desired design. Over the last few years the
research interest on LIG has grown steadily, with a focus on the basic understanding
of the process, elucidation of its composition and morphology, characterization of
its properties, as well as on a myriad of applications, especially in sensing and power
storage [3, 4]. Up to date several applications of LIG in devices have been proposed.
One of the first devices demonstrated was a microsupercapacitor fabricated from
PI [2] followed by stackable [5] and even stretchable supercapacitors [6–8]. Other
LIG based devices have been demonstrated, such as: acoustic sensors [9, 10], strain
sensors [11–15], gas sensors [16–18], electrophysiological sensors [14, 19, 20] and
electrochemical sensors [17, 18, 21–31].

Advancements in applications emerged in parallel with the progresses achieved
in the investigation of these materials and of the laser processing required for
synthesis. Tuning of composition, surface morphology and properties (i.e. surface,
electrical, mechanical) of LIG is achieved by changing the parameters of laser
rastering, and mainly the laser fluence H (J cm−2), defined as the optical energy
scribed per surface area [2, 32]. Such control makes it possible to pattern areas
of a substrate with specific tailored properties with only one technique. This is

Fig. 6.1 Schematics of laser-induced pyrolysis and LIG creation by laser scribing
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especially useful in soft (bio)sensors, where a variety of different requirements
have to be fulfilled. Traditional biosensors are electrochemical sensors which can
sense biologically relevant substances such as glucose, urea, lactate, among others,
with high selectivity, high sensitivity, and low detection limits [33]. Typically, these
sensors are developed onto flexible polymer substrates. However, soft biosensors to
be deployed in smart skin applications for personal health monitoring do not only
need to be flexible but preferably also stretchable and/or conformable. Moreover,
in this scenario of skin-worn devices other electrophysiological and piezoresistive
sensors are needed, as they can give important information about the health of a
person, in addition to the aforementioned biochemical sensing.

A typical sensor consists of a sensing part (transducer) and an electrical inter-
connection to some wiring or amplification stage. Different sensors have different
requirements for the sensing area; for example, in the case of electrochemical
sensors often a transducer with high surface area is desired. The transducer is
functionalized to achieve the desired sensitivity and selectivity for the target analyte.
On the other hand, the electrical connections should have high conductivity. For
soft sensors, which can be deformed and bent, the sensing part and the electrical
connection should be resistant to changes induced by stress or strain. Even more
constraints are given for skin-worn sensors. In addition to the aforementioned
resistance to strain the materials should be also biocompatible, adhesive, preferably
thin (few μm) and gas (e.g. moisture) permeable. This ensures that the wearable
device retains conformability to the epidermis and feels like a second skin for the
user.

The following sections of this chapter review the mechanism used to convert
polymers into 3D porous graphene and the transfer onto stretchable substrates for
the application in soft and epidermal sensors. A detailed survey of the application of
LIG in three selected scenarios is then provided: piezoresistive, electrophysiologi-
cal, electrochemical/gas soft sensors.

6.2 Conversion into 3D Porous Graphene: LIG

Although conversion of PI into amorphous carbon by UV pulsed laser was already
known [32], in 2014 Lin et al. accidentally turned some polyimide (PI) into a black
conductive porous material by lasering it with a commercial CO2 laser, routinely
used for laser cutting/engraving. This was ascribed to a photothermal pyrolisis
process induced by the IR laser scribing in which the polymer precursor, PI, is
converted into carbon. The recorded Raman Spectrum of this material unexpectedly
showed the characteristic bands associated with graphene instead of typical features
of amorphous carbon. A detailed investigation with scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS) and Fourier-Transform infrared spectroscopy
(FT-IR) permitted to identify this material as 3D porous graphene which was then
named Laser-Induced Graphene (LIG) [2].
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Fig. 6.2 (a) TEM image showing wrinkled structures on a cross section of a LIG flake (scale bar:
10 nm); (b) detailed view of (a) showing a lattice distance of 3.4 Å (scale bar: 5 nm); (c, d) TEM
image showing different types of carbon rings – heptagons, pentagons and hexagons (scale bar:
5 Å); (e) Raman Spectrum of LIG scribed into PI; (f) XRD for LIG powder from PI. (Reprinted
from [2] with permission from Springer Nature)
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Further investigations with TEM and XRD showed an average lattice spacing
of ≈ 3.4 Å, corresponding to the (002) planes of graphitic materials (Fig. 6.2a, b)
[2]. High resolution TEM images revealed that not only the 6-member rings of
graphene, but also defective 5- and 7-member rings were present (Fig. 6.2c, d). A
typical Raman spectrum for LIG is shown in Fig. 6.2e. In this spectrum one can
find three main bands; the first is the D band at ≈1350 cm−1, which is an indicator
for defects or bent sp2 carbon bonds. The second feature, the G band, is located at
≈1580 cm−1 while the third feature, the 2D band, is located at ≈2700 cm−1. The
2D band is associated with single layer graphene, the larger width of the band comes
from randomly stacked graphene layers. The intensity ratio of D and G bands, ID/IG
can be used to estimate the degree of crystallinity (graphitization) of the LIG [2].

Investigations with XPS showed that after laser scribing LIG into PI the amount
of C-C bonds increased, while the number of C=O, C-O, and C-N bonds decreased
(Fig. 6.2f). The data also showed that the carbon is dominated by the sp2-species,
which is in agreement with the Raman and XRD results [2].

Typically the LIG photothermal synthesis is carried out by laser rastering with
a CO2 pulsed laser operating at a 10.6 μm wavelength, commonly used for laser
cutting/engraving of various materials. These laser scribing systems comprise
focusing optics attaining a typical laser spot size of around 30–100 μm. This size
is in fact limiting the resolution of the LIG scribing process. However later studies
demonstrated how also UV semiconductor lasers with a wavelength of 405 nm can
be used to successfully convert polymers to LIG [25, 34, 35]. With such laser sources
smaller beam spot size, and thus improved LIG patterns resolution, is attainable, as
recently demonstrated [35].

The photothermal process for creation of LIG depends on the laser energy
delivered on the precursor surface during the laser rastering. A characteristic figure
used to describe the laser process is thus the laser fluence H, which is calculated as
follows, from the laser scribing parameters which can be set in the laser scribing
system [14, 32]:

H = P

s · v · PPI
(6.1)

Here the laser fluence H is calculated from the power (P), the laser spot size (s),
the scribing speed (v) and the spots per length unit (points per inch, PPI). As the
laser fluence is gradually increased, the polymer precursor is increasingly damaged
by heat. However the precursor is not turned into LIG until a certain threshold is
reached: the critical fluence Hcr . For H < Hcr no LIG is formed and the material
stays an insulator or is simply ablated. Since most of the studies involved PI as
a LIG precursor, we will refer to it in the following. For PI, depending on the
method of calculation (observed or theoretical spot size) the critical fluence value
ranges from Hcr ≈ 5 J cm−2 [32] to ≈ 25 J cm−2 [14]. For H > Hcr LIG is formed
and, with increasing fluence, the electrical resistance is correspondingly reduced,
up to a point where oxidation starts to play an important role and the resulting
gain in reduced resistance gets smaller [2]. For H > 80 J cm−2 the PI substrate
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Fig. 6.3 SEM images of flat porous LIG (a) (low fluence, H = 25 J cm−2) and fibrous LIG (b)
(high fluence, H = 50 J cm−2). (Adapted from [14], Copyright © 2020 American Chemical Society,
licensed under CC-BY)

gets totally destroyed [14]. Duy et al. investigated how the thickness of scribed
LIG was related to the laser fluence H. It was found that with increasing H the
thickness of the converted LIG increased [32]. Another parameter affecting much
the structure and composition of LIG is the scribing resolution, the combination of
PPI (along rastering direction x) and LPI (lines per inch, perpendicular direction
to rastering, y) in the so-called raster mode. Duy et al. found that at a scribing
resolution of 1000 PPI × 1000 LPI the upper layer of LIG got destroyed because
the single laser spots were overlapping. When instead a lower scribing resolution
of 500 PPI × 500 LPI was used, fiber-like structures with a length up to 1 mm were
emerging from the surface [32]. Dallinger et al. investigated the change of surface
morphology by fixing the scribing resolution and changing H. It was found that a
threshold Hcr ≈ 25 J cm−2 should be overcome to convert the PI into a flat porous
LIG layer (Fig. 6.3a). With H > 45 J cm−2 LIG fibers (Fig. 6.3b) started to emerge
from the surface; the length of fibers could be varied by changing H. Higher fluence
led to longer fibers (up to 1 mm). These individual fibers, with a diameter of around
50 nm to 100 nm, were forming macroscopic bundles of fibers [2, 14] arranged into
a so-called “forest”.

While a description of the structure and composition of various forms of LIG
and how this can be varied by different laser scribing settings has been proposed
by several groups, a complete understanding of the LIG formation mechanism is
still missing. Molecular dynamics simulations showed that LIG formation happens
under high temperature (>2400 K) and pressure (GPa), due to localized laser heating
[36]. At these conditions the polymer precursor is decomposed and volatile gases
such as CO and H2 are removed. Depending on the presence of heteroatoms in the
pristine macromolecular structure or as additives in the polymer precursor, other
compounds can be formed and removed as well. Apart from PI which has a high
temperature and chemical resistance and has been the first and more intensively
investigated polymer precursor so far, many other polymers were investigated for
conversion into LIG. These include Polyetheretherketone (PEEK) [37–39], phenolic



6 Laser-Induced Graphene and Its Applications in Soft (Bio)Sensors 117

resins [34] and PEI [2]. Poly- or heterocyclic structures seem to be more prone for
LIG formation. As the rings break up and the other elements are removed as gases,
the sp3 carbon atoms are converted into sp2 carbons and create defective graphene
structures composed of 5-, 6- and 7-membered carbon rings. The abundance of
defective structure could be justified by the kinetics of the process: the system
cannot rearrange into an ordered graphitic structure before it is cooled down [40, 41].
Besides many synthetic polymers (for a more complete list the reader is referred to
[42]), other biologically derived materials have been successfully converted into
LIG. Examples comprise lignin from wood in inert or reducing gas atmosphere
[43], wood impregnated with metal salts [44] and lignin from cork, coconut shells
and potato skins by multiple lasering [45].

6.3 Properties of LIG

The morphology of LIG has some interesting features arising from the laser scribing
process. The laser is rastering over the polymer precursor, while heating and
converting it into LIG. The laser beam transversal intensity profile is described by
a Gaussian function. Thus, the fluence in the middle of the laser spot is higher than
in the outer rim. This results in increased ablation at the center of scribed lines and
production of trenches along the laser scribing direction. Also the LIG formed in
the middle of the trenches was found to have an higher degree of cristallinity with
respect to the one formed at the edges of the trenches, because of such transversal
laser fluence gradient [45].

This reflects on the electrical properties of LIG. The electrical resistance
measured along the scribing direction is typically lower than the one measured
perpendicularly to it [14]. The sheet resistance can be as low as 15 �/� for
the flat porous LIG, which gives a conductivity of ≈25 S cm−1, for an estimated
homogenous LIG thickness of ≈25 μm [2]. By changing the scribing resolution
not only the morphology (from porous to fibers) but also the properties of LIG are
changed. By lowering the scribing resolution to obtain fibers, the overlapping of
laser pulses and therefore the conductive pathways got less, which resulted in a
higher sheet resistance [32].

Another property of LIG which is strongly affected by changing the laser scribing
parameters is its surface area. Measurements with the Brunauer–Emmett–Teller
(BET) analysis resulted in a surface area for porous LIG of 342 m2 g−1 (pore size
<9 nm [2]) and for fibrous LIG of 70 m2 g−1 [32]; in both cases LIG was obtained
from PI. The lower surface area of fibrous LIG is due to the fact that the fiber bundles
on the surface don’t have any pores, while the bulk area has pores formed by the
3D arranged graphene slabs. LIG made from lignin/poly(vinyl acetate) (PVA) films
showed a surface area of 338 m2 g−1 and can compete with LIG from PI [46].

Surface wettability of LIG can be changed by tuning the laser parameters.
Nasser et al. investigated the change of LIG water wettability depending on the
scribing resolution. It was shown that by lowering the resolution from 1000 PPI
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to 100 PPI, the wettability of LIG dramatically changed from hydrophilic (full
wetting, contact angle (CA) of 0°) to superhydrophobic, with a CA = 161°. XPS
and Energy-dispersive X-ray spectroscopy (EDS) investigations showed that by
lowering the PPI the oxygen content of produced LIG was decreased. At high
resolution scribing the surface was relatively flat and promoted the impregnation of
the porous LIG; moreover, the higher oxygen content on the LIG surface promoted
its hydrophilic behaviour. Viceversa, at low resolution the emerging LIG fiber pillars
create a surface with high roughness at the micro- and nano-scale; additionally, a
lower oxygen content is produced. These two combined contributions promote the
observed (super)hydrophobic behaviour, according to either a Cassie-Baxter or a
Wenzel model [47]. A very interesting finding was that the contact angle was almost
negligibly depending on the laser scribing power. However, the sheet resistance
could be decreased by 90 % by increasing the laser scribing power [48].

Wu et al. used a two step LIG process for mimicking the taro leaf structure
and its peculiar surface properties. The taro leaf’s surface structure consists of
microscale hexagonal shapes, protruding round shapes and petal-like nanostruc-
tures. By recreating this surface pattern by lasering with a Nd:YAG laser at
1064 nm the superhydrophobic behaviour of the taro leaf (CA = 159 ± 2°) could be
reproduced (CA = 152°). This was done in a two-steps process: (i) pre-carbonizing
the whole PI surface by scribing the PI with a low fluence, and then (ii) laser scribing
the pattern onto the surface with a higher fluence [49].

Wettability of LIG depends also on the gas atmosphere used during the laser-
induced pyrolysis. Li et al. used a custom chamber equipped with an infrared
transparent ZnSe window to scribe PI while flowing different gases (Ar and H2)
through the chamber; the results were then compared with those obtained with
scribing in air. The wettability of LIG could be changed from hydrophilic (CA = 0°)
in air to superhydrophobic (CA = 157°) in the case of Ar. Investigations with XPS
showed that in the case of the (super)hydrophobic samples, made in the reducing
(H2) or inert (Ar) atmosphere, the content of O and C-O in the LIG was lower than
in case of scribing in air, and correlated with the higher contact angles [50].

6.4 From Flexible to Stretchable: Transfer onto Substrate

Most polymer precursors which can be converted to LIG are thin enough to be
easily bendable and have very good mechanical properties as regards to resistance
to repeated mechanical cycling. However they are rather stiff and have a very
limited stretchability (up to a few % strain) before showing plastic deformation
or even fatal damage/breaking. Thus, flexible sensors can be readily produced by
directly scribing LIG circuits and electrodes, but different strategies are required
for soft/stretchable (bio)sensors. This is relevant for all those applications where
the use of soft and stretchable substrates is required, such as in the case, for
example, of epidermal devices. Indeed, applications regarding the placement of
sensors on skin require a substrate matching the skin’s own mechanical properties.
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Moreover, they need to be thin for a conformable application, and have a high
water vapor transmission rate (WVTR) in order to let the skin breath and prevent
inflammation and discomfort. Currently these requirements can’t be fulfilled by any
precursor material used for LIG. Therefore, various strategies have been designed
and proposed to transfer the conductive LIG pattern onto other soft and stretchable
substrates, more suitable for the envisioned applications.

One possible strategy is the embedding of LIG formed on a non stretchable
precursor (like PI) into a liquid polymer mixture which can be subsequently
crosslinked into a solid elastomeric matrix, like poly-dimethyl siloxane (PDMS)
or other thermoset silicones [7, 12, 15, 18, 21, 52]. Here the transfer is achieved
by simply submerging the LIG, still anchored to PI, in the elastomer prepolymer
mixture, or by blade or spin coating of the latter on top of scribed PI. The liquid can
infiltrate into the porous structure of LIG and, after curing, LIG is stably embedded
inside the elastomer matrix, forming a composite which can be peeled off from
the PI surface (Fig. 6.4a). Luong et al. showed that with this embedding method
LIG can be transferred not only onto elastomers but also onto a variety of other
materials including solid hydrocarbons, epoxy resins, cement, and geopolymers.
This enabled the creation of composite conductive tracks into insulating materials
or a local change of wettability of different materials [52].

Some different and very promising strategies have been recently demonstrated.
A composite from PDMS and PI particles [53] was prepared. Then an IR laser
irradiation caused the conversion in LIG of just the PI phase, and the LIG remained
embedded into the soft PDMS matrix. Direct conversion of PDMS into LIG was
also demonstrated, but only when operating with a 405 nm UV laser diode [25].

Another method, already known from graphene exfoliation from a block of
graphite with a simple scotch tape, is to transfer the LIG from PI with an adhesive
surface. By placing the adhesive surface on top of the scribed LIG and applying
a pressure, the LIG is transferred from the PI surface to the new one (Fig. 6.4b).
This approach was recently used to transfer LIG conductive tracks onto a soft and
transparent medical grade polyurethane (PU), enabling various sensing applications
on skin [14]. This method can be generalized for allowing the transfer onto almost
any solid surface with an adhesive. Here however, differently from the above-
mentioned approach of LIG embedded into an elastomer matrix (Fig. 6.4a), the LIG
is rather anchored on the elastomer surface and its whole surface can be placed in
contact with other target surfaces (as skin) or exposed to analytes (Fig. 6.4b), in case
of chemical/biochemical sensors.

Additionally, Li et al. demonstrated a method for industrial scale embedding
of LIG into polymer sheets to create several composites. By hot-laminating LIG
scribed on PI and thermoplastic sheets (polypropylene, polystyrene, thermoplastic
polyurethane and polyvinyl chloride, among others) in a roll-to-roll fashion, differ-
ent composites were created (Fig. 6.4c) [51].
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Fig. 6.4 (a) Embedding of LIG in PDMS: applying PI tape onto PET sheet (i), scribing of LIG
into PI (ii), embedding of LIG it into PDMS (iii), peeling off PDMS with embedded LIG after
crosslinking (iv, v). (Adapted with permission from [15] Copyright © 2015 American Chemical
Society); (b) scribing of LIG into PI and transferring it onto medical polyurethane (MPU).
(Adapted from [14] 2020 American Chemical Society, licensed under CC-BY); (c) demonstration
of roll-to-roll fabrication and lamination for LIG composites. (Adapted from [51], Copyright ©
2020 American Chemical Society)
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6.5 Applications

The number of studies and proposed applications of LIG has been increasing
enormously in the last few years. Some reviews provide a good introduction to
the topic and overview of LIG preparation [42], and present its applications in
various fields, especially in power storage [54], sensors [3, 4]. Here, given the
focus of this chapter, we identified three fields of applications for 3D porous
LIG in soft (bio)sensors that will be discussed in more detail: piezoresistive,
electrophysiological and electrochemical sensors.

6.5.1 Piezoresistive Sensors

Piezoresistive sensors use the change in resistance observed when the sensor is
stretched or compressed. The typical figure that is related to this behaviour is the
so-called Gauge Factor (GF),

GF = ΔR/R

ΔL/L
= ΔR/R

ε
. (6.2)

The GF sets the change in resistance (ΔR/R with ΔR = R−R0) in relation with
the change in length, or strain (ΔL/L = ε with ΔL = L−L0) of the piezoresistive
material structure used as a sensor.

LIG conductors can show a marked piezoresistive behaviour because of crack
formation in the conductive matrix during stretching [14, 21]. By changing the laser
process parameters (like the fluence H) it is possible to change LIG morphology,
which, in turn, results in tuning the GF. Dallinger et al. showed the tuning of
GF of LIG-based strain sensors operating under tension and made from medical
polyurethane. A porous LIG (LIG-P) produced at low fluence was prone to crack
formation and therefore resulted in a higher GF. A fibrous LIG (LIG-F) produced
at higher fluence showed a much smaller GF [14]. Another possible strategy for
tuning of the GF is to modify the orientation of scribed LIG features with respect
to the stretching direction. Scribed LIG lines are more or less prone to crack
formation, depending on their orientation. LIG lines scribed parallel to the stretching
direction are more prone to irreversible crack formation than those orientated
perpendicular to it, as evidenced in some tensile testing experiments [14]. This effect
is much dependent on the LPI parameter and thus on the actual separation between
consecutively scribed LIG lines. By tuning the LPI parameter the GF can be tuned
to some extent.

Another important factor to be considered is the substrate onto which the LIG
is transferred and its mechanical properties. While Dallinger et al. used a medical
polyurethane, showing a small range of elastic behaviour and an overall pronounced
viscoelastic behaviour, Chhetry et al., Wu et al. and Rahimi et al. used PDMS as
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a transfer stretchable matrix for LIG. Due to the very good elastic behaviour of
PDMS, this resulted in nearly hysteresis-free sensing behaviour [12, 15, 16]. Xuan
et al. investigated the influence of the LIG design shape (straight, serpentine) on
the GF. A serpentine shape has a significant lower GF than the straight shape, as
expected due to geometrical factors impacting on the overall stress applied to the
conductor during the application of a tensile strain [21].

The piezoresistive properties of aforementioned LIG composites have found
application in biosensing. LIG based piezoresistive epidermal sensors have been
demonstrated by wrist pulse detection (Fig. 6.5a) [12, 16], tactile sensing (Fig. 6.5b)
[14, 16], measuring the bending angle of a finger (Fig. 6.5c) [12, 15, 16], respiration
rate detection [14] and pressure sensing with a sandwich of LIG/PU and polystyrene
microspheres [55]. In all these cases, besides the good piezoresistive behaviour, the
sensors demonstrated a stable adhesion on skin.

6.5.2 Electrophysiological Sensors

Electrophysiology uses the electrical signals produced by the body, to monitor
the body’s condition, functioning of organs, muscles, among others. Often this
is done with surface (on skin) signal recording, by means of dedicated skin-
contact electrodes in so called surface electrophysiology (sEP) recordings [56].
The strongest (larger amplitude) sEP signals come from muscle activation, detected
in electromyography (EMG); the heart generates smaller signals measured with
electrocardiography (ECG); the smallest and more challenging to detect signals
come from brain activity, studied in electroencephalography (EEG). Other electro-
physiological techniques exist but we will refer in the following to just these main
techniques as they represent the majority of elctrophysiology biosensors presented
so far. Commonly Ag/AgCl gel electrodes are used as transducers for sEP, connected
to external signal amplification and recording devices. These electrodes use a wet
interface to connect to the skin which comes with some major constraints in use,
especially for long term recording (manual placement of gel, drying out of gel inter-
face in some hours, interelectrode crosstalk, limited wearing comfort). A possible
solution is to use hybrid interfaces (wet/dry) or dry interfaces to connect to the
skin. In recent years thin metal films/meshes [57] or tattoo based electrodes based
on the conductive polymer poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) were used [58, 59]. Due to the possibility to embed LIG in flexible
and soft/stretchable polymer matrices and to easily pattern them in the desired
shape, LIG-based electrodes have been recently tested in this application. Dallinger
et al. demonstrated an EMG electrode based on LIG transferred onto medical PU
which was worn for 72 h and survived exercising and showering (Fig. 6.6a) with
no loss of functionality. The LIG based electrodes could be connected/disconnected
multiple times from wiring to external acquisition devices, without suffering from
delamination or breaking. The combination of porous LIG and breathable medical
polyurethane resulted in an electrode that had high wearing comfort and prevented
skin inflammation [14]. Sun et al. embedded LIG into a sugar templated elastomer
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Fig. 6.5 (a) Piezoresistive wrist pulse detection by LIG embedded in PDMS. (Adapted from
[12], Copyright © 2019 American Chemical Society); (b) tactile on-skin button realized with
LIG transferred on PI utilizing the piezoresistive effect. (Adapted from [14], Copyright © 2020
American Chemical Society, licensed under CC-BY); (c) demonstration of piezoresistive sensor
based on LIG/PDMS composite for grip pressure, finger bending angle and pulse sensing.
(Reprinted from [16], Copyright © 2018 Elsevier)

sponge with a high water-vapor permeability; these electrodes were used to measure
EEG, ECG and EMG in combination with a hydration and temperature sensor
(Fig. 6.6b) [19].
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Table 6.1 Comparison of the contact impedance at 100 Hz for four different kinds of skin-contact
electrodes

Type of electrode Contact impedance @ 100 Hz Typology Reference
Ag/AgCl 12 k� Wet [19]

80 k� Wet [58]

Au Nanomesh 140 k� Dry [19]

LIG 17 k� Dry [19]

PEDOT:PSS 100 to 200 k� Dry [58]

An ECG sensor demonstrated by Zahed et al. used LIG scribed onto PI and spray
coating of PEDOT:PSS to sense the heartbeat when placing a thumb of one hand,
and the index and middle fingers of another hand on the sensor and pressing against
it (Fig. 6.6c). Thus, this approach is very different from those reviewed so far, since
it doesn’t imply embedding of LIG electrodes into a wearable. The spray coating of
LIG with PEDOT:PSS significantly enhanced the adhesion to PI and the mechanical
resistance against rubbing [20].

Comparing the contact impedance of different types of electrodes at 100 Hz (as
relevant in several electrophysiology techniques) shows that LIG electrodes are
performing as good as other types (Table 6.1).

6.5.3 Electrochemical Sensors

Analysis of many biofluids, biomolecules and even cells and bacteria can rely
on powerful electrochemical analysis methods. Electrochemical sensors could be
single or multielectrode systems. The most dominant are three electrode sensors
which include working electrode (WE), counter electrode (CE) and reference
electrode (RE) [60]. In most cases CE is just a conductor several times larger
than WE to reduce the resistance at solution/WE interface. RE consists of the
material with known electrochemical potential and is used to compare the potential
of the WE. In wearable applications RE is commonly made of Ag/AgCl. Ag/AgCl
electrodes are easy to fabricate with multiple methods; they are based on solid
state chemical equilibrium and suitable for use in water-based environments such
as body fluids (e.g. sweat) as relevant for many health monitoring, ex vivo as well
as in vivo, both inside the body (implanted sensors) or surface (sensors mounted
on skin).

In an electrochemical sensor the WE is responsible for selective sensing of the
analyte. The WE is usually made of conductive material functionalized with some
solvent resistant species. The huge surface area of LIG in combination with its
good intrinsic conductivity allows to easily modify it, adding an extremely wide
range of selective functionality. So far there are many reports of adapting LIG for
electrochemical sensors. The simplest example of an electrochemical LIG-sensor
can include only a single electrode. Zhang et al. presented an electrochemical
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Fig. 6.6 (a) Electromyography (EMG) sensor based on LIG transferred onto medical
polyurethane. (Adapted from [14], Copyright © 2020 American Chemical Society, licensed
under CC-BY); (b) electrophysiological sensor based on sugar-templated elastomer sponge with
embedded LIG. (Adapted from [19], Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim); (c) LIG/PEDOT:PSS composite for electrocardiography (ECG) recording on finger
tips. (Reprinted from [20], Copyright © 2020 Elsevier)
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sensor for detection of trans-resveratrol (TRA), a natural polyphenol isomer found
in many plants, including grapes. The sensor was used to quantitatively determine
the content of TRA in red wines. It was composed of a pure LIG electrode lasered
from PI sheet [30]. The sensor wasn’t functionalized at all, but before use it
needed activation with several cycles of cyclic voltammetry (CV) sweeping in
PBS solution to remove organic impurities from inside the porous structure. Even
such simple configuration could be used to determine TRA concentration with
differential pulse voltammetry (DPV). A similar concept was used in [31], where
laser parameters were tuned to incorporate more nitrogen atoms into graphene
composition and form N-doped LIG with improved sensitivity; the sensor was used
to analyse micro-RNA molecules with limit of detection (LOD) of 10 fmol. Recently
LIG electrodes formed on PI were functionalized with antibodies (Fig. 6.7a) for
detection of S. enterica bacteria [27]. This sensor showed high selectivity for target
bacteria even in complex media and broad range of detection from 25 CFU/mL
to 10 × 105 CFU/mL (colony-forming unit). Bacteria concentration was measured
using electrochemical impedance spectroscopy.

Multielectrode sensors on LIG include skin pH sensors where the function of WE
and CE are combined into a single electrode [21, 22]. The WE is electrochemically
functionalized mainly with polyaniline (PANI) aqueous solution because it is non-
toxic, skin-friendly and has high pH-sensitivity. Demonstrated sensors exhibit high
pH-response (66 in [21] and 75 in [22] mV/pH) in the range 4 pH to 7 pH.

Using complex electrochemical analysis techniques such as CV requires imple-
menting full three electrodes design. More sophisticated sensors could be func-
tionalized with enzymes which exchange the electrons with the target molecule
under applied potential. For example for glucose sensors glucose oxidase (GOx)
is widely used [62], and most of the work aimed on improving electromechanical
properties of fabricated devices. One of the first examples of GOx-based sensors
on LIG was shown by Zhang et al. [34]. All three electrodes were lasered from
the spin-coated phenolic resin film “doped” with FeCl3. Afterwards the GOx with
ferrocene acting as an electron-transfer mediator, were encapsulated onto WE in
a chitosan hydrogel. Presented biosensor showed good sensitivity to glucose (LOD
0.2 mmol), however selectivity was not tested. One way to improve the sensor’s limit
of detection is to reduce the resistivity of the LIG. Currently, most common way is to
use the combination of metal nanoparticles electroplating (Fig. 6.7b) inside the LIG
pores and some solution-based additive for the interface modification, including:
PEDOT:PSS spraying [22], and treatment with acetic acid to increase the content of
C-C bonds [23]. Lately, the first attempts to solve the wearability issue of such
electrochemical glucose sensors were demonstrated by Xuan et al. by coupling
of LIG with PDMS by silver nanowires (AgNW) [21]. AgNW provided better
piezoresistive properties up to 40 % strain with the R/R0 ratio reaching thousands
percent. The electrochemical properties were also enhanced by electroplating of
Au/Pt nanoparticles inside LIG pores which improved electron-transfer rate. Apart
from glucose biosensors, three electrode design are also suitable for detection of
other organic molecules, e.g. chloramphenicol – an important antibiotic contaminant
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Fig. 6.7 LIG-based bio-, electrochemical and gas sensors; (a) LIG imunosensor functionalized
with antibodies for bacteria detection. (Adapted with permission from [27] Copyright © 2020,
American Chemical Society); (b) illustration of LIG-based glucose biosensor assembly and
working principle. (Reprinted with permission from [22], Copyright © 2020 Elsevier); (c) LIG
photoelectrode fabrication and working principle. (Adapted from [61] with permission from ©
2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim); (d) LIG IDEs for thrombin detection.
(Reprinted permission from [29], Copyright © 2020 Elsevier); (e) electrochemical methane LIG-
sensor. (Reprinted with permission from [26], Copyright © 2019, American Chemical Society);
(f) LIG gas sensor embedded into cement. (Adapted with permission from [17], Copyright © 2019
American Chemical Society)

in agriculture [28]. WE in the presented device was modified with a molecularly
imprinted polymer and had a LOD 0.62 nmol.

Non-enzymatic LIG-based sensors have started to emerge recently. A method
was developed to produce the decorated LIG from the mixture of liquid polymer
precursors and metal complexes. First example of the photoelectrode made of LIG
was formed from a mixture of Ti4+ and poly(amic acid) (PAA) solution [63].
Furthermore, this concept was employed for fabrication of metal sulfide doped LIG
from polyethersulfone precursor as a photoelectrode, which could also be adapted
for selective photoelectrochemical sensing of Cu2+ (Fig. 6.7c) [61]. One of the
most promising is the photoelectrode-based glucose sensor made by direct lasering
of PES membrane mixed with Cd/Ni complexes [24]. Resulting LIG was already
doped with metal ions which act as photocatalytic sites for glucose oxidation.This
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sensor is simpler in production since it doesn’t need additional electrodes and
demonstrates a LOD in the order of micromoles.

Special cases of sensors with electrochemical nature are interdigitated electrodes
(IDEs) made of LIG. These sensors (Fig. 6.7d) could be used for capacitive
detection of thrombin, upon surface functionalization of LIG [29]. Dosi et al.
studied application of LIG IDEs decorated with Pd nanoparticles for alkane sensing
(Fig. 6.7e) [26]. Pd-doped LIG covered with solid polymer electrolyte promotes
electrooxidation of methane gas. The LOD of the sensor is quite low and is around
9 ppm, however the sensor is also sensitive to interfering low-molecular weight
alkanes which affects the accuracy in complex gaseous mixtures. LIG decorated
with nanostructured ZnO is interesting because of its active UV sensing capabilities
[64]. In this case LIG electrodes are treated with UV/ozone to improve wetting and
allow drop-casted ZnO dispersion to evenly distribute inside the pores of the carbon
structure. Sensor performance was tested by measuring the photocurrent under UV
light and it was found that the sensitivity is highly dependent on the geometry of
IDEs.

6.5.4 Gas Sensors

A special class of LIG-based sensing devices are flexible and embeddable gas
sensors. The already demonstrated decoration of LIG with nanoparticles, in com-
bination with other physical concepts might help in creation of so called “artificial
nose” in future.

LIG decorated with Pd NPs was demonstrated to be an accurate hydrogen sensor
with sensitivity at room temperature down to 600 ppm [25]. The sensing mechanism
is based on the well known catalytic effect of Pd and on its structural changes
upon adsorption of H2. Another approach relies on decoration of LIG with reduced
graphene (rGO)/MoS2 particles [18]. The formed composite electrode acts as a
chemiresistor which exhibits an ultrasensitive detection of NO2 gas with LOD of
1.5 ppb.

One of the most accurate and selective sensors so far are sensors based on thermal
conductivity of gases, known as thermal conductivity detectors or katharometers.
Very thin channel (50–60 μm) is lasered between 2 electrodes and when potential is
applied the channel starts heating [17]. This causes the change in resistance which
depends on the thermal conductivity of surrounding gas. With these sensors it is
possible to detect CO2, O2, N2 from a binary gas mixture (He, Ar) with sensitivity
down to 1000–3000 ppm and response time around 8 s. Due to the ability to transfer
the LIG onto different surfaces, the katharometer LIG-based sensor was transferred
onto cement (Fig. 6.7f) allowing to deploy it in extreme conditions.
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6.6 Outlook

In the previous sections we have shown how in recent years the conversion
of polymers into LIG by direct laser writing gained a lot of interest for both
fundamental and applied research. Here we aim to highlight some current and future
challenges that could permit to develop even further the LIG preparation and its
use in devices. Improvements in LIG processing can still be achieved by lowering
the minimum feature size of LIG by using a UV laser [35]. Lasering with CO2
lasers actually causes direct heating and “burn” of the polymer, which results in
a LIG feature larger than the actual laser spot size. Compared to this, UV lasers
locally heat the substrate by absorption and thus a smaller LIG features can be
obtained. In order to minimize the price and environmental footprint of LIG-based
materials, it will be important to find alternative precursors (preferably bioderived)
for LIG conversion. An already demonstrated possible route is the use of an inert
atmosphere (e.g. N2) during laser scribing of biologically derived materials [43].
A very promising approach is the use of lignin as a precursors for LIG, either as a
composite consisting of poly(ethylene oxide) (PEO) [65, 66] or poly(vinyl acetate)
(PVA) [46, 67] and lignin. Edberg et al. demonstrated an ink based on lignin and
cellulose (2-HEC) which was used for screen printing patterns on top of surfaces
which were afterwards converted to LIG via scribing with a CO2 laser [68].

Another way to scale up LIG preparation into industrial scale production is
represented by a roll-to-roll (R2R) production. Li et al. showed that it is possible
to create composites with LIG by just using a commercially available thermal
laminator. Sheets of polypropylene, polystyrene, polyurethane and other thermo-
plastic materials were laminated to composites with LIG [51]. By further improving
the aforementioned approaches, LIG can become a cheap, scalable and reliable
technology for sensor fabrication. The laser scribing process allows for an easy and
local tuning of properties which enables the creation of a multifunctional device
in one go (e.g. electrophysiological, temperature and hydration [19]). The highly
porous nature of LIG makes it the perfect base for electrochemical sensors, due to
the high surface area which can be utilized for surface functionalization. By using
different functionalization chemicals and methods, multifunctional electrochemical
sensors can be achieved (e.g. pH and glucose [21, 22]). LIG shows as well a
great potential to act as an electrode for supercapacitors, especially in flexible
[69–71] and stretchable/wearable supercapacitors [5–7] . Further improving the
supercapacitors performance, in combination with wireless communication and
powering (such as NFC or RFID) can enable wearable devices to be self powered.
As regards future directions in bioapplications, first toxicity assessments on LIG
have been carried out on zebrafish [72], suggesting that LIG could be safely
used in biological/biomedical applications. Additionally, by finding alternative (e.g.
biodegradable, edible) precursors, LIG could be used in the development of next
generation transient [73] and even edible electronics [45, 74].
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Chapter 7
Production of Carbon Nanofoam
by Pulsed Laser Deposition on Flexible
Substrates

Alessandro Maffini, Andrea Pazzaglia, David Dellasega, Valeria Russo,
and Matteo Passoni

Abstract Nanostructured, ultra-low density carbon materials known as “carbon
nanofoams” are attracting a growing interest for novel applications in many fields,
from hydrogen storage and catalysis to advanced targets for laser-driven particle
acceleration. Pulsed laser deposition has emerged as one of the most promising and
versatile techniques for the synthesis of nanofoam, especially whenever a flexible
substrate is required. Here we will review the most recent advances about the
production and charaterization of carbon nanofoams by means of the pulsed laser
deposition with nanosecond laser pulses. In particular, we will address the process
of foam growth starting from the aggregation of carbon nanoparticles in fractal-
like structures, demonstrating how it is possible to control nanofoam properties
exploiting unconventional process parameters such as the laser repetition rate.
Finally, the deposition of carbon nanofoams on flexible substrates for superintense
laser-matter interaction is discussed as an illustrative example of the potential of the
technique.

Keywords Nanofoam · Carbon nanoparticles · Pulsed laser deposition ·
Ultra-low density · Fractal aggregation · Laser-driven acceleration

7.1 Introduction

Carbon (C) films, and in particular films with high sp3 content, can be deposited by
many Chemical Vapor Deposition [1] and Physical Vapor Deposition (PVD) [2, 3]
techniques. In this frame, in addition to well-established deposition techniques such
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as magnetron sputtering, also Pulsed Laser Deposition (PLD) has shown its ability
in depositing compact carbon coatings with different fractions of sp2 and sp3 carbon
atoms [4–7]. In PLD laser pulses are shot on a target placed in a vacuum chamber,
causing the evaporation of target surface layers. The ablated species expand in
a controlled background atmosphere and are finally collected on a substrate. By
properly tuning the deposition conditions it is possible to tailor the properties of the
depositing film down to the nanometer scale. Thanks to its peculiar features, PLD is
practically the only PVD technique that has been extensively used in the deposition
of nanostructured porous carbon films with controlled densities in the range of 2–
1000 mg/cm3 [8–11].

Nanostructured materials characterized by a ultra-low density (1-100 mg/cm3),
a large fraction of submicrometric voids and/or pores (typically ~90%), and a
disordered fractal-like structure constitute a broad class of materials known as
nanofoam. Their ultra-low density as well as the extremely high surface-to-volume
ratio make nanofoam the material of choice for many research fields of great societal
and technological importance, such as hydrogen storage [12], next generation
supercapacitors [13] and catalysts [14], water treatment [15], gas sensing [9],
and medicine [16]. Among them, carbon nanofoams have attracted an impressive
amount of research efforts because of their unusual and appealing features, like an
unconventional ferromagnetic behavior [17], giant optical absorption [18], and an
increased adsorption and storage capability [19], together with the unique carbon
capability of forming chemical bonds that are very different in their nature (i.e., sp1,
sp2, and sp3 hybridization).

Carbon nanofoams are essentially void-rich, fractal-like structures made of
carbon nanoparticles, with an average diameter ranging from a few nanometers up to
tens of nanometers [8, 9, 20–22]. Due to the interaction with the background gas the
nanoparticles are deposited on the substrate in a low energy regime. This allows the
deposition of several micron thick carbon nanofoam films on thin metallic films [23,
24] and flexible substrates with a lateral dimension of about hundreds of cm2. The
first carbon nanofoams films produced by PLD are reported in the works of Rode et
al. [8, 20, 25]. There, an unconventional set of deposition parameters, namely high
values of fluence (~120 J/cm2), Ar pressure (~104 Pa) and repetition-rate (kHz)
have been exploited in the attempt to get a material having a significant sp3 bonding
content and densities around 2–10 mg/cm3.

In the work of Zani et al. [10] the role of ambient gas, Ar or He, and pressure
in the range 0–1000 Pa was assessed with respect to density, thickness, surface
uniformity and adhesion of foam layers. A complete scan of average mass density
as a function of pressure for different ambient gases was made showing how the
morphological and structural properties of the foams change as a function of the
main process parameters. In particular, it was highlighted how the role of the atomic
weight of the ambient gas determined a completely different morphology of the
deposited foam.

The dynamics of the nanoparticle aggregation into a foam-like structure as
well as the evolution of nanofoam morphology through different stages of growth,
characterized by an increasing number of laser shots was explored by Maffini
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et al. [11]. The authors show that the peculiar nanofoam structure is given by the
coalescence of aggregates in a snowfall-like process and correlate the aggregate size
with the aggregation timescale demonstrating how it is possible to control nanofoam
morphology and density by acting on the laser repetition rate.

In addition to the already mentioned applications the possibility to produce
carbon foams with controlled and reproducible mean density (tens of mg/cm3),
area (several cm2) and thickness (4-18 μm), deposited on a micrometric solid
flexible substrate has been proven to be of pivotal importance for the development of
advanced target concepts in superintense laser-driven ion acceleration experiments
[23, 24].

In the following of the chapter the features of the deposition of carbon nanofoams
by PLD will be presented and main process parameters will be addressed. Morphol-
ogy, structure, and composition of the resulting deposited films will be discussed
(Sect. 7.2). Since the features of the deposited films are strictly related to the PLD
deposition, in Sect. 7.3 a focus will be made with respect to the growth dynamics
of carbon foam aggregates. The quantification of the extremely low density of the
carbon nanofoam represents an experimental challenge that needs the development
of ad-hoc characterizations. In Sect. 7.4 a new tool that exploits the features of
energy dispersion spectroscopy to assess the areal density of the carbon foam will
be discussed. Finally, in Sect. 7.5 the production of carbon foam on flexible substrate
for laser-driven acceleration experiments will be presented.

7.2 Pulsed Laser Deposition of Nanostructured Carbon
Films

In PLD the power source that leads to the ejection of the depositing species from
the target is constituted by a short (from tens of nanosecond to tens of femtosecond)
laser pulse that is focused on a carbon target material (usually graphite) that is
placed in a proper vacuum chamber. The use of a graphite target prevents one of
the main issues related to PLD that is the ejection of liquid droplet that solidifies on
the growing film forming macroscopic defects. In the following, unless otherwise
specified, we will refer to PLD with nanosecond pulses (or ns-PLD in short), since
it is the most established deposition regime.

The features of the deposited film result from a complex interplay among many
experimental parameters, such as laser wavelength, laser fluence (i.e. pulse energy
on target per unit surface), target-to-substrate distance, laser repetition rate (i.e.
the inverse of shot-to-shot time interval) and background gas composition and
pressure. Differently from many other PVD techniques that require the presence
of a specific gas atmosphere to function properly, in PLD it is possible to change
background atmosphere in terms of composition (typically argon, helium, oxygen,
nitrogen or hydrogen in different ratios) and pressure in the range 10−4-104 Pa.
The background pressure is indeed a crucial parameter in order to govern the
PLD process, since it allows to control the nature of the species arriving on the



138 A. Maffini et al.

Fig. 7.1 (a) HR-STEM of a C nanoparticle aggregate deposited by PLD at background gas
pressure of 700 Pa Ar. (b) Raman spectrum of a typical C nanostructure (background pressure
1000 Pa Ar). Fit curves, Lorentzian for D peak and BWF for G peak, are also depicted

substrate (either atoms, atomic clusters, or nanoparticles), their kinetic energy,
and -in the case of nanoparticles- their aggregation dynamics. In presence of a
sufficiently high pressure the ablated species can condense into nanoparticles while
they expand in the deposition chamber. During the expansion, the nanoparticles can
stick together and finally reach the substrate in the form of aggregates (more details
about the deposition process dynamics are given below and in the next sections).
In the specific case of carbon nanofoams an unconventional regime is exploited,
characterized by moderate laser fluence (1.5 – 2.1 J/cm2) and high background
pressure (up to 1000 Pa).

A structure made of C nanoparticles produced by PLD is shown in the High Res-
olution Scanning Transmission Electron Microscopy (HR-STEM) image reported
in Fig. 7.1a. The synthesis of these nanoparticles, that represent the elementary con-
stituents of nanostructured C films grown by PLD, occurs within the ablation plume
starting from small carbon clusters and atoms ablated by the laser. Raman spec-
troscopy gives further insights about carbon nanoparticles and nanostrucured films,
providing information concerning the sp2 (graphite-like) and sp3 (diamond-like)
content, ordering and clustering, which in turn determine most physical properties
of carbon-based materials. Raman data for pulsed laser deposited nanoparticles are
reported in Fig. 7.1b. The spectrum is typical of amorphous carbon, with prominent
broad G and D peaks. Using a fitting procedure involving an asymmetric Breit–
Wigner–Fano (BWF) function for the G peak and a Lorentzian function for the
D peak (also depicted in the figure), quantitative significant parameters can be
deduced, such as the G position (relative to the maximum of the BWF curve) and
the ratio of the peak heights I(D)/I(G). Based on these data and following a well-
established interpretation for Raman spectra of disordered carbon materials [26], the
nanoparticle structure can be described as a nearly pure sp2 network of topologically
disordered graphitic domains, with few chain-like structures and extremely low sp3

content.
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Fig. 7.2 Scheme of the film morphologies which can be produced by Pulsed-Laser Deposition
(top) with the relative SEM images (bottom). At higher laser fluence and lower gas pressure,
compact amorphous films are deposited. At intermediate values, more porous films grow. At low
laser fluence and high gas pressure, very porous and fractal films, called nanofoams, are produced.
Details about the depositions can be found in references [11, 28]

The nanoparticles form films with peculiar structures dependent on the dynamics
of the deposition.

In particular the momentum of the nanoparticles and the properties of the ambient
gas play the major role in determining it, since the shape of the trajectories and
the eventual sticking before landing determine which growth mechanism and film
nanostructure takes, as schematically shown in Fig. 7.2.

If the ablated material is composed by atoms or ions, the film grows as compact
amorphous carbon. Conversely, if nanoparticles are synthesized during the plume
expansion, different growth mechanisms -and hence different film morphologies-
can be distinguished as a function of the nanoparticles motion. In the case of
high momentum nanoparticles and relatively low ambient gas pressure (few Pa),
the trajectories can be approximated by straight lines and the film is formed by
the so-called Ballistic Aggregation (BA) [27]. This mechanism produces slightly
porous films composed by a random assembling of the nanoparticles. In this case the
nanoparticle can stick to the substrate or to other pre-landed ones with some residual
thermal energy and may also result in a rearrangement of the crystal structure in a
‘cauliflower’ shape (see Fig. 7.2, bottom central SEM image) [28].

Increasing the gas pressure or reducing the initial momentum of nanoparticles
(by diminishing the laser fluence) makes the nanoparticle to collide more frequently
with the gas atoms and reaching a thermal equilibrium with it. In this condition, due
to the intrinsic collision stochasticity, the nanoparticles move in random directions
with a Brownian motion [29]. The phenomenon continues until the nanoparticles
reach the substrate or the growing film and irreversibly stick to them. This growth
mechanism is well described by the Diffusion Limited Aggregation model (DLA)
[30], called in this way because the limiting phenomenon for the system formation
is the Brownian diffusion.
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Fig. 7.3 top view (upper panel) and cross view (bottom panel) SEM images (a,c) of low-density
fractal films, compared to Diffusion Limited Aggregation (DLA) film simulation (b) and Diffusion
Limited Cluster-Cluster Aggregation (DLCA) film simulation (d)

DLA can be easily implemented in a computer simulation to reproduce the
film structure which should be obtained within the model hypotheses. As shown
in Fig. 7.3a-b, DLA algorithm generates a ‘trees’ structure which looks like the
experimentally observed nanostructures. It can be appreciated that these film exhibit
a fractal pattern, i.e. show auto-similarity at different scales of observation. Fractals
can be described in terms of their fractal dimension Df , which is a measure of the
complexity of a pattern and how its details change with the scale at which they are
observed. In general, Df is equal to the number of the space dimensions for non-
fractal objects (e.g. 1 for lines, 2 for squares, 3 for cubes), while lower values are
found for fractal objects.

The radius of gyration Rg is another useful quantity in describing fractal patterns,
being defined as the radius at which a number of filled spaces equal to that of the
entire pattern would have to be placed to have the same moment of inertia.

One peculiar properties of fractals is that they obey a power scaling law which,
for nanoparticles aggregates, reads as [31]:

N = K

(
Rg

Rnp

)Df

(7.1)

where N is the number of particles composing the fractal, K a pre-factor in the order
of unity, Rg the radius of gyration, Rp the nanoparticle radius and Df the fractal
dimension. Equation 7.1 shows that the higher is Df , the higher is the complexity of
the pattern and lower is its space-filling capacity.

Strictly speaking about the DLA mechanism, the fractal properties arise from the
Brownian motion, which makes the probability that a nanoparticle sticks to the outer
branches of the ‘tree’ higher than sticking to the substrate or to the inner body of the
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structure. The DLA branching shape is characterized by a fractal dimension around
2.4, considering isolated ‘trees’ in three dimensions [32]. Since this value is lower
than the 3D space dimensions, the structure fills a lower volume and it is therefore
more porous with respect to BA, with densities about tens times lower than the bulk
one, showing also a high surface area, useful for some applications.

DLA can even occur onto a 2D surface, to produce fractals with Df = 1.7 [33].
This mechanism can experimentally take place when few nanoparticles reach a hot
substrate, which makes them to move with random motion onto the surface [34].

Nonetheless, DLA is not the only mechanism which enables to produce fractal
films. A further increase in the background pressure results in the confinement of
the nanoparticles in a smaller volume and in the occurring of a new phenomenon:
the nanoparticle-nanoparticle collision and irreversible sticking. Due to the higher
concentration, the nanoparticles are able to aggregate with a mechanism called
Diffusion Limited Cluster-Cluster Aggregation (DLCA). The cluster (nanoparticle)
trajectories are Brownian as in DLA, but, since they can irreversibly stick together,
they can produce fractal aggregates before their landing onto the substrate. The
DLCA mechanism produce patterns with fractal dimension roughly equal to 1.8
[35], which makes these aggregates more porous than the DLA ones. Higher
fractal dimension values can be found for slightly different growth mechanisms.
For example, if the nanoparticles sticking probability is approaching zero, the
aggregation is dominated by the sticking reaction and not by the Brownian diffusion.
In this case we speak of Reaction Limited Cluster-Cluster Aggregation (RLCA),
which is featured by a 2.1 fractal dimension [36]. In natural systems, the aggregation
mechanism is frequently a combination or an intermediate case of DLCA and RLCA
[37].

DLCA/RLCA can be easily implemented in numerical codes to reproduce the
structure of films obtained when these aggregation mechanisms take place, such
as nanofoams. Due to the low fractal dimension nanofoam are characterized by an
ultra-low density, down to few thousandth of the bulk density (hence more than
99,5% of vacuum fraction), and by a very high surface area to mass ratio. As shown
in Fig. 7.3 c-d, the DLCA simulation is able to precisely reproduce the nanofoam
morphology, and its fractal features.

In the next section we will discuss in details the process that leads to nanofoam
growth in PLD experiments and the role of deposition parameters on the nanofoam
morphology.

7.3 Growth Dynamics of PLD Carbon Nanofoam

In the previous section we have shown how different nanoparticle aggregation
mechanisms give rise to different aggregate morphologies and hence to different
features for the resulting films. Understanding the aggregation and growth dynamics
of a nanostructured PLD film is therefore instrumental in achieving a full control
over its properties. In this section we will describe in details the growth dynamics
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of PLD carbon nanofoams by reviewing and expanding the snowfall-like model
proposed in reference [11].

By looking at the striking similarities between the morphology of a pulsed laser
deposited nanofoam (Fig. 7.3c) and the simulation under DLCCA hypotesis (Fig.
7.3d) one can deduce that the DLCCA is the dominant aggregation mechanism
responsible for aggregation of carbon nanoparticle into a nanofoam structure. In this
context, two different scenarios -distinguished according to where the nanoparticle
aggregation takes place- have been proposed: on substrate rather than on flight. To
each scenario corresponds a specific dimensionality, namely 2D (or in-plane) for
the former, 3D (or in-space) to the latter.

One can draw an illustrative analogy between the growth of fractal nanostruc-
tured materials in PVD techniques and deposition of ice from the water vapor
present in the atmosphere. Both frost and snow can be considered fractal structures
made of Ic ice. They differ in how they grow: hoar frost grows from the direct
condensation (also called de-sublimation) of water vapor onto a cold surface (as on-
substrate aggregation), while snow flakes aggregate in clouds, before landing to the
ground (on-fligh aggregation).

Examples of PLD experiments where nanoparticle aggregation occurs mostly on
substrate are given in [34, 38]. There, a pulsed ultrashort (<100 fs) laser is used to
directly ablate Ti and TiO2 nanoparticles, and the two-dimensional nature of the
aggregation process is demonstrated by observing how a change in the substrate
affects the aggregate morphology. However, as firstly noted in [39], this scenario
does not match well with experimental evidences about PLD depostion of carbon
nanofoam with nanosecond pulses.

Firstly, as can be appreciated by the SEM image in Fig. 7.4, nanofoam aggregates
are three-dimensional. The height of a single aggregate can be tens or even hundreds
of times the size of a single nanoparticle. This means that, in a on-substrate
aggregation scenario, a nanoparticle diffusing on the substrate would have to jump
tens of times its size to climb up to the top of the aggregate and stick there. Such
an event is very unlikely in comparison to a nanoparticle sticking in-plane to the
edge of the aggregate (and that is the reason why structures originated by DLA on
substrate are essentially flat).

Second, the aggregate morphology is not significantly affected by the properties
of the substrate. Nanofoam aggregates deposited with the same conditions onto three
different substrates (bulk silicon, amorphous carbon and nanocrystalline rhodium)
are shown in Fig. 7.5a-c.

Despite the fact that the three substrates possess substantial differences in their
chemical and physical properties the aggregates show a remarkable similarity.
This fact stands in sharp contrast to what is expected in the case of on-substrate
aggregation, as pointed out in [34]. Also, the aggregation process does not seem to
be influenced by the chemical affinity between substrate and nanoparticles (as in
the case of aC substrate) or by the presence of droplets on the Rh surface that could
have acted as nucleation seeds if diffusion-limited aggregation on substrate were the
dominant aggregation mechanism at play.
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Fig. 7.4 SEM image of C aggregates taken with type II secondary electrons (SE2). Three-
dimensional nature of the aggregates can be appreciated

Fig. 7.5 SEM images of the deposited C aggregates after 10 laser shots for: (a) silicon substrate,
(b) amorphous carbon substrate, and (c) rhodium substrate. The bright, spherical features observed
in the case of Rh substrate are droplets of molten Rh ejected by the target during the Rh
film deposition; the textured background is due to the different orientation of Rh crystallites.
Background pressure is 700 Pa Ar, target to substrate distance is 4.5 cm, laser fluence is 1.7 J/cm2,
repetition rate is 1 Hz. Adapted with permission from reference [11] (Copyright 2019) (American
Physical Society)

On-flight aggregation hypothesis can be further supported by considering the
evolution of aggregate morphology and number with the number of laser shots, i.e.
with the amount of ablated material. In a scenario where on-substrate aggregation is
dominant, one should expect the average aggregate size to be increasing with of the
number of shots, since each laser shot produces a certain number of nanoparticles
that start diffusing on the substrate until sticking to an aggregate, increasing its
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Fig. 7.6 Evolution of aggregate morphology. Above SEM images with an increasing number of
laser shots. Below: simulations under the hypotheses of three dimensional DLCCA aggregation as
a function of the number of aggregates

size. In the light of the analogy with frost, the size of the crystalline ice spicules
depends on the amount of water vapor and how long they have been growing. On
the contrary, if aggregates are formed before landing, their size has to be constant but
their number should increase linearly with each shot. The same goes for snowfalls:
the size of a single flake depends on the atmospheric conditions and does not change
upon landing; the height of the snow blanket depends on the number of flakes that
have fallen.

Figure 7.6 shows how the aggregate morphology changes with increasing
number of laser shots, compared with the results of numeric simulations under
the hypotheses of three dimensional DLCCA aggregation. The striking similarities
between the morphology of PLD nanofoam and simulated materials together with
the fact that aggregate size does not increase significantly with the number of shot
-while the aggregate number does- lead us to conclude that in the case of ns-
PLD nanofoam the aggregation of C nanoparticles occurs “in flight”, i.e. inside the
deposition chamber before the aggregate landing.

To summarize, we have seen how the growth of PLD carbon nanofoam bears
some similarities to what happens during a snowfall: a low density nanofoam layer
(the snow blanket) grows because of the coalescence of fractal, void-rich aggre-
gates (the snowflakes). Each aggregate increases its size by clustering of smaller
nanoparticles (supercooled water droplets) while is free to float in a nanoparticle-
rich atmosphere (supersaturated air masses). The characteristic timescale of the
aggregation dynamics τagg corresponds to the amount of time that an aggregate
(snowflake) spends in the PLD background atmosphere (earth atmosphere) before
being finally deposited on the substrate (the ground).
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Once we have understood that a snowfall-like process is responsible for the
nanofoam growth, we can try to investigate what is the aggregation timescale τagg
and how it can be controlled by acting on the PLD process parameters. As already
mentioned, is well known from the theory of fractal aggregation [40, 41] that the
aggregation kinetics possesses some universal features which can be expressed in
the form of scaling laws relating the aggregates properties with the aggregation time.
In particular, the average gyration radius Rg should depend on the aggregation time
following a power law:

Rg ∝ τagg
b (7.2)

where b is a power-law exponent whose value depends on the specific aggrega-
tion mechanism and on the fractal dimension [40–42].

Considering a PLD deposition there are two natural timescales consistent with
the hypothesis of “in-flight” aggregation, each one corresponding to a different
physical description of the aggregation process. The first one is the “travel time”
τtrav, i.e. the time that an aggregate takes -on the average- to travel from the region
where nanoparticles originate to the substrate under the push provided by the laser-
generated shock wave. The other is the time between two subsequent shock waves,
namely the “shot-to-shot time” TSTS, which is readily available as the inverse of
the laser repetition rate. In order to check whether τagg corresponds either to τtrav
or TSTS we follow a two-step procedure: firstly, we theoretically estimate how the
PLD process parameters are related to the proposed timescales and -by virtue of
(Eq. 7.2)- to the average gyration radius Rg, then we experimentally investigate the
dependence of Rg on said parameters and make a comparison with the theoretical
estimations.

The motion of an aggregate in the background gas is described, in principle, by
an advection-diffusion equation, where the advection part accounts for the transport
by the fluid flow and the diffusion part is a Brownian motion. Since the fluid
velocity of the gas is unknown it is practically impossible to find an exact solution.
Also, in an advection-diffusion picture the aggregate parameters (such as mass
and gyration radius) are constant, thus it cannot describe coalescence during the
motion. Nevertheless, one can derive simple estimations considering separately an
“advection timescale” τadv and a “diffusion timescale” τdiff, and supposing that τtrav
lies somewhere between τadv and τdiff.

Advection timescale can be estimated as the time required to travel a target-
to-substrate dTS distance moving with velocity uf, which corresponds to the
fluid velocity after the passage of the laser-generated shock wave. Shocked fluid
velocity can be derived from Rankine-Hugoniot relations; exact analytical solutions,
however, exist only under strong simplifying assumption. Here we assume that
uf = cs/k, where cs is the speed of sound in the background gas and k > 1 is a
numerical factor few times the unity, obtaining:

τadv = k
dT S

cs

(7.3)
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Diffusion timescale is related to the diffusion coefficient D by the Einstein’s
theory of the Brownian motion:

τdif f = dT S
2

2D
(7.4)

Putting (Eq. 7.3) and (Eq. 7.4) in (Eq. 7.2) one gets:

Rg ∝ (dT S)yb (7.5)

Where y ranges from 1 (pure advection) to 2 (pure diffusion). Thus, the “travel
time” hypothesis predicts a power-law relation between the average aggregate radius
and the target-to-substrate distance.

Another possibility is that the nanoparticles generated by the nth laser shot
are free to aggregate in the vacuum chamber for a timescale TSTS, i.e. until the
shockwave generated by the subsequent (n + 1)th laser shot drags them toward the
substrate within a timescale τadv. Since TSTS is typically in the order of hundreds
of milliseconds, much greater than τadv (in the order of millisecond or less), this
scenario corresponds to the assumption τ agg = Tsts, which put in (Eq. 7.2) gives a
power-low dependence of Rg on TSTS:

Rg ∝ (TST S)b (7.6)

Coming back to the snowfall analogy, this hypothesis is equivalent to say that
the size of a snowflake is determined by the amount of time it spends floating in
the supercooled atmosphere rather than the amount of time it takes to fall to the
ground, being the latter much smaller than the former. Incidentally, this mechanism
is quite similar to the one at play in actual snowfalls. An experimental benchmark
is obtained with two series of depositions, one where dTS is varied from 35 mm
to 65 mm, and the other where TSTS, is varied from 0.1 s to 10 s, all the other
parameters being fixed. The corresponding results are shown in Fig. 7.7:

While the aggregate diameter is essentially independent from the target-to-
substrate distance, it shows a marked dependence on the shot-to-shot time. The
experimental points are nicely fitted by the power-law relation given by Eq. 7.6,
thus confirming that the growth of carbon nanofoam is described by a in-flight
process where the dominant aggregation timescale is the interval of time between
two subsequent laser shots.

7.4 Measurement of Nanofoam Density

One of the most important nanofoam properties to be measured is the mean density.
At a first sight, one could imagine that it is a quite simple task: the sample

can be weighted and the density can be retrieved by dividing the total film mass
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Fig. 7.7 Average aggregate radius as a function of (a) target-to-substrate distance (b) shot-to-shot
time. Ten laser shots for each experimental point, with background pressure of 700 Pa Ar and
laser fluence 1.6 J/cm2. The shot-to-shot time in (a) is 1 s, the target-to-substrate distance in (b)
is 45 mm. Red solid line: Fitting power-law curve for the average radius. The coefficients a ≈ 810
and b ≈ 0.27 are obtained with with a Levenberg-Marquardt least square algorithm

by its volume, calculated from the cross section SEM image and the side length.
Nevertheless, this method is not sufficiently accurate, as can be shown by this simple
calculation.

Considering a nanofoam with density of 10 mg/cm3 (which is an ultra-low value
but not the minimum that can be achieved by PLD) deposited onto a squared
substrate with 1 cm of side length, and with thickness of about 10 µm. The total
nanofoam mass is about 0.01 mg, yet the accuracy of a high-precision analytical
balance is limited to about 0.1 mg, leading to an unsensitive measurement.

The only type of standard laboratory instrument which is capable to measure
lower values of mass is the Quartz Crystal Microbalance (QCM) which has an
extraordinary sensitivity, down to 0.1 ng. This technique uses the Quartz crystal
as piezoelectric oscillator and exploits the changes in resonance frequency of the
crystal to measure the mass on the surface. Nevertheless, an important issue arises
if we try to measure the nanofoam mass by the QCM. Due to its fractal structure,
the foam deposited onto the oscillating crystal does not move as a rigid body with
the crystal, yet it quenches the oscillations along the vertical axis, through chain
vibrations. This phenomenon could be compared to the motion of trees during an
earthquake, where the branches oscillate with a phase different from the ground.
For this reason the QCM fails in determining accurate values of nanofoam mass and
should not be used for this kind of nanostructures.

Thus, measuring the foam density is a challenging issue which can be tackled
only by non conventional techniques. One possible method is given by the quanti-
tative Electron Probe Microanalysis (EPMA), which exploits the Energy Dispersive
X-ray Spectroscopy (EDS) to measure the mass thickness τ (which is equal to the
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density ρ times the thickness t) of thin films [43]. Quantitative EPMA is of a great
interest for our scope, because it is non-destructive, it uses a common apparatus (a
scanning electron microscope, SEM, with an energy dispersive X-ray spectrometer,
EDS), and the film roughness does not affect the measurement. The technique
consists in measuring characteristic X-rays excited by the SEM electron beam, and
then calculating the so-called k-ratio of the X-rays emitted from the film/substrate
and the ones produced in homogeneous reference sample of known composition. To
derive the film mass thickness from the k-ratio, we have to know the so-called �(ρz)
curve, which is defined as the distribution of the production of characteristic X-rays
as a function of the depth z. In particular two equation can be used (see scheme of
Fig. 7.8), depending if the reference sample has the same composition of the film
(coating method) or the substrate (substrate method) [44]:

Kc = IC,i

I
ref
C,i

=
∫ τ

0 cC,i ΦC,i (ρz) exp
(−χC,iρz

)

d (ρz)
∫ ∞

0 cref,i Φref,i (ρz) exp
(−χref,iρz

)

d (ρz)
(7.7)

KS = IS,i

I
ref
S,i

= exp
(−τ χC,i

) ∫ τ

0 cC,i ΦC,i (ρz) exp
[−χC,i (ρz − τ)

]

d (ρz)
∫ ∞

0 cref,i Φref,i (ρz) exp
(−χref,i ρz

)

d (ρz)

(7.8)

where I is the X-ray measured intensity, c the atomic concentration,χ =
(μ/ρ) /cos (α) is the X-rays mass attenuation factor obtained from the absorption
coefficient μ and the angle α of the detector with respect to the interface of the
sample; the subscripts refer to the element i and the analysed sample C/S or the
reference sample ref.

Thus, the knowledge of the �(ρz) distribution is of crucial importance in the
determination of the mass thickness τ , even if it is not trivial to determine, since
its shape depends on the complex phenomena of electrons multiple scattering and
characteristic X-rays generation.

Semi-empirical models have been exploited to obtain reasonable measurements
of the foam density, see Fig. 7.8 [44]. In addition, the figure shows that the EPMA
results are in agreement with the QCM for high value of density, hence for quite
compact Carbon films, while for lower density values EPMA is able to obtain more
accurate measurements than QCM.

Nevertheless, the use of semi-empirical models for �(ρz) suffers from important
limitations: the measurement procedure which assures the highest accuracy needs
EDS measurements of a standard reference sample having the same composition
of the substrate or the film, which is not always available, and it also needs
many acquisitions at different accelerating voltages, which therefore involves time-
consuming measurements.
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Fig. 7.8 (a) scheme of the quantitative Electron Probe Micro-Analysis technique (EPMA). A
monoenergetic electron beam (1-30 keV) is focused on a sample and characteristic X-rays are
emitted. The ratio of the measured intensities with the ones of reference sample (either with
the same composition of the coating C, or the substrate S) are used to determine the coating
thickness. (b) nanofoam mean density measured by quantitative EPMA (full markers) and by
Quartz Crystal Microbalance (QCM, open markers), as a function of the Pulsed-Laser Deposition
gas (Helium/Argon) and pressure. For lower density samples, the QCM measures unreasonably
low values due to the oscillations damping in the fractal structure. Adapted with permission from
reference [44] (Copyright 2015 under the terms Creative Commons CC BY license)

Only recently attempts to derive theoretically �(ρz) have been carried out. A
Monte Carlo code, called PENEPMA [45], is able to describe the electron multiple
scattering and X-ray production physics with high accuracy. Nonetheless, as all
Monte Carlo codes, it suffers from statistical errors which can be reduced only by a
high number of simulated trajectories and long simulation times. Another recent
solution consists in the numerical solution of the electron transport equation in
cylindrical symmetry. This last method, called EDDIE [46], is able to theoretically
determine the �(ρz) distribution of multilayer samples and the consequent X-ray
generation. This description is more accurate than semi-empirical models, and
consequently it enables to determine film mass thickness without the need of a
reference sample, by using the K-ratio (with the capital letter to distinguish from
the standard k-ratio). It is defined as the ratio of the X-ray intensity from the film
elements to the ones of the substrate. The mass thickness is therefore retrieved by
numerically solving the following equation:

Ki,j = IC,i

IS,j

= εicC,i

∫ τ

0 ΦC,i (ρz) exp
(−χC,i, ρz

)

d (ρz)

εj cS,j exp
(−τ χF,j

) ∫ ∞
0 ΦS,j (ρz) exp

(−χs,j ρz
)

d (ρz)

(7.9)

Where IC,i is the X-ray intensity generated in the film by the i-th element while
IS,i is the substrate intensity of the j-th element; εi and εj are the detector efficiencies
at the X-ray energies of the i-th and j-th elements respectively; cC,i and cS,i are the
atomic fractions of i-th and j-th elements in the film and in the substrate, and the
subscripts refer respectively to the layer and the X-ray energy.

EDDIE allows measuring film mass thickness in a fast and accurate way, as
demonstrated by the comparison of the method results with benchmark techniques,
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Fig. 7.9 (a) SEM image of a Carbon nanofoam with Oxygen contamination produced by Pulsed-
Laser Deposition. Mass thickness (a) and Carbon fraction (b) maps of the same sample, obtained
by the EDDIE method. Adapted with permission from reference [46] copyright (2019) (Elsevier)

and opens new characterization capabilities. Since reference sample and multiple
acquisitions at different accelerating voltages are not needed, the EDS capability
to obtain X-ray 2D maps can be used to retrieve maps of both mass thickness
and atomic concentrations, as shown in Fig. 7.9. This is a particularly interesting
feature for the nanofoam characterization, because not only the mean density can be
accurately measured, but also 2D maps of mass thickness can be realized, useful to
quantify the film porosity and non-homogeneity.

7.5 Carbon Nanofoam on Flexible Substrates for
Laser-Driven Acceleration

An interesting application of ultra-low denisty nanofoam grown by PLD is repre-
sented by the development of innovative targets for laser-driven ion acceleration
experiments. Compact ion accelerators based on superintense laser-matter interac-
tion represents a promising alternative to conventional accelerators thanks to their
potential for an increased energy tunability and reduced size, radioprotection issues
and overall cost [47].

Laser-driven acceleration exploits the interaction of an ultra-intense ultra-short
laser pulse (I > 1018 W cm−2) with a target, which rapidly ionizes turning into a
plasma. The laser-plasma coupling induces a strong charge separation and, conse-
quently, the intense longitudinal electric fields responsible for the ion acceleration
process. In the so-called target normal sheath acceleration (TNSA) scheme, the laser
irradiates a μm-thick solid target where part of the laser energy is absorbed by
the electron population, which expands at relativistic energies towards the target
back side and generates an intense sheath electric field (few MV μm−1) [47–49].
This field drives the acceleration of bunches of the light ions (e.g. hydrogen from
water vapor contamination) located on the rear surface of the target, resulting in an
exponential energy spectrum and a well-defined cut-off energy in the multi-MeV
range.
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One of the most promising strategy for enhancing both the number and the energy
of the accelerated ions focuses on the development of advanced engineered targets
that could optimize the laser-plasma coupling and allow for a more efficient laser
absorption.

In this frame, a large body of research confirms that the laser-plasma coupling
is dramatically improved in the near-critical regime [50], i.e. whenever the plasma
electron density ne is close to a critical value nc: ne~nc = ε0meωl

2/e2 where ωl is
the laser frequency, ε0 the vacuum permittivity, and e and me are the charge and the
electron mass respectively.

Exploiting this interaction regime in laser-driven ion acceleration schemes is
appealing. However, it poses a significant challenge from the point of view of
material science and technology.

Indeed, if we consider that the number of nuclei in a fully ionized critical plasma
is nc/Z and that the nuclear mass can be approximated by A mp (being Z the atomic
number, A the atomic mass and mp the proton mass), we can express the mass
density of a near-critical material in terms of the laser wavelength λ:

ρc = nc

A

Z
mp = πmp

A

Z

1

Rc

1

λ2
≈ A

Z

1.865

(λ [μm])2
mg/cm3 (7.10)

Where the last equality is obtained by substituting the numerical values of the
classical electron radius Rc and the proton mass mp. Since the typical wavelength
of high intensity laser systems is around 0.8–1 μm and the A/Z ratio is around 2 for
most elements, the near-critical requirement corresponds to a mass density of few
mg cm−3, a few times the density of air at standard conditions.

Given that the TNSA process requires a solid target with a flat back surface, very
few options are available. One of the most studied involves the design of Double
Layer Targets (DLTs) made of a thin solid foil coated by a near-critical layer [23,
51]. The specific nature of the thin solid foil, which act as a substrate for the
deposition of the near-critical layer, depends on the experimental needs; typically
it varies from 50-100 nm thick polymeric films to 5-10 μm thick metallic foils,
although sub 10 nm solutions have been tested [52]. The optimal thickness of the
near-critical layer depends on the laser parameters, and typically varies from few up
to tens of micrometers [50]. Moreover, in order to accommodate tens or hundreds
of laser shots on the same target, the surface of DLTs could encompass an area of
some cm2.

From a material scientist perspective, the specifications related to the DLT
optimization translates into the following requirements on the low-density layer:

1. deposition technique compatible with thin, flexible and delicate substrates
2. mass density in the range 5-25 mg/cm3

3. thickness from 4 to 20 μm
4. spatial uniformity over an area of some cm2
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Therefore, in the light of these aspects, PLD represents a natural choice for the
production of the near critical layer in DLT in the form of an ultra-low density
nanofoam deposited onto a flexible thin substrate.

For what concerns the first point, we have already highlighted what makes PLD
an ideal technique for the deposition of nanofoam on flexible and delicate substrate:
the reason lies in the fact that aggregation occurs in flight, and aggregates land
on substrate with a relatively low energy. This is not a general feature of PLD
though, as it is possible to achieve conditions in which the ablated species arrive
on the substrate as highly energetic atoms or ions [Toftmann2013]. Rather, it is a
hallmark of the peculiar PLD regime characterized by moderate pulse energy and
high background pressure that determines the snowfall-like growth mechanism, as
described in details in reference [11].

Coming to requirement on the nanofoam mass density is important to recognize
that what matters within the framework of the laser-plasma interaction is actually
the density averaged over a volume given by the laser spot size times the foam
thickness. If we consider a situation in which the spot size (typically few times
the laser wavelength, i.e. 5 to 10 microns) is larger than the aggregate size, we
the averaged mass density ρf is related to fractal scaling law (see Eq. 7.1) by the
following equation:

ρf = K ρnp

(
Rnp

2Rg

)3−Df

(7.11)

Where we have already defined the pre-factor K, the average fractal dimension
Df , the average aggregate gyration radius Rg, and the nanoparticle radius Rnp, while
ρnp is the average nanoparticle density.

Figure 7.10 shows the morphology and the EDXS density map for a PLD
carbon nanofoam. It is possible to observe that local non-homogeneity due to the

Fig. 7.10 (a) SEM images and (b) EDXS density maps of a carbon nanofoams deposited with
7000 shots, background pressure of 1000 Pa Ar, laser fluence 2.1 J/cm2,target-to-substrate distance
4.5 cm, laser repetition rate 10 Hz. The average thickness is 8 μm. Adapted with permission from
reference [11] (Copyright 2019) (American Physical Society)
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foam structure washes out over a length scale of ~10 μm and the average density
ρf ≈ 18.7 mg/cm3, as requested for typical DLT applications.

PLD also offers a straightforward way to control the nanofoam thickness, since
the latter grows linearly with the deposition time. There is however a lower limit on
the foam thickness given by the average gyration radius: since the nanofoam grows
by packing of aggregates with a defined size, it is not possible to deposit nanofoams
having a thickness lower than the average aggregate diameter. Nevertheless, since
the typical aggregate diameter is of the order of 1 μm (see figure) and the near-
critical layer thickness in DLT rarely falls below 4 μm, this aspects does not
represent a criticality with respect to DLT fabrication.

The achievement of a uniform deposit is usually a more challenging issue. In the
high-pressure deposition regime the plume is confined, and its length is generally
shorter than the target-to-substrate distance [11]. Most of the ablated material tends
to deposit in a circular shape region concentric to the axis of the plume. The
spatial profile of the deposited mass for each shot depends on multiple factors,
such as laser fluence, background gas pressure and target-to-substrate distance.
Generally speaking, it not guaranteed that such spatial profile would result in the
desired uniformity of the sample. One way to address this issue involves a suitable
movement routine for the substrate holder, so that the final profile is the result of
moving average over the deposition profile of each subsequent shot. In Fig. 7.11
we show the SEM cross-sectional image of a nanofoam (above) together with the
thickness profile with respect to the lateral dimension. A good lateral uniformity is
obtained over a distance of ~3 cm.

Two examples representative of the rich assortment of DLT configurations
involving carbon nanofoams are shown in Fig. 7.12. Figure 7.12a is a millimetric
DLT composed by a 100 nm thick polyethylene film as a substrate and a 10 μm thick
nanofoam with ultra-low density (~ 12 mg/cm3) nanofoam acting as near-critical
layer. The glass frame that holds the polymeric film was directly placed in the PLD
chamber for the foam deposition. In spite of its delicate nature, the substrate was not
damage because of the foam deposition. Much larger DLTs made of 4 cm x 4 cm
aluminum foils (thickness 1.5 μm) are shown in Fig. 7.12b. The near-critical layers
are made of ~18 mg/cm3, ~12 μm thick nanofoam. The holder on the left host a
DLT as it appears after the nanofoam deposition, while the one on the right shows
clear signs of the irradiation with superintense laser pulses.

We conclude by remarking that DLTs for laser-driven acceleration represent an
interesting and multidisciplinary example of how PLD can be exploited to deposit
nanostructured carbon foams on a wide variety of flexible substrates, but is far from
being the only one. Many other applications can benefit form the peculiarities of the
PLD deposition technique, ranging from electronics and supercapacitors to wearable
devices and biological scaffolds for tissue growth. The picture shown in Fig. 7.12
is another example illustrative of the potential and versatility of nanofoam pulsed
laser deposition on flexible substrates.
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Fig. 7.11 Above: SEM cross-section of a nanofoam deposited with a background pressure of
1000 Pa Ar, laser fluence 2.1 J/cm2, target-to-substrate distance 4.5 cm, laser repetition rate 10 Hz.
Below: Thickness profile as a function of the lateral dimension
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Fig. 7.12 Examples of DLTs for laser-driven acceleration experiments. (a) a glass frame holds a
100 nm thick polyethylene film (1 mm x 1 mm size) coated by a 10 μm thick carbon nanofoam
with average density ~ 12 mg/cm3. Substrate and substrate holder are courtesy form the Institute
for Laser Engineering, Osaka, Japan. (b) Large area DLTs (~16 cm2) before (left) and after (right)
the irradiation with the super-intense laser DRACO (The Helmholtz-Zentrum Dresden-Rossendorf,
Dresden, Germany). The substrate is a 1.5 μm thick aluminum foil coated with a ~ 18 mg/cm3,
~12 μm thick nanofoam (Fig 7.13)

Fig. 7.13 An ultra-low density, ~10μm thick carbon nanofoam layer deposited on a large titanium
foil with micrometric thickness



156 A. Maffini et al.

Acknowledgments The authors wish to thank Professor C.E. Bottani. The research line related
to the deposition and study of carbon nanostructures at Politecnico di Milano started under his
guidance. This project has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program (ENSURE grant agreement No
647554).

Bibliography

1. Shanov, V., Cho, W., Malik, R., Alvarez, N., Haase, M., Ruff, B., Kienzle, N., Ochmann, T.,
Mast, D., Schulz, M.: Surf. Coat. Technol. 230, 77–86 (2013)

2. Vetter, J.: Surf. Coat. Technol. 257, 214–240 (2014)
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Chapter 8
Porosity of Nanostructured Carbon Thin
Films

Alessandra Del Giudice, Giulio Benetti, Claudio Piazzoni,
and Francesca Borghi

Abstract The multiscale (from nano to macro) characterization of porous materi-
als, in particular of thin films integrated in sensors, as in electrochemical, catalytic
and biomedical devices, asks for non-invasive methods. Since the mechanical
and morphological properties of the substrate may affect the resulting structural
organization and the network of the porous film structure, the porosity of the
thin film has to be characterized in situ, without removing it from the integrating
substrate, by recognizing the different contributions.

This chapter deals with standard methods used to characterize porosity, the
theoretical framework used to describe the evolution of porosity with film thickness,
the development of combined approaches which provide the possibility to describe
many features of pores in thin films on different length scales. As a case study
we present an in-depth analysis of the porosity and structure of carbon cluster-
assembled thin films used as electrodes in energy devices.
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8.1 Introduction to the Porosity Characterization
of Materials

Porous materials are ideal templates for the study of the non-linear phenomena
associated to surface confinement conditions occurring inside pores [1–3], as also
for the investigation of the enhanced interfacial interactions between the solid walls
and the fluid, promoted by the high surface area available in the porous matrix.
More interestingly, the functional properties of porous materials and granular thin
films (coatings, electrodes, sensors and catalytic interfaces, etc . . .) depend on their
porosity. The control on the morphological properties of highly porous films is
strategic since the film porosity controls mass transfer rates in catalytic devices [4],
electron diffusion pathway in dye-sensitize solar cells [5], double-layer organization
of the electrolyte in electrochemical devices [6] and performance of gas sensor
films [7].

Methodologies used to measure the overall porosity (defined as the void to
the total sample volume fraction), the pores size and shape distributions, and the
specific surface area of materials can be classified into “direct methods”, based on
volume determination of at least two among the bulk volume of the sample, its pore
volume, and the volume of its solid matrix, and “indirect methods”, that exploit the
measurement of other quantities to calculate porosity, such as properties of the fluid
interacting inside the void space with the confining walls [8]. The most important
methods are listed in Fig. 8.1, according to the range of pores diameter investigated;
in fact, a single method can barely provide all the information desired and cover all
the pore dimension spectra.

The measurement of the effective connected porosity, as also the possibility
to characterize both the open and closed porous structures for a large library

Fig. 8.1 Graphical list of the principal methods used to determine porosity according to the pores
size
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of materials, are important features which define the pertinence of a particular
methodology for a specific investigation task among all the possibilities. For
example, Mercury Intrusion Porosimetry (MIP) detects open porosity with high
precision but it is not able to penetrate closed porosity; Helium Pycnometry (HP)
measures the density of porous materials referring to the void volume due to the
open porosity connected to the surface, but it cannot provide information on pore
size distribution; Imaging Analysis methods (IA) measure both open and closed
porosity [9, 10], but they fail to distinguish between the two and their results
are statistically poor since Atomic Force Microscopy (AFM) – Scanning Electron
Microscopy (SEM) – Trasmission Electron Microscopy (TEM) can analyze only a
very small portion of the sample. The study of the spin relaxation time of trapped
water and the more promising hyperpolarized Xenon in confined geometry are
suitable for measuring only open pore diameters up to the micrometer scale [11].
Differently, Small Angle Neutron Scattering (SANS), employing contrast matching,
can provide considerable information concerning the porosity of materials [12].
SANS with contrast matching (SANS-CM) [13, 14] is sensitive to both closed and
open accessible pores, and provides an almost complete description of porosity,
while small angle X-ray scattering (SAXS) provides scattering data from both the
open and closed porosity but they cannot be decoupled.

Even if the combination of small-angle and wide-angle scattering techniques can
cover a very wide range of pore dimension scales, this is inherently smaller than the
real range of porosity in materials and they characterize only average properties of
the samples analyzed. It is therefore valuable to combine porosity measurements
and information concerning pores size and shape from different complementary
techniques.

Interesting works, in the framework of porosity in mineralogy, make use of
a combined approach based on mercury intrusion porosimetry (MIP), SEM and
neutron scattering [15, 16]: MIP provides information on effective and accessible
pore size distribution, SEM shows with great accuracy the local morphological
details, whereas SANS reveals statistically significant information about pore size,
porosity, pore volume, surface area and fractal behavior.

In order to visualize complex morphologies, complementary advanced methods
of electron microscopy for 3D imaging can be required; as an example, TEM
tomography, slice-and-view focused ion beam (FIB) and serial block face (SBF)
combined with SEM are used in a combined approach for the characterization
of synthetic polymeric systems in Ref. [10]. The samples are pre-sliced in an
ultramicrotome and analyzed by TEM; TEM resolution for details is very high, even
smaller than 1 nm, but the imaged volume is relatively small, about few μm3. The
advantage of 3D image reconstruction combined with slice-and-view FIB/SEM [17,
18] and SBF/SEM [18] is a more complete overview of the porous structure, since
these methods have a resolution between those of TEM and X-ray tomography;
these methods demonstrated to fully characterize the morphology of polymeric
membranes, obtaining information on their asymmetric porosity, as well as to reveal
details of hierarchical porous isotropic films [19, 20].
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Thermally sprayed coatings have been studied [21] by IA, implemented with
the microstructural information obtained using advanced characterization tech-
niques, such as SANS and computer micro-tomography (CMT). While quantitative
information regarding the constituent component porosity, the mean open pores
dimension and anisotropy are obtained from SANS, CMT allows the visualization of
the pore size distribution and spatial position within the coating. The results obtained
from these techniques can be correlated to IA methods, thus giving confidence in
their mutual utility, reliability and robustness.

A common approach to study composite and porous materials, is to consider
them as homogeneous ensembles with effective parameters. This approach, usually
labelled as effective medium approximation (EMA), can predict many different
physical properties, such the optical and mechanical constants, as a function
of the porosity. Reversing the issue, if one can measure the effective physical
properties, EMA allows to retrieve the average film porosity. Often, this is the
case of spectroscopic ellipsometry [22] and of pump-probe experiments on ultrathin
metallic films [23].

The combined use of different techniques is necessary for the characterization
of open and closed porosity of powders, polymeric structures and hybrid materials
according to the scale dimension of the features of interest, but they are more and
more necessary in the study of thin films structure which exhibit a heterogeneity of
pores shape and size and an evolution of their morphologies with thickness.

8.2 Theoretical Description of Porosity Evolution in Thin
Film

The morphological properties of a porous material depend on many different
features, in particular on the synthesis and deposition strategies [24, 25]. The
deposition of nanoparticles with kinetic energy low enough to prevent fragmentation
upon impact on the substrate, as in aerosol processes and cluster beam depositions
[26], results in thin films having a nanostructure provided by the assembling of
nanoscale units that maintain their individuality after deposition.

The growth of such thin films usually proceeds through nucleation and interfacial
phenomena, such as adsorption, surface diffusion, chemical binding and other
atomic processes at the interfaces [27]. The morphological properties, as bulk
porosity and surface roughness, of a granular deposit can be tailored by properly
adjusting the kinetic energy of the particles approaching the deposit [28], as well as
the dimension of the precursor particles [29].

Generally, the porosity of a thin film evolves from a denser region close to
the substrate, to a more porous area at the upper interface. In particular, the three
regions which characterize the film at different heights are: the denser near-wall
(NW), the central portion of the film which is uniform and the active-growth (AG)
region close to the upper interface [28, 30, 31]. Different deposition conditions
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Fig. 8.2 Log-log density profiles, normalized to the uniform region density, versus the deposit
height according to the Pe value. Adapted with permission from Ref. [30]

affect the properties of these three portions of the thin film [28, 30]. The two main
models which describe the particles motions towards the surface are the diffusion-
limited deposition (DLD) model [32] and the ballistic deposition (BD) model
[33]: the former describes particles moving in a stochastic manner due to thermal
fluctuations, while the latter refers to particles moving in a deterministic way. Péclet
number Pe = Va/D, where V is the mean velocity, D the diffusion coefficient and
a stands for the particle diameter [30], identifies the deposition regime: it tends to 0
for the DLD model [25], while it tends to ∞ in BD limit [25].

In Fig. 8.2, the normalized densities of thin films as a function of thickness are
reported, according to different deposition regime described by the Pe number.

The density is always higher in the near-wall region and becomes lower close to
the topmost layer of the film, while the degree of packaging of these regions depends
on the specific Pe number.

As mentioned before, many different techniques consider the overall porosity
and treat the porous materials as homogeneous ensembles characterized by effective
parameters. This “averaged” approach can be a good practical strategy to investigate
film porosity, but the complex organization of granular and porous material has to
be carefully considered in the discussion of the resulting data.
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8.3 Experimental Strategies to Study the Porosity
of Nanostructured Materials

The investigation of the inner complex structure of a thin film, which depends on
the deposition method, the substrate it is deposited on and integrated into, and that
evolves with thickness according to the theoretical models explained before, is a
challenge: the very low amount of mass often cannot be measured directly due to
the limited resolution of the instruments and the thin film has to be usually destroyed
and reduced in powders in order its porosity to be measured. Although the advances
of standard techniques can shift their intrinsic limit and allow better performances,
innovative strategies have been explored to describe thin film porosity in a non-
invasive manner.

Two common techniques used to measure small changes in mass are quartz
crystal microbalances (QCMs) and surface acoustic wave (SAW) devices, whose
sensitivity of the latter increases order of magnitude compared to the former. In Ref.
[34], the surface area and porosity of thin films have been characterized by a SAW
device combined with traditional porosimetry; for each partial pressure of nitrogen,
the shift in the frequency of the surface acoustic wave propagating through the film
due to the quantity of nitrogen adsorbed, is recorded and analyzed.

Exploiting the optical properties of a porous material, in the framework provided
by EMA, spectroscopic ellipsometry can be used to obtain the average porosity of a
material. To create a more complex and realistic model, more layers with different
average porosity can be considered, even though, in this case, the risk of overfitting
due to the high number of free parameters might pose a serious challenge to the
analysis. In addition to the porosity, these EMA models allow to quantify other
materials or impurities inside a matrix or a thin film, like in the case of a porous
Ag-Ti film where small Ag particles are embedded on a matrix of amorphous Ti
[22].

Similarly, the time-resolved analysis of the film breathing modes using the EMA,
opens for the quantification of the amounts of voids and infiltrated fluid inside
nanogranular ultrathin silver coatings with thickness in the 10–40 nm range [35].
The scheme, visible in Fig. 8.3, relies on the impulsive photoacoustic excitation of
hypersonic mechanical breathing modes, and in the acousto-optical read-out of the
breathing modes frequency shift upon liquid infiltration, a technique usually known
as pump-probe.

Also Xe NMR has become a popular technique for the characterization of
porous solids [36]. However, application of thermally polarised 129Xe NMR to
materials is often hampered by a relatively weak signal due to low concentration
of the adsorbed xenon and long relaxation. An increase in sensitivity of several
orders of magnitude (~104) can be achieved by using optical pumping techniques
to produce hyperporalised (HP) Xenon, which have made it very attractive for
materials applications and should allow very small quantities of matter to be probed.
In Ref. [11] they report the first direct probing of thin supported films of mesoporous
silica by the application of a continuous flow of HP 129Xe NMR to the porous films.
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Fig. 8.3 Frequency shift of the nano-granular thin film breathing eigenmode due to water
infiltration. Adapted with permission from Ref. [35]; further permissions related to the material
excerpted should be directed to the ACS

Techniques such as TEM, X-ray powder diffraction (XRD) and gas adsorption
isotherms are very useful to gain a maximum of relevant and accurate data about the
porous network, its accessibility and its connectivity. In mesoporous thin films the
porosity can be estimated by nitrogen adsorption isotherms; however this technique
usually requires either to scratch off a few tens of samples from their substrates or
to perform the analysis within a home-made cell that can accommodate a large set
of thin films. An interesting strategy has been suggested in Ref. [37], measuring by
gas adsorption technique the specific surface area and porosity of few hundreds nm
thin film deposited on long and thin substrates which can be directly inserted inside
the sample holder [37, 38]. Pore size distribution, the overall porosity and specific
surface area can indeed be measured in a non-invasive manner, without destroying
the thin film structure.

Interestingly, the thermally driven time evolution of nanoporous gold’s 3D
structure has been studied by A. Falqui and coworkers (A. Falqui et al., private
communication) combining in a smart way in situ heating SEM and Serial Block
Face (SBF)-SEM, the latter basically consisting in ultramicrotomy performed inside
a low-pressure SEM. Indeed, the in situ heating SEM imaging allowed determining
how the surface of a gold porous specimen evolved over time upon thermal stimulus.
Once such an evolution reached a steady state, the sample was brought back at room
temperature and then cut over its whole volume by SBF-SEM in order to investigate
how the porosity changed as a function of the specimen thickness.
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8.4 The Role of the Porosity of Carbon Thin Films in Energy
Devices

The integration of low-cost micrometric energy sources into flexible devices, char-
acterized by higher energy and power, as also with longer cycle life, are necessary
features to be developed for their implementation into portable electronic devices
and micro-electro-mechanical systems (MEMS). In particular, lithium-ion batteries
and electrochemical capacitors (ECs) are among the most promising micro energy
storage devices which meet these demands. Figure 8.4 shows the plot of specific
power against specific energy density, also called Ragone plot, of the most important
energy storage systems. Li-ion batteries, although costly, are the best in terms of
performance, with energy densities that can reach 200 watt hours per kilogram.
Nevertheless Li-ion batteries provide a slow power delivery and uptake. ECs
currently fill the gap between batteries and conventional solid state and electrolytic
capacitors, as faster and higher-power energy storage systems. In fact, ECs are
power devices that can be charged or discharged in few seconds. Their energy
density is lower than in batteries, approximately 5 Wh/kg, but a much higher power
delivery and uptake can be achieved for shorter times. Electrochemical capacitors
can store hundreds or thousands of times more charge because of a much larger

Fig. 8.4 Ragone plot comparing various electrochemical energy storage devices
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surface area (1000–2000 m2/g) available for charge storage in Electrochemical
Double Layer Capacitor (EDLC) devices.

The high interfacial area of nanostructured electrodes available for double layer
structuring of the electrolyte and fast reversible Faradaic reactions is one of the
main advantages of their use into energy storage systems as EDLCs, together with
their good electrical conductivity, chemical and mechanical stability [39, 40]. These
advantages include also the reduction of electronic and ionic transport resistance at
smaller diffusion length scales and the ability to incorporate high-energy materials
into an outer nanostructured framework capable of sustaining high powers [6, 41].

Carbonaceous materials characterized by an high surface area (>1000 m2/g),
have been used as nanostructured electrodes for supercapacitors and electrochemical
devices, in order to increase the overall gravimetric and volumetric capacities
[40, 42, 43]. Despite nanostructured porous carbon offers limited energy storage
capacity (typically below 400 F g−1), while pseudo-capacitive materials or redox-
supercapacitors based on metal oxides materials or electrically conducting polymers
show higher capacitive responses [44], they are extensively used as electrodes in
energy devices because of their good electrical conductivity, relatively low cost
and easy integration into devices. A detailed comparison between the capacitive
performance of various carbon-based electrodes and the most commonly studied
pseudo-capacitive materials in the literature is well provided in Ref. [43].

Among carbonaceous materials, activated carbon composites and fibers [45, 46]
with surface areas up to 2000 m2/g, as well as carbon nanotubes [47, 48] and
graphene [44] have been employed in the fabrication of ECDLs [49]. Activated
carbons are especially attractive as electrodes for devices from the economical point
of view, and due to their large surface area and easy processability. In fact, a very
high surface area, with a distribution of pores well controlled during the activation
process, can be reached: typically, longer activation time and higher temperature
lead to larger mean pore size. Theoretically, the higher the specific surface area of
an activated carbon, the higher the specific capacitance should be expected.

Practically, the situation is more complicated, since some activated carbons with
smaller surface area give a larger specific capacitance than those with a larger
surface area. In Fig. 8.5 specific capacitance of activated carbon studied in Refs.
[50, 51] are reported.

In carbon supercapacitors, the specific capacitance is related to carbon capability
to adsorb ions from the electrolyte and to adjust its structure according to a double-
layer distribution of ions. This explains why the specific capacitance is not strictly
linearly dependent on the specific surface area in Fig. 8.5. Since the electrolyte
pore accessibility has to be taken into account, the characterization of the specific
surface area of the activated carbons is not sufficient to predict their ionic adsorption
efficiency. Pore size distribution and the contribution of the different pores to the
overall pores volume have to be considered in order to correctly interpret the data.

Controversial debate is being held regarding the role of micropores (pores with
diameter lower than 2 nm), where opposing positions are supported by experimental
and computational data too. The first idea is the classical one, which states that the
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Fig. 8.5 Specific capacitance as a function of specific surface area of activated carbon used as
electrode in Refs. [50, 51]. Adapted with permission from Refs. [50, 51]

increase of the microporous volume leads to an increase of the specific surface
area but that the whole part of this microporous volume (in particular the one
related to pores smaller than 0.5–1 nm) is not accessible to the hydrated/solvated
ions, since their size limits their adsorption to the largest pores [48, 51–54]. The
data shown in Fig. 8.5 are interpreted in this sense, by attributing the deviation
from a linear trend of the specific capacitance with increasing surface area to a
different effective accessible surface area of the electrolyte ions due to the reduced
dimension of micropores. These results are consistent with the work reported in
Ref. [55] showing that ions carry a dynamic sheath of solvent molecules that
requires some hundreds of kilojoules per mole to be removed in the case of
water molecules. For this reason, a pore size distribution in the range 2–5 nm
can be then identified to improve the energy density and the power capability.
Interestingly, Salitra et al. [56] suggested that a partial desolvation of ions could
occur in activated carbon cloth, allowing access to small pores (diameter < 2 nm).
High capacitance was observed for mesoporous carbons formed by micropores
[52, 57, 58], suggesting that partial ion desolvation could lead to an improved
capacitance. Due to these experimental evidences, a second hypothesis has been
therefore taken into consideration, suggesting the increase of specific capacitance in
carbon electrodes characterized by pores smaller than the solvated ion size, as also
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shown by experiments using carbide-derived carbons (CDCs) [59–61] as the active
material. The normalized capacitance (μF/cm2) described in Ref. [61] decreases
with decreasing pore size until a critical value close to 1 nm was reached, and
then sharply increases when the pore size approaches the ion size. This work [62]
suggests that the removal of the solvation shell, which is required for ions to enter
the micropores, has been executed.

For all these evidences, the role of pore dimensions has been stressed as
important as the specific surface area of porous carbon in order to evaluate their
successful integration and adaptability to specific task into energy devices.

8.5 The Case of Cluster-Assembled Carbon Thin Film
Integrated into Flexible Substrates

Nanostructured carbon thin films (ns-C) produced by supersonic cluster beam
deposition (SCBD) [26, 63] have been employed as electrodes for the development
of planar supercapacitors on rigid substrate [49], on polymer [64] and on paper [65],
as also as gate electrodes for flexible transistors [64, 66] based on organic polymer.
The very high specific surface area and porosity of ns-C thin films [37] allow the
penetration of the electrolyte (in these cases ionic liquids – ILs) into the porous
carbon matrix, and its structuring at the interface into an electrostatic double layer
according to the voltage applied to the carbon electrodes.

The porosity of ns-C thin films deposited by SCBD forms from the structuring
of nanometer clusters [67–69] into a rough and disordered surface, organized at the
nano and mesoscale, according to a ballistic deposition model [37]. In particular, the
morphological properties, as the root-mean-square roughness Rq, scale according to
power laws [70, 71], while the porosity of ns-C thin films is 60%–80%, calculated
from nitrogen adsorption characterization of the carbon interfaces described in Ref
[37]. In Fig. 8.6a AFM topographical map stresses the rough and porous structure
of ns-C thin films.

The ionic liquid passes through the open-air rough interface [70–72] and
permeates the porous carbon matrix; in this condition spatial confinement, where
the interactions of the IL with the constraining surfaces are relevant with respect
to the mutual interactions of IL ions, may occur [3]. The formation of solid-like
structures of ionic liquid at the upper interfaces of confining porous oxidized silica
and carbon nanostructured thin film have been demonstrated in literature [73, 74].
Anyway, there are not evidences of the formation of such solid-like terraces inside
the porous carbon matrix yet.

The comprehension of the evolution of the porosity of nanostructured carbon thin
film with its thickness is of paramount importance for the study and the theoretical
description of the effects of ionic liquid surface confinement through the height of
the film. In fact, the contribution of the upper surface area to the total surface area
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Fig. 8.6 AFM (a) image shows the granular and rough morphology of the porous bulk and upper
surface of ns-C film; adapted with permission from Ref. [75]. Schematic representation of the thin
film (b); specific surface area and porosity depending on the ns-C film thickness (c); adapted with
permission from Ref. [37]

of carbon film (schematically shown in Fig. 8.6b), its porosity (Fig. 8.6c) and pore
size distribution evolve with film thickness [37].

The ns-C film density measured experimentally (d 0.5 g/cm3) does not vary
appreciably with the film thickness, and it differs slightly by the value obtained
with numerical simulations (d 0.7–0.8 g/cm3) [76]. Anyway, it is important to stress
that the almost constant experimental porosity of ns-C thin films with respect to film
thickness represents the overall porosity of the thin film (Fig. 8.6c); furthermore the
mean value p 80% is consistent with the predictions of the ballistic deposition model
[28, 77]. By BET measurement, we expect that the “bulk” portion of the thin film is
characterized by a higher density of 0.7–0.8 g/cm3, while the upper interface with
open larger pores decreases the value of the overall porosity up to 0.5 g/cm3.

This hypothesis is confirmed by X-ray reflectivity analysis on the ns-C films
deposited on Si substrates with different thicknesses (Fig. 8.7). In the case of the
thickest film (thickness about 800 nm, as characterized by AFM measurements)
the reflectivity profile clearly shows two minima at incident angles (αi) of 0.1◦
and 0.13◦, well below the critical angle for total external reflection of the substrate
(αi _ Si 0.22◦). These minima are related to the carbon film and reflect the existence
of two layered structure with different densities (as pictured in Fig. 8.6b). By
comparing the experimental to simulated reflectivity curves, the two values of
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Fig. 8.7 Experimental X-ray reflectivity curves measured for ns-C films deposited on Si (thickness
from AFM is 426 nm – green dots – and 800 nm – purple dots). Simulated profiles [78] are reported
for 800 nm carbon films with 50 nm roughness deposited on smooth Si and density of 0.5 g cm−3

(solid black line) and 0.8 g cm−3 (dotted black line). The experimental profiles are normalized for
the intensity counts/s of the first data point

critical angle can be ascribed to carbon layers with densities of 0.5 and 0.8 g·cm−3,
respectively. The reflectivity profile of the thinnest carbon film shows only one
minimum, at incident angles αi ~ 0.13◦, which corresponds to a carbon layer with
density of 0.8 g·cm−3. The density value of 0.8 g·cm−3 corresponds to the bulk
of the thin film, which evolves into a lower density of 0.5 g·cm−3 for the upper
interfacial region of the film, which is more pronounced in the thickest carbon film.

X-ray reflectivity analysis confirms the existence of carbon layers of different
densities on ns-C film deposited by SCBD, whose values are in good agreement
with BET measurements [37] and simulation [76], and which are predicted by the
porosity model provided in paragraph 2 of this chapter, concerning the evolution of
thin film morphology, from higher lo lower density region by moving far away from
the substrate surface.

The specific surface area (ABET) of carbon cluster-assembled thin films
does not change significantly with the film thickness and its mean value is
ABET = 1500 ± 200 m2/g [37], as it is shown in Fig. 8.6.c. Its high constant
value with thickness is due to the very small dimension of the clusters, which do
not coalesce during the growth of the thin film and to the good accessibility of
the pores. The high specific surface area value is in excellent agreement with the

https://www.sciencedirect.com/topics/materials-science/film-thickness
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Fig. 8.8 Transmission SAXS characterization of ns-C films (thickness 426 nm) on different
substrates: polypropylene film (“PP”, green dots), cellulose acetate film (“CA”, purple dots),
thin glass (blue dots), paper (orange dots). a) Background subtracted intensities in absolute units
(macroscopic scattering cross section, I(q), obtained by dividing for the film thickness in cm) on
log-log scale, in which characteristic power laws followed at low and large q are shown (dashed
lines). The scattering vector magnitude is defined as q = 4π sin θ /λ, with λ =0.15419 nm and 2θ

being the scattering angle. In the inset, the q region in which the change of slope is observed (the
“knee”) is highlighted by plotting the data multiplied by q2 to eliminate the initial q−2 dependence,
and by comparing with a Guinier-law approximation (black line). b) Porod plots (I(q)·q−4 vs. q)
which allowed determination of the horizontal intercept (the Porod constant KPorod) used in the
calculation of the surface area and porosity. c) Kratky plot (I(q)·q−2 vs. q) visualization of the
SAXS data highlighting how the invariant Q∗ = ∫ ∞

0 I (q)q2dq is represented by the subtended
area, global parameter used in the estimate of the surface area. The result of the fit of the data from
the ns-C film on PP in the q range 0.12–0.65 nm−1, according to the Guinier approximation for
planar geometry, is shown as a black line, as in the inset of panel a)

one calculated by numerical simulations of nanoporous carbon thin films (specific
surface area 1500 m2/g) deposited by cluster-assembling at low kinetic energy
(deposition energy Ed = 0.1 eV/atom) [76].

In order to verify the identical growth mechanism of carbon thin film integrated
onto different substrates, we have performed transmission SAXS on 426 nm thick
ns-C film deposited on four different substrates: polypropylene film (PP), cellulose
acetate film (CA), thin glass slides (glass) and paper (in Fig. 8.8 SAXS results are
reported).

After subtraction of the scattering contribution from the respective bare sub-
strates, the resulting SAXS profiles of the ns-C films largely overlap (Fig. 8.8a),
indicating the high reproducibility of the film structure obtained by SCBD; only
data acquired from the carbon thin film deposited on paper show small deviations
from general trend, which is probably due to the proper porosity of the paper which
partially influences the thin film growth.

In general, the SAXS signal of porous ns-C films derives from the electron
density contrast between the carbon skeleton and the voids, i.e. the pores. If the two-
phase system has inhomogeneities within the length scales probed in the available
range of reciprocal space vector q (in the experiments shown, from approximately
70 nm to 0.2 nm, from lowest to highest q values), these will contribute to the
scattering, and information about the total amount of interface and the characteristic
sizes and shape of the inhomogeneities can be derived from the scattering profiles.

https://www.sciencedirect.com/topics/chemistry/nanoporosity
https://www.sciencedirect.com/topics/physics-and-astronomy/kinetic-energy


8 Porosity of Nanostructured Carbon Thin Films 173

In the experimental profiles of the ns-C thin films three regions can be rec-
ognized, which contain structural information at different length scales: i) at
q < 0.3 nm−1 (length scales larger than 10 nm, as estimated by >π /q) a characteristic
power law close to q−2 is followed; ii) a change of slope is observed in the q range
0.3–0.7 nm−1 giving rise to a “knee” feature, whose position and slope can be
related to the characteristic sizes of the inhomogeneities which compose the porous
solid (micropores and nanocarbon structural units); iii) for q > 0.7 nm−1 the signal
goes to noise level following the q−4 power law expected for smooth interfaces,
according to the Porod law [79]. At these length scales (approximately q > 1 nm−1,
sizes smaller than 1 nm) the scattering signal is given by the carbon-voids interfaces,
irrespectively of their morphology at larger scale. At even larger q values, in the
wide-angle X-ray scattering regime, peaks related to the interatomic distances of
the internal structure of the carbon skeleton can contribute, but in our case, which
is the one of a very thin film and not a bulk powder sample of porous carbon, such
a signal is too low to be clearly detected and only a weak intensity excess can be
appreciated at q around 15 nm−1, which can be related to the stacking distances
between sp2 carbon planes of the order of 2π /q= 0.4 nm.

Irrespective of a morphological interpretation of the pore structure, the SAXS
analysis provides a global estimate of the specific surface area, calculated from
the measure of the total amount of carbon-voids interface which contributes to
the scattering. According to the Porod law [79], in the large q limit the scattering
intensity I(q) [cm−1] of a system with a sharp interface between regions of different
scattering length density with contrast Δρ [cm−2] follows a q−4 power law in which
the coefficient is related to the total surface (per unit volume) S/V:

I (q) → 2π

q4 (Δρ)2 S

V
(8.1)

Therefore the S/V could be extracted by the plateau value (the “Porod constant”,
KPorod = 2π (�ρ)2S/V) reached in the large q limit by a plot of I(q) • q4 vs. q (the
Porod plot, Fig. 8.8b). Deviations from these behavior (not seen in our case) can be
given by a residual constant background, which could be accounted for by fitting
also a non-zero slope in the line extrapolation of the Porod plot, or by fluctuations
in the carbon layers which would contribute with an additional q−2 term that can be
subtracted [80].

In practice, to avoid the estimate to be relying on the correctness of the absolute
intensity scaling, the S/V is better calculated by using the so-called invariant Q∗,
obtained by integrating the data in the I(q) • q2 vs. q form (“Kratky plot”), for
normalization:

Q∗ =
∫ ∞

0
I (q)q2dq = 2π2(Δρ)2Φ (1 − Φ) (8.2)

where � is the volume fraction of the dense phase (the carbon skeleton) in the
probed volume.
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Table 8.1 Parameters obtained by the SAXS analysis of ns-C films (thickness 426 nm) on
different substrates

Sample paper glass CA PP

KPorod (cm−1·nm−4)a 24.2 ± 0.5 24.7 ± 0.3 23.9 ± 0.2 22.8 ± 0.2
Q* (cm−1·nm−3)b 114.0 ± 0.2 95.2 ± 1.0 91.7 ± 0.3 88.2 ± 0.2
S/V = πKPorod/Q*

(m2·cm−3)
667 ± 14 817 ± 14 817 ± 6 812 ± 7

Assumed film density
(g·cm−3)

0.5 0.5 0.5 0.5

Specific surface area
(m2·g−1)

1335 ± 28 1633 ± 29 1634 ± 12 1623 ± 13

Assumed �ρ

(1010 cm−2)
16.95 16.95 16.95 16.95

�(1 − �) from Q* (Eq.
8.2)

0.201 ± 0.001 0.168 ± 0.002 0.162 ± 0.001 0.155 ± 0.001

1 − � (porosity) 0.722 ± 0.002 0.787 ± 0.005 0.797 ± 0.002 0.808 ± 0.002

aFrom extrapolation of the limiting value of I(q)·q4 using data in the q range 0.7–2.5 nm−1 (Fig.
8.8b)
bFrom integration of the I(q)·q2 vs. q plot (Fig. 8.8c), obtained using the SasView software
(https://www.sasview.org/)

In this way the S/V can be obtained by:

S

V
= π

KPorod

Q∗ (8.3)

and it can be converted to specific surface area in m2/g by dividing for the density
value of the porous films. The results from the SAXS experimental data on the ns-C
films reported in Table 8.1 show values of the specific surface area of approximately
1600 cm2/g, with a smaller value around 1300 cm2/g for the film deposited on paper,
in good agreement with the BET results [37].

The relationship of Eq.8.2 can be also used to calculate the porosity (defined as
1 − �), by considering a certain value of the scattering length density contrast �ρ.
Using the value calculated by assuming a carbon skeleton density of 2 g/cm3 and
assuming the electron density of the voids to be negligible, a porosity of 80% is
obtained, with a smaller value of 72% for the film deposited on paper; also porosity
obtained by SAXS analysis is in good agreement with the one obtained by nitrogen
adsorption measurements [37], by confirming a very high surface area of ns-carbon
thin films.

Regarding the possibility to extract information on the shape and size of the
porous structure [81], in the limit of a low pore concentration, the intensity scattered
would be simply the sum of the intensity scattered by all individual pores, and the
features of the scattering profile in the relevant length scale could be related to the
average size and shape of single pores, treated as globular particles. However, in a
highly porous solid the presence of pore-pore correlations within length scales of the

https://www.sasview.org/
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Table 8.2 Parameters obtained by the SAXS analysis of ns-C films (thickness 426 nm) on
different substrates

Sample paper glass CA PP

aTwo power law fit (q range 0.04–2.5 nm−1)I (q) =
{

scale • q−m1

scale
(

qc
m2/qc

m1
) • q−m2

q ≤ qc

q > qc

Scale 0.272 ± 0.002 0.284 ± 0.004 0.364 ± 0.003 0.403 ± 0.003
Crossover q point qc
(nm−1)

0.473 ± 0.001 0.509 ± 0.003 0.500 ± 0.001 0.480 ± 0.002

1/qc (nm) 2.116 ± 0.006 1.965 ± 0.011 2.000 ± 0.006 2.085 ± 0.007
m1 2.457 ± 0.002 2.378 ± 0.003 2.309 ± 0.002 2.278 ± 0.002
m2 (fixed) 4 4 4 4
aGeneralized Guinier-Porod model [82] (q range 0.1–2.5 nm−1)

Scale factor 0.67 ± 0.02 0.98 ± 0.04 1.06 ± 0.02 1.06 ± 0.03
Rg (nm) 1.18 ± 0.01 1.31 ± 0.02 1.34 ± 0.01 1.38 ± 0.01
D exponent for initial q-D

power law
2.256 ± 0.006 2.091 ± 0.012 2.066 ± 0.006 2.063 ± 0.006

Porod exponent (fixed) 4 4 4 4

Guinier fit for planar geometryI (q) · q2
q<1/Rg

≈ [

I (q) · q2
]

q=0 exp
(

−R2
gq2

)

q range (nm−1) 0.30–0.54 0.13–0.64 0.12–0.68 0.12–0.65
Rg (nm) 1.68 ± 0.04 1.51 ± 0.02 1.47 ± 0.01 1.56 ± 0.02
Thickness (nm) 5.8 ± 0.14 5.2 ± 0.07 5.1 ± 0.03 5.4 ± 0.07
[I(q) • q2]q = 0 (cm−1

nm−2)
177 ± 1 143 ± 1 137 ± 1 138 ± 1

aFitting performed with the SasView software (https://www.sasview.org/)

same magnitude as the pore sizes cannot be neglected and rather gives an important
contribution to the scattering, especially at q values immediately lower than those
corresponding to the characteristic pore sizes. In particular, the observation of a
characteristic power law q-D at low angle would be an indication of “aggregates”
of pores, i.e. of interconnected voids volumes, with fractal dimension D. The slope
close to q−2 observed for q values between 0.1–0.3 nm−1 in the SAXS of the ns-C
films (Table 8.2), suggests that the porous solid at a length scale above 10 nm is
composed of inhomogeneities with planar geometry (“slit” shaped porosity), with
only one dimension below this size limit (i.e. the “thickness”).

Such characteristic size could be roughly estimated from the q position of the
Guinier-like “knee” (as 1/q = 1/0.5 nm−1, around 2 nm) or by performing a Guinier

fit for planar objects according to I (q) · q2
q<1/Rg

≈ [

I (q) · q2
]

q=0 exp
(

−R2
gq

2
)

,

where Rg is the radius of gyration of the thickness for the planar inhomogeneities.
Values of Rg around 1.5 nm could be obtained (Table 8.2), which would correspond
to estimated thicknesses of

√
12 ·Rg ≈ 5 nm. Alternatively, a unified Guinier-Porod

model function [82] assuming a variable low q exponent, a generalized Guinier
behavior and a final Porod slope at high q, was used to fit the data (Table 8.2). The
results are consistent with the previous estimates, confirming the q−2 initial power

https://www.sasview.org/
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law and providing best-fit values for the Rg of 1.3 nm, corresponding to a thickness
of 4.5 nm.

From the inset of Fig. 8.8a it could be noted that a power law with a more negative
q-D exponent (D > 2) is observed for q < 0.1 nm−1 and also for the entire low q range
in the case of the ns-C on paper substrate. This indicates that the approximation of a
planar shape for the porosity is valid up to a length scale of the order of 30 nm,
but topologies with larger fractal dimensions up to macroscopic surfaces would
represent the system at larger length scales not accessible in the SAXS experiments.

In view of the specific film formation method based on the deposition of carbon
clusters, the carbon skeleton should also be composed by structural units of nm size.
Therefore, the SAXS signal in the intermediate range where the “knee” is observed
could originate from both the micropores and carbonaceous structural units, within
a similar size range, according to the “Babinet” principle for the scattering of two-
phase systems. According to this alternative view in which the nm-sized correlations
are rather related to the carbon nanoclusers than the voids, the power law decay
of intensity observed at low q with characteristic exponent D would be related to
the fractal dimension of the aggregate structure formed by carbon nanoclusters and
which constitutes the porous material skeleton.

8.6 Conclusions

In this chapter we have critically described the standard methods used to charac-
terize porosity in thin films, with particular attention to in situ approaches. The
combination of different and complementary approaches provides the possibility
to deeply characterize many structural features of pores in thin films on different
length scales, and to compare the results with the theoretical model describing the
evolution of thin film porosity with thickness. As a case study we have thoroughly
discussed the analysis of the porosity and structuring of nanostructured carbon thin
films used as electrodes in energy devices.

The organization into porous structure of nanostructured carbon materials is
of paramount importance for the performance of carbon-based energy devices.
The amount of specific surface area of the carbon electrode accessible to the
electrolyte, as well as the dimension of pores are strategic features which have to be
considered in the development of the ideal electrode architecture for a specific task.
The combination of different experimental porosity characterization techniques is
crucial for a detailed description of such morphological properties.

In the specific case of nanostructured cluster-assembled carbon thin film
deposited by SCBD, results of nitrogen adsorption measurements are confirmed
by small angle X-ray scattering analysis performed directly on carbon thin film
deposited on different substrates, which highlight a very high surface area of
approximately 1550 m2/g and an overall porosity of 80%. X-ray reflectivity
investigation succeeded in describing the evolving density of carbon thin film
with thickness. In particular, carbon thin film develops as a layered structure
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characterized by different densities according to the region considered: a denser
film characterizes the region in contact with the substrate, while a lighter zone
characterizes the upper open-pores interface, according to the theoretical model.
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