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aBstract

This book provides an introduction to the state-of-the art in C-MEMS/ 
C-NEMS with an emphasis on lithographically patterned photo- 
polymers, carbonized in an inert atmosphere. It is obvious that we can 
expand our perspective considerably by learning from the traditional 
carbon  manufacturing community where researchers deal with a much 
wider  variety of carbon feed stocks such as coal, coconut shell, wood, 
 agricultural wastes and industrial wastes to make all types of useful 
 carbons. In  addition to their expertise in choosing the right catalysts to end 
up with the desired carbon nanomaterials from any of these feedstocks, 
these carbon scientists works with dry and wet pyrolysis processes. Wet 
pyrolysis process is also known as hydrothermal carbonization, a process 
new to the C-MEMS/C-NEMS community. 

The new concepts are introduced by discussing carbon nano materials 
synthesis aided with catalysts and chemistry and detailing the micro-
structure of the resulting nanocarbons. 

The performance of carbon materials is determined to a large extent 
by their surface and interfacial properties. The methods to tailor the 
 surface activity of different carbon structures, how to characterize them 
and the potential applications derived from the modifications achieved are 
also discussed. 

KEYWORDS

Carbon allotropes catalysis electrochemistry surface modification MEMS 
and NEMS super capacitors energy storage devices CNTs glassy carbon 
NMR electrospinning redox amplification AC/DC electrokinetics  pyrolysis 
electroanalysis
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Foreword

UC Irvine, Sept 14–16, 2014. Chair: Dr. Marc Madou
Co-Chairs: Dr. Chunlei Wang, Dr. Rodrigo Martinez-Duarte and 

Mr. Jacob Moebius

Dear reader, two books:  Carbon: The Next Silicon?  Book 1- Fundamentals 
and Carbon: The Next Silicon? Book 2-Applications came about as 
a  follow-up to the 1st International Conference on Carbon Micro and 
Nano Electromechanical Systems (C-MEMS /C-NEMS) held September 
14–16, 2014 on the UC Irvine campus (see conference LOGO above). 
This was an invitation only event with delegates from the US, Italy, 
Spain,  Malaysia, Mexico, Denmark, Germany, Switzerland and India. 
The group was  limited to 60–70 researchers currently working in the 
field and expected to contribute to breakthroughs in this field and inter-
ested in international  collaborations. Indeed research funding is weak 
 globally and by  leveraging efforts internationally we still have a chance 
to remain  productive  scientists regardless of politicians’ irresponsibility. 
The  pictures below are from some of the C-MEMS/C-NEMS team at the 
2014 conference.

At the conference we had presentations on the latest C-MEMS and 
C-NEMS results, suggested future directions and discussed what each 
country is offering in terms of funding for international collaborations 
and formed several motivated proposal teams. We identified opportunities 
for students to be part of this international C-MEMS/C-NEMS research 
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ring and to be able to work in any one laboratory that is part of this 
ring to faster produce science breakthroughs and in the process become 
 broader-thinking global citizens.

The format of the conference was a new and exciting experiment in 
itself. Over the last decade we have developed serious doubts about the 
effectiveness of huge, profit driven conferences so instead we brought 
together a small group of researchers in an intimate setting and made 
this an occasion where there was plenty of time to talk and make friends 
and make plans over drinks and food. Besides the science sessions we 
had several cultural events, including a class on Ancient Indian His-
tory: Aryan Invasion: Myth or Reality? (Prof. A. Ghosh) and a Malay 
board game: Congkak (Prof. Fatimah Ibrahim). We also had exhibits of 
paintings and photography and plenty of music [from Persian classical 
music to  sixties rock and roll (UC Irvine Professor Band-Second Law), 
Russian love  ballads (Dr. Lawrence Kulinsky) and Frank Sinatra (Prof. 
Jan Korvink)] we even had a yoga class (Prof. Regina Ragan) all by and 
for the invited C-MEMS/C-NEMS researchers. Art and science have a 
lot in common, in both one must create de-novo, not accept any pre-
conceived notion of what the best science/art might be or where it will 
lead and in both cases, if good enough, one can transcend even the most 
miserable of times.

Part of the C-MEMS/C-NEMS team at the 1st C-MEMS 
 International Conference. Sept 14–16, 2014. Location: Lobby 

CalIT2 on the UC Irvine Campus.
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Dr. Swati Sharma (Karlsruhe Institute of Technology, Germany) 
on C-MEMS and EPR (Left panel). Sharifah Bee Binti O.A Abd 
Hamid on carbon and nano catalysis (Right panel). At the 1st 

C-MEMS International Conference. UC Irvine, Sept 14–16, 2014

A mixed-media sketch by Ashutosh Sharma (Indian Institute of 
Technology Kanpur) (Left panel). A Malay board game called 

Congkak –I kid you not! (Right panel). At the 1st C-MEMS 
 International Conference. UC Irvine, Sept 14–16, 2014.
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Prof. Jan Korvink (Karlsruhe Institute of Technology, Germany) 
singing Frank Sinatra’s I did it my way” at the 1st C-MEMS 

International Conference. UC Irvine, Sept 14–16, 2014.



Quick overview oF 
Book 1-Fundamentals

In Book 1-Fundamentals, Chapters 1 to 7, we cover the theoretical aspects 
of carbon and the manufacture of carbon based devices. In Chapter 1, 
Marc Madou provides an introduction to the state-of-the art in C-MEMS/
C-NEMS with an emphasis on lithographically patterned photo-polymers, 
carbonized in an inert atmosphere. The most prevalent allotrope covered 
in this first chapter is glassy carbon and we show that by choosing another 
manufacturing approach – electrospinning (ES) instead of spin-coating the 
polymer precursor - the material can be rendered more graphitic. It is obvi-
ous that we can expand our perspective considerably by learning from the 
traditional carbon manufacturing community where researchers deal with 
a much wider variety of carbon feed stocks such as coal, coconut shell, 
wood, agricultural wastes and industrial wastes to make all types of useful 
carbons. In addition to their expertise in choosing the right catalysts to end 
up with the desired carbon nanomaterials from any of these feedstocks, 
these carbon scientists works with dry and wet pyrolysis processes. Wet 
pyrolysis process is also known as hydrothermal carbonization, a process 
new to the C-MEMS/C-NEMS community. In Chapters 2 and 3 Sharifah 
Bee Abd Hamid and team introduce these new concepts to the C-MEMS/
C-NEMS community by discussing carbon nanomaterials synthesis aided 
with catalysts and chemistry and detail the microstructure of the resulting 
nanocarbons. The carbon nanowires discussed in Chapter 1 were made 
by carbonization of electrospun polymer precursors only (either far field 
electrospinning or electromechanical spinning). Bidhan Pramanick, in 
Chapter 4,  is surveying all the options that are available for the fabrica-
tion of carbon nanowires. In Chapter 5 Bidhan Pramanick et al are digging 
deeper into the theory and application of electrospinning to come up with 
yet other ways to impact C-MEMS/C-NEMS. We barely touched upon 
xerogels for C-MEMS/C-NEMS in Chapter 1 but in Chapter 6 Chandra 
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Sharma and Manohar Kakunuri take on the challenge of integration of 
organic xerogels more firmly into the C-MEMS/C-NEMS arsenal of tools. 
In Chapter 7 Salvador Borros et al are turning our attention to the details of 
C-MEMS/C-NEMS surfaces in terms of their chemical composition and 
microstructure. They point out that the performance of carbon materials 
is determined to a large extent by their surface and interfacial properties. 
This team describes the methods to tailor the surface activity of different 
carbon structures, how to characterize them and the potential applications 
derived from the modifications achieved. 
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ChAPtER 1

c-mems and  
c-nems introduction

Marc J. Madou

University of California Irvine, USA

1.1 PuRPOSE Of ChAPtER 1

The purpose of this chapter is to explain what the most prominent carbon 
microelectromechanical system (C-MEMS) and carbon nanoelectrome-
chanical system (C-NEMS) fabrication processes are, to illustrate how the 

Courtesy of Dr. Samira Hosseini.
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details of the fabrication process enable one to obtain different carbon 
microstructures, to introduce important current and to discuss anticipated 
applications.

1.2 C-mEmS AnD C-nEmS: WhAt iS it?

Shaping of most carbon allotropes into micro- or nanodevices with mechan-
ical machining techniques is not a straightforward task because the material 
is usually hard and brittle. Integrated Circuit (IC) processing technologies, 
such as focused ion beam (FIB) milling [1] and reactive ion etching [2] 
of carbon, are more up to the task but are often too time consuming and 
too expensive because of the need for sophisticated equipment involving 
vacuum systems. Low feature resolution and poor repeatability of the car-
bon composition limit the application of the less sophisticated and, there-
fore, less expensive screen-printing technique of carbon inks [3]. As we 
just noted, carbon, because it is brittle and hard, is a difficult material to 
machine directly. Polymers, on the other hand, can be machined easily in a 
wide variety of machine tools and then converted to carbon devices through 
pyrolysis, resulting in shapes that are often impossible to make in carbon by 
any other means. Simply stated, the underlying  principle of C-MEMS and 
C-NEMS is to choose an easy to work with polymer precursor, machine, or 
photopattern this precursor material (in the case of a photoresist) and then 
convert it to carbon by pyrolysis [4–6]. The words MEMS and NEMS stand 
for microelectromechanical system and nanoelectromechanical systems, 
respectively [7]. These used to be made almost exclusively from Si but with 
C-MEMS and C-NEMS, the 3D (three-dimensional) building materials are 
any of the many carbon  allotropes instead [8, 9].

In one embodiment of the C-MEMS and C-NEMS process, a photore-
sist is patterned by photolithography and is subsequently pyrolyzed at high 
temperatures in an oxygen-free environment. By changing the lithography 
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conditions, soft and hard baking times and  temperatures, resist additives 
(e.g., a catalyst), pyrolysis time, temperature, and  environment, C-MEMS 
and C-NEMS permit a wide variety of  interesting new  applications that 
use structures having a wide variety of shapes, resistivities, mechanical 
properties, and other physicochemical properties.

An example of photolithography process (using SU-8, an  epoxy-based 
negative photoresist) to make C-MEMS and C-NEMS structures is 
 illustrated in Figure 1.1. The process includes spin coating, soft bake (not 
shown), near-ultraviolet (UV) exposure, postbake (also not shown), and 
development. After the photolithography steps, C-MEMS and C-NEMS 
architectures are obtained in a two-step pyrolysis process. The latter may 
be carried out in an open-ended quartz-tube furnace, where the samples 
are postbaked in an N2 atmosphere at 300°C for about 40 minutes first and 
then heated in an N2 atmosphere (2,000 sccm) up to 900°C. At this point, 
the N2 gas is shut off and forming gas [H2(5%)/N2] is introduced (2,000 
sccm) for 1 hour and then the heater is turned off and the samples are 
cooled down again in an N2 atmosphere to room temperature. The heating 
rate is about 10°C/min, and the total cooling time is about 10 hours [9].

The resulting microstructure of the carbon material from the pro-
cess detailed previously was found to be that of glassy carbon (not to be 
confused with amorphous carbon because it has no dangling bonds and 
is made up by 2D (two-dimensional) structural elements) [5]. The exact 
nature of the glassy carbon (also vitreous carbon) microstructure is still 
a subject of debate, but it is generally agreed to have a fullerene-related 
microstructure (see also Figure 1.9) that leads to a great variety of unique 
material properties [10–14]. Glassy carbon is one of the favored electrode 
materials for electrochemists. Other manufacturing approaches that can 
lead to other carbon microstructures are discussed in the next section.

Figure 1.1. An illustration of one type of C-MEMS: photolithographic 
patterning of a polymer precursor (SU-8 photoresist) and pyrolysis (see text 
for details) [9].

UV light

Pyrolisis

Photoresist layer on
Si or SiO2 substrate.

Standard photolithography.
Negative resist case.

Photopatterned resist.
Planer or volumetric

structures.

Carbon structures. Planar
or volumetric,

isometric shrinkage
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Initial work that qualifies as C-MEMS and C-NEMS was  carried out 
by Lyons, Wilkins, and Robbins [15]. This team prepared carbon films 
by the thermal decomposition of photo-defined novolac resist  (HPR-206) 
patterns and observed that the electrical resistivity decreased over 18 
orders of magnitude as the pyrolysis temperature was increased to 1050°C. 
Sometime later, Scheuller et al. used soft lithography to  fabricate glassy 
carbon microstructures [16, 17]. In the latter approach,  micromolding 
of a resin (not a photoresist in this case) such as poly  (furfuryl  alcohol) 
in an  elastomeric mold yielded polymeric microstructures and the 
 polymeric microstructures were then converted to free-standing carbon 
by  carbonization. In these works, only low aspect ratio (flat) carbon 
 structures were fashioned and involved IC-related applications such as 
capacitors and masking.

This author and his team optimized the photoresist process from 
Lyons [18] and Lyons, Wilkins, and Robbins [15]; Lyons, Hale, and 
Wilkins [19]; Lyons, Wilkins, and Robbins [20] and were the first to 
make high aspect ratio micro- and nanocarbon microstructures, dope the 
polymer  precursors, create multilevel devices, introduce different carbon 
microstructures into the arsenal, and explore a wide variety of applications 
of these novel structures (see Application section) [9].

An example of early work from the UCI C-MEMS and C-NEMS 
group is shown in Figure 1.2. The average height of the SU-8 posts shown 
in  typical scanning electron microscope (SEM) images (Figure 1.2a and 
1.2b, left panel) is around 300 μm. As shown in Figure 1.2c and 1.2d, after 
pyrolysis, the overall shape of the cylindrical posts is largely retained, and 
a typical aspect ratio of the carbon post achieved is around 10:1 [9, 21]. 
To construct yet higher aspect ratio C-MEMS features (up to 40:1), 
we  developed a multilevel C-MEMS process. Here each layer of SU-8 

Figure 1.2. SEM images of (a) and (b) SU-8 post arrays before pyrolysis 
and (c) and (d) carbon post arrays after pyrolysis (left panel) [9]. SEM 
images of three-level C-MEMS: a three-level C-MEMS structure with 
two levels in good alignment but with a third-level out of alignment (right 
panel) [9, 21].

3rd level
2nd level
1st level

a) b)

d)c)
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 photoresist is exposed and baked separately and then the whole  assembly  
is developed in a last step. SEM images of a three-level C-MEMS device 
are shown in Figure 1.2 (right panel); in this three-level C-MEMS 
 structure, the first two exposures were in good alignment but the third was 
out of alignment [9, 21]. This multilevel C-MEMS microfabrication pro-
cess has its analogy in the multilevel polysilicon surface micromachining 
process [22].

As alluded to earlier, by tightly controlling the various lithography 
and carbonization process parameters, a wide range of 3D C-MEMS 
 structures, such as suspended carbon wires (wash cloth lines), bridges, 
plates (carbon microtable, see also the inset in the heading of this  chapter), 
and self-organized posts (carbon flowers, again see the inset in the  heading 
of this chapter) and ribbons (networks) can be microfabricated. Some 
examples are shown in Figure 1.3. These intricate 3D structures shown 
here are fabricated using nontraditional lithography and resist process 
 recipes, such as overexposure, underdevelopment, photoresist additives 

Figure 1.3. Typical SEM images of suspended (a) carbon plates 
(carbon microtable), (b) carbon bridge, (c) carbon networks, 
(d) carbon ribbons, (e) carbon fibers (wash cloth lines), and 
(f) self-assembled C-MEMS (also carbon flowers) [21].

(a)

(c)

(e)

(b)

(d)

(f)
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(e.g., catalysts), directed flow of the developer, and exploitation of surface 
tension in the developing photoresist patterns [21].

It should be noted that upon pyrolysis, the polymer nanofibers with 
diameters in the several hundreds of nanometer range shrink to fibers with 
diameters below 100 nm, revealing yet another benefit of this type of 
nanofabrication approach. In the next section, we return to the controlled 
manufacture of suspended carbon nanowires (CNWs) (see Figure 1.3e). 
The suspended wires and other overhanging features illustrated in Figure 
1.3 are a result of SU-8 polymer T-topping [23] connecting SU-8 posts, 
these wires and other overhangs are converted into carbon in the  pyrolysis 
step together with the suspending posts. The T-topping  phenomenon is 
hard to render into a controllable process, however, and we shall see 
that by electrospinning (ES) of polymer precursor wires onto the SU-8 
 polymer posts, suspended CNWs can be manufactured in a much more 
controlled manner.

In Figure 1.4, we show the effect of adding a catalyst to the  polymer 
 precursor. Carbon nanofibers (CNFs) (<1 percent weight) with the 
Fe  catalyst nanoparticles still embedded in them were mixed in SU-8 
 photoresist. In Figure 1.4a, we see an SEM image of a CNF-doped 
 photoresist post before pyrolysis, and in Figure 1.4b and c, we show 
the same post after pyrolysis. Clearly, the amount of nanofibers on the 

Figure 1.4. Typical SEM images of (a) a photoresist post 
obtained from modified SU-8 before pyrolysis, (b) a carbon 
post after pyrolysis, (c) a carbon post surface under high 
magnification, (d) a broken piece of a carbon post with 
embedded carbon fibers, and (e) an embedded cavity under 
high magnification [24, 25].

(a)

(e)

(b)

(d)(c)
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posts has increased dramatically. Figure 1.4d and e reveals that there 
are  nanofibers in the post too and that the post has some voids also. It is 
believed that this nanofiber growth during pyrolysis is a chemical vapor 
deposition (CVD) process with the pyrolyzing polymer matrix providing 
the  hydrocarbon source to redeposit on the original CNWs, which is the 
reason for the tremendous increase of the amount of CNWs after pyrolysis 
[24, 25].

As is the case of the lithography process, the carbonization process can 
be carried out in many different ways as well: changing the heating ramp 
rate, for example, can produce microporous carbon if carried out fast (say 
above 10°C/min) [26] and changing the gas composition (e.g., to include 
some H2) can lead to a nanoporous carbon amenable to super capacitor 
manufacturing [27, 28]. In Figure 1.5, we show that when changing the 
heating ramp rate to reach the final temperature of 900°C from around 
15°C/min to 90°C/min the size of the pores is dramatically increased [from 
a couple of microns (Figure 1.5, left panel) to 10 to 15 µm (Figure 1.5, right 
panel)]. Sharma, Kamath, and Madou studied the impact on the interfacial 
capacitance and electrochemical behavior for these types of porous carbons 
[26]. With a slow ramp rate of 2°C/min, the resulting C-MEMS is non-
porous even under Scanning Tunneling Microscopy (STM) observation. 
During the  pyrolysis step, the photoresist transforms into carbon by replac-
ing the  carbon chemical bonds with nitrogen, oxygen, and hydrogen with 
all  carbon–carbon bonds. When the pyrolysis rate is very fast, the pyrolysis 
gaseous products are not yet annealed out and porosity results [29].

Hsia et al. demonstrated that the pyrolysis of SPR-220 photoresist, in 
an ambient consisting of Ar at 900°C followed by an anneal in an H2/Ar 
mixture, results in a high-surface-area porous carbon, applicable to on-Si 
chip super capacitor fabrication [27]. In this case, a reaction of hydrogen 

Figure 1.5. Typical SEM images of C-MEMS posts fabricated with a final 
SU-8 carbonization temperature of 900°C. Temperature ramp rate of 15°C/
min (left) to 90°C/min (right) [29].
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with the carbon results in nanopores rather than the  micropores observed 
in the case of Figure 1.5 that form because of the escaping  pyrolysis 
gases. Porosity in C-MEMS structures was also studied by Wang et al. 
who  produced porous carbon micropillars using the block copolymer 
Pluronic F127 composed of (polyethyleneoxide)–(polypropyleneoxide)– 
(polyethyleneoxide) [(PEO)-(PPO)-(PEO)] as a porogen [30]. Sharma et 
al. made a variety of carbon structures by the inverse emulsification of 
resorcinol–formaldehyde sol in cyclohexane with the nonionic surfactant 
Span-80, followed by pyrolysis at 900°C in nitrogen. Carbon xerogel 
microspheres and folded fractal-like structures were demonstrated, and by 
varying the reaction conditions, the porosity could be modulated [31–33]. 
From the preceding, we recognize that there are at least four different 
methods to make porous C-MEMS and C-NEMS with different pore size, 
density, and distribution.

While fast pyrolysis results in microporous high aspect ratio C-MEMS 
structures (see Figure 1.5), treatment with oxygen plasma can texture the 
carbon surface on the submicrometer scale. Surface  roughening may 
be achieved by subjecting the pyrolyzed samples to an oxygen plasma 
 environment. Using a moderate power of 300 W and 200 mT of oxygen, 
4 minutes is enough to dramatically change the texture of C-MEMS sur-
faces. Two types of indentations were observed as a result of the plasma 
treatment: larger indentations around 2 µm in size and smaller ridges 
around 200 nm in width (see Figure 1.6) [29, 34]. Plasma treatment of 

Figure 1.6. SEM of C-MEMS surface after plasma treatment 
[29].
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C-MEMS surfaces has been shown to enhance electrochemical  reactivity 
and interfacial capacitance [16, 26, 35].

It is clear to this author that plenty of opportunities for new C-MEMS 
and C-NEMS discoveries remain. A prime example with almost untapped 
potential involves the polymer–carbon intermediates that form during 
the carbonization of polymer precursors with or without additives (see 
 Figure 1.7 in case of SU-8 carbonization). During pyrolysis, electrically, 
one goes from an insulating material to a good conductor and  mechanically, 
one transitions from a low Young’s modulus polymer to a hard and  brittle 
carbon. Those intermediate materials have hardly been characterized at all. 
In some initial work along this line, Sharma [36] found that the Young’s 
modulus for a photopatterned SU-8 film as a function of temperature (as 
shown in Figure 1.8a) features a dip: the material is softest, even softer 
than the starting SU-8, between 600°C and 700°C, and hardness increases 
again after 700°C.

This interesting observation can be explained based on the poroelas-
ticity regime of the material between 600°C and 700°C; in this region, 
mostly gaseous pyrolysis reaction products are generated, and this results 
in a porous matrix [36].

Figure 1.7. Schematic of the SU-8 photoresist pyrolysis process [36].
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Figure 1.8. (a) Young modulus versus pyrolysis temperature for SU8 carbon 
intermediate materials [36], (b) electrical properties of polyacrylonitrile 
(PAN)–carbon intermediates [37].
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The pyrolysis temperature regime where most carbonization gases are 
formed is also the regime where the resistance of the material changes the 
most dramatically. This is shown in Figure 1.8b for the pyrolysis of PAN 
[37].

1.3  in C-mEmS AnD C-nEmS thE 
mAnufACtuRing mEthOD DEtERminES 
thE CARbOn miCROStRuCtuRE

In all the C-MEMS and C-NEMS examples presented so far, the  resulting 
carbon microstructure obtained is that of glassy carbon [10–12] (see 
Figure 1.9). But carbon also comes in other allotropes such as diamond, 
graphite, fullerene, nanotube, amorphous, and diamond like. Based on the 
details of their microstructure, these allotropes are used in widely differing 
 physical, chemical, mechanical, thermal, and electrical applications (see 
the  Applications section). In this section, we demonstrate how one can 
obtain a different carbon microstructure by using different manufacturing 
techniques and how one can even afford the building of hybrid C-MEMS 
and C-NEMS devices that incorporate components with differing carbon 
microstructures by combining different manufacturing methods [13, 38, 
39].

When the polymer precursor for C-MEMS and C-NEMS is  deposited 
by ES instead of spin coating (as in photolithography), the carbon 
obtained is much more graphitic. To understand the reason behind this, 
we have to look somewhat deeper into the physics of the ES process 
[40]. ES is a simple, versatile, and widely used method for producing all 
types of polymer fibers, and it comes in three principal flavors, known as 

Figure 1.9. Microstructure of glassy 
carbon proposed by Haris [10], Jenkins and 
Kawamura [11], and Jenkins [12].

Lo
La
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far-field electrospinning (FFES), near-field electrospinning (NFES), and 
 electromechanical spinning (EMS).

FFES involves the application of a high voltage (10–15 kV) to bias a 
polymer solution in a syringe against a substrate of the opposite polarity 
with the syringe tip separated 10 to 15 cm from that substrate (also target 
or collector) (see Figure 1.10a). When the electrostatic field overcomes 
the surface tension that keeps a droplet of polymer solution at the syringe 
tip, a Taylor cone forms and if the polymer dissolved in the solution is at a 
high enough concentration, a fiber is drawn from it. In the air-gap between 
the nozzle and the collector, the polymer solution jet undergoes a whip-
ping process wherein the solvent evaporates, leaving behind a charged 
polymer fiber, which lays itself randomly on the grounded collector.

In a C-MEMS and C-NEMS application of FFES, our team electrospun 
mats of SU-8 [41]. Next, this nanofibrous mat was micropatterned using 
photolithography, and finally, pyrolysis produced ordered arrays of micro-
domains containing CNFs. With lithography features in the microdomain 
and fibers with diameters in the hundreds to tens of nanometers range, this 
approach enables the fabrication of multiscale hierarchal assemblies such 
as fractal-like electrodes where a high external surface area is coupled with 
a minimized internal resistance, which is a feature of great utility, in batter-
ies and fuel cells [42–44]. An example of this  combination of lithography 
with ES to create structured C-MEMS and C-NEMS arrays is shown in 
Figure 1.11 [41]. Interesting as well is that these arrays of SU-8-derived 
carbon fibers were found to be very hydrophobic (water contact angle, θ ≈ 
130) [41]. The biocompatibility of SU-8-derived carbon [45, 46] provides 
further motivation for the development of multiscale hierarchal scaffolds 
[47] for tissue engineering and in vivo biosensors [48, 49].

However, FFES is hard to control because of the electric field 
 instabilities that are inherent in the ES process [50]. Despite the whipping  
of the nanofibers, even with FFES, some alignment along the  preferred 

Figure 1.10. (a) Comparison of FFES and NFES and (b) FFES setup.
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direction can be achieved by using a rotating drum collector [51] or 
 electrical field manipulation [52]. Using a rotating target drum equipped 
with Si samples featuring SU-8 contact pads (Figure 1.12), our team 
deposited polymer nanofibers perpendicular to the suspending SU-8 walls 
of the contact pad structure [53]. These hybrid contact or nanowire assem-
blies were then carbonized to yield CNWs suspended between carbon 
electrodes. A contact pad with CNWs deposited on it is shown in Figure 
1.13 (left) and 1.13 (middle). To be able to study single-suspended CNWs, 
extraneous wires were cut using FIB milling. It was found that these 
CNWs are better conductors than bulk glassy carbon. The high-resolution 
transition electron microscope (HR-TEM) images of these electrospun 
SU-8-derived CNFs revealed high-quality graphitic wire (for the thinnest 

Figure 1.11. SEM images of arrays of patterned fibrous carbon  structures: 
(a, b) lines, (c, d) 3D pillars, and (e, f) connecting squares. Images (b) 
and (d) are magnified views of images (a) and (c), respectively, and 
 higher-magnification images of (b) and (d) are shown as insets. Images 
(a)–(d) are on Si wafer substrates, and images (e) and (f) are on a 
 plasma-treated SU-8-derived carbon film on a Si wafer [41].
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ones) and tube-like graphitic CNWs with a glassy carbon core and a graph-
ite shell for the slightly thicker ones (see Figure 1.13 [right], in which we 
show a tube-like CNW and Figure 1.14 in which we show both types).

These results can be explained with reference to the work by Ji 
et al. [54] who convincingly demonstrated that the Young’s modulus of 
 electrospun polymer fibers increases significantly with a decrease of the 
fiber’s diameter.

This is due to the orientation of the polymer chains in the ES process. 
The large shear imposed during the ES process orients the chains in the 
outermost regions of the fiber (see Figure 1.14a).

The smaller the diameter of the fiber, the easier it is for chains to orient 
themselves along the fiber’s length throughout the entire fiber thickness, which 
results in a larger modulus. Ji et al. speculated and  confirmed  experimentally 

Figure 1.12. FFES with a rotating drum target (left) and Si substrate with 
SU-8 contact pads perpendicular to the nanowire direction (right) [53].
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Figure 1.13. Single CNW across suspending carbon walls (left). Schematic 
of C-MEMS and C-NEMS structure used to collect nanowires (a dense array 
is shown here) (middle). HR-TEM image of electrospun SU-8-derived CNF: 
tube-like graphitic CNW with glassy carbon core and graphite shell (right) 
[53].

42 nm

30 µm

A



14  •  CARbOn: thE nEXt SiLiCOn?

that the phenomenon scales with R/Rg, where R is the fiber radius and Rg 
the polymer radius of gyration rather than scaling with the absolute fiber 
diameter. The effect can propagate radially into the fiber for large distances 
(∼20 Rg) [54]. Our C-MEMS and C-NEMS results depicted in  Figure 1.14b 
nicely validate Ji et al.’s work. Indeed the degree of  polymer chain orientation 
is reflected in the resulting carbon microstructure: carbon fibers are more 
graphitic when the  corresponding  polymer region consists of more oriented 
polymer chains and they are more glassy when corresponding with regions 
of more random chain orientation. Also in agreement with Ji et al., we found 
from HR-TEM images that the thinnest CNWs were more graphitic all the 
way to the core and thicker wires were tubelike with a glassy carbon core and 
a graphite shell (see Figure 1.14b). The microstructure of the contact pad is 
mostly glassy carbon, the suspended nanowire, on the other hand, because of 
the mechanical forces involved in ES, the pulling by the spinning drum, and 
yet further pulling because of shrinkage during carbonization, all conspire to 
yield a much more graphitic suspended wire component.

Figure 1.14. (a) Model of the molecular chain orientation according 
to Ji et al. [54]: (A) thin fiber—polymer chains oriented throughout 
the entire fiber; (B) thick fiber—polymer chain orientation starts at 
the surface and propagates into the bulk. Rg is the polymer gyration 
radius. (b) HR-TEM images of nanowire graphitic all the way to the 
core (top) and tube-like graphitic CNW with glassy carbon core and 
graphite shell (bottom) [55].
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Current voltage (I/V) plots of the suspended carbon wires are  linear, 
clear evidence for the ohmicity of the carbon-to-carbon contacts [53]. 
For CNWs with diameters in the 42 to 113 nm range, the average value 
for the electrical conductivity was 6.13 × 104 S/m, which is almost twice 
that of glassy carbon (2.8 × 104 S/m). The reported electrical conduc-
tivity  values for graphite range from 2.4 × 104 S/m to 1.02 × 105 S/m 
 parallel and  perpendicular to the C-axis, respectively. The experimental 
 conductivity  values are lower than that of graphite but higher than that of 
glassy carbon but not as dramatic a change as we had expected, given the 
amount of graphitization observed in HR-TEM images. In the following, 
we demonstrate that the Young’s modulus of CNWs fabricated using EMS 
also increases dramatically as the CNF diameter decreases (Figure 1.17).

Despite the efforts with rotating drums and electrical field manipula-
tion, generally speaking, FFES fails to deliver precise, inexpensive, fast, 
and continuous nanofiber patterning capability. The problem of random 
nanofiber whipping was addressed by reducing the distance between the 
nozzle and the substrate to less than a few millimeters, so that fibers land 
on the substrate before the onset of whipping (see Figure 1.10a) [56]. 
In this approach, voltages are as low as 600 V—considerably reducing 
 electric-field-induced instabilities. But with low voltages such as this, 
the surface of the polymer droplet must be artificially disrupted (e.g., by 
 poking with a sharp glass tip) to create a localized region of a very high 
electric field on the droplet’s surface initiating the ES process [56, 57]. 
This configuration, known as NFES, was suggested relatively recently 
[57]. Our group has found that production of yet thinner stable fibers 
necessitates operation at a yet lower voltage, and the results demonstrate 
that even nanofibers of sub-20-nm diameter are possible at a bias as low 
as 300 to 200 V when using superelastic viscoelastic polymers and by 
moving the stage or working with a rotating drum to mechanically pull 
and thus thin the wires [58–61]. We call this technique EMS as the mov-
ing stage or rotating drum mechanically pull on the viscoelastic fibers 
to further thin them. The polymers viscoelasticity ensures that the fibers 
do not break while pulling. The viscoelastic nature of the polymer ink 
enables continuous ES at a very low voltage of 200 V, considerably lower 
than that in NFES, thereby reducing bending instabilities and increas-
ing the control of the resulting polymer jet even further. The resulting 
jet is stable and can be easily and precisely targeted onto a stationary 
or moving substrate. By controlling the applied voltage and the relative 
stage speed of the substrate with respect to the nozzle, EMS results in 
superior nanowire deposition control. In Figure 1.15, we compare FFES 
with EMS [59].
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Now we can combine the photopatterning of SU-8 for making  contacts 
pads with EMS for the suspended nanowires as shown in  Figure 1.15d. 
With the right formulation of the polymer solution, these suspended 
 polymer nanowires can be carbonized, thinning them even further, and 
glassy carbon contacts can thus be wired together with graphitic EMS 
electrospun nanofibers.

Such a hybrid microstructure construct is also illustrated in Figure 1.16 
in which we show a set of carbonized EMS fibers (graphitic)  suspended 
over a carbon support structure (glassy) that was used to establish the 
Young’s modulus (E) of the CNWs. As shown in the inset of Figure 1.16, 
these carbon fibers were cut with an FIB to form cantilever beams [62].

A laser Doppler vibrometer was used to measure the natural  frequency 
of the FIB cut nanowires, and using the Euler–Bernoulli beam theory, 
the Young’s modulus as a function of nanowire diameter was derived as 
shown in Figure 1.17. Just as predicted from the model of Ji et al. [54], 
the Young’s modulus increases very fast as the wire diameter shrinks. At 
200 nm, Young’s modulus is already up to 400 GPa—this is eight times 
higher than that for a 1-µm diameter nanowire (carbon nanotubes [CNTs] 
are between 270 and 950 GPa [1 TPa]). This is a very promising result as 

Figure 1.15. FFES (a, c) compared with EMS (b, d). The fibers in  
Figure 1.15c and 1.15d, when using the correct ink formulation, can  
subsequently be carbonized, thinning them even further [59].
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it suggests that CNWs could reach the mechanical performance level of 
CNTs! As we can make our CNWs very long, this EMS combined with 
carbonization constitutes a plausible alternative to CNTs that are much 
harder to make into long cables. The maximum conductivity for the same 
wires is 7 × 104 S/m [62], only a bit more than twice the glassy carbon 
value (the value of wires obtained with FFES—see earlier information—
was very  similar at 6.13 × 104 S/m).

Figure 1.16. Patterned CNWs made by carbonization of nanofiber array 
of 70 parallel fibers made by continuous EMS. The measured average 
distance between carbon fibers was 18.6 ± 4.8 μm. Inset: Fibers are cut 
with a FIB to form cantilever beams [62].
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Figure 1.17. Euler–Bernoulli beam theory results for CNWs. At 200 nm, 
Young’s modulus is already up to 400 GPa (CNTs are between 270 and 950 
GPa [1 TPa]) [62].
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1.4  CuRREnt AnD PROJECtED APPLiCAtiOnS 
Of C-mEmS AnD C-nEmS

Although silicon, human’s foremost technological material, is abundant 
in silicate minerals, carbon is the key to life. It can be argued that carbon, 
especially with the recent (somewhat frantic) research efforts on CNTs and 
graphene, is also becoming a more and more important material in human 
technology. Neither single crystalline nor polycrystalline Si encompasses 
that wide a range of shapes and microstructures. Some key advantages of 
carbon compared with Si are summarized in Figure 1.18 [9].

Much has been made of the myriad of applications of just two of 
the currently most popular carbon allotropes, that is, CNTs [63–69] and 
graphene [65, 70]. Here we promote the idea that C-MEMS and C-NEMS 
could eventually, depending on the manufacturing process, incorporate all 
of the carbon allotropes. In this more holistic view of a world with carbon 
as the most important technological material, one tailors one allotrope or 
a combination of allotropes to suit each application.

Some recent examples of C-MEMS and C-NEMS applications 
include electrochemical sensors [49, 71, 72], substrate for molecular 
 electronics [73–75], batteries [42–44, 76–79], fuel cells [80–83], dielec-
trophoresis electrodes [84–86], capacitors [27, 35, 87], scaffolds [45, 47], 
 nanoconstrictions [88], hot nanowires for local CVD [36], molds for bulk 
metallic glasses [89], and gas sensors [90]. Several of these applications 

Figure 1.18. Carbon: the next Si? [9].
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were also alluded to in the preceding text, and we will single out some of 
them for more scrutiny in the current section and in subsequent chapters 
of this book.

Here we limit ourselves to short descriptions of the following three 
emerging C-MEMS and C-NEMS applications: (i) C-MEMS smart Li-ion 
batteries, (ii) redox amplifications with carbon interdigitated electrode 
arrays (IDEAs), and (iii) carbon hot nanowires to make nanogas sensors 
with local CVD, nanoconstrictions, and nanogaps.

1.4.1 C-MEMS LI-ION BATTERIES

The electrochemical characteristics of carbon produced by pyrolysis 
of photoresists have been studied to some extent [5]. It is found that 
 electrochemical reactions on pyrolyzed photoresist exhibit kinetics 
very similar to those on glassy carbon. Glassy carbon electrodes are the 
gold standard for electrochemists because of their wide electrochemical 
 stability window, low background, and low cost [91]. Also graphite and 
hard carbons are well known for their utility in Li-ion battery applications 
because of their Li intercalation or deintercalation capacity [92–95]. Our 
team established that glassy carbon electrodes produced by carbonization 
do not only show the same fast kinetics for surface reactions as  commercial 
glassy carbon electrodes [96] but also that they can be intercalated and 
deintercalated with lithium ions as fast and with as high a capacity as 
other carbon anodes in commercial Li-ion batteries [31, 78, 97, 98]. The 
latter observation did set the stage for the introduction of Li-ion batteries 
based on C-MEMS [99]. The multilevel C-MEMS process described in 
Figure 1.2 (right panel) was used for making the two-level Li-ion-based 
C-MEMS battery shown in Figure 1.19 [100]. In the C-MEMS battery 
depicted here, one layer of carbon constitutes the current collector (20 µm 
thick) for the rows of anode and cathode posts (250 µm high) made in the 
second C-MEMS layer. This type of C-MEMS battery holds the promise 
of changing the battery world in three significant ways [9, 77, 100]:

1. Smarter batteries: C-MEMS batteries contain a multitude of anodes 
and cathodes (baxels, by analogy to pixels) that are interconnected to 
provide the optimal current or voltage depending on the  application 
need. This way in-battery smart load leveling is enabled;

2. Faster charging batteries: In charging the C-MEMS battery, Li ions 
only need to intercalate into the thin individual carbon posts rather 
than intercalating into one big chunk of carbon;
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3. Theoretically, the capacity of the C-MEMS batteries, depending 
on the aspect ratio of the posts and the thickness of the electro-
lyte, can be significantly higher than that of current Li-ion batteries  
[77, 101].

Recently, carbon anodes for Li-ion batteries are combined in clever 
ways with Si that has yet a higher capacity than carbon but is  irreversible 
[102–104]. By combining these two elements in the correct way, a  superior 
battery that remains reversible can be built, maintaining all the advantages 
listed earlier and featuring an even higher capacity than when using car-
bon alone.

1.4.2  REDOX AMPLIFICATION WITH CARBON 
INTERDIGITATED ELECTRODE ARRAYS

A second recent application of C-MEMS and C-NEMS we are  illustrating 
here is its use in the fabrication of ultramicroelectrodes (UM). UM 
have become an important tool in electrochemical analysis because the 
 electrochemical signal is determined almost exclusively by diffusion with 
no or little effect of convection and because the steady-state currents are 

Figure 1.19. Smart Li-ion battery. Typical two-level carbon-based MEMS 
electrodes with carbon contacts underneath. The inset image shows enlarged 
SU-8 two-level structure [9].
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achieved very fast owing to the nonlinear diffusion effects that make 
for more effective mass transport [105]. Most importantly, in UMs, the 
 signal can be amplified through a clever electrode arrangement involving 
interdigitated working electrodes (generator and collector separated by a 
 narrow gap) (see Figure 1.20). By applying a different potential on the two 
working electrodes in an IDEA, redox species can be recycled between 
the electrodes before diffusing away into the bulk of the solution. This 
recycling results in current amplification. If the electrode gap is small, 
and especially when the electrodes are high (nonplanar), the redox species 
may experience multiple redox cycles before diffusing away into the bulk 
of the solution [106–108]. Better current amplification can be achieved 
by reducing the electrode gap to the nanometer level by implementing 
high aspect ratio 3D IDEA electrodes and with a combination of both. To 
make submicrometer nanogaps, expensive processes such as FIB milling, 
e-beam lithography, and nanoimprinting are required. However, 3D IDEA 
electrodes can achieve comparable or better current  amplification using 
more conventional microfabrication technology, which is  better for batch 
fabrication of less expensive commercial sensors. The redox amplifica-
tion improves the lower limit of detection (LOD) of a simple, inexpensive 
electrochemical sensor dramatically so much so that it might become com-
petitive with widely used and more expensive and  cumbersome  optical 
techniques such as fluorescence sensing.

Today, IDEAs are typically made from noble metals such as thin 
films of Pt or Au on a Si substrate (see Figure 1.20b [106–108, 114]. 

Figure 1.20. IDEAs consist of a pair of comb-shaped electrodes one 
of which works as a generator and the other as a collector (left panel). 
 Schematic view of redox cycling of oxidized (O) and reduced (R) species 
in an IDEA: (i) plane electrodes, (ii) 3D electrodes (right panel) [109–113].
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These IDEAs require the deposition of a thin layer of a metal adhesion 
layer (e.g., Cr or Ti) followed by the noble metal layer. The patterning of 
the noble metal layer requires the use of a cumbersome lift-off process. As 
two different metals are used, corrosion potentials are hard to avoid. While 
metal electrodes exhibit a lower electrical resistance than that of carbon, 
they come with all types of unwanted electrochemical side reactions even 
at low potentials, while glassy carbon electrodes are stable and come with 
a wider stability window than any noble metal. C-MEMS and C-NEMS 
IDEAs are not only much simpler to make (one step process), carbon 
also is easier to make into a 3D structure (high aspect ratio that benefits 
redox amplification—see preceding information). As an added benefit, 
one avoids the  corrosion issue by dealing with one material only. More-
over, metal electrodes have lower biocompatibility and a higher fouling 
propensity compared to  carbon electrodes. High aspect ratio metal elec-
trodes, on the other hand, are difficult and expensive to fabricate, espe-
cially if nanometer gaps are required. C-MEMS and C-NEMS techniques, 
on the other hand, excel at reaching both the nanometer dimensions and 
high—aspect ratios.

Three-dimensional (3D) carbon IDEAs were fabricated in our group 
by using inexpensive, conventional, UV photolithography of SU-8 with 
slightly modified exposure and postexposure bake settings followed 
by pyrolysis in an inert environment (see Figure 1.21) [71]. The redox 
 amplification of sensors made this way was investigated as a function of 
both the IDEA digit width-to-gap ratio and digit height as a function of 
potential sweep rate and under flow and no flow conditions. A gradual 
increase in redox amplification with an increase in the IDEA digit width-to-
gap ratio was demonstrated. A maximum amplification of 37 was obtained 
for a width-to-gap ratio of 1.58 and for an electrode height of 1.1 μm. 
Redox amplification significantly increased with an increase in the IDEA 
height, from a factor of 9 at a 0.22 μm digit height to a factor of 37 at a 
1.1 μm height. As the sweep rate was decreased from 50 mV/s to 5 mV/s, 
the collection efficiency increased from 0.92 to 0.97, whereas the ampli-
fication increased from 7 to 25. Under flow conditions, the amplification 
decreases substantially as the cycling of the redox species is impeded by 
convection. The highest amplification of 37 dropped to 4 at a flow rate of 
500 nL/s. Under flow conditions, redox amplification increased with an 
increase in the IDEA height [71, 115]. This can be understood by the fact 
that between the electrodes the diffusion paths of cycling redox species are 
linear and little disturbed by flow, whereas above the electrodes, the diffu-
sion is elliptical and very sensitive to flow (see right panel in Figure 1.20). 
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To make the redox amplification even less sensitive to flow, the C-MEMS 
walls can be made much higher (in the example, walls were only 1.1 µm 
high).

Voldman et al. experimented with thicker microfabricated 
 nonplanar gold electrode arrays (paired microelectrodes that were 3 µm 
thick and spaced 10 µm apart) for dielectrophoretic single cell trapping 
[116, 117]. To fashion the 3D gold electrodes, they used gold electro-
plating in an SU-8 mold to plate up the thin underlying Au film. These 
3D arrangements produce more uniform electrical fields compared 
to conventional planar microelectrodes and are more efficient at cell 
trapping just as our 3D IDEAs are more efficient at redox cycling The 
underlying reason is the same, that is, a higher aspect ratio. But elec-
troplating is cumbersome and expensive compared to the 3D C-MEMS 
approach, and 3D C-MEMS is now also used in the dielectrophoresis 
application [86, 118].

Figure 1.21. (a) Shows the actual 3D carbon IDEA sensor. WE1 
and WE2 are contact pads for the generator and the  collector, 
respectively. C and R are counter and reference electrodes, 
 respectively; (b) shows the final device with  polydimethylsiloxane 
flow channels. The reference electrode is coated with Ag or 
AgCl ink, and contact pads are coated with silver paste for better 
 electrical connection. (c and e) SEM images (tilted view 60°) under 
10,000 × magnification of SU-8 IDEA patterning before pyrolysis; 
height = 0.6 and 2.1 μm, respectively. (d and f) Carbon IDEA after 
 pyrolysis; height = 0.22 and 0.59 μm, respectively [71, 115].
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1.4.3  CARBON HOT NANOWIRES TO MAKE NANOGAS 
SENSORS WITH LOCAL CVD, NANOCONSTRICTIONS, 
AND NANOGAPS

As nanowires are almost all surface and because sensing is usually a  surface 
phenomenon, sensing induced changes on a nanowire has a larger effect 
on the overall resistivity or impedance of a nanowire than that in the case 
of a bulk wire and this leads to an improved lower LOD [9]. Suspended 
CNWs as shown in Figures 1.13 and 1.15 have several  further advantages. 
Suspended nanowires are removed from the supporting substrate, and this 
leads to significant advantages over other nanowire-based sensors typically 
embedded on a solid substrate. The suspension  arrangement avoids delete-
rious substrate influences such as contamination and charge shunting. The 
LOD also further increases because of higher mass transport because of 
the nonlinear diffusion effects and because the wire can be approached by 
analyte molecules from all directions. We call this principle wash cloth line 
sensors, and by derivatizing the CNW  surface with a monolayer of sensor 
molecules (the clothes on the wash line), say  protein or DNA molecules, 
the nanowires can be turned nano-immuno or nano-DNA sensors by mon-
itoring how the binding of the complementary molecules modulates the 
nanowires’s impedance (see Figure 1.22). When coating the CNWs with 
metal oxide semiconductors (MOS), they can also be turned into nanogas 
sensors [90, 119–124]. It is the nanogas sensor application we will detail a 
bit further here, and this brings us to the topic of carbon nano hot wires [36].

Figure 1.22. We compare the suspended nanowire (left) with a wash cloth 
line (right). By derivatizing the CNW surface with a monolayer of sensor 
molecules, say proteins or DNA (the clothes on the wash cloth line), these 
nanowires can be turned into nano-immuno or nano-DNA sensors. The binding 
of the complementary protein or DNA strands changes the impedance of the 
nanowire.
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In principle, when direct current is applied to a suspended CNW as 
shown in Figure 1.22 (left panel), the high resistance of the CNW com-
pared to the bulkier supporting C-MEMS contacting electrodes allows for 
its selective heating, which initiates local CVD on the wires but not on the 
supporting contact electrodes from any suitable precursor. Local CVD for 
depositing a metal oxide material for gas sensor applications was first used 
on CMOS micro hot plates by Semancik et al. [125–128]. However, as 
the heated area is reduced from the micro to the nano regime, and as one 
moves from a plate (2D) to a wire (1D), Joule heating becomes much more 
complicated because of the huge temperature gradient along the wire and 
the rapid cooling of the nanostructure material [36]. While the suspended 
CNW remains at a temperature close to that of the contacting electrodes at 
the contact points (often referred to as cold points), its center reaches a much 
higher temperature and a parabolic temperature profile results [36] (for ref-
erences discussing Joule heating of metal nanowires consult [129–131]).  
As an example of MOS deposition that can be used for the  fabrication of 
a NOx nanogas sensor, we have demonstrated the local CVD on CNWs 
by depositing a tungsten oxide (WO3) film from tungsten  hexacarbonyl 
[W(CO)6] as the precursor [36]. WO3 is a well-known  sensitive and selec-
tive NOx sensor material (ammonia and methane are also detected depend-
ing on catalyst and temperature used) [132, 133]. SEM images of a 358-nm 
thick, 30-µm long CNW after WO3 deposition by local CVD of W(CO)6 
are shown in Figure 1.23a and b. The thickness of the deposit follows the 
temperature profile expected for a heated nanowire with the center being 

Figure 1.23. (a) SEM images of a 358-nm thick CNW with 
WO3 deposited on its surface by selected area CVD, (b) a 
high-magnification image of the granular surface of WO3. 
Inset: schematic of the local CVD process on a suspended 
nanowire [36].

Heated CNW

Electrodes
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considerably thicker (diameter of ~1.8 µm) compared to the ends of the 
CNW (358 nm). The diameter at the center of the wire after deposition as 
well as the granular nature of the deposited material can be observed in 
Figure 1.23b, which is a high-magnification micrograph of a central seg-
ment of the CNW. The composition of the deposited film was confirmed by 
Energy Dispersive X-Ray Analysis (EDX) spectroscopy and by evaluating 
the photoresistive behavior of the deposited material.

The local CVD phenomenon illustrated here is not limited to WO3 
deposition; it can be used to obtain nanowires of any desired material by 
heating the appropriate precursor gas, volatile liquid, or solid onto a hot 
CNW. This fabrication technique is compatible with batch manufacturing 
and offers scalability at low cost that renders it suitable for both research 
and industrial applications. Joule heating for local CVD on CNWs has 
the potential to become a useful tool for thermal deposition for the 
 manufacture of all types of nanosensor and nanoelectronics devices.

Controlled Joule heating of suspended nanowires is also intrinsically 
capable of creating nanoconstrictions and nanogaps. Controlled thinning 
of CNWs at their center by inducing carbon sublimation might eventually 
allow one to study the transition from diffusional electron conduction to 
ballistic conduction as the wire is thinned down to the couple of nanome-
ter range [36, 62, 88]. This way one can manufacture quantum mechanical 
nanoconstrictions without the need for expensive equipment. The thinning 
(nanoconstriction) and eventual breakage (nanogaps) of the CNW can be 
understood as follows. At the beginning of a Joule heating experiment, a 
central region of the CNW attains the highest temperature, high enough to 
sublimate some carbon from its surface. If a constant current is imposed, 
this thinner segment attains the sublimation temperature even faster, as 
it offers a yet higher resistance, which will lead to yet faster thinning at 
its center. Finally, when the center cannot withstand further thinning the 
nanowire breaks. Figure 1.24 shows that the breakage point is not always 
exactly at the center in the CNW; this is only true for a completely uniform 
CNW; any imperfection or nick in the carbon wire might have the thinning 
occur there.

The thinner and shorter the CNW wire, the higher is the  temperature 
gradient and the smaller is the nanogap in its center can be made.  Nanogaps 
(with a dimension of less than 10 nm) in a CNW as described here might 
have great utility as a building block for molecular electronics, based on 
molecular interactions in a carbon–molecule–carbon (C-M-C)  structure 
[134–136]. In a C-M-C system, the electronic function will be the  property 
of the molecular structure in the C-M-C chain and can be characterized 
through I/V measurements. Such a system has the ability to measure and 



C-mEmS AnD C-nEmS intRODuCtiOn  •  27

to transduce events of specific molecules into useful  electrical signals. 
There are a lot of techniques for obtaining nanogaps, but a process to 
totally control the gap size has not been found yet.

So far, to use Joule heating of a nanowire to make nanoconstrictions 
and nanogaps has proven to be difficult; once the thinning process starts, 
it is difficult to control, and if a constant current is used, the breakage of 
the CNW takes place very rapidly. Our team is currently developing an 
electronic control system to control the wire thickness in the center to 
any desired radius (nanoconstriction) and to make nanogaps of any size. 
For the fabrication of nanoconstrictions and nanogaps using the  nanowire 
thinning method described here, two requirements must thus be met: (1) 
exquisite control of the carbon sublimation, which can be achieved by 
introducing a sophisticated control system in our setup that allows for 
switching between current and voltage, and (2) creating as short a sub-
limation zone at the nanowire center as possible, which can be done by 
tuning the initial CNW length and thickness.
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2.1 intRODuCtiOn

Carbon is a very versatile material that, depending on its hybridization 
and assembly in a one-, two-, or three-dimensional network, exhibits 
important mechanical, optoelectronic, and chemical properties. Because 
of its  versatility, carbon has found numerous applications, for example, it 
is found in printer inks, pencils, water purification systems, and thermal 
isolation and antistatic materials. More elaborate carbon materials such 
as carbon nanotubes (CNTs), graphene, fullerenes, and nanodiamond are 
used in sensing, electronic, or field emission applications. In  addition, 
 carbon materials with tunable microstructure and surface chemical 
 properties are well suited as catalyst supports and the growth of secondary 
carbon  nanofilaments onto a carbon fiber support is of special interest for 
composites, electronic, and porous macroshaped carbon materials.

2.2 CARbOn mAtERiALS

Carbon, because of its flexibility of bonding with other elements, forms 
the basis of organic chemistry and thus life itself, and the flexibility of 
carbon–carbon bonding in three different geometries gives molecular and 
solid carbon materials a broad range of properties to be exploited in various 
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applications [1–9] including microelectromechanical systems (MEMS) 
and related devices [10–14]. Carbon materials range from nonporous to 
highly porous, from amorphous to crystalline, from zero dimensional to 
three dimensional, from insulator to semiconductor and conductor, and 
from hydrophobic to hydrophilic surfaces. The combination of the three 
geometries to form carbon–carbon bonds allows for almost unlimited 
possibilities of carbon materials, each with unique properties. Carbon 
materials can be tailored further by introduction of controlled defects and 
heteroatoms such as O, N, and B [15–19]. Not surprisingly, carbon mate-
rials have significant economical, industrial, and technological importance 
today. For example, the global market for CNTs is about $700M to $800M 
(around 2,500 tons per year of production capacity), and the value is fore-
cast to increase over $1.1B by 2016 at a compound annual growth rate of 
10.5 percent. Electrical and electronics industries accounted for 10 percent 
of the CNTs market share, followed by energy (8 percent), while the larg-
est part of the market (about 70 percent) is accounted for by plastics and 
composites.

Carbon is the sixth element in the periodic table and its ground  electronic 
state has a 1s22s22p2 configuration. The carbon atom  hybridized orbit-
als account for the sp3, sp2, and sp1 configurations of tetrahedral,  trigonal, 
and linear symmetries, respectively. The sp3 hybridization is the basis for 
 diamond and aliphatic compounds, the sp2  hybridization for  graphite and 
aromatic compounds, and the sp1 for carbyne and two- dimensional ordered 
linear-chain carbon. The combination of these hybridizations in carbon 
materials is the underlying focus of interest for the synthesis of carbon–
MEMS, as it has a profound effect on their properties. For instance, diamond, 
being sp3 hybridized and featuring a  tetrahedral geometry, is an isotropic 
material, transparent, super hard, and with negligible electronic conductiv-
ity. Graphite, on the other hand, with sp2 hybridization is an anisotropic and 
soft material and a  semimetal only within the basal plane. In Figure 2.1, we 
show the unit cell of graphite [20]. The  internuclear bond lengths of differ-
ent hybridizations are different and produce different chemical and physical 
properties. For example, the basal plane of graphite is inert and as strong as 
diamond, whereas the  interplanar bonds are very weak, making graphite a 
soft and  lubricant material.  Chemical reactivity is also  profoundly different 
for the basal and the prismatic edge planes in graphite. So one expects com-
bustion in perfect graphite to start at the prismatic edges. These anisotropies 
in graphite are the result of its trigonal geometry, and a geometrical change 
in  homonuclear carbon materials (e.g., by introducing vacancies, defects, 
bending, or the presence of pentagon or heptagon rings within the  hexagonal 
ring network in graphite) alters the graphite properties  profoundly. Along 
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the same line, the broad range of  heteroelements that can be incorporated 
in carbon materials, because of the moderate  electronegativity of carbon, is 
able to modify its electronic properties.

Weak interplanar forces in graphite allow for the swelling and the 
intercalation of atoms and molecules. Depending on the electronic 
 character of the intercalating elements (donor or acceptor), the electronic 
properties of the intercalated graphite are modified. Graphite intercalated 
with SbF5 and Li are two examples of this type of materials, which have 
been used as highly conductive materials and in battery applications [21].

As pointed out earlier, three different hybridizations of carbon exist 
(sp3, sp2, and sp1), resulting in a large variety of nanocarbon structures with 
diamond, graphene, and carbyne (pure nonmixed materials) as  limiting 
cases, respectively. With the term nanocarbon [9], we capture the broad 
range of carbon materials having a tailored nanoscale dimension and 
functional properties that significantly depend on their nanoscale features. 
CNTs and graphene belong to this class of materials and also nanofibers, 
nanocoils, nanodiamonds, nanohorns, nanoonions, and fullerenes. We 
thus make a distinction between nanocarbons and the more conventional 
type of carbon materials, including activated carbon (AC) and other types 
of porous carbon materials (such as mesoporous carbon materials [22] and 
carbon aerogels [23]) often utilized as adsorbents and catalysts supports, 
and the common type of carbon materials utilized in electrodes(such as 
glassy carbon [GC]) [24], graphite and related materials (pyrolytic and 
flake graphite and graphitic carbon), and carbon black [25, 26].

Figure 2.1. The structure of hexagonal graphite with trigonal 
 geometry from sp2 hybridization [20].
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Figure 2.2 shows a simplified classification scheme of carbon 
 materials based on the hybridization of the constituent carbon atoms [27]. 
Although this figure shows only some of the possible carbon materials, it 
clearly demonstrates that the range of carbon materials is broad, each with 
different physicochemical properties and functional behavior. As an exam-
ple, carbyne under tension is about twice as stiff as the  previously known 
stiffest materials (CNTs and graphene, about 4.5 × 108 N∙m/kg; almost 
threefold, over diamond, 3.5 × 108 N∙m/kg) with an unrivaled  specific 
strength of up to 7.5 × 107 N∙m/kg, requiring a force of ~10 nN to break a 
single atomic chain [28]. The torsional stiffness of carbyne, on the other 
hand, is close to zero but can be switched on by introducing appropriate 
functional groups at its ends. With other appropriate  termination, carbyne 
can also be switched into a magnetic-semiconductor state by mechanical 
twisting [28].

One can distinguish three generations of nanocarbon materials 
 (Figure 2.3):

• The first generation of nanocarbon materials is composed of the 
three basic types that is, fullerenes, graphene, and CNTs and of 
the various novel simple morphology carbon materials that may 
be derived from them such as carbon quantum dots, nanohorns, 
nanofibers, nanoribbons, nanocapsulates, nanocages, and other 

Figure 2.2. Simplified classification of carbon materials based on the 
hybridization of carbon atoms.

Source: Adapted from Centi and Perathoner [27].
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nanomorphologies. These nanocarbons have a low dimensionality 
and morphology-defined properties.

• The second generation of nanocarbon materials derives from the 
first generation. However, in this second generation, the electronic 
structure is tailored by the introduction of heteroatoms (dopants) 
to tune the properties of the nanocarbon materials. A further level 
of control in the characteristics of these nanocarbons is introduced 
during the synthesis or by postsynthesis treatments.

• The third generation of nanocarbon materials, where an additional 
level of control is achieved through the development of hybrid and 
hierarchical systems (nanoengineering the architecture of materials 
at the nanoscale level [29]).

The number of control parameters that can be used to fine-tune the 
properties of nanocarbon materials increases as we move from the first 
to the third generation of carbon nanomaterials. Nonetheless, we only 
have a limited understanding of all the different parameters determining 
the  functional performances of such materials [9, 30, 31]. This is related 
in part to the difficulty in characterizing the defect state in nanocarbons, 
which is an intrinsic characteristic of the carbon flexible coordination 
and  hybridization. Fortunately, progress in the characterization of carbon 

Figure 2.3. Examples of three generation of nanocarbon materials.

Source: Adapted from Centi, Perathoner, and Su [8].
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materials (e.g., by electron microscopy [30]) has improved the under-
standing in this area. However, there are still problems of homogene-
ity at the nanoscale and the correlation between the nanocharacteristics 
and the  macroscale behavior. In carbon microelectromechanical systems 
(C-MEMS) and carbon nanoelectromechanical systems (C-NEMS), the 
nanoscale characteristics dominate device performance, but the difficulty 
in achieving full control of the presence and characteristics of defects 
 influences the reproducibility of these devices. A general issue in this regard 
is that for many of the synthesis reaction paths of nanocarbons, there are 
competing reactions. This and the presence of (uncontrolled) interfaces 
may significantly alter the overall resulting nanocarbon properties.

2.2.1  STRUCTURE OF CNTs AND OTHER NANOCARBON 
MATERIALS

CNTs constitute one of the most widely used types of nanocarbons. A 
CNT can be viewed as a graphene sheet rolled up with its edges  connected 
in a butt joint. A single rolled sheet forms a single-walled carbon nanotube 
(SWCNT), while an array of several concentric tubes creates a multiwalled 
carbon nanotube (MWCNT) [32]. Figure 2.4 shows the ideal structure of 
an SWCNT (Figure 2.4a) and an MWCNT (Figure 2.4b). Figure 2.4c and 
d (transmission electron microscopy [TEM] images) shows the examples 
of the actual structures.

In Figure 2.5, we show the formation of an SWCNT by rolling up a 
single graphene sheet, and this illustrates how different types of SWCNTs 
can be obtained depending on the direction along which the sheet is rolled 
up. The electronic (and other) properties of SWCNTs depend  critically 
on the resulting helicity. A one-dimensional SWCNT is commonly 
 characterized by both a chiral vector, Ch, and a translation vector, T, 
 evidenced in Figure 2.5. The vector points from the first atom toward the 
second one in a 2D graphene sheet. Both the vectors (Ch and T)  determine 
the CNT unit size and are commonly expressed by the Bravais lattice 
 vectors a1 and a2 as follows:

 C a ah n m= +1 2  (2.1)

 T a a= +t t1 2 21  (2.2)

 
t m n
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t n m
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1 2
2 2
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+, , (2.3)



thE bEAutifuL WORLD Of CARbOn  •  45

where a1 and a2 are the unit vectors (the primitive axis, e.g.,  translation 
vectors, of the hexagonal lattice), n and m are integers, and dR is the 
 greatest common divisor of (2n + m, 2m + n). Following this  methodology, 
SWCNTs are called (n, m) nanotubes. The magnitude of the Ch vector is 
used to calculate the CNT radius as R = Ch/2π. Based on the integer values, 
three types of CNTs can form when carbon sheets roll up along a  particular 
single symmetry axis. When n = m, it takes on an armchair (θ = 0°) con-
figuration; when m = 0, it becomes a zigzag type (θ = 30°) and for n ≠ m, 
it forms a chiral tube (θ = 0° and 30°) (see  Figure 2.6a and b) [33]. The 
 armchair CNT is a mirror image match of the zigzag CNT and vice versa, 
and therefore, they are considered achiral. Different  chiral angles and CNT 
diameters lead to different properties, for example, the  conductive proper-
ties, as shown in Figure 2.6. The control of  chirality and other aspects of 
CNTs are necessary in many emerging applications of CNTs, for example, 
related to their conduction characteristics.  Symmetry operations on CNT 
structures can be expressed as R = (Ψ/t) (see Figure 2.5) and the number 

Figure 2.4. (Super) structure representations of (a) 
SWCNT and (b) MWCNT, with TEM images of the 
actual structure (c) and (d).

Source: Figure 2.4 (a) and (b) are adapted from Figure 2.1 
in Zhao and Stoddart [32].
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of hexagons per unit cell N is obtained as a function of n and m according 
to Equation (2.4).

 
N m n nm

dR
=

+ +2 2 2( )
 (2.4)

There are thus 2N carbon atoms (or 2pz orbitals) in each unit cell of 
the carbon nanotube. The metallic and semiconducting CNTs defined by 
the integers (n, m) are illustrated in Figure 2.6.

Caps of growing CNT mouths typically consist of both pentagonal and 
hexagonal structures, although complying with the pentagonal rule (it is 
energetically unfavorable for two pentagons to be adjacent to each other). 
As MWCNTs are formed by joining SWCNTs, the models for SWCNTs can 
also be used to describe MWCNT structures. According to the Russian inset 
doll model, an MWCNT forms a coaxial cylindrical roll, a coaxial polyg-
onised roll, or a scroll, depending on the interlayer’s structural folding, as 
demonstrated in Figure 2.7 [33–35]. The length of the chiral vector Ch is the 
circumference of the CNT and is given by the corresponding relationship:

 Ch = + +a n nm m2 2 , (2.5)

Figure 2.5. A sheet of graphene rolled to show forma-
tion of different types of SWCNTs. The space group 
symmetry operation, R = (y/t), is also shown, in which 
y denotes the angle of rotation around the nanotube axis 
and t is the translation in the direction of T as specified 
by the symmetry vector R.
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where a is the length of the unit cell vector a1 or a2. This length, a, is 
related to the carbon–carbon bond length, acc, by

 a a a acc= = =1 2 3  (2.6)

Figure 2.6. The schematic construction of SWCNT from a 
graphene sheet. (a) Ch, depicts chiral vector, and a1 and a2, 
 represent the unit cell vectors of the hexagonal cell. The chiral 
angle (θ) is the angle between zigzag axis and chiral vector 
(Ch) and can be represented by θ = tan−1 (m√3/m + 2n). (b) 
 Representation of the integer values (n, m), which decide among 
zigzag, armchair, and chiral SWCNTs.
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For graphite, acc is 0.1421. The same value is often used for CNTs, but 
because of the curvature of the tube, a slightly larger value such as acc = 
0.144 nm should be a better approximation. Using the  circumferential 
length c, the diameter of the CNT is thus given by the relation: d = c/π.

Ideally, the CNT body structure does not differ from the arrangement 
of the carbon atoms in graphite, which features only equivalent atoms. 
Consequently, one might assume that the p electrons are  delocalized across 
the whole cylindrical structure. At the ends of the nanotube,  however, the 
equivalence of the bonds is broken. The cylinder is deformed toward the 
ends and the degree of p electron delocalization is decreased over the entire 
system. Several resonance structures are possible, including  localized dou-
ble bonds or six-membered rings without aromatic character. Alternating 
bonds are most frequent near the ends of the tube, while their number 
decreases toward the center.

Considering the ends of an open SWCNT, the outermost  carbon 
atoms must be saturated by attaching either functional groups or a cap 
of carbon atoms. In the latter case, a closed SWCNT is obtained. The 
range of possible shapes for closed SWCNT caps is broad. Both 
 approximately  hemispheric caps and pointed structures have been found, 
and even concave caps have been observed. Pentagonal defects (with a 
convex  curvature) and seven-membered rings (with inverse curvatures) 
are responsible for these differently shaped end caps. These defects can 
lead to beak-shaped caps that exhibit considerably smaller diameters than 
the tubes themselves. In MWCNTs, five-membered rings are also crucial 
to the formation of the end cap or open structure (e.g., how the CNTs 
terminate) of the nanotube, such as the formation of a toroidal ending 
(the tube does not have a simple double-sheet structure, but rather con-
sists of semitoroidal shells or terminations). Defects in individual tubes 
may influence the structure of MWCNTs in other ways too. For example, 
the simultaneous existence of five- and seven-membered rings results in 
a bent MWCNT. In multiwalled systems, these elbow structures are found 
between the encapsulated regions (Figure 2.7d). These flexures are con-
fined to a few graphene layers.

Fullerene constitutes another allotrope of carbon. It belongs to a 
family of molecular carbon cages with all of the carbon atoms in the sp2 
hybridization. In Figure 2.8, we show a large variety of fullerene  materials. 
This includes the best-known C60 fullerene and an example fullerene with 
partial substitution of carbon with nitrogen [36].

Owing to the strain caused by the curvature (facilitated by pentagons 
to create a positive curvature in the hexagon network), fullerenes exhibit 
a profoundly different chemistry from planar graphite. The  planarity 
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of sp2-hybridized (trigonal) carbon atoms in graphite implies that the 
 pyramidalization angle θp = 0°, whereas an sp3-hybridized (tetragonal) car-
bon atom feature a θp = 19.5°. The deviation from planarity in fullerenes 
reduces the orbital overlap of the π electrons, resulting in the localization 
of the double bonds. The curvature effect, present in fullerenes as well as 
in small diameter CNTs, causes the hybridization of the σ bonds between 
C–C atoms. Depending on the bending angle, the hybridization of carbon 
atoms becomes something between that present in sp3 diamond and sp2 
graphite. As a consequence to this strain, fullerenes are more reactive than 
graphite. C60, for example, is highly light and air sensitive at room tem-
perature. Owing to the yet high curvature degree, C20 and other smaller 
carbon atoms structures are highly unstable. The isolated pentagon rule 
(IPR) commented earlier is obeyed by all pristine fullerenes, and because 
of the IPR, C60 fullerene is followed by C70 because there are no inter-
mediate structures with isolated pentagons. Beyond C70, there are a set 
of fullerenes with an even number of carbon atoms, the so-called higher 
fullerenes. Furthermore, starting with C78, several stable isomers are 
observed for each carbon skeleton.

C60 is the most available and broadly studied fullerene. It comes in a 
spherical shape with a distance from the center to the atomic carbon nuclei 
of about 0.36 nm. C60 forms molecular crystals with the molecules being 
localized in the nodes of a face-centered cubic lattice.

Other known carbon materials that have been investigated include car-
bon black, onion carbon, AC, soot, amorphous carbon, carbon nanofibers 
(CNFs), carbon fibers (CF), vapor grown carbon fibers, and diamond-like 
carbons (DLCs). These materials are made from various combinations of 
the basic type of carbon allotropes, as evidenced in Figure 2.2.

Figure 2.8. Family of fullerene carbon materials.

Source: Adapted from Gusev [36].
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Similar to the case of fullerenes, curvature-induced  pyramidalization 
and misalignment of the π orbitals of the carbon atoms in CNTs and soot 
induce local strain. CNTs and soot materials are thus expected to be more 
reactive than flat graphene sheets. In the case of CNTs,  especially SWCNTs, 
the end caps resemble a hemispherical fullerene, and this ensures that the 
end caps will always be more reactive than the perfect SWCNT side wall. 
Carbon black, fullerene black, and engine soot are produced from the 
pyrolysis of hydrocarbons or from the incomplete combustion of fuels. In 
Figure 2.9, we show an example of the morphology of soot from a station-
ary diesel engine. This high-resolution TEM image reveals the presence 
of primary particles with sizes varying from 2 to 20 nm featuring multiple 
fullerene-like shell structures [37] with strongly bent ribbons. The primary 
particles then agglomerate through interaction between the bent strands of 
ribbons giving rise to a stable material. The same morphology is observed 
in the carbon in flame soot showing a fullerene-type nanostructure.

The growth mechanism and microstructure of these soot-derived 
nanocarbon materials resembles that of the fullerene [38, 39]. They show 
a reactivity close to that of fullerene-like materials, which originates 
largely from the modification of the C–C bond characteristics because of 
the  presence of a curved graphene sheet [40, 41].

Graphene, strictly speaking, is formed from a single layer of graphite 
(Figure 2.10a). However, the term graphene is used not only for single 
layers but also for bilayer and few-layer graphene (up to about 10 layers), 
which all can be viewed as different types of two-dimensional crystals 
[42]. The carbon atoms in a graphene layer are sp2-hybridized forming 
three in-plane σ bonds per atom, which in turn leads to the formation of a 

Figure 2.9. Fullerene-like soot deriving from a diesel engine.

Source: Adapted from Su et al. [37].
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hexagonal planar layer with a honeycomb-like atomic  arrangement. The 
hexagonal graphene lattice is displayed in a top view model in  Figure 2.10b 
and exhibits a basis with two carbon atoms, A and B, per unit cell. These 
two atoms form two equivalent sublattices.

The geometry of an sp2-hybridized carbon atom is responsible for 
the formation of the hexagonal honeycomb lattice that determines the 
extraordinary mechanical and electronic properties of graphene. Each 
of the two equivalent carbon atoms within one unit cell contributes one 
cosine-shaped band to the electronic structure. These bands cross exactly 
at the Fermi level, where they form a Dirac cone with a linear electronic 
dispersion (Figure 2.10c, graphene Brillouin zone) [43]. The remaining 
fourth electron in the pz-orbital forms covalent p-bonds with the adjacent 
carbon atoms. The band structure of graphene (π-bands) is responsible 
for charge carrier transport. In contrast to semiconductors, which possess 
a parabolic dispersion relation, graphene exhibits a linear dependence of 
the electron energy on the wave vector. While monolayer graphene shows 
a linear dispersion, bilayer graphene exhibits a parabolic spectrum. Both 
systems are a zero-gap semiconductor or a zero-overlap semimetal.

This idealized electronic structure for extended sheets of graphene 
changes significantly when dopants or heteroatoms (as well surface 
metal particles) are present, and this constitutes a way to improve the 
 performance and the electric properties of graphene [44, 45]. Graphene 
sheets at the edges are saturated with heteroatoms, and doping with  various 
 heteroatoms (oxygen, boron, nitrogen, phosphor, sulfur, etc.) is often car-
ried out to improve and tune the performance of graphene, as well as that 
of all the other nanocarbons [46]. Graphene and graphene nanoribbons, 
similar to other type of nanocarbons, are characterized from the presence 
of different types of defects: (a) structural (sp2-like) defects, (b)  topological 

Figure 2.10. (a) Atomic-resolution image of a graphene sheet, with 
an  indication of the carbon–carbon bond length of about 0.142 nm. 
(b)  Honeycomb lattice structure of graphene exhibiting a basis with two 
 carbon atoms, A and B, per unit cell [43]. (c) Idealized Brillouin zone 
(graphene p-band) with a zoom to the K-point, where the bands cross at the 
Fermi level forming a Dirac cone.
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(sp2-like) defects, (c) defects related to doping or  functionalization (sp2- 
and sp3-like), and (d) defects related to vacancies or edge (non-sp2-like) 
[47]. Defects, in general, play a key role in  physicochemical properties of 
graphene.

In Figure 2.11, we show an example of the different types of possible 
defects, functional groups and heteroatoms, which may be present in real 
graphene and graphene nanoribbons. The effective nature and  properties 
may be thus largely different from those of the idealized single-layer 
 pristine graphene. Clearly, the preparation method plays a  significant role 
in the formation of graphene. It may be quite different from another sample, 
what indicated generically as graphene and often large  irreproducibility 
may be present in samples prepared by the same method.

2.2.2 PROPERTIES OF NANOCARBONS

There are various characteristics that make nanocarbons attractive in 
MEMS and NEMS applications, such as the unique mechanical properties 
of graphene and CNTs, which include low mass, high Young’s  modulus, 
high thermal conductivity, and high surface area-to-volume ratio. 
 However, as mentioned in the previous sections, these properties not only 
depend on the structure of the nanocarbon but also greatly depend on the 
 specific  characteristics, such as the presence of defects and  heteroatoms. 
 Therefore, the specific preparation of these materials may greatly  influence 
their final properties. In addition, the integration of the synthesis of these 
 nanomaterials with that of other materials is very important and  introduces 
some additional constraints as processes might not be compatible, for 
example, in terms of annealing temperature.

Figure 2.11. Schematic diagram depicting single-layer pristine graphene 
with various types of defects, functional groups and heteroatoms.
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Graphene has a Young’s modulus of around 2,000 GPa, about 10 times 
higher than that of steel and about 13 to 15 times higher than that of silicon 
[10]. SWCNTs have a Young’s modulus about half that of graphene, while 
that of MWCNTs is even lower (the Young’s modulus also greatly depends 
on the CNTs preparation). However, the latter is still two to five times higher 
than that of silicon. The tensile strength follows the same trend. The band gap 
of ideal graphene is zero but, as discussed earlier, can be changed by doping 
or patterning [48]. The band gap of CNTs depends on their  characteristics, 
such as diameter. Zigzag (9,0) SWCNT is metallic, while zigzag (10,0) 
nanotube is a semiconductor. In MWCNTs, depending on the characteristics 
(size, number of layers, presence and type of defects, etc.), a behavior from 
metallic to semiconductor to insulating can be observed. Although the semi-
conductor characteristics of silicon can also be tuned, carbon nanomaterials 
offer a much larger degree of flexibility. Another relevant difference regards 
carrier mobility, which is about two orders of magnitude larger in graphene 
(about 2 × 105 cm2·V−1·s−1) than in silicon (about 1 × 103 cm2·V−1·s−1), 
although, in this case, the effective carrier mobility depends greatly on the 
specific sample. The carrier mobility in SWCNTs and MWCNTs is typically 
lower than that in graphene, but still larger than that in silicon.

In general, various features differentiate nanocarbon materials with 
respect to the conventional carbon ones, such as AC or carbon black, as 
well as from silicon.

Pore Structure and Surface Area: The AC surface area and  porosity  
can be tuned within some range by controlling the AC preparation 
 procedure, but in large part, the high surface area is due to micropores, 
which may limit its conductivity and performance for sensing  applications. 
The CNT surface area is mainly associated with the external geometrical 
area of the CNT (except for SWCNT, where the inner surface contrib-
utes  significantly, although the situation is different for open or closed 
nanotubes. In CNTs (particularly in MWCNTs, which are the most widely 
available and the least expensive type of nanocarbons), mesoporosity is 
associated with the void space created in the CNT network, when the 
CNTs do not pack in an ordered way. A typical AC surface area is around 
1,000 m2/g (greatly depending on the type and treatment procedure), while 
that of a CNT may range from over 1,000 m2/g for SWCNTs to 700 to 800 
m2/g for DWCNT (double-walled carbon nanotube) and 200 to 300 m2/g 
for MWCNT (5 to 10 walls), because the weight of each single nanotube 
increases with the number of walls. Pore structure and surface area are 
critical in applications such as sensing and catalysis.

Electron and heat transport: CNTs allow for a faster and more  efficient 
electron and heat transport compared to AC or other type of conventional 
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carbon materials. Although the electron and heat  transport properties 
depend greatly on the specific characteristics of a given  carbon material, 
GC, a common type of carbon widely used in electrode  preparation (with 
much better conductivity than AC), shows a volume resistivity usually 
higher than 101 Ω cm, while CNTs show a volume  resistivity in the range 
10−2 to 10−3 Ω cm [49]. These properties are critical in the development of 
electrochemical devices, such as nanobatteries [49].

The 1D structure of CNTs constrains electron transport in one 
 direction, which endows CNTs with unique electronic properties, that is, 
near-ballistic transport leading to the outstanding electronic conductivity 
of CNTs [50]. In commercial CNT materials, the conductivity is much 
lower because of the defects. Theoretical studies suggest that  metallic 
CNTs can carry an electrical current density of 4×109 A/cm2, which 
 outperforms metals such as copper by three orders of magnitude [51]. 
For these reasons, CNTs are bound to find applications in a wide range 
of electronics  including room-temperature ballistic transistors, electron 
field emitters, energy storage devices, supercapacitors, flat panel displays, 
device  coolers, paper batteries, solar cells, light emitting diodes, and 
 nanoradio [52].

Among the many distinctive characteristics of CNTs, one of the main 
characteristics is the ability of its carbon atoms to rehybridize in response 
to applied strain or stress, with a certain degree of sp2 to sp3 transition. 
This peculiar behavior may be exploited in piezoresistive strain or stress 
sensing applications, as the electrical properties (such as  resistance) are 
greatly affected by the deformation of the CNT. The compressive force 
can easily cause a CNT to bend, flatten, or twist, which gives rise to a 
very high piezoresistive effect because of the alteration of its electronic 
 transport properties. In addition, absorption of various gases (NOx, NH3, 
etc.) or chemicals onto CNTs also leads to the modification of their 
 electron  transport properties. This phenomenon makes CNTs also an 
excellent choice for chemical sensing [53].

Mechanical and other properties: As introduced earlier, some nano-
carbons (e.g., CNTs, graphene, and nanodiamond, the latter formally 
 diamonds of very small size, 4 to 5 nm, but characterized from a  diamond 
core and graphitic-like surfaces) have typically superior mechanical 
 properties over silicon or conventional-type carbon materials, including 
those used in MEMS applications such as GC [54]. GC is a hard solid 
prepared by heat treatment at elevated temperatures (1,000–3,000°C) of 
polymeric precursors such as copolymer resins of phenol– formaldehyde 
or furfuryl alcohol–phenol. These polymers are used because of their 
high carbon yield on pyrolysis (the ratio of carbon present after or 
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before  carbonization is ∼50 percent). GC is electrically conducting and 
 impermeable to gases and has a low coefficient of thermal expansion. 
In addition, GC (having a fullerene-related microstructure) has a lower 
 density (1.3 to 1.5 g/cm3) than that of graphite (2.27 g/cm3) or diamond 
(3.52 g/cm3), because of its porous microstructure (related to bubbles 
formed during the pyrolysis process). The voids constituting the pores 
are not connected, and for this reason, GC shows low gas permeability. 
 Moreover, GC has a very high corrosion resistance and inertness under a 
wide variety of conditions, allowing its use in very corrosive  environments. 
Although some of these properties are better than those of  nanocarbon 
materials, the Young’s modulus of GC (10 to 40 GPa) is lower than that 
of silicon and much lower than that of nanocarbons. On the other hand, 
this may be useful in some applications, such as in electrostatically driven 
actuators, where the stiffness of the material is a disadvantage [54].

Diamond and DLC are other types of carbon materials of interest for 
MEMS applications [55]. Both possess a number of excellent properties 
that Si and other materials lack, including reduced coefficients of friction 
and increased resistance to wear, both particularly useful for  microsystems 
that feature sliding interfaces. Both materials also have a very high Young’s 
modulus, tensile, and fracture strength and are suitable for high frequency 
MEMS devices. They are chemically inert and are stable in air up to 
600°C. They feature excellent thermal conductivity and low  coefficients 
of thermal expansion that make them useful for packages with better 
heat dissipation and bimorph thermal actuators with large displacements. 
 Diamond and DLC are biocompatible, are mechanically strong, and have 
excellent tribological properties. They are excellent coating materials for 
medical implants. DLC is hydrophobic with an excellent ability to prevent 
nonspecific biobinding relevant in biosensor applications.

CNTs usually exhibit an elastic strain of 5 percent, and therefore, they 
show plastic deformation before fracture. This property is promising for 
mechanical energy storage. Defect-free CNTs are the stiffest and strongest 
materials yet discovered in terms of tensile strength (63 GPa) and elastic 
modulus (~1 TPa). In Table 2.1, we compare mechanical properties of 
CNTs with stainless steel [56]. CNT fibers have the potential to serve as 
ultrahigh strength (yet lightweight) fibers, electronic interconnects, power 
conversion devices, motors, transformers, and electro-storage devices.

The mechanical stiffness in the radial direction of the CNT, however, 
is much lower, primarily because of its hollow structure and high aspect 
ratio. The Young’s modulus in the radial direction is of the order of  several 
GPa, as shown by nanoindentation experiments on MWCNTs [57]. As 
the conductivity of a CNT can be greatly altered under stress or strain, 
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this soft characteristic in the radial direction may potentially enhance the 
 performance of CNTs in piezoresistive force or strain sensing.

Stiction: The adhesion between two surfaces depends on van der 
Waals, electrostatic, and capillary forces. The contribution of capillarity 
accounts for most of the forces responsible for stiction. Stiction often  limits 
the performance of MEMS: once two surfaces are in contact, only a restor-
ing force can separate them. The density of oxygen-containing, polar sur-
face functional groups is lower on carbon (typically 2 to 10 percent) than 
on Si or SiO2. The ability to functionalize the surface of oxidized carbon to 
introduce hydrocarbon or fluorocarbon groups offers a route to materials 
with very low surface free energies and low potential for stiction [58]. The 
relatively rough surface of carbon solids (relative to silicon etched along 
a crystal face) may also prevent stiction, because the true area of contact 
between rough surfaces is smaller than that between smoother surfaces.

2.3 APPLiCAtiOnS Of CARbOn mAtERiALS

2.3.1 USE IN COMPOSITES AND AS CATALYSTS

Carbon fibers, carbon black, CNTs, and CNFs are widely used as rein-
forcement of certain matrix materials in composites. Carbon fibers, 
for  example, were extensively studied for their optimum graphitic 
 structure and  surface functionalities to obtain the best mechanical, elec-
trical,  magnetic, and thermal composite properties. Methods such as 
 graphitizations, oxidations of the carbon surface, and whiskerization have 
been applied to improve the carbon fiber–matrix interaction [59, 60]. The 
increasing interest of CNFs and CNTs in composites arises from the the-
orized and proven observations that physical properties of carbon fibers 
such as surface area, conductivity, and strength improve exponentially as 
their size becomes nanoscale. Similar to the carbon fibers, the chemical 
and physical properties of CNFs and CNTs materials depends on their 

Table 2.1. Comparison of mechanical properties of CNTs with stainless 
steel

Material
Young’s modulus 

(TPa)
Tensile 

strength (GPa)
Elongation at 

break (%)
SWCNT ~1 (from 1 to 5) 13–53 16
MWCNT 0.27–0.95 11–150 -
Stainless Steel 0.186–0.214 0.38–1.55 15–50
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microstructure. The ratio of prismatic and basal planes and the presence of 
structural and  topological defects in the graphene layers allow for tuning 
the chemistry and physics of these nanocarbon materials [60, 61].

One way to modify both the macrostructure and microstructure of 
a final carbon material is by directly growing secondary CNFs or CNTs 
onto carbon fibers or even inside the CNTs itself, when large diameter 
CNTs (about 80 to 100 nm inner diameter) are utilized, with mono- or 
bimetallic catalysts [62–70]. The latter method is somewhat similar to 
 whizkerization of carbon fibers to enhance the carbon–polymer interaction 
in composites [62]. The secondary CNTs or CNFs provide more surface 
area and depending on their texture may facilitate further entanglement of 
the final carbon material resulting in a 3D-like interconnected network. 
Thus eventually the chemistry can be tuned based on the microstructure 
of the secondary CNTs or CNFs. The secondary CNFs or CNTs grown on 
carbon fibers or CNTs supports have found other applications in the field 
of electronics as the conductivity and electrical capacity of the carbon 
materials were improved [71, 72].

During the past several years, metal-free catalysts have attracted 
 considerable interest, especially for industrial applications and only 
 graphitic nanocarbons exhibit excellent long-term stability and high 
 catalytic activity [73, 74]. On the other hand, the powdery form of 
 nanocarbons makes them unsuitable for use in fixed-bed reactors on an 
industrial scale. The compaction of loose nanocarbons to create  particles 
of millimeter size for their use in industrial reactor typically greatly  inhibits 
the access to all the surface. The immobilization of graphitic nanocar-
bons onto a carbon-based support allows for better reactants diffusion, 
prevents hot spots and pressure drops, and avoids chemical discontinuities 
[75]. So, clearly, the mass production of immobilized nanocarbons on a 
 carbon  support is the more desirable pathway for industrial applications in 
 chemical reactors. In the current literature on CNTs and CNFs synthesis, 
the catalytic chemical vapor deposition (CCVD) method appears the most 
promising method to produce bulk quantities of CNTs and CNFs for com-
posite and other bulk applications. Although of considerable interest, the 
effect of metal catalysts on carbon supports on the microstructure of the 
grown CNFs and CNTs has not been covered much at all.

Application of carbon materials as catalyst support has been widely 
reported with a broad scope of reaction applications [2, 7–9, 76–80]. 
As a support, AC has attracted much interest because it offers several 
 advantages such as high thermal stability, high surface area, low cost, and 
easy recovery of the metal catalyst by simple combustion. Carbon– carbon 
composites represent interesting combinations of carbons  featuring 
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 different length scales (from nano to micro) and different crystallinity 
(graphitic or disordered). Su et al. have successfully synthesized CNFs 
on an AC support with an Fe catalyst using C2H4 as the carbon source  
[81, 82]. Such composites have found applications both as adsorbents and 
in catalysis.

Carbon materials cannot be used as catalyst supports at high tem-
peratures and pressures in oxidative or reducing atmospheres. The  limits, 
 however, depend on the graphitic nature of the carbon materials and 
the type of metal catalyst on the supports. Nevertheless, there remains 
 appreciable interest in carbon as a support because of its superiority over 
traditional catalyst supports for two main reasons:

• Availability in macroscopic shapes suitable for industrial uses [83–85]
• Tunable surface chemistry [86–88]

The possibility of altering the ratio of basal or prismatic planes and 
controlling the amount of defects present in a carbon material allows 
for the attachment of heteroatoms (O, N, or H) on the carbon surface. 
This is done either by the selection of the type of carbon materials or 
by the  selection of synthesis conditions with or without posttreatment. 
Such  flexibility in carbon allows unlimited alternatives to tailor the carbon 
 surface with functional groups.

Different thermal stabilities of surface functional groups allow for the 
tuning of surface functional groups on carbon materials by controlled heat 
treatments. As a support, the type and amount of functional groups on the 
surface have a profound role in the dispersion and stability of catalysts 
on a carbon surface. In addition, the surface functional groups often pro-
vide for the polarity or affinity for the solvent or solutions for maximum 
 surface wetting.

In preparing a catalyst, the choice of a proper precursor is  determined, 
for example, by the surface charge of the carbon to achieve maximum 
 interaction between the precursor and the surface anchoring sites [61]. 
During calcination, reduction, and catalytic reaction, the functional 
groups have to be stable to allow for the anchoring of catalyst particles 
on its surface and to avoid the sintering of the catalyst particles [89]. 
The  nanostructure of carbon filaments also plays a critical role.  Carbon 
fibers have  electronic properties that largely depend on the crystallinity 
and  orientation of graphene planes. For example, CNFs having  different 
exposed prismatic edges have a different reactivity in anchoring metal 
nanoparticles and as a consequence give rise to different catalytic 
 performances [79, 90–91].
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2.3.2  USE OF CARBON MATERIALS IN MEMS AND RELATED 
DEVICES

The superior mechanical, electrical, and structural properties of CNTs 
have resulted in their utilization in a wide range of fields. For exam-
ple,  implementing these materials into flexible or stretchable systems 
can lead to flexible microelectronics as well as to pressure monitor-
ing devices inside the human body and energy scavenging from low- 
frequency motions. The realization of the potential of carbon materials 
in MEMS and related devices requires the ability to carefully manipulate 
CNTs,  especially on the micro- and nanoscale. The nanodiameter and 
high surface area of CNTs induce high van der Waals forces between 
the tubes, resulting in a strong tendency to aggregate with each other 
in order to minimize the total surface energy. Hence, CNTs have very 
limited  dispersibility in most solvents, but today, it is possible to tune 
their solvency by controlled  functionalization to modify their properties 
[92, 93].

There are two main categories of procedures for functionalization of 
CNTs, that is, covalent and noncovalent methods (see also  Chapter 7). 
Covalent functionalization of CNTs is based on the formation of  covalent 
linkages between functional entities and the carbon skeleton of the 
 nanotubes. The covalent methods can be further divided into direct cova-
lent sidewall functionalization and indirect covalent functionalization 
via carboxylic groups on the surface of CNTs. Direct covalent sidewall 
functionalization is associated with a change in hybridization from sp2 
to sp3 and a simultaneous loss of conjugation (e.g., see fluorination of 
CNTs [94], Figure 2.12, route A). Indirect covalent functionalization takes 
advantage of chemical transformations of carboxylic groups at the open 
ends and holes in the CNT sidewalls (Figure 2.12, route B). These car-
boxylic groups might have been already present on the as-grown CNTs 
or they might be generated during oxidative purification. In order to 
increase the reactivity of CNTs, the carboxylic acid groups usually need 
to be  converted into acid chloride and then undergo an esterification or 
 amidation reaction [95, 96]. The drawback of covalent functionalization 
is that the perfect structure of CNTs is destroyed, resulting in significant 
changes in the physical properties of CNT.

Noncovalent functionalization is based on supramolecular complex-
ation using various adsorption forces, such as the Van der Waals force, 
hydrogen bonds, electrostatic force, and π-stacking interactions [97]. 
 Compared to the chemical functionalization, noncovalent  functionalization 
offers two key advantages: it can be accomplished under relatively mild 
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reaction conditions and the perfect graphitic structure of CNTs is much 
better maintained.

CNTs, and in general nanofilaments, have been extensively applied 
in MEMS and NEMS. For example, CNT-based resonators (where CNTs 
act as the resonating mass detector element) show the highest mass sens-
ing  resolution ever established [98]. A single-clamped DWCNT beam 
was used instead of an SWCNT to avoid issues related to the chirality of 
CNTs. Owing to the smaller material density compared to other materials, 
it is possible to obtain a lower natural resonance frequency, resulting in 
larger sensor responses at lower resonant frequencies. The optimal sensi-
tivity achieved is of the order of 1.3×10−25 kg Hz−1/2, but depends on the 
 specific characteristics of the DWCNT, which vary within some degree 
from  filament to filament.

Another example of a C-MEMS and C-NEMS application is based  
on the high carrier mobility of SWCNTs, which can be exploited in 
 CNT-based field effect transistors (FETs) [99]. A modified CNT with a 
high work function metal (Pd) and posttreatment with hydrogen affords the 
 creation of a CNT–FET with a conductance near the ballistic  transportation 
limit of 4e2/h at room temperature and with an on-to-off ratio as high as 
106 [100]. However, as indicated earlier, the  reproducibility of CNT–FETs 
is still a major challenge, as it depends on the chirality and band gap 

Figure 2.12. Strategies for covalent functionalization of CNTs (A: direct 
sidewall functionalization; B: defect functionalization).

Source: Adapted from Meng, Fu, and Lu [93].
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 (semiconductor or metallic) of the SWCNTs and as we know by now, this 
change from CNT to CNT, even if they come from the same batch [101]. 
The ohmicity of the metal contacts is also still problematic and crucial for 
the device performance.

CNTs are also interesting for various gas sensing applications [102]. In 
order to overcome the reproducibility issues associated with single CNTs, 
an array of patterned CNT is preferred here. Such arrays can be prepared 
by CVD, as discussed in Chapter 3. In Figure 2.13, we  illustrate the basic 
configuration of such a CNT-based device [102]. A silicon wafer is used as 
the supporting substrate and thermally grown SiO2 serves as the  insulation 
layer. The ohmic contact, molybdenum (Mo), constitute both contact pad 
areas as well as metallic interconnects. The total series  resistance of the 
device comprise three components: the lateral sheet  resistance of the CNT 
forest and the two CNT–metal ohmic contact  resistances. The resistances 
of the Mo contact pads and aluminum bonding wires are small com-
pared to the CNT resistance. When exposed to a gas, the resistance of the 
CNT-patterned array changes. The sensing threshold is below parts per 
million for a difficult gas such as NH3 with a good response time (about 
1 minute) [102].

Another concept that may be exploited in C-MEMS and NEMS 
 applications is based on Joule heating when current is applied to a 
CNT as in a hot-wire sensor. An MWCNT is suspended as the sensing 
 element between MEMS electrodes made of single-crystalline silicon. 
The device works based on the principle of heat transfer and is sensitive 
to gas  pressure changes, because the pressure influences heat dissipation, 
 modifying the resistance of the CNT. The device may also operate as a gas 
sensor, because different gases have different heat capacities that changes 
the heat dissipation. Both sensing mechanisms have been verified [103].

Figure 2.13. Scheme of a CNT-based device for gas sensing.

Source: Adapted from Fam et al. [102].
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By combining bottom-up and top-down fabrication methodologies, 
it is possible to produce 3D CNT structures. First, an array of vertically 
aligned SWCNTs is grown by CVD on a predefined catalyst pattern on 
a silicon wafer (Figure 2.14a) and then (after flattening, the CNT array 
in a liquid densification process to have an uniform thickness) the CNT 
film is patterned using lithography to further construct devices on the 
wafer such as SWCNT cantilever (Figure 2.14c) and 3D CNT  cantilevers 
 (Figure 2.14d) [10]. By using these parallel and scalable steps, other 
 different structures such as CNT islands, beams, and suspended CNT 
sheets (Figure 2.14b) can be also constructed onto a single wafer [104].

In Table 2.2, applications of CNT-based C-MEMS and C-NEMS 
devices from sensors and actuators to energy storage devices are summa-
rized. However, in most cases, these applications are only at the proof-of-
concept stage, as the many challenges involved in scaling up production 
must be resolved first. We also want to note here that in the area of energy 
storage and electrochemical nanodevices, hybrid CNTs systems, for 
example, CNTs in conjunction with metal oxides or conductive polymers, 
can be utilized, although still not systematically explored.

Graphene is another nanocarbon-type material increasingly used in 
C-MEMS and C-NEMS applications. The low mass and high surface 
area-to-volume ratio make graphene an excellent candidate for mass 

Figure 2.14. (a) Schematics of the bottom-up and top-down hybrid method 
to fabricate 3D CNT complex structures on a single wafer. (b) SEM image 
of silicon pillars with CNT sheets and CNT beams suspended on them. 
Scale bar 1 mm. (c) SEM images of suspended CNT cantilevers on silicon 
wafer with  pre-etched trenches. Scale bar 2 mm. (d) SEM images of 3D 
CNT cantilevers. Scale bar 10 mm.

Source: Adapted from Zang et al. [10].
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and gas sensing applications, respectively. Specifically, graphene-based 
 electromechanical resonators have been demonstrated by using suspended 
graphene structures over silicon dioxide trenches.

The graphene-based device can be utilized as a gas sensor by 
 monitoring the frequency shift because of mass changes related to the 
absorption of a gas. Sensitivities of 10−21 g are possible and in theory 
even higher sensitivities could be reached [106]. In addition to this type 
of graphene-based mechanical resonators, graphene-based chemical 
resistors, and field effect transistors have been utilized for gas sensing 
applications as well, because the resistance of graphene is sensitive to gas 
molecules [105]. Table 2.3 summarizes various graphene-based materials 
in sensing applications.

Graphene-based actuators also have attracted considerable research 
interest. Examples of laboratory-scale devices include (i)  photomechanical 
actuators based on graphene nanoplatelets, (ii) electrochemical actuators 
based on surface-modified graphene, and (iii) microactuators based on a 
graphene-on-organic film hybrid bimorph [107–110].

The latter is a new fabrication method allowing the monolithic 
 integration of a graphene layer as an active component. A photolitho-
graphically defined graphene sheet resistor could be used for both actu-
ation and sensing [110]. A multistep fabrication process to produce a 
graphene and epoxy hybrid cantilever system is necessary. The process 
begins with the CVD synthesis of centimeter-scale graphene films on a 

Table 2.3. Examples of graphene-based materials in C-MEMS and 
C-NEMS applications

Sensor Detection Materials Detection mode
Physical Strain Graphene or PDMS AFM or resistance

Pressure Monolayer graphene Resistance

Chemical Gas Monolayer or few 
layer graphene

FET resistance 
change

Heavy metal 
ions

Graphene Electrochemical

Biosensor DNA or protein Graphene or Al2O3 Conductance
Protein GO Fluorescence
Dopamine R-GO Electrochemical
H2O2 Pt or graphene Electrochemical

GO, graphene oxide; R-GO, reduced graphene oxide.

Source: Adapted from Zang et al. [10].
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Ni(300 nm), SiO2(300 nm), and Si substrate. A 30-nm gold layer is then 
 deposited on graphene by thermal evaporation to define the four elec-
trodes.  Conventional photolithography and reactive ion etching with O2 
plasma is used to pattern the graphene serpentine microheater. Two steps 
of epoxy photolithography are then used to form the cantilever beam and 
support body. BOE (buffered oxide etchant) and FeCl3 are finally used to 
remove the nickel and SiO2 sacrificial layers followed by rinsing in deion-
ized water to clean the cantilever.

2.4  ChALLEngES AnD OPPORtunitiES in 
DESigning nAnOStRuCtuRED CARbOn

The knowledge base on nanostructured carbon materials has increased 
dramatically over the past decade, in terms of better controlled  synthesis 
methods (for different types of materials, nanoarchitectures, and uni-
formity of the resulting products), posttreatment procedures to tune the 
carbon materials’ properties and functionalities, and in terms of a more 
advanced understanding of the microstructure and resulting chemical and 
mechanical properties. These advances have enabled the development 
of novel nanostructured carbon materials for a large variety of applica-
tions from polymer composites to catalysts and adsorbents, materials for 
advanced energy applications (from energy storage—Li-ion batteries, 
supercapacitors—to energy conversion—fuel cells, solar devices) and 
C-MEMS and C-NEMS.

In the area of energy, the use of CNTs in battery electrodes enables 
large electrode–electrolyte contact areas for Li-ion batteries, new  storage 
mechanisms that are not possible in bulk materials, and shorter path-
ways for both electron and ion transport [27, 30]. For applications in 
supercapacitors, CNTs offer interesting new possibilities when used in 
 composite materials and to develop electrodes [7]. In dye-sensitized solar 
cells (DSSCs), nanocarbons can improve charge separation and electron 
transport and offer novel possibilities for a more efficient architecture, for 
example, to improve electron collection or develop transparent counter 
electrodes [31]. In PEM (proton exchange membrane) fuel cells, the use of 
nanocarbons allow to obtain a more efficient metal dispersions (e.g., lower 
noble metal loading), improve the stability of the electrodes, and lead to 
optimal hierarchically organized designs for the electrodes to reduce mass 
transfer limitations [31].

In catalysis, nanocarbons also have a tremendous potential [9], 
although still it is not exploited commercially. This is mainly because their 
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nanostructure has not been fully understood yet, especially in terms of 
defects, surface functionalities, and heteroatoms that affect their catalysis 
behavior. The rich nanocarbon surface chemistry is starting to be better 
understood [8], but a better identification of the relationship between the 
nature of the active sites and their specific catalytic reactivity is  necessary. 
In general, the reactivity of nanocarbons and their functional proper-
ties explained for the other applications we introduced here (including 
C-MEMS and C-NEMS) are to a large extent associated with the presence 
of defects and edge sites, doping heteroatoms, and the interaction between 
these sites. The limited capability of controlling these aspects of nano-
carbons is the current limitation for scaling up to larger-scale utilizations.

In C-MEMS and C-NEMS, many novel possibilities exist, as shown 
in the previous sections. In addition, to graphene and CNTs, other types of 
nanocarbon materials, including hybrid systems, are available today. In gen-
eral, these materials offer many new opportunities compared to silicon or 
even than the more conventional types of carbons such as GC. It should also 
be mentioned that many methods are available for controlling the intrinsic 
properties of graphene and CNTs, such as doping, introduction of surface 
functional groups, and creation of hybrid nanocarbon materials with other 
types of nanocarbons (e.g., fullerene-type molecules grafted to graphene or 
CNTs) or with metal or metal oxide nanoparticles. There is thus a plethora 
of possibilities to tune the properties of nanocarbons and enhance their per-
formance in applications such as sensing and actuating systems as presented 
earlier.

Integration of nanocarbon materials in commercial C-micro and 
C-nano devices is still a major challenge, especially in terms of large- 
volume manufacturing of such devices with reproducible performance. 
There are, in general, two possible approaches to solve this  conundrum: 
(1) integrated processes to fabricate nanocarbons (e.g., graphene or 
CNTs) together with other components directly onto the same wafer and 
(2)  transfer processes where we prepare first the high-quality  nanocarbons 
(on a different substrate) and then transfer them to a C-MEMS and 
C-NEMS device. While the first method is preferable in theory, it often 
lacks the capability to produce high-quality nanocarbons, which are 
necessary to achieve good performances. On the other hand, the second 
approach may lack the capability to attain specific nanoarchitecture that 
are relevant for the properties and functional behavior of the nanocarbon 
materials. Therefore, an optimal approach is probably a combination of 
these two pathways.

It should also be mentioned that posttreatment of the obtained carbon 
materials to tune or modify their properties has been scarcely utilized in 
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C-MEMS, but as shortly introduced before, it is a great opportunity to 
improve their performance.

As a general concluding remark, and as outlined in the previ-
ous  sections, not only the nanostructure itself is relevant but also the 
 specific characteristics of the nanocarbons (type of defects, surface 
functional groups, heteroatoms, nanoarchitecture, etc.) that determine 
their  performances. A single CNT can go from metallic to insulating 
 behavior,  passing through a semiconductor behavior, even if, formally, the 
 nanostructure is the same. The method of preparation should account for 
these aspects but a detailed characterization of the carbon nanomaterials 
remains  mandatory. These considerations are valid in general for all types 
of carbon nanomaterial applications, including the emerging area of energy 
storage and conversion [7] as well as catalysis [8, 9]. Know ledge in these 
scientific areas is growing rapidly, with special emphasis on controlled 
synthesis of nanocarbons, their posttreatment, and under standing of the 
nature of defects and surface functional groups. This has been achieved by 
combining novel characterization methodologies with theoretical model-
ing. This knowledge can now be used for setting a quantum leap forward 
in C-MEMS and C-NEMS and achieving superior device performance.
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3.1 intRODuCtiOn

Carbon, because of the various microstructures (with quite different 
properties) in which it can be found, offers many possibilities for the 
development of a whole new range of applications in the area of micro-
electromechanical systems (MEMS) and nanoelectromechanical systems 
(NEMS). Also, as widely discussed in the rest of this book, such  peculiar 
characteristics allow one to improve the performance of carbon-based 
devices used in many applications. The behavior of these carbon materi-
als is also governed by their particular dimensionality type, for  example, 
1D (carbon nanotube [CNT] or other type of nanofilaments) or 2D 
(graphene), and depends to a large extent on their specific physical and 
chemical  characteristics, such as structural defects, presence of  functional 
groups, and heteroatoms. Therefore, a broad range of properties and 
 characteristics may be reported for what is apparently the same type of 
nanocarbon  utilized in say an NEMS and NEMS device.

The catalysis research field has witnessed ample growth over the 
past decade, developing new protocols and improving readily available 
ones, specifically for the preparation and modification of nanocarbon 
materials. This wide background of carbon catalysis knowledge is of 
great relevance for the preparation of novel or improved  carbon-based 
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 microelectromechanical systems (C-MEMS) and carbon-based 
 nanoelectromechanical systems (C-NEMS) devices.

In this chapter, we present a short overview of the synthesis of 
 nanocarbons and the tuning of their properties. Writing a full review on 
this topic is outside the scope of this book, so only selected aspects will be 
presented to reveal the complexity of the research field, the possibilities 
offered by it, and the relevance of these topics for C-MEMS and C-NEMS 
devices.

Among the wide class of nanomaterials currently available, CNTs or 
more general nanofilaments (which include various types of nanofibers 
and related systems) and graphene or graphene-like materials are those 
mostly used in C-MEMS and C-NEMS devices. Thus, our attention is 
mainly focused on those nanomaterials.

3.2 CARbOn mAtERiALS

3.2.1 NANOTUBE GROWTH METHODS

Figure 3.1 summarizes currently used CNTs synthesis methods. Three 
methods are commonly used for the production of CNTs. These are the 
arc discharge (AD), laser ablation (LA), and chemical vapor deposition 
(CVD) methods. Many new techniques are under continuous develop-
ment, although their large-scale production capability or their effective 
advantages are not often verified or even revealed. Interestingly, most 
of the preparation methods rely on common experimental materials and 
 parameters such as carbon feedstock, metal catalysts, and  temperature 
 control. Some methods such as LA and template or bottom-up are 
 dedicated to the synthesis of single-walled carbon nanotubes (SWCNTs), 

Figure 3.1. Currently available CNT synthesis methods.
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whereas  others such as CVD, electrolysis, and hydrothermal methods are 
more suitable for multiwalled carbon nanotubes (MWCNTs). AD is an 
old method that has been applied for the synthesis of both SWCNTs and 
MWCNTs.  Furthermore, some interesting literature articles demonstrated 
the use of rapid and cheap domestic microwave oven techniques such as the 
metal complex method [1], the mixture method [2], the  nanofiber method 
[3], and the nickel nanoparticle method [4] for producing MWCNTs. 
In  addition, Kumar Singh and Pandey [5] used a simple autoclave and 
obtained CNTs with diameters in the range of 3 to 14 nm by decomposing 
acetone at 650°C without any metal catalyst.

Because of the many attractive features it provides, catalytic  chemical 
vapor deposition (CCVD) is currently the most common technique to 
 synthesize CNTs [6–11]. For instance, CCVD is (i) easy to implement on a 
large industrial scale, either in a fixed or in a, preferably, fluid-bed  reactor, 
and using different types of carbon sources (in the gas phase) ranging 
from CO to hydrocarbons; (ii) a flexible process (although not easy to 
control) that enables one to finetune the characteristics of the produced 
CNTs within some range through a large number of process parameters; 
and (iii) quite effective, with mass production up to over 400 percent wt 
with respect to the catalyst weight, where the active catalytic element is 
typically a small percentage of the catalyst total mass.

The reaction leading to solid carbon formation must be thermody-
namically stable under the chosen temperature and pressure conditions. 
In the case of the decomposition of hydrocarbons, the Gibbs free energy 
may become negative depending on the type of hydrocarbon. Methane 
decomposition, for example, is only thermodynamically favored at a 
temperature above 600°C, while temperatures above 200°C are enough 
for ethylene, acetylene, or benzene. However, the growth of CNTs also 
requires sufficient fast kinetics. Typically, for growth of CNTs from 
 methane, temperatures above 850°C are necessary, while from acetylene 
and ethylene, temperatures of about 500°C  to 750°C and 650°C to 850°C, 
respectively, are necessary. However, the temperature range required to 
produce good-quality CNTs (e.g., without amorphous carbon) is  typically 
quite narrow (10°C to 20°C) and depends not only on the type of car-
bon source used but also on many other aspects (e.g., specific reactor 
 configuration, flow conditions, composition, presence of H2, and specific 
catalyst characteristics).

The early interpretation of the mechanism of growth of CNTs  proposed 
by Baker and coworkers [12, 13] was based on the vapor– liquid–solid 
(VLS) model adapted to explain the mechanism of carbon  filament growth. 
This model was developed by Wagner and Ellis to explain the growth of 
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Si whiskers [14] and is based on the three  successive steps depicted in 
 Figure 3.2a to c [12]. A hydrocarbon (or another carbon source) adsorbs 
and dissociates on the surface of the catalyst particle to form  elementary 
carbon atoms. These are dissolved in the bulk of the  catalyst  nanoparticles 
to form a liquid metastable carbide and diffuse within the rest of the 
 particle. Above a threshold (which depends on the solubility characteris-
tics of carbon in the metal particle and thus on the type of metal and size 
of the nanoparticles), the solid carbon precipitates at the rear side of the 
nanoparticles to form carbon nanofilaments.

The VLS growth mechanism received large attention, as it explained 
that the apparent activation energy, measured for the growth of CNTs, 
fits the apparent activation energy for carbon dissolution in the metal (Fe, 
Co). The kinetic analysis of CNTs grown on iron was also in agreement 
with this mechanism [15]. However, more recent studies have questioned 
the validity of the VLS model [16]. At present, the main problem faced 
by this model is the uncertainty on the driving force that pushes carbon 
atoms to diffuse through the whole catalyst particle. With the dissociation 
of several hydrocarbons being an exothermic process and the precipita-
tion of solid carbons an endothermic one, a driving force could be the 
temperature gradient within the catalyst nanoparticle [12]. However, this 
hypothesis fails to explain the growth when the dissociation of the carbon 
precursor is endothermic, such as in the case of alkanes [17].

Figure 3.2. The three steps involved in the VLS mechanism: 
(a)  decomposition of the carbon-containing precursor on the surface of the 
catalyst particle; (b) diffusion of carbon atoms through the particle as a solid 
solution; and (c) precipitation of carbon at the metal–support interface and 
formation of a nanofiber or a nanotube. In an alternative mechanism, carbon 
species diffuse only on the surface of the catalyst particle (d–e).
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A variation of the VLS mechanism presents the idea that carbon 
 diffusion is confined to regions near the surface [18], which may explain 
why CNTs are hollow (see Figure 3.2d and e; the CNT grows below the 
metal nanoparticle, which is transported far from the surface of the sup-
port, leaving thus a hollow fiber). Furthermore, Audier et al. showed that 
there exists a strong correlation between the orientation of the carbon plane 
and the crystallography of the catalyst particle [19]. Many other studies 
support this hypothesis [20], as well as some theoretical  calculations [21]. 
High-resolution transmission electron microscopy (HRTEM) showed that 
during the growth phase, the particle exhibits a pear-like morphology, 
similar to a melted metal droplet. For metals with a body-centered cubic 
(bcc) structure, the (100) axis of the particle coincides with the carbon 
tube axis [19]. The metal–gas interface is always on the (100) surface. 
For metals with a face-centered cubic (fcc) structure, the (110) axis is 
parallel to the tube axis. The metal–gas interface is always on the (111) 
plane in this case. This crystallographic relation between carbon walls and 
the metal particle supports the idea of a surface diffusion, rather than bulk 
diffusion, mechanism.

Time-resolved in situ HRTEM images of an MWCNT growing from a 
nickel particle [22] proved unambiguously that MWCNTs can grow from 
solid nickel particles through a mechanism involving the surface diffusion 
of carbon species. It should be remembered, however, that  depending on 
the reaction temperature, type of metal and its interaction with the sup-
port, feed composition, and other parameters, the reaction mechanism 
may switch from surface to bulk. In general, the metal nanoparticle plays 
a crucial role in the growth of MWCNTs by CCVD, affecting structural 
parameters, such as the diameter of the CNTs and the orientation of the 
graphene sheets in the CNTs (see Figure 3.3).

The quality of the obtained CNTs is also greatly dependent on the 
metal nanoparticles used, in addition to the reaction conditions present 
during CCVD. An interesting example of this is provided in [11], with 
FeCo metal nanoparticles confined within the ordered mesopores of a 
(SBA-15) or located on the external surface of the SBA-15 matrix. The 
confinement of nanoparticles silica matrix within the mesoporous  channels 
of SBA-15 determines that the nanoparticles have a size similar to that 
of the mesoporous channels, that is, around 6.5 nm. On the contrary, the 
nanoparticles located on the external surface of SBA-15 crystals have a 
larger diameter, around 23 nm (Figure 3.3a and b). The CNTs, which grow 
from these nanoparticles (with CCVD using propane as reactant), have a 
diameter similar to that of the nanoparticles. Interestingly, CNTs exhibit a 
very different nanostructure depending on their length. Large CNTs show 
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walls oriented at 45° with respect to the growing axes (Figure 3.3c). On 
the other hand, small MWCNTs have graphene sheets well ordered and 
parallel to the growing direction (Figure 3.3d). Moreover, large CNTs dis-
play a much more defective structure than that observed in small ones 
[11]. The presence of the metal nanoparticles within the mesoporous chan-
nels of SBA-15 induces thus an ordered growing of MWCNTs in reaction 
conditions when otherwise a less-ordered growing may occur. This exam-
ple presents evidence that even if under strictly the same experimental 
conditions, the characteristics of the metal nanoparticles acting as catalyst 
may greatly influence the type and quality of the thus obtained CNTs, 
which have different functional properties. Therefore, when a dispersion 

Figure 3.3. Top: HRTEM images of FeCo and SBA-15 catalyst, with 
HRTEM images of the larger (c) and smaller (d) CNTs obtained from 
FeCo nanoparticles located outside and inside the SBA-15 mesoporous 
channel, respectively.

Source: Adapted from Centi and Perathoner [11].
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of metal nanoparticles is present, as typically occurs, different types of 
CNTs (with different properties) result.

The growth mechanism of SWCNTs is slightly different from that of 
MWCNTs [2, 23,]. FexCy and NixCy clusters quickly expel the  carbon that 
dissolved in the bulk to the surface and subsurface of metal  nanoparticles, 
after which a cap forms on the metal nanoparticles and the SWCNT starts 
growing. The chirality of SWCNTs, for example, the number of C5, C6, 
and C7 rings created during growth, strongly depends on the carbon 
 precursor decomposition rate. A fast decomposition rate leads to a fast 
growth of SWCNTs. However, these SWCNTs contain many structural 
defects (high number of C5 and C7 rings), which can lead to a change 
of the chirality along the tube, thus resulting in intramolecular junctions 
of SWCNT  sections with different electronic properties [24]. A slow 
 decomposition rate gives the catalyst particle enough time to heal its 
structure, with mainly the formation of C6 rings and the chirality of the 
SWCNT defined by the nucleation of its cap. Some control of the SWCNT 
chirality can also be obtained from the composition of the catalyst parti-
cles [25]. Depending on the relative amount of Ni and Fe in the clusters, 
the crystallographic structure of the particles changes progressively from 
fcc (as for pure Ni) to bcc (as for pure Fe), which influences the metal–
carbon binding as well as the cap structure. Semiconducting SWCNTs 
can be prepared with a 90 percent selectivity using Ni0.27Fe0.73 clusters 
[26], but in general, selectivity is lower. Therefore, also for SWCNTs, it is 
quite difficult to prepare strictly uniform samples. In general, to decrease 
the diameter of SWCNTs and the distribution of chiralities, the following 
aspects are relevant:

• Synthesize small catalyst particles, with a narrow size distribution.
• Modify the work of adhesion of carbon on the catalyst particle, for 

example, by modifying its elemental composition, in order to grow 
SWCNTs exclusively from the smallest particles.

Reactive molecular dynamics simulations allowed to analyze how 
the catalyst particle size and the strength of adhesion between the sur-
face and nascent carbon structures may affect the growth process of 
SWCNTs [27], in particular whether the process leads to cap lift-off or 
if it causes graphitic encapsulation and, therefore, poisoning of the cata-
lyst. The work of adhesion must be weak enough so the curvature energy 
of a spherical fullerene is less favorable than that of a SWCNT with the 
same diameter, thus allowing the cap-lifting process to take place. A sim-
ple model  combining curvature energy and kinetic effects may help to 
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identify regions of SWCNT growth in the phase space defined by work of 
 adhesion, temperature, and catalyst size [27].

CNTs arrays may be also prepared via CCVD. This is normally  carried 
out by flowing a solution of a hydrocarbon and a metal–organic complex, 
such as Ferrocene or Nickelocene, through a furnace (Figure 3.4). An 
array of vertically aligned CNTs (indicated also as a CNT carpet) can be 
obtained by this methodology [28]. Growing individually aligned CNTs 
on various substrates by plasma-enhanced CVD is also possible [29]. 
Their applications range from field emission, optical antennas, subwave-
length light transmission to nanocoax arrays for novel solar cell structures.

3.2.2 CARBON NANOFIBERS

Filamentous carbons were first investigated in the 1960s, as side products 
in the petroleum and nuclear industries. Various forms and microstruc-
tures of filamentous carbon were reported to deposit on metal surfaces 
after exposure to carbon-containing gases within a broad range of tem-
peratures from 323°C to 1,000°C. The formation of carbon nanofibers 
(CNFs) in  various high-temperature catalytic reactions such as hydrocar-
bon  reforming is known for long time, but they were considered as a form 
of coke formed over the catalyst surface leading to deactivation. Attention 
was thus not given in the past to understand their mechanism of formation 

Figure 3.4. Simplified scheme of the synthesis of aligned CNT 
(CNTs carpet) by CCVD with scanning electron microscopy (SEM) 
images of the samples obtained.
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and how to control their characteristics. The characterization of the carbon 
filaments and the quantification of both, the solid and  gaseous,  products 
under various reaction conditions were carried out in the  pioneering 
work of Alstrup and Baker in the 1970s for the study of steam reforming 
 catalysis and in situ TEM works, respectively [12, 13, 30].

The investigation of CNFs further attracted researchers with the 
advent of the HRTEM, followed by the discovery of CNTs by Iijima 
in 1991 [31]. Thus numerous papers arose with respect to the synthesis 
and applications of filamentous carbon materials. A filamentous carbon 
 material can have various microstructures; the graphene layer can stack in 
a perpendicular or parallel manner, or even come with a certain inclination 
angle relative to the filament’s axis with and without a hollow channel (the 
latter case is that of CNTs discussed in the previous section). Platelets, 
herringbone CNFs, and CNTs are terms used in the literature to describe 
filamentous carbons of different microstructure. Figure 3.5 reports some 
examples, with HRTEM images at the bottom, of different types of car-
bon nanofilaments [32]. We have included here CNTs, although already 
discussed in the previous section, to evidence the common aspects with 
CNFs.

There are several chemical and physical ways to synthesize CNFs, 
very similar to the methods used for CNTs commented on in the  previous 
section. In the AD technique, CNFs or CNTs are grown on  graphite 
 electrodes during the direct current AD evaporation of carbon in the 

Figure 3.5. Possible structures of carbon nanofilaments, with HRTEM 
images on the bottom of the different nanostructure, in particular of the 
terminating graphitic planes on the surface.
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presence of an inert atmosphere such as He or Ar. The crystallinity of 
nanofilaments produced from this method is high; however, control of the 
diameter and length are extremely difficult. Moreover, the AD process is 
expensive as the synthesis of CNFs requires high-purity graphite elec-
trodes and He or Ar gasses.

LA is another well-known method used to synthesize nanofilaments. 
In this method, nanofilaments are grown by vaporization of a target com-
posed of graphite and a mixture of transition metals using a laser in an 
inert He or Ar atmosphere inside a furnace at high temperatures (about 
1,000°C). This technique is costly requiring high-purity graphite starting 
materials and high laser power.

The preferable method to date for the synthesis of nanofilaments is 
CCVD. This method involves the catalytic decomposition of  hydrocarbons 
or CO onto metal nanoparticle surfaces at temperatures ranging from 
450°C to 1,000°C. Depending on the metal characteristics and the metal– 
support interaction, as well as the reaction conditions, a base growth or tip 
growth mechanism may occur, leading to the formation of CNFs or CNTs, 
 respectively. Silicon, silica, alumina, and graphite are substrates used in 
the literature to support the metal catalyst. For a given catalyst  system, 
the quality and quantity of the grown carbon nanofilament depends on 
the reaction parameters such as temperature, pressure, carbon source, 
and growth time [6, 33]. Calcination–reduction and annealing treatments 
of the catalyst have been shown to play an important role in the carbon 
 filament synthesis.

Two types of CNFs can be prepared by CCVD [34]: cup-stacked 
CNFs (also called conical CNFs) and platelet CNFs. The cup-stacked 
CNFs were first found by Ge and Sattler. For the preparation of CNFs 
by CCVD, several types of metals or alloys, which are able to dissolve 
 carbon to form a metal carbide, have been used as catalysts, including 
iron, cobalt, nickel, chromium, and vanadium. Additionally, methane, 
carbon  monoxide, synthesis gas (H2/CO), ethyne, or ethene are used to 
 provide carbon sources in the temperature range from 500°C to 800°C 
[35]. Generally, the shape of a catalytic nanosized metal particle will 
define the type of CNF  synthesized from it with CCVD. Figure 3.6 reports 
the schematic drawing of the growth mechanism of the cup-stacked and 
platelet CNFs [36, 37].

The dynamics of metal nanoparticles during the nucleation and 
growth of CNFs has been studied by a controlled atmosphere HRTEM 
[38]. During the steady growth, occasional interruptions such as 
the  formation of graphene layers perpendicular to the growth axis 
( bamboolike  structure) and bending were observed. Such interruptions 
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are  preceded by changes in the shape of nanoparticles, leading to inter-
ruption in the carbon  diffusion and creation of discontinuities in the 
 graphitic network.

The involvement of a metal carbide phase in the growth  mechanism 
of carbon nanofilaments is an aspect still open [39]. Baker and  colleagues 
[12, 13] showed that the carbide phase is not active to grow carbon 
 nanofilament, because Ru is quite an active metal to grow carbon  filaments 
but do not form bulk carbide. On the other hand, it has been demonstrated 
by an in situ TEM study that the iron catalyst forms a stable carbide phase 
during the course of the growth [40]. The discrepancies in the role of 
 carbide may have originated from the variation of conditions reported in 
the literature. Other ex situ investigations with Ni and Fe catalysts have 
suggested the role of carbide as an intermediate step and active site for 
CNF growth [41–44]. The issue of carbon diffusion, its pathways, and 
energy as the origin or consequence of the catalyst structure are thus of 
crucial importance to the growth process. A recent study [39] showed that 
different growth modes occur on hydrocarbon exposure, depending on the 
as-formed phase composition in iron catalyst nanoparticles. For γ-rich Fe 
nanoparticle distributions, metallic Fe is the active catalyst phase, imply-
ing that carbide formation is not a prerequisite for nanofilament growth. 
For α-rich catalyst mixtures, Fe3C formation more readily occurs and con-
stitutes part of the growth process. The behavior can be rationalized in 
terms of kinetically accessible pathways, which may be related to the bulk 
iron−carbon phase diagram with the inclusion of phase equilibrium lines 
for metastable Fe3C [39].

Figure 3.6. Schematic drawing of the CCVD growth mechanism of 
 cup-stacked and platelet CNFs with relative HRTEM, images.

Source: Adapted from Zheng et al. [37].
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In addition to direct mechanisms of synthesis of CNFs, indirect 
 mechanisms, via other type of nanocarbon species, to prepare CNFs 
may be possible. Kanzow et al. [45] reported the formation of gra-
phitic  filaments by heating fullerene blacks covered with thin Ni films 
at 1,000°C. This indicates the possibility of a solid-state mechanism 
model [46].  Gorbunov et al. [47] and Kataura et al. [48] demonstrated the 
 production of  nanofilaments after heating soot obtained from LA of an   
Ni–Co  graphite target in an inert atmosphere at temperatures <1,000°C. 
Their reports clearly demonstrated the conversion of disordered carbons 
into ordered nanofilaments promoted by metal particles. Owing to the 
high temperature applied for the previous experiments, it is believed that 
the metal nanoparticles are in the molten state.

An interesting work by Ichihashi et al. [49] of amorphous carbon 
nanofilament conversion into graphitic nanofilaments by Fe catalyst 
 suggested the solid–quasi-liquid–solid mechanism. They demonstrated the 
 conversion process by annealing experiments inside a TEM  instrument. 
The TEM resolution, however, was not high enough to notice the arrange-
ments of Fe atoms during the movement of nanoparticles in the amorphous 
filament. Similar to the observation by Helveg et al. [23], the Fe nanopar-
ticles undergo changes in shape during the course of the conversion 
 reaction. The changes in shape are also shown to be in accordance with 
the presence of bamboolike structures. It may be indicated that growth of 
carbon nanofilaments and carbon graphitization follow likely the same 
general mechanism of carbon–carbon bond breaking, carbon atom disso-
lution and diffusion, and finally, graphitic carbon precipitation. For this 
reason, secondary posttreatments after the synthesis of CNFs or CNTs 
may lead to either ordering of residual amorphous carbon areas present on 
them (a common aspect, but requiring HRTEM studies to be evidenced) or 
formation of amorphous areas, especially when some fragments of metal 
nanoparticles are present.

3.2.3 IMPURITIES PRESENT IN CARBON NANOFILAMENTS

The CCVD technique, although requiring a careful control of the reaction 
conditions to prepare reproducible materials, is the preparation method 
that is economically more feasible in comparison to the other  synthesis 
techniques for carbon nanofilaments. For this reason, CCVD is the 
 preparation method used industrially for mass production. However, an 
issue (although common to other techniques) is that the nanofilaments 
contain impurities such as pyrolytic carbon and the metal catalyst. With 
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very active catalysts, the final concentration of the metal catalyst in a 
batch of CNTs can be very low (<0.1% wt), but still may influence the 
CNTs performance. Various purification procedures are available, even 
for mass production [50, 51]. Although the residual metal after these puri-
fication procedures is very small (at the limit of detection), little amounts 
may still be present.

Filamentous carbon contains pyrolytic carbon, for example, a 
 disorganized form of carbon that mostly coats the outer walls. The 
extent of the coating can vary from one filament to another within the 
 agglomerate. Some filaments show random coatings and some exhibit 
more  homogeneous coatings. The pyrolytic carbon can be easily noticed 
in TEM images. Figure 3.7 shows an example of commercial samples 
indicated as CNTs but characterized instead from pyrolytic carbon 
( turbographic structure) on the external surface and well-aligned graphitic 
layers along the main axis are present in the inner structure (Figure 3.7a) 
[52, 53]. The analysis of the sample by SEM (Figure 3.7b) indicates an 
apparent CNT structure, but the sample should be instead described as 
a hollow fishbone fiber core wrapped with pyrolitically grown carbon. 
Without an in-depth analysis of even commercial CNT materials [52], the 
wrong conclusions may be reached. Other commercial CNTs (from Bayer 
Material Science and Nanocyl) appeared to be more homogeneous in size 
and morphology and also exhibit some amorphous carbon and debris on 
their surface [52]. CNTs from Nanocyl had well-aligned walls, parallel to 
the main axis, thus being relatively close to the perfect MWCNT structure. 

Figure 3.7. (a) HRTEM and (b) SEM images of commercial Pyrograf 
 Products PR24.

Source: Adapted from Tessonnier et al. [52] and Genovese et al. [53].
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In contrast, Baytubes presented many structural defects leading to tube 
wall terminations.

Different experimental techniques should be combined to obtain a 
good understanding of the nanostructure of these materials. For exam-
ple, X-ray diffraction, TEM, electron energy loss spectrum, Raman 
 spectroscopy, and X-ray photoelectron spectroscopy measurements were 
combined in [52] to obtain detailed insights on the nanostructure of the 
CNTs, including structural defects, which may significantly alter the 
 physicochemical properties of these carbon nanostructures.

So far there is only limited knowledge about the nanostructure of 
the pyrolytic carbon present as impurities on carbon nanofilaments [52]. 
However, from the extensive studies concerning soot, carbon black, and 
noncrystalline carbons, it can be deduced that the microstructure strongly 
depends on the conditions applied during the CCVD process. For instance, 
different hydrocarbons used as carbon source may pyrolyze into fragments 
with different morphologies and dimensions attached to the CNTs sur-
face. Thus a broad range of hydrogen content and sp2-to-sp3  hybridization 
ratios can be expected for the pyrolytic carbon impurities. This variance 
in  graphitic content can be expected to bring out particular chemical 
and  physical properties. In comparison with a pure graphitic structure, 
 pyrolytic carbon exposes more defects per unit volume and allows for 
additional reactivity at these defects. The pyrolytic impurities tend to 
enhance functionalization and thereby can induce the combustion of the 
graphitic CNTs by creating hotspots during their exothermic  oxidations 
[54, 55]. However, such defective carbon coatings can also be exploited 
to produce carbon materials with tunable properties,  for example, vapor-
grown CNT  [56]. In this case, disorganized carbons are deliberately 
allowed to coat homogeneously and develop long-range order to a certain 
extent onto the parent carbon nanofilaments (Figure 3.8) [57].

Pyrolytic carbon is usually classified based on its hybridization 
 compositions. Broad ranges of sp2–sp3 carbon mixtures are known to exist 
within the carbon materials with only short-range order [58]. The  hydrogen 
content can vary broadly within their C–C network. Earlier studies dealing 
with the mechanism of soot formation have pointed out the polyacetylene 
and polyaromatics routes for the conversion of hydrocarbon into solid 
 carbons [59]. Despite the ongoing debate on what is the dominant route 
in the soot formation, there seems to be a general agreement that carbon 
molecule condensation involves radicals and ions [60].

A general question regards the type of interaction (physical and 
chemical) between pyrolytic carbon and the underlying CNT surface. 
The interaction is considered physical, based on the argument that the 
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CNTs merely provide a surface for the carbon clusters to nucleate. The 
 irregular texture of the pyrolytic carbon provides some kind of a wrapping 
 mechanism over the CNT body. However, π–π interaction between the 
polyene and  polyaromatics (present in pyrolytic carbon) with the graphitic 
surface of CNT may be possible [61, 62] and may lead to chemical inter-
actions, which cause a decrease of the pyrolytic carbon nucleation energy 
when forms over the CNT surface. The fact that the pyrolytic carbon is 
randomly dispersed onto the CNT surface (not limited to defects sites), 
however, provides an argument for a physical type of interaction.

The support for the chemical interaction argument comes from the 
radical scavenging activity of CNTs and the possible generation of  radicals 
under pyrolytic conditions [63, 64]. The high electrophilicity of CNTs is 
attributed to high strain sites, which are very likely to be reactive toward 
the additions of free radicals. Envisaging the CNTs’ radical scavenging 
reactivity, radical-containing soot nuclei and developed networks of solid 
carbons can terminate at the high-energy sites on the CNTs. In addi-
tion, the graphitic prismatic edges and structural defects in CNTs under 
CCVD conditions (nonoxidative atmosphere at high temperatures) could 
be the initiation sites to catalyze carbon polymerization via a free radical 

Figure 3.8. Carbon nanofilaments grown on the surface of 
carbon fibers.

Source: Adapted from Downs and Baker [57].

10 mm
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 mechanism [65]. Finally, in all these cases, there would be a  resulting 
covalent C–C bond between the graphitic surface and the pyrolytic carbon.

The complexity of pyrolytic carbon is reflected in the broad variation 
of encountered textures (including flat, curvy, fullerene-like, and  soot-like 
structures) observed in TEM images. Such structural variation often also 
represents a variation in different chemical properties, thus making it 
rather difficult to generalize a purification method in a specific optimized 
treatment for a particular CNT sample. Especially with the well-known 
selective oxidation approach, the reactivity difference between pyrolytic 
carbon and the parent CNTs can vary widely. Hence, the optimization of a 
particular method for different samples can also vary broadly.

Numerous studies have been devoted to the purification of CNT 
 samples with the aim of removing single layer or multilayers of  pyrolytic 
carbons. The abundant curvature present in pyrolytic carbons allows for 
their removal with a selective oxidation [66] approach using a  variety 
of  oxidants such as CO2

 [67], air [68], HNO3 [69], and H2O2 [70]. The 
 chosen purification method influences the chemical and physical 
 properties of the purified CNTs, that is, they may open CNT caps, induce 
CNT  fragmentation, and functionalize inner and outer walls. Of all the 
 purification methods, treatment with HNO3 has drawn the most attention 
because of its simplicity and also the advantage that it simultaneously 
removes residual catalyst particles impurities.

Moderate synthetic conditions and more active catalysts lead even-
tually to a minimum amount of pyrolytic carbon and catalyst impurities. 
However, mono- or multilayer coatings of pyrolytic carbon and oxidation 
debris are still frequently observed on as-received and oxidized CNTs, 
respectively. Such conditions are enough to cause problems, especially in 
applications under an oxidative environment and applications that exploit 
the contact between a substrate and the graphitic surface of the CNTs. 
Such situations are of crucial importance in catalysis, electrochemistry, 
and composite sciences.

3.2.4 GRAPHENE SYNTHESIS

Various synthesis methods have been reported for graphene or graphene-
like materials [71], but only some of them may be applied on a large scale. 
In general, graphene characteristics depend on the synthesis method.

Graphene was first exfoliated mechanically from graphite in 2004 [72] 
to produce graphene flakes, which raised the possibility for the  production 
of low-cost graphene materials. However, these materials are usually 
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available at a size of several micrometers only (or tens of micrometers 
at best), have irregular shapes, and their azimuthal orientation is not con-
trolled. Most of the technological applications of graphene require very 
controlled properties, such as electronic transport properties on a large 
scale (e.g. wafer-scale). In Table 3.1, we give an overview of graphene 
synthesis processes [73].

By mechanical cleavage, high-quality graphene can be produced with 
high electronic mobility, but the process is not suitable for  large-scale 
production. High-quality graphene can also be grown epitaxially by 
decomposing SiC [74], but the process is expensive and a high process-
ing temperature is necessary. One of the most used methods starts with 
graphite oxide  (produced with various methods, the most common being 
the Hummers method using sodium nitrate in sulfuric acid), which is ultra-
sonically separated as flakes and dispersed or deposited onto a substrate 
before reduction to graphene [75–79]. Unfortunately, for  microelectronics 
applications, the boundaries between the graphene flakes reduce the 
 carrier mobility. Graphene has also been grown by carbon precipitation 
from metals (including Ni, Co, and Ga) [80]. The low atomic percent-
age of carbon dissolved into a metal precipitates onto the surface during 
the annealing process. Graphene has been grown on diamond using this 
method and patterned on electrodes [80]. Garcia et al. [80] prepared a thin 
nickel film deposited by e-beam evaporation on a single crystal diamond 
(001)-oriented substrate. After annealing at 800°C, few-layer graphene 
(FLG) precipitates upon cooling on the surface.

The preferred method to synthesize graphene is probably by CVD, 
but it requires a very strict control of the precursor, catalyst, pressure, and 
temperature to produce high-quality graphene [81]. Graphene has been 
synthesized on different metal materials including Cu, Ni, Au, Ag, and so 
on. However, copper and nickel give the best results [82].

Graphene and FLG have been grown by CVD from C-containing 
gases on catalytic metal surfaces and by surface segregation of C  dissolved 
in the bulk of such metals. Depending on the solubility of C in the metal, 
the former or the latter can be the dominant growth process, or they can 
coexist. Quite intensive studies have been devoted to the formation of 
single- or few-layer graphite by surface segregation of C during annealing 
of various C-doped metals such as Ni, Fe, Pt, Pd, and Co.

In single-crystal Ni (111), the atomically smooth surface and the 
absence of grain boundaries produce uniform and thinner FLG, while in 
polycrystalline Ni, grain boundaries serve as graphene nucleation sites 
favoring multilayer growth. Different cooling rates lead to different C 
segregation behaviors, affecting the thickness and quality of the resulting 
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graphene films. Annealing the Ni surface in H2 before graphene formation is 
beneficial to the thickness uniformity of the graphene layer [83]. The pres-
ence of H2 eliminates impurities such as S and P that cause local variations 
of carbon solubility, affecting the local graphene thickness. Reina et al. [84] 
used ambient-pressure CVD to synthesize 1-to-12-layer graphene films on 
polycrystalline Ni films, while ethylene decomposition on Pt(111) surfaces, 
resulted in the formation of a single layer of epitaxial graphite.

The deposition of graphene on Cu surfaces provides a good exam-
ple of a purely surface-mediated CVD process [81]. The solubility of C 
in Cu is minimal (less than 0.001 atom% at 1,000°C versus 1.3 atom% 
at 1,000°C in pure Ni), thus graphene can form on Cu only by direct 
 decomposition of the C-containing gas on the catalytic Cu surface. The 
graphene growth process is self-limiting, effectively stopping at one 
monolayer (ML). Such control is very difficult in the case of graphene 
grown on Ni, because of the considerable solubility of C in Ni. Graphene 
has also been grown  epitaxially on Ru(0001) by surface segregation and 
on Ir(111) by low-pressure CVD [77].

Although graphene grows epitaxially on most metals, on polycrystal-
line metal substrates, it has a polycrystalline structure in 2D, that is, within 
the same graphene layer, there are single-crystal domains of graphene 
 azimuthally rotated relative to neighboring domains and stitched together 
with defective domain boundaries, such as alternating pentagon–heptagon 
structures [85]. CVD graphene grown on Cu constitute ML growth, but 
even on single-crystal Cu, a multidomain structure is present because of 
the rotational disorder between domains and the many grain boundaries. A 
strict epitaxial relation between the graphene and Cu lattices has yet to be 
proven. However, under the appropriate conditions, large single crystals 
of graphene can be grown.

CVD graphene exhibits electrical transport properties similar to 
those of exfoliated graphene flakes (e.g., high mobility) but only when a 
 single graphene domain is studied. In typical samples, the grain boundar-
ies may drastically reduce the performances. For this reason, techniques 
that allow uniformity at the wafer scale, such as based on SiC, are used, 
 notwithstanding the other cited drawbacks.

During annealing, the top layers of SiC crystals undergo thermal 
decomposition, with Si atoms desorbing and the carbon atoms  remaining 
on the surface, following rearrangement and rebonding to form  epitaxial 
graphene layers [86]. The kinetics of graphene formation as well as 
the resulting graphene structure and properties depend on the reactor 
 pressure and the type of gas atmosphere. The best results are obtained 
with the Si-face of hexagonal SiC wafers, that is, h-SiC(0001). Graphene 
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 formation starts at the top surface layers of SiC and proceeds inwards. 
Approximately three Si–C bilayers decompose (ca. 0.75 nm) to form one 
graphene layer (ca. 0.34 nm).

3.3 funCtiOnALiZAtiOn Of nAnOCARbOnS

Functionalization of nanocarbons by posttreatment may considerably 
change their properties. Therefore, it constitutes a convenient approach 
to tune and control nanocarbons properties. This approach has been 
only exploited limitedly up to now in C-MEMS and C-NEMS. But on 
the  contrary, it is widely used in other sectors such as catalysis [87–89]. 
According to the interaction of the functional groups with the nanocarbon, 
the methodologies of functionalization can be categorized as covalent 
attachment of chemical groups, through reactions with the conjugated sp2 
carbon skeleton and noncovalent supramolecular adsorption (wrapping) 
of various functional molecules on the nanocarbon. Noncovalent func-
tionalization mostly involves decoration of nanocarbons with (large and 
in many cases organic) molecules.

Noncovalent functionalizations do not disturb the characteristic π 
electron system and are widely used in the preparation of both aqueous 
and organic solutions to obtain highly stable suspensions of individually 
dispersed nanotubes or graphenes. Between the most common covalent 
functionalizations, the oxidation and amination of nanocarbons are the 
most important and well-studied methods to introduce O- or N-containing 
groups on the surface [90–92] (Figure 3.9).

Liquid-phase oxidation of CNTs is the most common method and 
involves mainly acidic etching by hot nitric acid or sulfuric acid and 
nitric acid mixtures. This is a simple and well-established method to 
purify and functionalize nanocarbons simultaneously. The functionaliza-
tion is not selective, and various O-containing groups can be anchored 
on the defect sites of sidewalls and open caps of CNTs or on the defect 
sites and edges of graphene, respectively. Hydrogen peroxide may also 
be used as an oxidant. Liquid-phase purification and  functionalization 
cause the loss of SWCNT metallic character and change the physi-
cochemical properties of MWCNTs, although the nature of the lat-
ter changes depend significantly on the specific characteristics of the 
MWCNTs. In Figure 3.10, we display an example of oxygen function-
alities that can be created on a graphene sheet at (a) the edges or (b) 
defect sites [88].  Similar type of oxygen  functionalities are also created 
in CNTs and CNFs.
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After oxidation treatment, part of the oxygen functional groups can 
be converted to nitrogen by gaseous nitrogen-precursor species (e.g., NH3 
and acetonitrile). Depending on the temperature of treatment and post-
treatment annealing, different amounts and types of functional species can 
be created in the nanocarbon materials. For more details on nanocarbon 
functionalization, see also Chapter 7.

Figure 3.9. Chemical modification of nanotubes through thermal 
oxidation, followed by subsequent esterification or amidization of 
the carboxyl group.

Source: Adapted from Balasubramanian and Burghard [92].
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Figure 3.10. Oxygen functionalities created by oxidation treatment with HNO3 
(or other oxidants) in a graphene sheet at the edges (a) or at defect sites (b).

Source: Adapted from Centi, Perathoner, and Su [88].
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3.3.1 HYBRID MATERIALS

Another characteristic of nanocarbon materials exploited in other areas 
such as catalysis, but not much explored yet in C-MEMS and C-NEMS, 
concerns the possibility to develop devices that incorporate hybrid 
 materials [93], for example, nanocarbons and metal-oxide nanoparticles 
(e.g., TiO2) [94]. TiO2 nanoparticles interact with the nanocarbon acting as 
electron acceptors or donors, depending on the characteristics of the nano-
carbons and the type of interaction with the metal-oxide nanoparticles. 
This could be exploited in solar cells where illumination causes charge 
separation and photocurrent in the semiconductor particles and changes 
in the properties of the nanocarbon can be used to modulate and finetune 
the photo effect.

There are other interesting possible applications in the area of 
C-MEMS and C-NEMS, which can be exploited using these hybrid 
 materials. For example, hybridizing metal-oxide nanostructures (e.g., 
CoO, Fe2O3, and V2O5) with carbon nanostructures (e.g., graphene or 
reduced graphene oxide and CNTs) can be an effective route to achieve 
better Li storage properties in lithium-ion batteries by improving the 
kinetics of charge transfer and alleviating the structural strain during the 
charge or discharge process [95, 96].

Individual metal atoms, cations, clusters, or even nanoparticles cou-
pled to carbon nanostructures introduce new properties either through 
covalent metal–carbon bonds or coordination bonds via a ligand group, 
charge transfer, electrostatic, or van der Waals interactions. Many of these 
properties are not present in all-carbon materials. For example, fullerenes 
and nanotubes are able to bind metals either directly through M–C bonds 
or via functional groups containing nitrogen or oxygen donor atoms or can 
entrap metal atoms in the internal cavities of the fullerene cages. Metals 
can bring magnetic, optical, and redox activities into the carbon nano-
structures, thus broadening the spectrum of their practical applications.

Yet another opportunity is in carbon–carbon hybrid materials, for 
example, composed of different types of nanocarbons. A large range of pos-
sibilities exists here, for example, by linking porphyrin–fullerene-linked 
dyads (electron-donating conjugated molecules) to CNTs or graphene, 
eventually via spacers to separate the donor (porphyrin) and the  acceptor 
(fullerenes). Endohedral and exohedral hybrids involving fullerenes and 
CNTs [97] enable the development of third generation nanocarbon mate-
rials combining the properties of both carbon allotropes, for example, 
the electronic and optical properties of CNTs with the excellent electron 
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acceptor characteristic of fullerenes. In these hybrids, the fullerene can be 
located inside (endohedral) or outside (exohedral) the CNT and both types 
of hybrid contribute their own specific features. CNT–fullerene hybrids 
have been studied for various applications, including  photovoltaics, 
 nonlinear optical materials, and flame retardancy, among others.

Hybrid structures composed of covalently interconnected CNTs 
with graphene sheets, where CNTs act as reinforcing bars, enable the 
 improvement of the mechanical strength of polycrystalline graphene 
sheets and bridge different crystalline domains so as to enhance the 
 electrical conductivity [98]. These 3D graphene networks could be used 
in many fields, including flexible conductors, supercapacitors, solar cells, 
microbial fuel cells, and so on.

3.4 COnCLuSiOnS

The synthesis of carbon nanomaterials and the tuning of their properties 
(by posttreatment, functionalization, control of the defective state, prepa-
ration of hybrid materials, etc.) is a scientific area of fast-growing interest. 
This chapter has outlined the main aspects in the synthesis of CNTs, CNFs, 
graphene, and graphene-like materials, with also some elements regarding 
other types of carbon nanomaterials (carbon onion, turbographitic carbon, 
etc.). The focus was on the preparation by CCVD, being the technique 
largest used in mass production of these materials. The aim was not to 
provide a full review on this topic but to evidence some of the aspects that 
may be relevant for the preparation of C-MEMS and similar devices.

For this reason, attention was focused at clarifying how the specific 
properties of the carbon materials prepared depend on many aspects, 
between which the specific nanostructure, and the presence of defects 
and impurities (because of the presence of other types of nanocarbon 
 materials and residual catalysts used in their synthesis). The properties 
of the  produced nanocarbons depend critically on these aspects, and 
often  materials labeled in the same way (e.g., CNTs) possess completely 
 different characteristics, going, for example, from insulating to  metallic 
character. It was also mentioned in a concise way how the properties can 
be tuned, from simple posttreatment purification or thermal  annealing to 
more complex procedures of functionalization or development of hybrid 
materials. This offers further possibilities to tailor the properties of 
 carbon materials for C-MEMS or similar applications and in turn develop 
improved devices.
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4.1  ObJECtivE

Carbon as a material is becoming a tough competitor to silicon and is 
getting more and more scientific and industrial attention for the construc-
tion of miniaturized devices like ICs and microelectromechanical sys-
tems (MEMS) or nanoelectromechanical systems (NEMS). Carbon-based 
micro- or nanostructures are the strongest in nature because of the strength 
of the carbon–carbon chemical bond and crystallinity that is maintained 
even down to the molecular scale of a benzene ring. Carbon is available 
in many allotropes such as diamond, graphite, nanotubes, glassy carbon, 
buckyballs, and amorphous [1]. Carbon nanotubes (CNTs), graphene, and 
carbon nanowires (CNWs) with the highest conductivity are the more 
obvious choices for fundamental research as well as nanoelectronics appli-
cations. This property makes them, for example, potential candidates for 
interconnects in all types of nanodevices. Large-surface-to-volume ratios 
of one-dimensional structures such as CNTs and CNWs make them also 
unique to solve problems such as the high power waste in modern com-
puter systems. There are many other applications of CNTs and CNWs such 
as catalysis, energy storage, active filters, and nanowire  sensors [2–5]. As 
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explained in Section 4.2, CNWs have several advantages over CNTs, and 
therefore, in contrast with Chapters 2 and 3, this chapter focuses on CNWs 
only.

This chapter deals with the various fabrication methods of CNWs 
including template methods, ion and electron beam processes, catalytic 
growth, Langmuir–Blodgett (LB), chemical liquid deposition (CLD) and 
chemical vapor deposition (CVD), DC arc discharge, and carbon-based 
microelectromechanical systems (C-MEMS). The work of different 
researchers is reported here with the aim of identifying the most suitable 
CNW and C-MEMS fabrication process for a given application. We will 
learn that certain C-MEMS approaches offer several advantages such as 
good ohmic contact, precise CNW positioning, and low cost. The making 
of CNWs with C-MEMS is discussed in yet more detail in Chapter 5, 
where the main objective is to discuss the most unique and suitable tech-
niques for the fabrication, positioning, and integration of single or arrays 
of CNWs with the underlying platforms.

4.2  CnWs COmPARED With Cnts

CNT research started as early as 1950, and although it is a quite mature 
field, it continues to be plagued by several major problems: (1) the 
difficulty in making ohmic contact, (2) selecting for a precise tube 
diameter, (3) selecting for a precise tube length, and (4) positioning 
accuracy. With respect to making ohmic contacts to CNTs, postpro-
cessing metallization steps on precisely positioned wires is required. 
Nonetheless, the variability of contact resistance from CNT sample to 
sample remains a major problem. In the case of CNWs, ohmic contacts 
are automatically established during carbon–carbon bond formation in 
the carbonization process (see the following). We will also discover 
that some special CNW processes enable the fine-tuning of wire thick-
ness, length, and position. In contrast, CNTs after synthesis often come 
with a distribution in lengths and diameters, so they must be isolated 
and then carefully nanopositioned for integration. This constitutes a 
low-throughput technique and is unacceptable for mass manufacturing 
of solid-state devices [2–5]. Finally, CNTs are typically fabricated on a 
flat substrate, and the interference of the substrate with the CNT proper 
functioning is unavoidable. In the case of CNWs, it is quite simple to 
suspend them between carbon electrodes, solving the surface interfer-
ence problem, and making for better sensor and electronic component 
performance.
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4.3  bACKgROunD Of CARbOn nAnOWiRE 
fAbRiCAtiOn PROCESSES

CNWs were first processed by thermal evaporation as reported by Tang 
et al. [6]. This group synthesized and characterized amorphous CNWs 
using Ni catalysts. For the experiments, they used graphite powder (mean 
particle size: 30 μm, purity: 99.85 percent, most prevalent impurity: O) 
mixed with 0.1 wt% Ni powder that was pressed into a tablet with a hydrau-
lic press at room temperature. Then, the tablet was placed into a quartz 
tube mounted in a high-temperature furnace. At a pressure of 4 × 10−2 
Torr, high purity Ar was passed through the quartz tube that was heated up 
to 1,200°C. Smooth and curvy amorphous CNWs with an average diam-
eter of 40 nm were collected from the quartz tube inner wall.  Figure 4.1a 
shows the bright-field transmission electron microscope (TEM) image of 
nanowires, and in the inset, a selected-area electron diffraction (SAED) 
pattern from an individual nanowire is presented. This diffuse fraction 
ring reveals the nanowire to be amorphous.

The concentration of Ni catalyst was found to determine the diameter 
of the thus obtained CNWs. In Figure 4.1b, we can see the metal catalysts 
on the tips of the nanowires for a Ni, concentration of 1 wt%. This team 
also observed that the nanowires with smaller diameters had no catalysts 
balls on the tips (these are pointed out by arrows in the Figure 4.1b). For 
the explanation of the disappearance of the metal particles, they specu-
lated that initially the small-diameter nanowires also had metallic particles 
on their tips but that the metallic balls gradually shrink as the nanowire 
grows in length.

Figure 4.1. (a) Bright-field TEM image of CNWs and SAED pattern of a 
single nanowire (inset), and (b) TEM image of metallic catalysts on the tips 
of the nanowires [6].

500 nm200 nm

(a) (b)
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In a nanowire review paper, Yogeswaran, and Chen listed several 
biosensors and electrochemical sensors in which nanowires were used as 
the sensing element [7]. Among others, the application of ZnO nanow-
ires as hydrogen sensors and ethanol sensors is described. Other materials 
used for nanowire sensing include Pd, Cd, Mo, Au, Ag, and Cu [7–9]. For 
instance, gold nanowires coated with chitosan to sense H2O2 and coated 
with glucose oxidase (GOx) to sense glucose are discussed. Furthermore, 
interesting biomedical applications of nanowire-based technology, such as 
cholesterol and DNA sensing, are explored.

Several methods have been developed for the fabrication of nanow-
ires and nanowire arrays, including template methods, ion and electron 
beam processes, catalytic growth, LB, CLD and CVD, DC arc discharge, 
and C-MEMS. These are the methods that we discuss next.

4.3.1  PEDAL PROCESS

The first technique we review here was applied to the fabrication of Pd 
wires, but it is a generic process that can be extended to CNW fabrication. 
In [10], Sonkusale and Franzon described a very well-controlled IC wafer-
scale process for the fabrication of sub-25 nm arrays of aligned nanow-
ires and nanowire templates, which they call planar edge defined alternate 
layer (or PEDAL). In the PEDAL process, instead of writing one nanowire 
at a time (such as in e-beam serial writing lithography) or making one 
die at a time (such as in step-and-repeat photolithography), nanowires are 
fabricated all across the wafer simultaneously. In Figure 4.2a to f, we illus-
trate the PEDAL process that involves defining the path and location of 
nanowires by making a trench in the substrate (silicon wafer) or in a layer 
deposited on the silicon wafer. The trench is made using anisotropic dry 
etching (Figure 4.2a) and after defining the trench, a buffer layer of a-sili-
con is deposited on it (Figure 4.2b) followed by the conformal deposition 
of alternate layers of silicon nitride and amorphous silicon ( Figure 4.2c). A 
thick layer of a-silicon is deposited for filling the trench and then a polymer 
layer using spin coating to planarize the topography of the trench (Figure 
4.2d). The stack of polymer, a-silicon, and silicon nitride is planarized 
down to the required depth (Figure 4.2e) using a single-etch process that is 
nonselective to silicon nitride, amorphous silicon, and polymer or using a 
combination of etch processes (Figure 4.2e). The lines and spaces are then 
revealed using selective etching of the a-silicon material (Figure 4.2f). 
The width of lines and spaces is dictated by the thickness of the deposited 
thin films, and the number of depositions  controls the  number of lines and 
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spaces in an array. The PEDAL process has the potential to result in sub-5 
nm nanowire structures when using atomic layer deposition (a technique 
capable of depositing conformal monolayers of a wide range of materials 
with nanometer accuracy and control) for the deposition of the alternat-
ing layers. The PEDAL process fits in with existing IC fabrication infra-
structure, and it does not require costly lithography tools that are required 
in most nanofabrication techniques to make masks, molds, or templates. 
Sonkusale and Franzon used the PEDAL process for the fabrication of 
Pd nanowires and observed that the standard deviation of the width of 
the lines and spaces in an array, across a 4 inch wafer for the case of a 43 
nm pitch template was less than 2 nm, and for the case of a 23 nm pitch 
template, it was less than 1 nm. This PEDAL process is an effective fabri-
cation method for wafer-scale nanowire imprint templates, and it has the 
capability of making various nanowire routing (Figure 4.3). The CNWs 
can be directly patterned by this PEDAL process on the template using the 
commonly used polymer films such as amorphous carbon (a-Carbon) film 
and fullerene thin-films.

Figure 4.2. (a)–(f) PEDAL process flow [10].

(a)

(c)

(e) (f)
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4.3.2  CNW GROWTH THROUGH ION AND ELECTRON BEAM 
PROCESSES

Avasthi et al. used fullerene thin films to fabricate arrays of CNWs per-
pendicular to the substrate and perfectly parallel to each other [11]. The 
conducting CNWs are made using heavy ion irradiation of fullerene thin 
films. The as-deposited fullerene films exhibit poor field emission charac-
teristics with breakdown fields of up to 51 V/µm. Even a low dose of ion 
irradiation lowers the threshold field to 9 V/µm. When passing through 
a material, a swift heavy ion (i.e., a heavy Au ion with energy >1 MeV/
nucleon) induces a continuous trail of damage, several nanometers wide, 
and typically several tens of micrometers long. This results in ion tracks 
with properties dissimilar to those of the surrounding virgin material. To 
start the fabrication process, 500 nm thick fullerene films were depos-
ited on a 50 nm thick Au layer on a silicon substrate. The Au layer was 
deposited using thermal evaporation and provides ohmic contact to the 
vertically aligned nanowires. Fullerene films were then deposited by 
sublimation from a C60 pellet and were used as the structural material. 
In Figure 4.4a and b, we show a schematic of the conducting nanowire 
formation in fullerene thin films by energetic ion irradiation and atomic 
force microscopy (AFM) measurements of the resulting CNWs, respec-
tively. A typical resulting AFM image of an irradiated fullerene thin film 
is presented in Figure 4.4c. The vertical bars in Figure 4.4c represent the 

Figure 4.3. Various nanowire routing of PEDAL process [10].
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Figure 4.4. (a) Generation of conducting nanowires. (b)  Conducting 
AFM measurement of nanowires. (c) Conducting AFM image of 
 irradiated fullerene thin film. The vertical bars represent the current 
flowing through individual nanowires [11].
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current flowing through the individual nanowires, and it can be observed 
from the figure that the current in the ion tracks is significantly higher than 
that in regions not hit by the ions. Sometimes the observed tracks show 
some mismatch between incident ions doses and the ion track areal den-
sity, from random ion impacts, resulting in overlapping tracks and lateral 
conduction with the neighboring tracks.

Characterization of the nanowire array revealed an average separation 
between nanowires of 710 nm and an average nanowire length of 500 nm. 
The process is quite promising for large-scale production of CNWs with-
out a catalyst; ion irradiation treatment for even a few seconds produces 
CNWs with controlled length and orientation, defined by the thickness 
of the fullerene films and the ion-beam angle of incidence, respectively. 
Further optimization of the CNWs fabrication process by (reducing the 
mismatch between incident ions and ion track areal density) energetic ion 
irradiation led to the development of individual and continuous nanowires 
with an average diameter of 4 nm [12].

CNWs fabricated on diamond surfaces using focused ion beam 
(FIB) either feature high ohmic electrical conductivity, and therefore may 
serve as electrical nanoconnectors, or may exhibit very nonlinear elec-
tronic properties and, as such, serve as active elements in nanoelectronics. 
 Typically, diamond is a perfect insulator with the highest thermal conduc-
tivity and hardness and it is very chemically inert, making diamond-based 
sensors robust and stable. But diamond can also be easily converted into 
a semiconductor (semiconducting diamond) by doping with boron (for 
p-type) or phosphorous (for n-type) or into a metal-like conductor by radi-
ation-induced graphitization. So one can envision the possibility here to 
use the high contrast in electrical conductivity and electronic properties 
of differently processed areas of a diamond substrate to build a complete 
electronic circuit. Semiconducting diamond has been used, for example, 
as a temperature sensor. However, semiconducting diamond also has 
some drawbacks because of its light sensitivity. CNWs made on diamond 
surfaces are a viable alternative to those made on semiconducting dia-
mond, as they may exhibit superior temperature sensitivity, exhibit perfect 
light blindness (no response to light), are easier to fabricate, and allow 
for nanostructuring at the 10 nm scale. Using FIB irradiation, one can 
purposely make CNWs and nanodots of a predetermined geometry and 
in predetermined configurations on a diamond substrate. The same FIB 
irradiation can also be used to make interconnects between the nanow-
ire–nanodot structures, as well as to fabricate contact pads to connect the 
nanostructures to the outside world. Ion irradiation at doses exceeding a 
certain amorphization threshold converts many carbonaceous materials 
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into a-Carbon that possess relatively high electrical conductivity (com-
pared to insulators). In Figure 4.5, we show the conductivity of several 
single CNWs versus the annealing temperature curve. The nanowire con-
ductance is increased fast with the annealing temperature, and a-Carbon is 
eventually completely converted to graphite above a certain temperature 
(800°C). After the annealing step, the CNWs become several orders of 
magnitude more conductive than they are in the as-irradiated state. In their 
work [13], Zaitsev, Levine, and Zaidi used a focused 30 keV Ga+ ion beam 
with a radiation dose of 1016 ions/cm2, which exceeds the amorphitization 
threshold of diamond (may range from 5 × 1014 to 3 × 1015 ions/cm2) and 
used the thus produced CNWs as temperature and chemical sensors. Spe-
cifically, the CNWs were fabricated using a Micrion 2500 FIB System 
with a 30 keV Ga+ ion beam in a vacuum of about 8 × 10−8 mbar. The ion 
beam current irradiation was controlled in the range from 10 pA to 1 nA 
during irradiation. A polycrystalline CVD diamond film (optical grade) 
was used as the substrate. The CNW sensors exhibited a high-temperature 
sensitivity, rapid and selective response to chemical analytes, and blind-
ness to white light. The same research group noticed that these sensors 
responded to human breathing at a distance of up to 1 m. They brought 
tiny droplets of different liquids to the sensor at a distance of 1 cm to 
verify that observation and found that the sensor exhibited an immediate 
response, revealing a maximum sensitivity to water. It reacts in seconds to 

Figure 4.5. The conductivity versus annealing temperature 
graph [13].
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the appearance of a droplet and to its removal. Furthermore, CNW sensors 
revealed a positive response (increase in current) to water and alcohol, but 
a negative one to toluene (decrease in current). In Figure 4.6, we show the 
polycrystalline CVD diamond film substrate with CNWs, and the response 
of the sensor to droplets of different liquids is shown in Figure 4.7.

Figure 4.6. (a) Polycrystalline CVD diamond film 
substrate with two 500 µm CNW structures. (b) A 
fragment of one of the 500 µm structures showing 
individual nanowires [13].
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Figure 4.7. Response of the sensor to the droplets of the different 
liquids rapidly brought to a distance of 1 cm to the sensor and then 
rapidly retracted [13].
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An ion-beam-based method for nanowire fabrication was also reported 
by Ni et al. in which amorphous carbon nanowire (ACN) networks were 
fabricated by Si ion beam irradiation of multiwalled carbon nanotubes 
(MWCNTs) [14]. The MWCNTs, synthesized by thermal CVD, were dis-
persed on Si substrates and irradiated by a 40 keV Si ion beam. Experi-
ments were performed using different ion doses at room temperature in a 
100 keV electromagnetic isotope separator. The morphological evolution 
and structural changes of the specimens were observed. The energetic par-
ticle bombardment results in structural changes in CNTs because of the 
continuous collisions of Si ions with carbon atoms, which then evolve 
into solid ACNs at high irradiation doses. It was observed that 2 percent 
of Si atoms were incorporated into the ACNs. In the method of Ni et al., 
the formation of CNWs is a three-step process: (1) ion irradiation resulting 
in gradual amorphitization of the nanotube atomic network, (2) forma-
tion of bonds as bridges between nanowires because of irradiation of two 
crossing nanotubes at certain doses, and finally, (3) formation of networks 
through further connection of different junctions between adjacent ACNs 
when large quantities of junctions are generated with a further increase 
in irradiation dose. This processing technique can be treated as a gen-
eral approach for the construction of random ACNs for interconnection 
in nanoelectronic and optical devices. In Figure 4.8a and b, we show the 
scanning electron microscope (SEM) images of the CNTs before and after 
ion irradiation, respectively.

Electron beam-induced deposition was used by Peng et al. to fabri-
cate individual a-CNWs [15]. Both fabrication and characterization of the 
a-CNWs were carried out inside a TEM. In the TEM, an electron beam 
was focused on a W tip on which organic molecules were adsorbed. The 
organic molecules are mainly hydrocarbons that are always present in a 
conventional TEM anyways. As a result of complex beam-induced surface 

Figure 4.8. SEM images of CNTs (a) before and (b) after ion beam 
 irradiation [14].

200nm 200nm

(a) (b)
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reactions, the adsorbed organic molecules were converted into a-Carbon 
and volatile fragments that were pumped away. The geometry of the fabri-
cated a-CNWs was manually controlled by the movement of the electron 
beam. The resulting a-CNWS had a diameter of about 29 nm and a length 
of about 711 nm. The same team also worked on the graphitization of 
a-CNWs by introducing Fe particles into the fibers and controlling the 
movement of Fe particles inside the CNWs. A microscopically flat plati-
num wire was used as a counter electrode to form an electrical loop with 
W-tip, and MWCNTs with embedded Fe particles were preassembled 
onto the platinum wire for the study of how current affected the subse-
quent graphitization of the a-CNWs. Results revealed that current-induced 
movement of Fe particles plays a significant role in purifying a-CNWs and 
transforming them into graphitized carbon nanowires (g-CNWs). g-CNWs 
exhibited very good electrical conductivity of approximately 5.3 × 10−4 

Ω∙cm. In addition, a current carrying capacity of at least 4.35 mA was cal-
culated, with a current density of 4.6 × 108 A/cm2. In Figure 4.9a, we show 
a low-magnification TEM image of a single a-CNW deposited on a W tip. 
A high-resolution transmission electron microscopy (HRTEM) image of 
an a-CNW revealing its amorphous nature is shown in Figure 4.9b (inset is 
an SAED pattern). In Figure 4.10, we display the TEM images of Fe parti-
cles in an a-CNW and the resulting structural modification of the a-CNW 
by the Fe particles. An MWCNT filled with Fe particles was considered 
to modify the structure and electrical property of the a-CNW and made a 
contact with the a-CNW. Upon exceeding the applied current threshold 
value, the encapsulated Fe particles in the MWCNT were started to move 
toward the a-CNW (Figure 4.10a) and almost all Fe particles were moved 
to the a-CNW (Figure 4.10b).

Figure 4.9. (a) TEM image of a single a-CNW deposited on W tip. 
(b) HRTEM image showing amorphous nature [15].

200 nm 5 nm
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4.3.3  CATALYTIC CNWS GROWTH

Sellam et al. reported on the catalytic growth of CNWs on a composite 
diamond–silicon substrate [16]. The CNWs are grown at low temperature 
on a silicon substrate partially covered by a thin film of polycrystalline 
diamond. The process flow of the growth of CNWs in this case includes 
four steps: (1) deposition of diamond film to prepare the diamond or sil-
icon composite substrate, (2) plasma cleaning of the composite substrate 
to prepare for the metal deposition, (3) metallic thin film deposition to 
use as catalyst, and (4) metal dewetting (explained in the following) and 
nanowires growth. In step 1, CVD diamond–silicon composite substrates 
are prepared through bias-enhanced nucleation (BEN). In BEN, CVD 
diamond nucleation on pristine single crystal silicon is obtained by in situ 
cathodic biasing of the substrate under a high CH4-to-H2 ratio. The bias 
voltage and the duration of the voltage application determine the nucle-
ation density of diamond over the silicon surface. The diamond–silicon 
composite obtained in step 1 was then systematically treated in a micro-
wave plasma to reduce surface impurities and contaminants in step 2. In 
step 3, the substrate was placed in a magnetron sputter-deposition cham-
ber with a nickel target. The sputtering deposition rate was set to obtain 
a 5 nm thick nickel film. In step 4, the Ni thin film on the composite was 
dewetted in a microwave plasma CVD reactor under a hydrogen flow. 
Upon annealing, thin metal films can degrade into islands in a process 
that is known as dewetting or sometimes also called agglomeration. The 
dewetting mechanism is well known to be associated with surface energy 
minimization. Before the thermal treatment (annealing), pure hydrogen 

Figure 4.10. TEM images. (a) The a-CNW (the lower 
part) was controlled to make contact with a Fe filled 
MWCNT (the upper part), with the arrow indicating 
the direction of the current, (b) Almost all Fe particles 
had been introduced into the a-CNW [15].

(a)

I

(b)
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was introduced into the chamber at a pressure of 60 hPa (hectopascal). 
The chamber was heated inductively, increasing the temperature progres-
sively up to 580°C. Then the samples were cooled down to room tem-
perature under hydrogen flow. The formation and growth of filamentary 
structures of nanometric size was observed with filaments with a length 
of 150 nm and few nanometers in diameter. Normally, a carbon source 
is necessary for CNWs growth, so carbonaceous species CxHy must be 
present in the gas phase for CNWs to form. However, only pure hydro-
gen was used in the reaction chamber in this case. The research group 
predicted that the formation of CxHy species could be due to contamina-
tion or to diamond etching by atomic hydrogen that is locally generated 
by H2 dissociation on the surface of the nickel droplets (formed because 
of dewetting) and by carbon desorption from the droplet surface with 
the assistance of hydrogen atmosphere when these droplets etch the dia-
mond surface. Sellam’s work stands out in that it uses diamond crystals 
as the unique carbon source rather than any hydrocarbon species. It can 
be observed that dewetting results in Ni-based nanodroplets of different 
sizes and shapes. Also, nanowires systematically include an Ni droplet at 
their tip as one expects based on the tip-growth model. More details on 
the latter model are presented in Chapter 3. It was also concluded that 
nanowire growth depends on the metal droplet size and the nature of 
droplet–substrate interactions. In Figure 4.11, we show TEM images of 
the obtained filamentary structures.

4.3.4  CNWS FROM LANGMUIR–BLODGETT FILMS AND 
REACTIVE ION ETCHING

Chong Wei Tan and Beng Kang Tay used the LB method to fabricate 
CNWs from a-Carbon films that were 500 nm to 1 µm thick [17]. Reac-
tive ion etching (RIE) was used for the anisotropic etching of those carbon 
films covered with a monolayer of polystyrene (PS) balls deposited using 
LB technology. In Figure 4.12, we illustrate this fabrication process.

A P-type silicon wafer was chosen for the substrate material and is 
plasma treated using a CF4: O2 gas to remove the native oxide, a pro-
cess that increases the adhesion between the deposited carbon and sili-
con. Double-bend filtered cathodic vacuum arc system was used for the 
deposition of a 1 µm thick a-Carbon layer (step 1). A thin layer of SiO2 is 
then deposited using plasma-enhanced CVD at low temperature (50°C) to 
provide a hard mask layer (step 2). The SiO2 surface is treated in an oxy-
gen plasma to make the surface hydrophilic and to ensure the adhesion of 
a monolayer of PS balls that is deposited using the LB method. The initial 
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diameter of the LB-deposited PS balls was 450 nm (step 3), and these 
shrunk to 150 nm after the RIE (step 4). An RIE process with calibrated 
parameters is used to etch SiO2 (step 5) and subsequently the a-Carbon 
layer (step 6) to produce CNWs. In Figure 4.13, we show the SEM images 
of the fabricated CNWs.

Figure 4.11. (a) TEM images of filamentary 
structures. Inset, SAED pattern showing three 
rings corresponding to 002, 111, and 200 graph-
ite diffraction reflections. (b) HRTEM image of 
selected area of filamentary structure [16].

50 nm

20 nm
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4.3.5  CNWS FABRICATED WITH CATALYTIC CHEMICAL 
LIQUID DEPOSITION AND CVD METHODS

Cao et al. reported on the fabrication of CNWs, CNTs, and graphene by cat-
alytic chemical liquid deposition (CCLD) of ethanol [18]. In Figure 4.14, 
we show a schematic of their experimental setup. First, a monocrystalline 
silicon (111) substrate was ultrasonically cleaned in ethanol and hydroflu-
oric acid (HF). Then it was dried with Ar at room temperature and coated 
with a Fe film by electron beam evaporation. The CCLD system shown 
in Figure 4.14 consists of a main reaction chamber, a recycling-cooling 

a-C

a-C

a-C
a-C

a-C

a-C

Si
(1) (4)

(5)

(6)

(2)

(3)

Si Si

Si

Si Si

PS balls

PS balls

PS balls

SiO2

SiO2

SiO2

SiO2

SiO2

Figure 4.12. Schematic of CNWs fabrication process [17].

Figure 4.13. SEM images of CNWs [17].
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 system for the ethanol, and a gas purging system. The Fe-film-coated 
 silicon chip was placed transversely (see Figure 4.14) at the center of the 
reaction chamber and was anchored between two graphite electrodes con-
nected to a DC power supply to heat up the silicon substrate.

Finally, N2 was pumped into the reaction chamber. Growth param-
eters such as voltage, organic liquid used, organic liquid-to-water ratio, 
reaction time, and sweep gas flow rate determine the production of CNTs, 
CNWs, and graphene. Initially, using pure ethanol, only CNTs were pro-
duced on the Fe-coated silicon substrate in this setup. The CNT diameters 
ranged from 20 to 30 nm and were only a few micrometers long. It was 
observed that the as-fabricated CNTs had very little a-Carbon on their sur-
faces (thus, improved purity and structural quality). The presence of H2O 
in the ethanol helps in the removal of a-Carbon contamination and plays an 
indirect role in the growth of single-walled carbon nanotubes (SWCNTs) 
(more details are provided in Chapter 3). The same research group found 
that increasing the amount of H2O in the ethanol gradually decreased the 
inner diameter of the CNTs. Large quantities of CNWs with lengths of 
approximately 25.5 μm were densely formed on the silicon surface when 
5 percent H2O was added to the ethanol, thereby providing a method for 
mass production of CNWs. In Figure 4.15, we present TEM images of 

Figure 4.14. Schematic setup of the 
 experimental process: (1) cooling-regurgitated 
pipe, (2) DC electric power supply, (3) graphite 
 electrodes, (4) silicon chip coated with Fe film, 
and (5) gas diffuser [18].
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CNTs grown in pure ethanol and in ethanol with 2, 5, and  8-percent H2O. 
The inherent cleanliness of the procedure allows for a perfect contamina-
tion-free synthetic process without the use of expensive equipment. When 
the ratio of H2O was further increased to 8 percent, a-Carbon forms on the 
silicon chip instead of CNTs or CNWs. 

Generally, the catalytic growth of CNT, CNW, or graphene is con-
sidered to occur in two steps: the decomposition of the carbon source at 
the catalytic surface and vapor–liquid–solid (VLS) mechanisms. Although 
the research group observed the end of the tube was capped by a cone-
shaped catalytic particle (Fe), which suggests the tip-like growth model as 
observed in VLS method discussed in Chapter 3, all the results observed 
are not explained properly by the existing models.

As the bulk of the liquid in CCLD remains at room temperature, car-
bon diffusion through the particles and atomic carbon surface transport 
and carbon precipitation forming CNWs is impossible once the growth 
leaves the substrate surface. The experimental results support the idea that 
in CCLD, graphene bubbles play a key role in the nucleation and growth 
of CNTs. In Figure 4.16, we illustrate the growth steps of CNTs, CNWs, 
and graphene in CCLD in three steps. In step 1, the catalyst is coated on 
the silicon substrate. In step 2, the graphene layer forms on the silicon sub-
strate at the same time that the Fe catalysts melts to produce droplets. As 
we show in step 3, the nanostructure (CNT or CNW) grows vertically into 
the organic liquid with the simultaneous crystallization of the graphene.

Step 1 Step 2

Si

Si

Sulfide crystal

Fe droplet

or

∆Plarge
CNT

∆Psmall
CNW 

Graphene

Graphene

Electro-heated

Bulk ethanol

Bulk ethanolBulk ethanol

Bulk ethanol

Fe5 nm

Si

Si

Step 3

∆P

Figure 4.16. Schematic growth steps of CNWs, CNTs, or 
graphene [18].
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In Figure 4.17, we show a TEM image of the silicon surface from 
process step 2, which indicates the presence of distinguishable graphene 
layers.

When the silicon chip is electroheated, the internal pressure P1 (pres-
sure inside ethanol) of the silicon chip surface is changed to P2, and the 
formation of graphene bubbles is thus a result of the pressure difference, 
∆P, between P1 and P2, and this pressure difference is expected to follow 
the Young–Laplace law of surface tension and is given as

 ∆P
r
L=

2g
 (4.1)

where r is the radius of curvature and gL is the surface tension of graphene 
film. This surface tension is also known as Laplace pressure and L stands 
for that in the equation.

Depending on the curvature, ∆P and gL, the final reaction products 
are CNWs, CNTs, or graphene. In Figure 4.18, we show CNWs synthe-
sized in pure ethanol with the top capped by a Fe particle.

CVD is the most popular method for the production of nanocarbon in 
the form of CNTs and CNWs. However, it requires changing the exper-
imental setup for each desired nanocarbon form and has very stringent 
growth conditions. A CVD-based method for processing CNWs on a large 
scale was presented, for example, by Zhao et al. in [19]. In a typical exper-
iment, this group used 10 mL of tetrachloride (CCl4) and 10 mL of eth-
ylenediamine ((CH2NH2)2) to be mixed together in a test tube. The mixture 
was heated at 100°C for 10 min. A polymerized brown liquid with C–N 

Figure 4.17. TEM images of silicon chip surface 
during the experiments [18].
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bonds resulted and was used as the carbon precursor material for the CVD 
process. In Figure 4.19, we show a schematic drawing of the CVD reactor 
used by this team. A 0.5 mL of the brown liquid precursor was mixed with 
0.2 mL of Ni(NO3)2∙6H2O solution in a Al2O3 crucible and the crucible was 

Figure 4.18. CNWs synthesized in pure ethanol with the top capped by 
a Fe particle. The top right corner image is the energy dispersive X-ray 
 spectroscopy image of the synthesized CNWs [18].

Figure 4.19. Schematic drawing of the experimental settings [19].
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put on a cleaned silicon substrate that was then placed in a quartz tube. At 
a pressure of 4 × 10−2 Torr, high purity NH3 (or N2), C2H2 was introduced 
in the system. The quartz tube was then heated and maintained at 600°C 
for 4 h and then cooled naturally to room temperature. The crucible and 
substrate were taken out from the quartz tube furnace and were found to 
be covered with black carbon layers. In Figure 4.20a and b, we show the 
SEM images of the CNWs grown on a Si (100) substrate in NH3–C2H2 and 
N2–C2H2 ambience, respectively. They obtained CNWs with diameters in 
the range of 50 to 60 nm and with length in the tens of micrometers in an 
NH3–C2H2 ambient, while in N2–C2H2, the diameter of the nanowires was 
~80 nm with lengths shorter than those obtained with NH3–C2H2.

4.3.6  CNWS BY DC ARC DISCHARGE

Su et al. fabricated a novel type of nanowires with an SWCNT core and 
an amorphous carbon shell (abbreviated as SWCNT–αCNWs) [20]. DC 
arc discharge method was used to grow a-Carbon directly on the surfaces 
of SWCNTs. In Figure 4.21, we show the TEM and HRTEM images of 
SWCNT–αCNWs. A graphite rod with a 40 mm diameter and a 70 mm 
length and an Ni or Y were mixed by ball milling, which was followed 
by extrusion molding to form graphite rods with a coal tar as the binder. 
The catalyst mixed in graphite rod was used as the anode, the mole ratio 
being (94.8):(4.2):(1.0). A pure graphite rod with an 8 mm diameter and a 
300 mm length was used as the cathode. The anode–cathode gap was set 
between 2 and 3 mm, and the DC arc discharge was run at a current of 90 
A, a voltage of 60 V, and a helium pressure of 30 kPa. It was found that 

Figure 4.20. SEM images of the CNWs grown on the Si (100) in (a) NH3/C2H2 
ambient and (b) N2/C2H2 ambient [19].

(a) (b)
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under these conditions, branched SWCNT–αCNWs with clean and smooth 
surfaces are formed. The diameters of the branched SWCNT–αCNWs are 
in the range of 40 to 60 nm and their lengths varied from 20 nm to several 
micrometers. The distance between the anode and cathode was adjusted 
to produce different time intervals in the arc discharge process, producing 
different average diameters. The a-Carbon shell thickness in the coaxial 
direction increases as a function of that time interval.

Combining electric fields with thermal CVD enables aligned CNW 
growth directly on a substrate. Kim et al., for example, performed exper-
iments in which CNWs were grown by corona-discharge-assisted ther-
mal chemical vapor deposition (TCVD) in a microgap between electrodes 
[21]. The corona discharge phenomenon is produced by using an electrode 
at a very high potential in air, creating a plasma around the electrode. 
The high energy of the corona around the electrode increases the local 
temperature around it. In Figure 4.22a, we show the experimental setup 
for corona-discharge-assisted TCVD, and in Figure 4.21b, we show the 
schematic of the device that Kim et al. used in their experiments. Silicon 
wafers with a thick thermally grown layer of SiO2 were used as the sub-
strates. Bilayers of chrome and nickel were used for electrodes to establish 
the corona discharge in the device shown in Figure 4.21b. The nickel acts 
as catalyst to initiate the carbon growth between the electrodes, and the 
chrome layer is the adhesion layer between SiO2 and the nickel film. The 
gap of 1 to 3 µm between the sharp-tipped electrodes and the electrodes 
themselves were patterned using lift-off photolithography. Aligned CNWs 
across the microgap between the electrodes were grown in a CVD system. 
The experiment was carried out at three different temperatures 500°C, 
600°C, and 700°C, and in Figure 4.23a to c, we show the respective SEM 
images. At 500°C, a single CNW was found to be grown between the 
electrodes whereas at 600°C, a large number of nanowires was grown. The 

Figure 4.21. (a) TEM and (b) HRTEM images of SWCNT–αCNWs [20].
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electrodes were damaged at 700°C because of the high local temperature 
and CNWs were grown very densely at this temperature.

4.3.7  CNWS MADE BY C-MEMS

C-MEMS defines the fabrication methods used to derive glassy carbon 
microstructures or nanostructures from a prepatterned organic polymer 
precursor. The most common manufacturing methodology for C-MEMS 
realization begins with conventional photolithography of a carbon-precur-
sor-based photosensitive polymer, which is then followed by a carboniza-
tion step of the fabricated patterns via pyrolysis. In Figure 4.24, we show 
some of the first reported C-MEMS structures.

Figure 4.22. (a) Experimental setup for corona-discharge-assisted TCVD. 
(b) Schematic of the device (cross-sectional and top view) [21].
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In 2005, Madou et al. reported a technique for the patterning of car-
bon structures from SU8 photoresist [23]. Electron beam lithography 
(EBL) was used to pattern an SU8 thin film on an Si wafer. The resulting 
SU8 pattern was then pyrolyzed. CNWs were thus fabricated following a 
top-down methodology, which allowed for controlling the dimensions and 
location of the nanofeatures. A very simple schematic illustration of the 
process steps is presented in Figure 4.25.

Madou et al. also demonstrated a method to fabricate arrays of sus-
pended CNWs by carbonization (also pyrolysis) of polymeric nanowires 
made from polyacrylonitrile (PAN) and SU8 [24]. The polymer nanowires 
in this case were fabricated using far-field electrospinning and were sus-
pended between specially designed three-dimensional electrodes (posts), 
which were made of an organic resorcinol-formaldehyde-based xerogel 
by using the microreplica molding technique. The details of the electro-
spinning process are explained in Chapter 5. The processing of PAN-based 
and SU8 photoresist suspended nanowires before pyrolysis is different. 
Before pyrolysis of PAN nanowires, a thermal stabilization at 250°C in 
an oxygen atmosphere is needed. Stabilization is an important step and 
key to the CNW fabrication, which is performed under heat treatment in 
air or oxygen-containing atmosphere. Cyclization, dehydrogenation, and 
oxidation are three major chemical reactions that occur in the production 
of PAN-based CNWs [25]. The SU8 nanowires, on the other hand, must 
be exposed to UV light for cross-linking. However, the pyrolysis is carried 

Figure 4.24. First reported C-MEMS structures [22].
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out in a nitrogen inert environment at 900°C in both the cases. In Figure 
4.26, we show an SEM image of suspended CNWs.

An average diameter of 180 ± 24 nm was achieved for SU8 nanowires, 
while one of 340 ± 19 nm was observed for PAN nanowires. In  Figure 
4.27, we show SEM images of a single suspended nanowire made from 
(a) SU8 and (b) PAN, suspended between two photographically patterned 
C-MEMS electrodes. The I–V curves for both are presented in  Figure 4.27c. 

Figure 4.25. Fabrication process steps of carbon nano-
structures: (a) SU8 spin coating, (b) patterning by EBL, 
(c) PR development, (d) pyrolysis process, and (e) carbon 
nanostructure [23].

(a)

(d)

(e)

(b)

(c)
Si

Carbon nanostructure
Furnace

SU8
SiO2

10 µm Mag = 1.50 K x EHT = 10.00 kV Data :23 Sep 2009
Time :14:17:01

ZEISS
WD = 10 mm Signal A = SE2

Figure 4.26. SEM image of suspended CNW on 3D carbon post [24].
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The  linear behavior of the I–V curves in both the cases implies an ohmic 
contact between the electrodes and the suspended nanowires. This is facil-
itated by the close integration of the nanowire with its support structures 
during pyrolysis producing a carbon monolith. The conductance was cal-
culated by measuring the slope of the I–V curves for both the cases, and it 
was revealed that PAN-derived CNFs are more graphitic than SU8-derived 
CNF and, therefore, exhibit higher conductivities.

Madou and a collaborator group in South Korea reported the fabri-
cation of scalable suspended CNW meshes using the C-MEMS process 
[26]. The fabricated CNW meshes were used as electrochemical sens-
ing platforms. A 6-inch silicon wafer with a thermally grown SiO2 layer 
was used as the substrate material. The following three photolithography 
steps were carried out using SU8 as the resist: (1) define the 4-μm thick 
 planar polymer pads (step 4), (2) define the tall contact pads to support 
the suspended photoresist microwire meshes (step 7), and (3) pattern the 
suspended  photoresist microwire meshes bridging the prepatterned photo-
resist contact pads (step 8).
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Figure 4.27. SEM images of single suspended nanowire: (a) Su8 
derived and (b) PAN derived. (c) I–V curve for the both cases [24].
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Planar electrodes and suspended microwire meshes were released 
in a single-process step. The completed photoresist structures were con-
verted into carbon by pyrolysis. For the electrochemical application 
(redox amplification measurements), a polydimethylsiloxane (PDMS) 
microchannel was fashioned over the carbon nanoelectrodes. Using the 
previously described process, nanowire mesh structures of various geom-
etries were developed by changing the photomask pattern in the third UV 
exposure step. In  Figure 4.28, we show the fabrication steps of a group 

Figure 4.28. Fabrication steps of a group of nanoelectrode set 
in a microchannel [26].
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of  nanoelectrode set in a microchannel, and in Figure 4.29, we show two 
SEM images of a group of nanoelectrode set.

Shin et al. reported on the processing of monolithic suspended glassy 
carbon nanostructures using two batch processes: UV lithography and 
polymer pyrolysis [27]. The fabricated carbon structures included two tall 
carbon pads and a suspended nanowire bridging the pads. The carboniza-
tion step causes a dramatic volume reduction of up to 90 percent, con-
verting microscale photoresist structures into nanoscale carbon structures. 
The resultant suspended CNWs were characterized with SEM, revealing 
a width, thickness, and length of 300 nm, 600 nm, and 100 μm, respec-
tively. The wire was suspended 7.3 μm above the substrate. In Figure 4.30, 
we illustrate the fabrication process. SEM images of the single CNW are 
shown in Figure 4.31. A hydrogen sensor based on the preceding fabricated 
nanowire was reported by the same research group [28]. For the detection 
of hydrogen, a thin palladium layer was deposited on the suspended car-
bon wire. The selective permeability of hydrogen into palladium induces a 
change in the resistance of the palladium film. This resistance change of the 
metal layer can be monitored directly by measuring the resistance change 
between the two suspending carbon posts. The ohmic contact through the 
monolithic carbon structure ensured a stable and linear sensor response to 
changes in hydrogen gas concentration. The hydrogen concentration could 
be resolved down to 20 ppm in atmospheric conditions.

Madou et al. described a simple and scalable fabrication technique 
for the positioning and integration of suspended CNWs with good ohmic 
contact to C-MEMS support structures [29]. A combination of photoli-
thography for the C-MEMS suspending structures and electrospinning 
(electrospinning is detailed in Chapter 5) for the CNWs was used. The 

100 µm

122 µm

13 µm

Generator

Collector

Nanowire dimensions:
(W) 720nm × (H) 2.2µm

Figure 4.29. SEM images of nanoelectrode set [26].
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aim of this team is to ultimately fabricate perfect graphitic wires from 
contact to contact [29]. The microstructure of the suspended nanowires is 
very different from the glassy C-MEMS support structures. Most of the 
CNWs were found to feature a core–shell geometry, with a glassy core 

(1) Bare silicon wafer

(5) 2nd UV exposure

(6) Developing patterns

(7) Pyrolysis

Carbon

Photoresist

Exposed PR

Substrate

(2) Insulation layer

(3) 1st spincoated SU8

(4) 1st UV exposure

Figure 4.30. Fabrication steps of a suspended nanowire 
 structure [27].

10µm 10µm

Photoresist
-Before pyrolysis-

Single wire (Glassy carbon)
-After pyrolysis-

Figure 4.31. SEM images of photoresist and suspended nanowire 
 structure [27].
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and a graphitic shell as shown in Figure 4.32. During electrospinning, the 
polymer precursors molecules in the ink are aligned because of the shear 
forces in the flow of the jet emanating from the electrospinning nozzle. 
This forms a template, and the chain configuration is maintained in the 
pyrolysis process resulting in a graphitic material in which the polymer 
chains were aligned the best (outside part of the jet) and a glassy car-
bon (in which chains remained entangled: inside of the jet). Summariz-
ing a polymer with a large chain disentanglement leads to more graphitic 
CNWs after pyrolysis. The polymer chain, once converted to carbon, can-
not be unwound. So the tangled polymer chains that yield glassy carbon, 
even at high temperature, cannot be reverted back to produce graphitic 
carbon [30–32].

Some important controlling parameters that influence the wires 
graphitization are (a) physical properties of the precursor polymer such 
as chemical composition and viscosity [33], (b) polymer wire thickness 
[34], (c) carbonization temperature [35], (d) the flow pattern of polymer 
and nozzle size for the alignment of polymer molecules [36, 37], (e) align-
ment of polymer chains caused by high electric field [38], (f) catalysts in 
the precursor polymer [39], and (g) templating [40–43] (as illustrated and 
shown in Figure 4.32).

The alignment of polymer chains in electrospinning is due to the shear 
forces generated because of the ink jet being forced through the nozzle 
during the spinning process itself, but other factors come into play as well. 
For example, in electrospinning, a high voltage is applied. As the SU8 
polymer has a very low electrical conductivity, that high voltage exerts a 
mechanical force on the SU8 nanowires during their formation, stretching 

Figure 4.32. HRTEM images of Su8-derived CNWs: (a) tubelike 
graphitic CNW with glassy carbon core and graphite shell and (b) glassy 
carbon trapped between graphite walls in a CNW [29].

a)

5 nm 10 nm
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and disentangling the polymer chains. More details on the process will be 
discussed in Chapter 5.

Additional mechanical pulling on the polymer can improve the 
graphitization during carbonization even further. One approach to exert 
additional mechanical stress on the wires is to suspend them between tall 
polymer walls. Then, during pyrolysis, the gap between the walls increases 
(especially at the top, at the bottom, where they are anchored, that gap 
does increase less), stretching the fiber and at the same time, it carbonizes.

The use of a rotating drum in electrospinning was also found to intro-
duce additional mechanical pull on the nanowires, enhancing graphitiza-
tion during pyrolysis by molecular combing [29]. The rotating drum acts 
as a collector for electrospinning nanowires and forces the nanowires to 
follow a straight pattern, and because of drum’s rotation, the nanowires 
remain taut without touching the substrate (more details are in chapter 5). 
In the far-field electrospinning experiments on a rotating drum a Si chip 
was mounted and the precursor polymer, nanowires were jetted out per-
pendicularly to a set of C-MEMS wall fabricated on the Si substrate using 
SU8 photolithography. The two 10 µm tall SU8 wall structures on the Si 
substrate served as underlying electrodes with a 20 µm gap between them. 
After pyrolysis, the wall height shrunk to 2 µm and the gap increased 
to ~29 µm. CNWs, ~29 µm long and 42.2 nm thick, were successfully 
fabricated by this way. Electrical measurements revealed excellent ohmic 
contact, and therefore, no postprocessing steps were required to mitigate 
ohmic loses. In Figure 4.33a, we depict an SEM image of two suspended 
CNWs. One fiber was cut using FIB to ensure that only one CNW was 
remained on the carbon electrodes. Then the carbon electrode pads were 
connected to Cu wires with silver paste that then were connected to an 

Figure 4.33. (a) FIB cutting for extra CNWs and (b) I–V curve for a 
single suspended CNW [29].
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impedance analyzer to find out the I–V characteristic. A typical I–V curve 
demonstrating the ohmicity of the CNW contact to the supporting elec-
trodes is shown in Figure 4.33b.

The diameter of the fibers exhibited a significant reduction of 30 per-
cent after pyrolysis. The electrical conductivity of CNWs was found to 
be in the range of 42 to 113 nm with an average value of 6.13 × 104 S/m, 
which is almost twice as high as that reported for glassy carbon [29].

4.3.8  OTHER CNWS FABRICATION TECHNIQUES

In addition to the previously described CNWs fabrication processes, 
many more have been developed by different research groups. Some of 
the most interesting additional approaches for fabricating CNWs are listed 
as follows.

1. Lee, Lee, and Lee used a neat one-step photolithography technique 
to fabricate high aspect ratio SU8 tips on a fused silica substrate 
[44]. SU8 100 photoresist was used as a carbon precursor mate-
rial. A UV backside exposure was optimized for producing tip-
shaped SU8 structures after development. Pyrolysis transformed 
the thus obtained SU8 structures into carbon tips. In Figure 4.34, 

Figure 4.34. Fabrication process steps [44].
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the  fabrication process is illustrated. The average length (the height 
above the quartz surface) and diameter of the vertically aligned 
CNWs were found to be 3.2 µm and 450 nm, respectively, where 
the diameter at the tip is much smaller. The research group occa-
sionally found the average diameters of CNWs using this technique 
were less than 100 nm. SEM images, before and after pyrolysis, are 
shown in Figure 4.35.

2. Wang et al. reported on the nucleation of CNWs at the tip of CNTs 
under strong electric fields [45]. MWCNTs, 1 to 20 μm long with 
diameters in the range of 5 to 30 nm, were fabricated following 
a conventional direct current discharge method (as described in 
Section 4.3.6). These MWCNTs were glued to a nanomanipulator 
probe made of tungsten using silver paste for electrical contact. The 
probe and ground plate counter electrode were set at a distance of 
20 μm using a microscope. This specially constructed manipulation 
holder was inserted into a TEM and the potential difference between 
the probe and the grounded plate counter electrode was raised to 
150 V. Then the distance was readjusted carefully to 500 nm using a 

Figure 4.35. SEM images of fabricated results (a) before and (b) after 
pyrolysis [44].
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 piezoelectric actuator. Owing to the negative potential applied to the 
nanomanipulator probe, the protruding CNTs became electrically 
charged and were attracted toward the counter electrode. In Figure 
4.36, we show two TEM images of the formation of CNT–CNW 
junctions. The CNWs nucleated at the CNT tip under the strong 
electric field, similar to what is reported in various other works  
[46–48]. The CNWs roughly grew along the electric field gradients 
near the tip. Fractal growth of CNWs resulted in a treelike morphol-
ogy. The growth rate can be controlled by changing the applied volt-
age and it was found to decrease when the field strength is decreased. 
It was demonstrated that the thus produced CNWs had diameters in 
the range of 5 to 10 nm and lengths of more than 100 nm.

4.4  COnCLuSiOnS

CNWs fabrication is still a growing field of research. Many different pro-
cesses have been attempted by various research groups. The details of the 
fabrication procedures control the characteristics of the resulting CNWs 
and a process choice must be based on those desired CNW characteristics 
as well as reproducibility, the nature of the intended application, produc-
tion costs, postprocessing requirements, ohmic contact with the supported 
structure, alignment, and so on. The PEDAL template method appears 
promising as it constitutes a very controlled IC-like process for nanowire 
fabrication. However, it has not yet been applied to CNWs, and it also 

Figure 4.36. TEM images of the formation of CNT–
CNW junction under strong electric field, (a) capped 
CNT, (b) nucleation of the CNW at the tube tip, (c) the 
growth of nanowire, and (d) high-resolution image of 
the CNW depicts amorphous nature [45].
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uses costly fabrication equipment and will be even more expensive when 
reaching in to the sub-5 nm regime by using ALD. The ion and electron 
beam processes are also very expensive. Catalytic growth of CNWs is a 
cost effective process; however, the CNWs made this way are difficult 
to align. The LB process provides the simplest way of producing out-of-
plane CNWs for limited applications. The chemical liquid and vapor depo-
sition methods again use costly equipment. DC arc discharge is a suitable 
method; however, it does not easily lend itself to aligning and controlling 
the CNW growth. Among all the many fabrication methods discussed in 
this chapter, we believe that C-MEMS is the most promising for provid-
ing low cost, precise aligned CNWs which are capable of making ohmic 
contact with the supporting structures with no extra postprocessing steps 
needed. The details of this process are discussed in Chapter 5.
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5.1 ObJECtivE

Nanotechnology has gained huge interest in research and industry because 
of the unique and fascinating properties of nanomaterials or  nanostructures. 
In the past 15 years, the carbon microelectromechanical systems process 
(C-MEMS) has become useful and essential for various polymer-based 
microstructures because of its ease and inexpensive fabrication steps. The 
common manufacturing methodology for C-MEMS fabrication starts with 
photolithography of a photosensitive polymer precursor of high carbon 
content and it is followed by a carbonization process for the patterned 
polymer. Therefore, one photolithography step for polymer patterning 
and one step for pyrolysis to carbonize the patterned polymer may define 
the C-MEMS process. Various high aspect ratio 3D structures have been 
successfully fabricated using this process for diverse applications such 
as microbatteries and gas sensors [1, 2]. We are interested in reporting 
the fabrication of nanoscale functional components, namely, carbon 
 nanowires (CNWs), using C-MEMS or better yet: carbon nanoelectrome-
chanical system (C-NEMS). So for CNW-based devices, basically, CNWs 
are connected with MEMS electrodes that may be fabricated through a dif-
ferent process than traditional photolithography and this is also true for the 
fabrication of CNWs. Many fabrication techniques for nanowires (NWs) 
and CNWs used by various research groups were reported in Chapter 4, 
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and in this chapter, we discuss the CNWs in more detail with emphasis on 
the electrospinning technique. Electrospinning has emerged as a simple 
and low-cost approach to fabricate 1D structures and is based on an elec-
trostatic force that acts on a conducting polymer solution to form a fiber 
jet. In general, polymer solutions do not respond to electric fields, as these 
are insulator materials by nature. In electrospinning, it is thus required 
to make the polymer solution (also ink) conductive by adding salts. For 
example, tetrabutyl ammonium tetrafluoride is a typical salt added to SU8, 
before using it as a source material for electrospinning. This way, we will 
learn how to fabricate long-continuous nanofibers with tunable diameters 
and controllable compositions with this technique.

The major challenges for CNW-based devices are the positioning 
and integration of the CNWs with the underlying platforms. So the main 
objective of this chapter is to discuss the most unique and suitable tech-
niques for the fabrication, positioning, and integration of single CNWs 
with the underlying platforms (electrodes). We briefly discuss the basics 
of the photolithography and pyrolysis in the next section for the fabrica-
tion of supporting structures and then report on the NW fabrication using 
electrospinning. The fundamentals and various types of electrospinning 
are also discussed in this chapter.

5.2  fAbRiCAtiOn Of SuPPORting 
StRuCtuRES fOR CnWs

In the late 1990s, Schueller, Brittain, and Whitesides first introduced 
 carbon microstructures made using pyrolysis of a micromolded precursor 
polymer, and they used these microstructures as components in microre-
actors [3]. In 2002, Singh et al. fabricated C-MEMS structures using neg-
ative photoresist, SU8, on silicon wafers for the first time [4]. Since then, 
various complex high aspect ratio C-MEMS structures such as posts, self- 
organized bunched posts and carbon beams supporting wires, and interdig-
itated electrodes  have been fabricated [5–7]. We discuss the  fabrication of 
the supporting structures (electrodes) for suspended CNWs in this section.

Glassy carbon (GC) is a widely used electrode material in electrochem-
istry and also in high-temperature applications. GC is a  nongraphitizing 
carbon that combines glassy and ceramic properties with high conductiv-
ity. The microstructure of GC is composed of both crystalline and amor-
phous regions. In the first chapter of this book, it was made clear that GC 
is not to be confused with amorphous carbon. GC has good resistance to 
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high temperatures, low density, low electrical  resistance, and relatively 
high hardness and high resistance to chemical attack. It is the combination 
of all these properties that have made GC special for  biological,  chemical, 
and many other applications. A most interesting thing is that GC can be 
made from polymer carbon precursors (such as SU8) by pyrolyzing it at 
a temperature between 800°C and 3,000°C. We will see in the  following 
that CNWs can be made from the same carbon  precursor, SU8; this is 
a very advantageous process characteristic because the  integration of 
CNWs with the supporting structure is rather simple. SU8 is a negative 
tone photoresist and has the flexibility to fabricate almost any desired 
design through conventional photolithography and this is followed by 
pyrolysis. We briefly address photolithography and pyrolysis in the next 
two subsections.

5.2.1 PHOTOLITHOGRAPHY

In a photolithography process, a 2D layout of a desired structure is 
 transferred to the surface of a flat photosensitive-coated substrate. This 
 process consists mainly of substrate preparation, photoresist spin coat-
ing, soft bake, exposure, postexposure bake, and development steps. In 
the case of C-MEMS, usually, silicon, silicon dioxide, silicon nitride, 
quartz, and more recently, sapphire are used as substrates. The substrate 
is first cleaned and coated with a photosensitive polymer (photoresist). 
The photoresist is then soft baked to improve its adhesion to the substrate. 
Subsequently, the photoresist is exposed to UV light through a mask (2D 
layout pattern of desired structures). Finally, the film is developed and the 
resist is hard baked, enhancing the resistance of the resist features against 
the additive and subtractive processes that follow. The resulting structure, 
ideally, has the exact same shape of the designed pattern with the resist 
vertical walls maintained throughout the thickness of the resist. In very 
few cases, the patterned photoresist is the final goal of the fabrication 
process, that is, the photoresist is a functional part of the intended design, 
but more typically, the binary pattern is needed as a mask or as a sacrifi-
cial layer only. In C-MEMS, the polymer pattern is the  precursor of the 
intended carbon device. The photolithography processing steps  including 
the final  pyrolysis step are summarized in Figure 5.1. In  Figure 5.2, we 
show a schematic illustration of the photolithography process used for 
 producing a pair of 3D polymer walls that will be used as the CNW 
 support structures.
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5.2.2 PYROLYSIS

The final step used in the C-MEMS process is the pyrolysis of the 
 developed photoresist structure. In pyrolysis, a carbon precursor  material 
(such as SU8 photoresist) is converted into carbon. This is accomplished 
by heating the precursor material in an inert atmosphere (e.g., nitrogen, 
argon, vacuum) at temperatures above 800°C and up to 3,000°C. The 
final temperature and also the temperature ramp rate of the process define 
 various properties of the resulting carbon structure such as porosity, 
microstructure, electrical conductivity, and mechanical properties.

Figure 5.1. Typical C-MEMS fabrication process steps [8]: (a) spin-coating 
photoresist, (b) UV exposure, (c) developing, and (d) pyrolysis.
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Figure 5.2. MEMS structures before and after UV exposure 
[8].
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In general, samples are first introduced in a quartz tube furnace 
where an inert gas is flown for at least 10 minutes to ensure the required 
inert  environment for pyrolysis. The furnace is then heated from room 
 temperature to 300°C at a ramp rate of 5°C/min and kept at this  temperature 
for an hour. Inert gas flow (flow rate = 2,000 sccm) is constant throughout 
the process. Then the oven temperature is ramped up at 10°C/min to a final 
temperature of 900°C, with a dwell time of one hour at this temperature. 
The heater is then turned off allowing the furnace to cool down to room 
temperature. During the pyrolysis, the precursor materials shrink consid-
erably because of the loss of noncarbon atoms. In the case of parallel SU8 
walls, the upper portion of the structures shrinks considerably more than 
the lower portion, which remains firmly attached to the substrate [8].

5.3 ELECtROSPinning

Electrospinning is a straightforward and cost-effective method to produce 
CNWs with diameters ranging from less than 3 nm to more than 1 mm [8], 
and the electrospinning experiments can be performed by using simple 
experimental setups that do not require a vacuum. The first U.S. patent 
on electrospinning was issued to Formhals in 1934 [9]. This technique is 
actually only complicated in terms of a detailed theoretical understanding 
of the physics of the phenomenon and in adapting the technique to the 
types of NWs that are required for a given application. Electrospinning 
can be applied to the fabrication of NWs made from materials as diverse 
as synthetic and natural polymers, polymer alloys, and polymer compos-
ites, as well as metals and ceramics [10]. Some of the current electro-
spinning applications include filtrations [11], advanced fabrics (e.g., for 
wound dressing [12]), scaffolds [13, 14], medical implants [15], fabrica-
tion of micro- or nanodevices such as field effect transistors [16, 17], and 
gas sensors [2, 18].

5.3.1 ELECTROSPINNING SETUP DESCRIPTION

A conventional electrospinning setup with vertical feeding direction is 
shown in Figure 5.3. It consists of four key components: a high-voltage 
power supply (working range between 10 and 30 kV), a polymer precursor 
reservoir, a conductive dispensing needle, and a conductive  substrate. The 
polymer precursor reservoir maintains a constant polymer solution flow rate 
through a syringe or dispensing needle, which may be connected to either 
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a mechanical or a pneumatic syringe pump. The  conductive  dispensing 
needle is the polymer source, which is connected to a high-voltage power 
supply. The needle is also sometimes called tip,  nozzle, or spinneret, and 
its internal diameter is often in the range of  hundreds of micrometers. The 
conductive substrate is normally grounded and serves as a collector for the 
electrospun NWs.

When a high voltage (higher than 10 kV) is applied to the needle, the 
polymer solution at the needle tip becomes unstable and a jet is formed. 
Initially, the jet flows away from the needle following a nearly straight 
line and then it bends into a complex path during which electrical forces 
stretch and thin it to the nanometer scale. The initial straight section of the 
jet is known as near-field regime. The area where the electrical  instabilities 
 dominate creating a whipping motion of the jet is called the far-field regime. 
In Figure 5.4, we show the schematic of the path of the fiber (NW) jet.

The key stages of the polymer jet formation in the electrospinning 
process are (1) droplet formation, (2) Taylor cone formation, (3) launching 
of the jet, (4) elongation of straight segment, (5) whipping instability, and 
(6) solidification into NW [19]. These stages are described in detail next.

5.3.1.1 Droplet Formation

Droplet formation is the first step toward nanofiber formation in the 
 electrospinning process. When the SU8 solution is pumped into the 

Figure 5.3. Schematic of traditional electrospinning 
setup [8].
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 needle at a low flowrate, a droplet is formed at the tip of the needle. In 
the absence of an electric field, only two forces are acting on the drop-
let: the gravitational force (FG) upon the polymer and the surface tension  
of the droplet (γ). For a solution with low viscosity, the surface tension is 
not high enough to hold the droplet and it drops off under the influence of 
gravity. Also, at a higher flowrate, droplets merge resulting in a continuous 
polymer flow through the needle. However, at a very low flowrate and at 
equilibrium of gravitational and surface tension forces, the droplet formed 
at the needle tip is assumed to be spherical with radius r0 given as [19]

 r R g0
1
33 2= ( )g r  (5.1)

where R is the inner radius of the needle tip, r is the density of the solu-
tion, and g is the gravitational constant.

When a voltage is applied to the needle, an electric field develops 
between the needle and the collector. The electric force (FE) and FG now 
act together against the droplet surface tension. The electric field polarizes 
the ionic polymer solution, causing the positive and negative ions to move 
in opposite directions. For a positively charged needle, positive electric 
charges move to the droplet surface and negative charges move toward its 
bulk so that the presence of those opposite electric charges in the droplet 
act against the surface tension. For the droplet to remain in a stable state, 
the inward surface tension must exceed the outward electrostatic repulsion 

Figure 5.4. Schematic of the path of the fiber jet.
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forces between the charges [19]. This force balance equation is expressed 
as

 
F g r VE ≤
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 (5.2)

where b is a shape factor of the droplet and V is its volume. The  electric 
force, FE, in the system is expressed as [19–21]
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where e is the permittivity of the medium, which in most cases is air, and 
L is the needle to collector distance.

As the applied voltage increases, the magnitude of the electric force 
 acting on the droplet starts to deform it. For a polymer solution with low 
molecular weight, this causes electrospraying in which the droplet degener-
ates into smaller droplets. However, for a polymer solution with sufficient 
molecular weight and viscosity, polymer chain entanglement prevents break-
ing up of the droplet and instead the droplet stretches into a polymer jet.

5.3.1.2 Taylor Cone Formation

Electrostatic repulsion between surface charges causes the polymer drop-
let to deform and elongate in order to increase its surface area. This results 
in a characteristic conical shape called the Taylor cone, and the steps of 
polymer jet formation are illustrated in Figure 5.5. At a critical voltage, VC, 
a polymer jet is generated from the Taylor cone as electric forces  overcome 
the droplet surface tension [22, 23]. The expression for VC is given by
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where h is the length of the needle.

5.3.1.3 Launching of the Jet

As the electric field, generated between the needle and the collector, and 
the electrostatic interaction between surface charges stretch the  droplet, 
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the polymer chain entanglement in a concentrated polymer solution 
 prevents the droplet from breaking up and an NWs results. The mass and 
charge in the system is conserved as the polymer jet leaves the droplet  
[19, 25]. As we saw earlier and will detail later, the jet can be launched 
toward a substrate that is as far as 10 to 15 cm (far field) or as close as 100 
µm to 2 mm (near field). The launching of a jet in near field is consider-
ably different from that in far field and is not really well understood yet.

5.3.1.4 Elongation of the Straight Wire Segment

As the jet leaves the droplet, the external electric field and the  electrostatic 
repulsion of the charges within the droplet make the jet at first to  elongate 
in a straight line toward the collector [24]. The electrical forces are 
 counteracted by the viscoelastic forces within the polymer solution, and 
the diameter of the jet decreases owing to its elongation as well as through 
the evaporation of the polymer solvent. Several groups have performed 
analytical and computational studies of the polymer jet elongation during 
electrospinning [26–28]. In the model developed by Reneker, and Yarin, 
a polymer jet emerging from the needle is divided into segments, and for 
computational reasons, each segment is considered as a charged bead 
[24]. Beads are connected to each like the viscoelastic dumbbell shown 
in  Figure 5.6 [8, 24].

With Equation 5.5, one describes the momentum balance of 
the bead B (Figure 5.6) stretched by the external electric field and 

Figure 5.5. Taylor cone formation and polymer jet discharge during 
electrospinning process [24].
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the  coulombic force of repulsion and with the viscoelastic forces 
 counteracting them:

 
m dv
dt

e
l

eV
h

a= − +2
0 2p s  (5.5)

where m is the mass of the bead, e is the electrical charge, V0 is the applied 
voltage, l is distance between beads, h is the distance between bead A to 
ground (Figure 5.6), and a is the bead radius.

5.3.1.5 Whipping Instability

Initially, the polymer jet moves toward the grounded collector following 
a straight trajectory. Then, after traversing a certain distance,  electrostatic 
instabilities produce a whipping motion in the polymer jet. Several 
 studies have attempted modeling of the polymer jet whipping motion in 
the  electrospinning processes [25, 26, 28, 29]. The forces involved in the 
whipping motion of the jet and their effects are summarized as follows 
[19, 30]: (a) FG, which is dependent on the density of the solution, acts 
vertically downwards toward the collector; (b) FE, which is produced by 

Figure 5.6. Model of a rectilinear 
segment of the electrospinning 
jet represented as a viscoelastic 
 dumbbell [8].
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the applied electric field, stretches the polymer jet toward the  collector; 
(c) columbic force of repulsion FC on the surface of the jet, which intro-
duces bending instability and whipping motion and depends on the elec-
trical characteristics of the polymer and its solvents; (d) viscoelastic force 
Fve, which acts against the stretching of the jet and is dependent on the 
 polymer molecular weight, the solvent, and the type of polymer; (e) sur-
face tension forces, which also act against the stretching of the jet and 
depend on the composition of the polymer solution, solvent type, and any 
additives such as surfactants; and (f) frictional forces between the surface 
of the jet and the surrounding medium.

The whipping motion in electrospinning is the interplay between all 
these forces and, hence, consideration of these parameters is  important. 
Although the existing models only consider some of the parameters 
 affecting the process, their predictions have been found to be in close 
agreement with experimental observations [19].

5.3.1.6  Solidification into Nanowires

During the polymer jet flight and while undergoing whipping, evaporation 
of solvent leads to the solidification into nanofibers. The volatile solvents 
may evaporate before thinning (during whipping motion) and  evaporation 
rate is an important parameter in this process [19]. The solidified  nanofibers 
are deposited randomly on the collector electrode, and under optimized 
conditions, these fibers are circular, continuous, and bead free.

5.3.2 DIMENSIONS OF THE NANOWIRES

The dimensions of the polymer fibers depends on the following  parameters: 
(a) polymer precursor material, (b) polymer solution concentration, (c) 
needle-to-collector distance, (d) flow rate of the precursor, (e) applied 
voltage (f), and mechanical stretching (see more details on this parameter 
further ahead).

The morphology and dimensions of the fabricated polymer fibers 
depend on the composition of the electrospun polymer and the solution 
concentration. The latter parameter has the dominant influence on the 
thickness of NW with the more diluted solutions generating the thinner 
fibers and the concentrated solutions producing the thicker fibers. There 
is an important caveat here: When the polymer concentration is too low, 
beads are formed instead of fibers, and with the very high concentra-
tions, electrospinning might not be possible. Needle-to-collector distance 
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and the polymer flow rate influence the distribution, density, thickness, 
and homogeneity of the fibers. A typical electrode-to-collector distance 
 varies from 8 to 30 cm. The applied voltage mainly influences the thick-
ness of the fibers: thinner fibers are produced at higher applied voltages. 
In Figure 5.7, we show a photograph of the UCI BioMEMS lab far-field 
 electrospinning setup.

5.3.3  CHALLENGES: ALIGNMENT IN FAR-FIELD 
ELECTROSPINNING

NWs are randomly deposited on the collector electrode during an elec-
trospinning experiment using a conventional far-field setup. However, 
for many applications (e.g., electronic devices, photonic devices, and 
structures for cell cultures, among others), highly aligned nanofibers 
are required. Hence, the alignment of electrospun nanofibers is one 
of the most important challenges encountered in the electrospinning 
field.

In [31], Kim and Reneker used a rotating drum as collector  electrode, 
aligning the collected fibers in the direction of the drum rotation and pro-
ducing relatively uniform mats of oriented fibers. The use of a rotating 
drum electrode is the most used commercial technique for collecting 
aligned polymer nanofibers. In Figure 5.8, we show a schematic drawing 
of an electrospinning setup with a rotating drum collector and a picture of 
a commercially available electrospinning system.

Figure 5.7. Photographs of UCI BioMEMS lab 
 electrospinning setup [8].
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5.4 ELECtRO-mEChAniCAL SPinning

Electrospinning has emerged as a successful method for the  fabrication  
of various types of long and continuous nanofiber mats, not only in 
research and niche market environments but also for industrial mass 
production  markets [32–34]. The nanofiber mats can be produced by 
a standard far-field electrospinning (FFES) method. However, electric 
 instabilities inherent in FFES make this process inappropriate for a 
wide range of applications that require isolated NWs to be deposited 
in a controlled pattern or to be deposited only in predetermined loca-
tions. Near-field electrospinning (NFES) technology was developed to 
fill the demand for production of micro- and nanofibers with increased 
positioning  precision [35–37]. The main difference between FFES and 
NFES is the distance between the fiber source and the collector, which 
is significantly reduced for NFES. This reduction in distance between 
the  needle and substrate allow for depositing the fibers on the substrate 
before the onset of the whipping motion because of electrical instabil-
ities. But the application of an electric field alone does not provide a 
force strong enough to stretch out the fiber jet diameter to the nano-
meter scale. Using the NFES process, only micrometer-sized fibers 
can be reproduced. Electromechanical spinning (EMS) developed by 
Madou et al. [38] improves upon NFES by offering thinner fibers with 
an exceptional nanofiber deposition control. The  fundamental princi-
ple behind EMS is the use of viscoelastic polymer inks in conjunction 
with a low deposition voltage and a  mechanical pull on the polymer 
fibers.

Figure 5.8. Schematic of an FFES system with rotating drum and 
 commercially available electrospinning setup [8].
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5.4.1 SETUP DESCRIPTION

The distance between the needle and the collector electrode in EMS 
is smaller than that required for FFES. In EMS, this distance is in the 
range of 500 µm to 1.5 mm, and thus EMS operates in the stable  liquid 
jet region. The polymer solution is contained, for example, in a 3-ml 
syringe bore fitted with a 25 to 33 stainless steel needle gauge (ID from 
250 to 100 µm). The syringe is mounted on a syringe pump (either 
mechanical or pneumatic) to dispense the polymer solution at a con-
trolled flow rate.

Generally, the syringe in the EMS setup is mounted using a syringe 
holder. This holder can be manually or automatically positioned in the 
x–y–z directions and is connected to a pneumatic syringe pump. The 
 target substrate is mounted on an automated X-Y microstage that can be 
 programmed to move in any desired pattern at different speeds and accel-
erations. In Figure 5.9, we show a schematic of the electrode configuration 
in an EMS setup.

A power supply, shown in Figure 5.10, is connected to the needle to 
provide the high-voltage signal and the substrate is grounded. The  polymer 
solution flows through the needle to form a full-sized droplet at the needle 
tip. The voltage is then turned on to initiate the polymer jet. Importantly, 
the jet does not self-initiate in a near-field setup, because the electrostatic 
force is not strong enough to overcome the surface tension at the  droplet–
air interface. This can be observed from a video of the EMS process in 

Figure 5.9. Schematic of EMS setup [8].
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which the droplet shape is seen to only slightly be deformed by the elec-
tric field and still be approximated as having a spherical geometry. To 
initiate the jet in EMS, it is necessary to introduce an artificial  instability 
at the droplet–air interface that results in a very high local electric field. 
If this local electrical field is sufficient to overcome the interfacial surface 
tension, then a jet initiates. This artificial instability can be induced, for 
example, by poking the droplet with a glass microprobe tip (1 to 3 µm tip 
diameter). Once the jet is initiated, the system reaches a new equilibrium 
with a jet that continues to flow as long as the electric field is applied and 
new polymer solution is available.

5.4.2 MATERIALS AND METHODS

A special EMS polymer formulation is required to be able to produce 
stretched fibers without breaking. Highly viscoelastic polymer  solutions 
contain long entangled polymer chains that promotes stretchability 
and defines the continuity of the electrospun jets and the thinning to 
the  nanometer scale of the fiber. Also, the continuous electrospinning 
of the polymer jet into patterned nanofibers is ensured this way. In an 
 experiment, different concentrations of high-molecular-weight poly 

Figure 5.10. Photographs of voltage supply, syringe, and grounded 
substrate of EMS setup [8].
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 (ethylene oxide) (PEO; MW = 4,000,000) from Dow Inc. (WSR-301) 
were used, giving rise to the first successfully tested EMS polymer 
 solutions [8].

5.4.3 VOLTAGE EFFECTS

In far-field electrospinning, the fiber diameter decreases with higher 
applied voltages because of an increase in bending instabilities that 
stretches the nanofibers further. However, an opposite trend is observed 
in EMS. In EMS, the voltage can be manipulated to directly control the 
 thickness of the nanofibers. Low-voltage operation results in the  reduction 
of the jet diameter, leading to thinner nanofibers. This is because of the 
lower  electrostatic forces, which reduce the feed rate of the polymer, 
reducing jet thickness. Another advantage of using lower operation volt-
age is that it increases the deposition control of the fibers, avoiding NW 
jittering.

5.4.4 CONTROL OF MECHANICAL STRETCHING

A low average velocity of the stage leads to fiber thickening and thinner 
fibers are obtained with higher average stage velocities. This is a result of 
the mechanical stretching of the nanofibers between the point of contact 
with the substrate and the droplet. To obtain wires of uniform thickness, 
EMS must only be run in the constant velocity regime. It is also feasible 
to use the stage motion to create a smooth continuous transition between 
nanofibers of different thickness.

Figure 5.11. SEM images of suspended nanowires on carbon posts 
(a) six carbon post connected to each other by nanowires, (b) and 
 individual nanowire [8].
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In Figure 5.11, we show a scanning electron microscope (SEM) image 
of suspended NWs on carbon posts. An SEM image of a  single suspended 
CNW between two carbon electrodes is shown in Figure 5.12.

5.5 COnCLuSiOnS

The main focus of this chapter was to discuss the process details used 
to fabricate suspended CNWs that are precisely aligned on supporting 
 structures, establish a good ohmic contact with those supporting structures, 
and can be produced in a batch mode. C-MEMS has started to provide 
solutions for the aforementioned requirements. The biggest advantage of 
the C-MEMS process is that it starts with a polymer carbon precursor that 
is the same for NW and supporting electrodes and that the  conversion of 
both into carbon during the pyrolysis step automatically results in a good 
ohmic contact. No extra, high temperature,  postprocessing are necessary. 
Details of electrospinning for NW deposition have also been discussed 
in this chapter. Research on C-MEMS is still in its infancy and many 
 discoveries are to be expected.

Figure 5.12. SEM image of a single suspended CNW between two 
carbon electrodes.
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6.1  intRODuCtiOn tO ORgAniC AnD CARbOn 
XEROgEL

The sol–gel process is a chemical route to the synthesis of an intercon-
nected network of solid particles (gel) from a starting colloidal solution 
(sol) of monomers. Silica gel was the first inorganic gel synthesized by 
Ebelmen in 1846 [1]. A number of inorganic precursors such as metallic 
salts and alkoxides were used for the synthesis of those silica gels [1]. 
However, the synthesis of organic gels using organic precursors was only 
reported first as recently as 1989 by Pekala [2]. He introduced the fabrica-
tion of resorcinol–formaldehyde (RF)-based organic aerogels through the 
polycondensation of resorcinol with formaldehyde in alkaline conditions. 
Although a number of other organic gels such as phenol–formaldehyde, 
phenolic–furfural, melamine–formaldehyde, and resorcinol–furfural were 
prepared using the sol–gel method after these, RF-based, organic gels 
have been studied and used most extensively [3–8].

For the preparation of an RF organic gel, resorcinol is first added 
to formaldehyde in a given molar ratio followed by stirring to obtain a 
 homogeneous solution. In another beaker, an aqueous alkaline  solution of 
the  catalyst (e.g., sodium carbonate or potassium carbonate) is  separately 
prepared and then added to the RF homogeneous solution [4, 9]. After 
 continuous stirring for 15 to 30 minutes, a brown color  homogenous  solution 
(RF sol) is obtained. The alkaline catalyst initiates the  resorcinol anion 
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 formation and these anions react with formaldehyde to form hydroxymethyl 
derivatives. These hydroxymethyl derivatives then  participate in conden-
sation polymerization reactions to form cross-linked clusters of size 7 to 
10 nm. These clusters (colloid particles) start forming a stiff and intercon-
nected network in the aqueous solution to ultimately yield an RF organic 
gel [10]. A schematic explaining the mechanism of formation of RF organic 
gel is shown in Figure 6.1 [10]. There are also a few reports on using acidic 
catalysts in organic solvents for the preparation of RF organic gels [10–12].

The physicochemical properties of RF organic gels largely depend 
on the method used for drying them among several other parameters 
 including initial molar ratios of resorcinol to formaldehyde, amount of 
catalyst, and diluent (generally water) [10]. Depending on the nature of 
the drying process, the final dry RF organic gel is classified as follows:

a. Aerogel (supercritical drying)
b. Cryogel (freeze drying)
c. Xerogel (subcritical drying)

Figure 6.1. Schematic illustrating the mechanism of polymerization of 
 resorcinol and formaldehyde [10].
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Supercritical drying: In this method, water is evaporated from the 
pores inside the wet gel using CO2 in supercritical conditions, so as to 
retain the skeleton structure formed during the gelation process. Before 
supercritical drying, the removal of aqueous solvent that is used as  reaction 
medium through repetitive washing with organic solvent is important 
because of the insolubility of CO2 in water. Supercritical drying takes 
place inside an autoclave, where the aqueous solvent that is present inside 
the pores of the gel is interchanged with the supercritical state liquid CO2 

with its much lower surface tension. This supercritical drying generally 
takes place for more than four hours, and gels dried by this method are 
called aerogels. Aerogels possess large surface area and pore volume and 
are very lightweighted [6, 10, 13].

Freeze drying: Freeze drying is another method to prepare porous 
gels with large surface area and is less expensive compared to  supercritical 
drying. In this method, the frozen solvent is removed by sublimation to 
avoid formation of a vapor–liquid interface. Similar to aerogels, before 
freeze drying, these gels must have the solvent exchanged with an 
 alternative liquid. The liquid is selected in such a way that it does not con-
siderably change in density on freezing (e.g., tert-butanol). The advantage 
is that this prevents the destruction of the inner gel structure because of 
the expansion of the solution. After solvent exchange, the organic gels are 
frozen for 1 h at 243 K followed by drying for 1 day at 263 and 273 K to 
obtain an RF cryogel [14].

Subcritical drying: This method of drying is quite inexpensive, and 
it does not involve any solvent exchange as in the case of supercritical 
drying or freeze drying. Evaporation of solvent at atmospheric pressure 
by simple oven drying may cause drastic changes in surface tension of the 
solvent, thus inducing large capillary forces at the liquid–vapor interfaces. 
This effect subsequently causes pores to shrink and collapse, thus result-
ing in more dense polymeric structures known as xerogels [15]. Although 
there are few recent reports on porous RF xerogels (RFX) formation, RFX 
remain quite dense and almost nonporous when compared to aerogels and 
cryogels.

RF organic gels when heated at elevated temperature in inert atmo-
sphere (pyrolysis) yield carbon gels. RF-derived carbon aerogels were 
the first conductive gels synthesized [13]. RF-derived carbon aerogels 
and cryogels because of their unique physical and chemical properties 
such as large surface area, chemical stability, low density, homogeneity, 
and  conductivity received wide attention in the literature and have been 
 studied for various applications such as electrodes for energy storage 
devices, adsorbents, and catalyst support materials [16–23].
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6.2 imPORtAnCE Of CARbOn XEROgELS

As discussed earlier, carbon xerogels can be synthesized through the 
pyrolysis of organic RFX via simple oven drying at atmospheric  pressure. 
However, until recently, carbon xerogels did not get much attention 
largely because of their relatively nonporous nature. However, there has 
been a tremendous effort in the literature over the past decade to modify 
the properties of RF-derived carbon xerogels in terms of their porosity, 
surface area, and conductivity by simply tuning the synthesis  conditions. 
Nonporous dense carbon xerogels of low surface area are transformed to 
 high-surface-area porous carbon xerogels by changing the pH of the RF 
aqueous solution or by physical and chemical activation after  carbonization 
or by addition of metal salts in the precursor solution [17, 24–26]. Job 
observed an increase in surface area from less than 40 to 635 m2/g  simply 
by changing the pH from 7.35 to 5.45 [25]. These high-surface-area porous 
carbon xerogels were then suggested for potential applications in catalysis 
and as adsorbents [18, 19].

However, for electrochemical applications, where large surface area 
and low density may not be that important a benchmark because of the 
high irreversible capacity losses associated with solid electrolyte inter-
face (SEI) formation in lithium-ion batteries (e.g., irreversible capacity 
losses as high as 83 percent were reported for activated carbon aerogels 
when tested for lithium-ion insertion performance [27]), carbon xerogels 
are rather better contenders for those battery electrodes. This led to a 
major focus in recent times on the tailoring of the surface morphology 
of RF- derived carbon xerogels with tunable porosity. A wide variety of 
 morphologies including microspheres, microspheres with nanofeatures, 
hollow particles, and fractal-like have been synthesized in aerogels, 
 cryogels, and xerogels using inverse emulsification in which the RF gel is 
mixed with some organic solvent in the presence of surfactants and is con-
tinuously stirred [10, 28–37]. By varying the various process conditions 
such as stirring time and the amount of surfactant, RF-derived carbon 
xerogels have been synthesized with moderate surface area and porosity 
[30, 36]. Further activation in an oxygen or a carbon dioxide environment 
and addition of melamine for nitrogen doping provide the required char-
acteristics for a carbon xerogel with much more active sites and more 
surface defects for potential application as high-capacity anode materials 
in lithium-ion batteries [24, 27, 38].

In this chapter, we present an overview of some of the methods to 
synthesize a wide variety of exotic morphologies in RF-derived carbon 
xerogels. These RF-derived carbon xerogel structures range in size from 
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a few micrometers to tens of nanometers with spherical to  multiscale 
three-dimensional fractal-like hybrid architectures. To enable their use 
as potential electrodes in microelectromechanical systems, we then 
 demonstrate the possibility of reversible lithium-ion intercalation in these 
RF- derived carbon xerogels.

6.3  SYnthESiS Of vARiOuS mORPhOLOgiES in 
CARbOn XEROgELS

6.3.1 INVERSE EMULSIFICATION METHOD

As mentioned earlier, carbon xerogels today are candidates for a number 
of applications including adsorbents, catalysts, and electrodes for energy 
storage devices. With such very diverse applications in mind, the surface 
morphology of these carbon xerogels plays an important role for  exploiting 
their full potential in each of those applications. Inverse emulsification 
has been considered as one of the most viable techniques to produce a 
 variety of morphologies in RF-based xerogels. As shown in the schematic 
in  Figure 6.2, during inverse emulsification, a hydrophilic monomer in 
aqueous solution (RF sol) is emulsified in a continuous oil phase (e.g., 
cyclohexane) containing an emulsifier (e.g., span-80).

The emulsifier minimizes the interfacial surface tension at the bound-
ary of two immiscible fluids to form the spherical RF droplets, which are 
then dried and pyrolyzed in an inert atmosphere to yield carbon xerogel 
particles. As the inverse emulsification of an RF sol involves a number 
of synthesis parameters such as sol concentration and its pH, amount of 
 catalyst while preparing the sol, stirring time, shear conditions, and amount 
and type of surfactants, it has been used as a potential way to produce a 
large spectrum of morphologies in RF-derived carbon xerogels [30–36]. 

Figure 6.2. Schematic showing inverse emulsification of RF sol in 
organic phase (cyclohexane) to form RFX particles.

Cyclohexane

RF sol Span-80

RF xerogel
particles

Inverse 
emulsification
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While preparing the RF sol, dilution ratio (ratio of resorcinol to diluent, 
R/W), pH, and amount of catalyst play an important role in  deciding the 
final size distribution of the RF droplets [10, 30]. It has been shown that 
by varying the dilution ratio to three orders of magnitude from 0.0037 to 
3.7, not only the average size of RF-derived carbon xerogel particles is 
decreased over more than one order of magnitude (from about 28 to almost 
1 µm) but the shape was also distorted from spherical (see Figure 6.3 and 
Table 6.1) [30]. This phenomenon may be due mostly to a delay in gelation 
time, which permitted more time for the particles to grow and at the same 
time to deform the particles to elongated nonspherical shapes.

Other than the dilution ratio, the amount of catalyst and,  therefore, the 
pH of the RF sol play a significant role in determining the final  morphology 
of carbon xerogels. Job et al. reported the significant increase in total pore 
volume with a change in initial pH of the RF sol from 6.25 to 5.45 [25]. 

Figure 6.3. Optical micrographs showing the transition to nonspherical 
shapes of RF-derived carbon xerogel microparticles with a change in 
dilution ratio: (a) R/W = 0.037; (b) R/W = 0.0037. Other conditions for 
both cases are R/C = 25, surfactant concentration = 1% (v/v), and stirring 
time = 5 h.

Source: Reproduced with permission from Sharma et al. [36].

100µm 100µma) b)

Table 6.1. Characteristic sizes of RF-derived carbon xerogel particles 
synthesized at different R/W ratios with 5 h of stirring time and 1% (v/v) 
span-80 concentration

R/W ratio
Mean particle diameter, 

dav (mm) Standard deviation (mm)
0.0037 27.9 11.3
0.037 17.2 4.9
0.37 11.8 4.5
3.7 1.4 0.6

Source: Reproduced with permission from Sharma, Upadhyay, and Sharma [30].
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We varied the amount of catalyst (R/C from 0.2 to 500) and found that at 
very low R/C ratio, that is, higher amount of catalyst,  submicrometer-sized 
spherical carbon particles were obtained. However, upon increasing 
the R/C ratio to 100 (a low catalyst concentration), carbon particles as 
large as 58 µm were obtained with elongated shapes. This effect may be 
understood from the fact that with a lesser amount of catalyst, the num-
ber of nucleation sites is effectively reduced and this results in the size 
of  individual RF sol droplets to become larger. On further reducing the 
amount of catalyst (R/C = 500), carbon started agglomerating and formed 
layered fractal-like structures [36] (see Figure 6.4 and Table 6.2).

Stirring conditions also affect the size of the RF droplets and,  therefore, 
the resulting carbon xerogel particles. Upon increasing the  stirring time 
from 2 to 7 h, the RF-derived carbon xerogel particles grew in size almost 
an order of magnitude from 5 to 46 µm. Further ultrasonication provided 
better control of the carbon xerogel particles uniformity as compared to 
magnetic stirring (also shown in Figure 6.5). Moreover, ultrasonication 
reduced the mean diameter of the particles.

Figure 6.4. Field emission scanning electron 
 microscopy (FESEM) images showing aggregation 
and coalescence of RF-based carbon microspheres 
at a span-80 concentration of 1% (v/v) (a) R/C = 10, 
 stirring time = 5 h; (b) R/C = 10, stirring time = 24 h; 
(c) R/C = 25, stirring time = 24 h; (d) R/C = 500, 
stirring time = 24 h.

Source: Reproduced with permission from Sharma 
et al. [36].

a

c
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One of the major factors that determines the size, as well as the 
 morphology, of RF-derived carbon xerogel particles in the inverse 
 emulsification process is the type and amount of surfactant [30]. Nonionic 
surfactants with different hydrophilic–lipophilic balance (HLB) values 
were used to examine their effect on emulsion stability and, therefore, 
on particle morphology. HLB value for a surfactant molecule is defined 
as the ratio of molecular mass of hydrophilic to lipophilic groups and is 
an  indicator of the degree to which the surfactant is hydrophilic. It was 
observed from these experiments that the presence of bulky oleic groups 
(higher HLB value) created steric hindrance to the drop coalescence 
leading to a reduction in droplet size. More specifically, surfactant with 
HLB value 8.6 (span-20) resulted in the reduction of average diameter of 
RF- derived carbon xerogel particles to 4 µm from 10 µm as in the case 
of the  surfactant with HLB value 4.3 (span-80). More interestingly, it is 
the amount of surfactant that controls the morphology and forms struc-
tures ranging from spheres to branched and folded fractal-like carbon 
microstructures. Varying the surfactant concentration basically modulates 
the interfacial tension and the composition of the continuous phase in 
the inverse emulsification. Earlier with a change in catalyst and  diluent 

Table 6.2. Characteristic sizes of RF-derived carbon xerogel particles 
synthesized at different R/C ratios with 5 h of stirring time and 1% (v/v) 
span-80 concentration

R/C ratio Mean particle diameter (mm) Standard deviation
0.2 0.90 0.1
1 3.8 1.1
25 18.1 6.8
100 57.9 19.7

Source: Reproduced with permission from Sharma et al. [36].

Figure 6.5. Optical micrographs of the RF-based carbon  microspheres 
obtained at R/C = 25, 1% (v/v) span-80 concentration with different stirring 
times: (a) 2 h; (b) 5 h; (c) 7 h.

Source: Reproduced with permission from Sharma et al. [36].

100 µm
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100 µm 100 µm
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 concentration, it was found that the dispersed phase composition was 
the controlling factor for the final size and shape of the carbon particles. 
With an initial increase in  surfactant concentration from 1 to 4 percent, the 
 average size of the particles was reduced and the density was increased as 
shown in Figure 6.6a and b, respectively.

Upon increasing the surfactant concentration further from 16 to 33 
percent and then up to 50 percent, the viscoelasticity of the  dispersion 
increases, and with a reduced interfacial tension, this leads to shear 
 deformation under continuous stirring. This distorts the spherical droplets 
first into elongated shapes followed by sharp needle-like branched carbon 
structures that are fractal like. Some of these carbon xerogel structures are 
shown in Figure 6.7. More details on the exact conditions to form these 
highly branched, fractal-like, high-external-surface-area carbon xerogel 
structures can be found in one of our previous publications [36].

In all the earlier cases, the RF-derived carbon xerogel structures were 
in the micrometer size range. However, in one of our more recent studies, 
we have obtained RF-derived carbon xerogel nanoparticles by adding a sed-
imentation step after the inverse emulsification and by repeating the process 
for a couple of cycles [39]. A schematic of this process is shown in Figure 6.8.

Sedimentation facilitates the settling of micrometer-sized RF sol 
droplets, which were then again mixed with the oil phase and further 
stirred. This allowed for the further breaking up of the RF sol droplets, 
which ultimately narrowed down the size of the RF-derived carbon 
xerogel particles to a few hundred of nanometers. At the same time, the 
increased coalescence between the resulting particles finally yielded an 
interconnected network of RF-derived carbon xerogel nanoparticles as 
shown in Figure 6.9.

Figure 6.6. Optical micrographs showing the effect of surfactant 
 concentration on particle size at R/C = 25, stirring time of 5 h in low 
 surfactant concentration region (a) 1% (v/v) span-80; (b) 4% (v/v) span-80.

Source: Reproduced with permission from Sharma et al. [36].

30 µm 30 µm

a b
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Figure 6.7. FESEM images of carbon bushes and flowers type 
 fractal-like structures obtained at high surfactant concentrations: 
(a) 16 percent span-80, 2 h stirring; (b) 16 percent span-80, 5 h 
 stirring; (c) 33 percent span-80, 1 h stirring; (d) 33 percent span-80, 2 
h stirring; (e) high magnification image of (d); (f) 50 percent span-80, 
1 h stirring; (g) 50 percent span-80, 2 h stirring. Images (a)–(g) are 
obtained using the surfactant from Loba Chemie at R/C = 25. Images 
(h) and (j) are obtained using the surfactant from Sigma Aldrich at 
R/C = 10, 2 h stirring with 33 and 50 percent span-80, respectively. 
Images (i), (k), and (l) are obtained using the surfactant from SD 
Fine Chemicals with other conditions such as 33 percent span-80, 2 h 
stirring with R/C = 10 and 25, respectively, for image (i) and (k) and 
50 percent span-80, 2 h stirring, R/C = 25 for image (l).

Source: Reproduced with permission from Sharma et al. [36].
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Figure 6.8. Schematic showing the various steps of synthesis of 
RF- derived carbon xerogel nanoparticles using repetitive inverse 
 emulsification.

Source: Reproduced with permission from Kakunuri, Vennamalla, and 
Sharma [39].
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6.3.2 ELECTROSPRAYING

In another recent work, we have shown that the RF sol–gel process 
in combination with electrospraying followed by pyrolysis is able to 
 produce discrete carbon xerogel nanoparticles [11]. Electrospraying 
uses a high-voltage source connected to a syringe filled with a  polymer 
 solution (the RF sol in this case). Upon applying a high voltage of the 
order of tens of kilovolts, electrostatic forces overcome the surface 
 tension and  viscoelastic forces and initiate a charged jet of RF sol, which 
finally erupts into nanometer-sized droplets before being deposited on 
the collector as shown in Figure 6.10a. By controlling the various pro-
cess parameters such as needle diameter, flow rate, and applied voltage, 
we were able to  synthesize spherical and monodispersed carbon xerogel 
nanoparticles with an average diameter of nearly 30 nm as shown in 
 Figure 6.10b and c.

As far as the internal structure of these RF-derived carbon xerogels 
is concerned, to a very large extent, it depends on the method of 
 preparation and temperature of pyrolysis. However, RF-derived  carbon 
xerogel largely falls into the category of hard carbons [39]. Hard 
carbons have smaller crystallites than graphite, which are arranged 
 randomly and, therefore, are amorphous in nature. As these hard car-
bon cannot be graphitized even at elevated temperatures, these are 
also known as  nongraphitizable carbons. A typical X-ray diffraction 
(XRD) and Raman spectrum for RF-derived carbon xerogel nanopar-
ticles is shown in Figure 6.11a and b. A broad peak at θ = 24° in the 
XRD pattern that corresponds to (0 0 2) reflections of graphite gives 
interlayer spacing (d002) of 3.71 Å as calculated from Bragg’s law. This 
indicates the amorphous nature of RF-derived carbon xerogels. Fur-
ther, we observe two broad peaks of characteristic D and G band at 
1,331 and 1,592 cm−1, respectively, in the Raman spectrum. D band 
signifies the presence of dangling bonds and defects in the carbon struc-
ture, while G band  corresponds to in-plane vibrations of carbon atom 
in graphene layers. A strong presence of the D band and the intensity 
ratio (ID/IG), which was calculated to be 1.01, indicates the higher frac-
tion of  disordered carbon [40, 41] in RF-derived carbon xerogels. The 
transmission  electron microscopy image shown in Figure 6.11c also 
confirms the lack of long-range order of graphitic crystallites in these 
RF-derived carbon xerogels.
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6.4  fAbRiCAtiOn Of thREE-DimEnSiOnAL 
C-mEmS StRuCtuRES uSing Rf-DERivED 
CARbOn XEROgEL

For improved energy as well as power density of lithium-ion  batteries, 
three-dimensional electrode architecture is proposed because of 
the reduced ohmic losses and the accommodation of more active 
 electrode material. One of the most promising way to fabricate 3D 
carbon  electrodes is patterning of SU-8 negative photoresist using 
 photolithography followed by pyrolysis. RF-derived carbon xerogels 
also find increased acceptance as anode materials because of their eas-
ily tunable physical and  chemical properties. However, to fabricate 
three-dimensional carbon electrodes from RFX, we need to find alterna-
tive fabrication approaches other than photolithography that is limited 
to photoresist materials.

We have fabricated three-dimensional carbon microelectrome-
chanical systems (C-MEMS) structures from RF-derived carbon 
xerogels using replica molding, a method that can be categorized as 
soft lithography,  followed by controlled pyrolysis [42]. In the replica 
molding technique, a master pattern to be replicated is made first. As 
illustrated in Figure 6.12, we patterned a three-dimensional microarray 
in SU-8 using photolithography (Figure 6.12a). A prepolymer solution 
of  polydimethylsiloxane (PDMS) elastomer was then poured over this 
master pattern (Figure 6.12b). Once the PDMS was cured at 80°C, the 

Figure 6.12. Schematic diagram of replica molding to fabricate 
three-dimensional microposts arrays in RFX.

Source: Reproduced with permission from Sharma et al. [12].
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mold with PDMS was put into a chloroform solution to swell the PDMS 
so as to peel it off easily from the master to fabricate negative  replicas 
in PDMS (Figure 6.12c). This process, known as replica molding, is 
continued but now by using the PDMS replica as a master. The RF sol 
is poured onto the PDMS stamp (Figure 6.12d) and allowed to dry to 
form the xerogel. Curing and peeling off the PDMS replica yields the 
patterned RFX (Figure 6.12e), which were further shrinked isotropically 
[42] under controlled drying conditions to yield three-dimensional array 
of RFX microposts (Figure 6.12f).

After controlled drying and pyrolysis, the patterned RF gels are 
 converted into three-dimensional carbon xerogel structures. Drying 
of the patterned RFX is a crucial step, and it has to be optimized very 
 carefully to prevent distortion, buckling, and cracks. Pyrolysis of the RFX 
patterns yielded 3D carbon patterns that importantly retained the same 
aspect ratio as the master pattern because of their isotropic shrinkage. 
Up to 60  percent shrinkage can be obtained in one cycle of drying and 
 pyrolysis of RFX. RF sol composition, drying, and pyrolysis conditions 
are some of the  important parameters that need fine tuning to yield crack- 
and  distortion-free 3D carbon xerogel structures. Further miniaturization 
of these patterns can be achieved by replicating the fabricated 3D carbon 
xerogel pattern for subsequent cycles of replica molding. This way we 
reduced the dimensions of the original patterns by an order of magni-
tude in four successive cycles of replica molding, drying, and pyrolysis. 
In  Figure 6.13, we show, as an example, three-dimensional microposts 
arrays of SU-8, which were then transferred using replica molding into 
RFX and pyrolyzed into carbon. This simple fabrication method of 
arrays of three-dimensional microposts in  carbon xerogels as shown in 
Figure 6.12 opens up new possibilities for their use in electrochemical 
applications. The replica molding technique is not limited to replicating 
micrometer-sized features but can also be used for replicating hierarchical 
structures (such as fractals) with features in the micrometer and nanome-
ter range [43].

Recently, Park et al. demonstrated that a fractal 3D electrode design is 
the most appropriate electrode shape for batteries, fuel cells, and sensors 
because of the minimized transport losses and maximized surface area 
[44]. Taking this into consideration, we have suggested the combination of 
a top-down approach (soft lithography) with a bottom-up  technique such 
as electrospraying to make such three-dimensional fractal-like  hierarchical 
C-MEMS structures using RFX [12]. A schematic  demonstrating this 
 principle is shown in Figure 6.14.
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As illustrated here, SU-8 2002 photoresist was electrosprayed 
to deposit submicrometer-sized beads, while RF sol was separately 
electrosprayed in the form of nanometer-sized droplets on to these 
 three-dimensional HAR carbon micropost arrays, which were used as a 
collector. In the latter case, the RF sol is electrosprayed in the form of 

Figure 6.13. (a) High aspect ratio (HAR) 3D cylindrical posts in 
SU-8 used as master pattern; (b) PDMS replica showing holes; 
(c) RFX-based cylindrical posts; (d) RFX-derived cylindrical 
nonporous carbon posts; (e) HAR 3D posts with cross-shaped 
design in SU-8; (f) PDMS replica showing holes; (g)–(h) 
RFX-derived 3D cross-shaped nonporous carbon posts.

Source: Reproduced with permission from Sharma et al. [12].
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nanoparticles with an average diameter of 72 ± 21 nm, while in the for-
mer case, the SU-8 photoresist is electrosprayed as submicrometer-sized 
particles (average diameter of 275 ± 83 nm). These integrated hierarchical 
structures were then subjected to pyrolysis in the inert atmosphere to yield 
three- dimensional HAR C-MEMS structures. As observed at different 
magnifications in Figure 6.15, there was an efficient conformal coverage 
with the RF-derived carbon xerogel nanoparticles or the SU-8-derived 
submicrometer-sized particles on an array of three-dimensional carbon 
microposts of different shapes.

6.5  ELECtROChEmiCAL PERfORmAnCE Of 
Rf-DERivED CARbOn XEROgELS

In order to demonstrate the utility of RF-derived carbon xerogels as anodes 
in lithium-ion batteries, we have demonstrated that RF-derived carbon 
xerogels in different formats such as thin films or nanoparticles can be 
reversibly intercalated with lithium ions [12, 39]. In Figure 6.16, we show 
the cyclic voltammograms of RF-derived carbon xerogel nanoparticles. 
The broad cathodic current peaks between 0.5 and 1 V are attributed to 
the formation of a SEI layer, a typical characteristic of carbon materials. 
A peak near 0 V confirms the insertion of lithium ions in these carbon 
xerogels, while the anodic peak at 1.2 V may be attributed to the deinter-
calation of lithium ions.

Magnified 
view

Figure 6.14. Schematic for fabricating hierarchical 
C-MEMS structures by combining electrospraying 
with lithographically fabricated master stamp.

Source: Reproduced with permission from Sharma 
et al. [14].
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Galvanostatic charge or discharge experiments were also performed 
on RF-derived carbon xerogel thin films and nanoparticles. For RF-de-
rived carbon xerogel thin films, a reversible capacity of nearly 200 mAh/g 
was established with more than 90 percent coulombic efficiency in second 
and subsequent cycles as illustrated in Figure 6.17a.  Irreversible capac-
ity losses at different current densities as shown in Figure 6.17b and c 
were found to be significantly lower than what has been reported for 
SU-8-photoresist-derived carbon films. This confirms that RF-derived 
carbon xerogels can be reversibly intercalated with lithium ions; how-
ever, the reversible capacity remains lower than that of graphite (200 to 
300 mAh/g). However, as observed in Figure 6.18, RF-derived carbon  

Figure 6.15. (a) An array of RFX-derived cross-shaped carbon posts inte-
grated by electrosprayed SU-8-derived submicrometer-sized carbon spheres; 
(b) magnified side view of a post; (c) magnified top view of one of the posts 
showing a conformal deposition of submicrometer-sized carbon spheres; (d) 
an array of RFX-derived cross-shaped carbon posts integrated by electro-
sprayed RFX-derived carbon nanospheres; (e) magnified side view of a post; 
(f) magnified top view of one of the posts showing a conformal deposition 
of carbon nanospheres; (g) an array of RFX-derived cylindrical carbon posts 
integrated by electrosprayed SU-8-derived submicrometer-sized carbon 
spheres; (h) magnified side view of such a hierarchical post; (i) magnified 
top view of one of the cylindrical posts showing a dense conformal deposi-
tion of submicrometer-sized carbon spheres.

Source: Reproduced with permission from Sharma et al. [14].
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xerogel nanoparticles exhibited significant improvement in their  reversible 
capacity. Initial discharge capacity was found to be 1,127 mAh/g with 
coulombic efficiency of 44 percent. After initial five cycles,  coulombic 
 efficiency reached up to 95 percent. Moreover, after 30 cycles of con- 
tinuous charge or discharge at 0.1 C rate, reversible capacity was  stabilized 
at ~400 mAh/g, which is even larger than that of graphite.

In order to more clearly understand the importance of RF-derived car-
bon xerogels and to bring more clarity on their electrochemical  performance, 
we provide a quick summary of the electrochemical performance of vari-
ous other organic-gel-derived carbon morphologies as anode materials for 
lithium-ion batteries in Table 6.3. We observed that the nanostructuring of 
RF-derived carbon xerogels facilitates the insertion and deinsertion of lith-
ium ions that results in a lower irreversible capacity and higher specific 
reversible capacity even after 100 cycles. The initial coulombic efficiency 
for RF-derived carbon xerogel was significantly higher than that of RF-de-
rived carbon aerogels and cryogels irrespective of their morphology. Nitro-
gen doping using melamine and activation of RF-derived carbon xerogels 
surface to generate porosity further helped in obtaining a significantly 
higher capacity of 640 mAh/g, a value nearly  double to that of graphite, 
one of the most commonly used anode  material for commercial lithium-ion 
batteries. The excellent electrochemical behavior of carbon xerogels as 
reported here opens up many new possibilities for energy storage devices.

Figure 6.16. Cyclic voltammogram of RF-derived 
 carbon xerogel nanoparticles at a scan rate of 0.1 mV/s.

Source: Reproduced with permission from Kakunuri, 
 Vennamalla, and Sharma [39].
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6.6 SummARY

Carbon xerogels have received quite some attention in recent years because 
of their tunable unique physical, chemical, and electrochemical properties. 
In this chapter, we briefly reviewed the various strategies to modulate the 
size, morphology, and internal structure of RF-derived carbon xerogels. 
Furthermore, we demonstrated that RF-derived carbon xerogels can suc-
cessfully be reversibly intercalated with lithium ions and thus find their 
potential application as anode materials for lithium-ion batteries. The 
microstructural characterization, as discussed in this chapter, reveals that 
RF-derived carbon xerogels are hard carbons. Random stacking of smaller 
graphite crystallites in hard carbons thus allow more lithium-ion inser-
tion, which explains the large lithium-ion intercalation capacity observed 
for these carbon xerogels. Moreover, to achieve excellent cyclic  stability 
and capacity retention, in these carbon xerogels, some of the efforts 
such as nanostructuring, doping with foreign molecules, and  activation 
of RF  carbon xerogels (which have been tried successfully in recent 
 literature) were also discussed in this chapter. For C-MEMS  applications, 
we later outlined various approaches to fabricate RF-xerogel- derived 
 three- dimensional HAR multiscale carbon structures over large areas. It 
would be interesting to study the electrochemical performance of some 

Figure 6.18. Cycling performance of carbon xerogel 
nanoparticles.

Source: Reproduced with permission from Kakunuri, 
 Vennamalla, and Sharma [39].
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of these three-dimensional electrodes integrated with RF-derived carbon 
xerogel nanostructures as already fabricated. The hybrid approach for the 
fabrication of multiscale carbon structures may open new possibilities not 
only in energy storage devices but also in sensing devices and catalytic 
applications.
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7.1 PuRPOSE Of ChAPtER 7

The purpose of this chapter is to describe the importance of carbon 
 surface control and modification in terms of chemical composition and 
 microstructure for carbon microelectromechanical system (C-MEMS) 
and carbon nanoelectromechanical system (C-NEMS) applications. The 
chapter points out that the performance of carbon materials is determined 
to a large extent by their surface and interfacial properties. It describes 
methods to tailor the surface activity of different carbon structures, how 
to characterize them, and the potential applications derived from the 
 modifications achieved. Carbon black (CB) and carbon nanotubes (CNTs) 
are chosen as reference carbon materials for describing in detail the sur-
face modifications.

a) b) c)

≈1 nm

10 nm 10 nm 10 nm

≈5 nm

Plasma polymerization of an acrylic monomer on carbon  nanotubes 
(CNTs) surfaces: (a) bare CNT, (b) 5-minute polymerization, 
(c) 15- minute polymerization [1].
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7.2  SuRfACE mODifiCAtiOn Of CARbOn 
mAtERiALS: An intRODuCtiOn

Native carbon surfaces present highly hydrophobic surfaces, which result in 
poor aqueous media interaction, making them unsuitable for some key appli-
cations, especially in biology. The improvement of the  hydrophilicity of such 
materials can be achieved through surface  modification or  functionalization 
[2, 3]. Modification of carbonaceous materials may be performed by cova-
lent and noncovalent methods [4–6].  Covalent  functionalization exploits 
the chemical reactivity of carbon surfaces to form bonds between the 
carbon surface and a hydrophilic moiety. For instance, covalent bonding 
of modified moieties having hydrophilic groups in their structure results 
in increased water solubility of modified CNTs. In contrast, noncovalent 
modification techniques are based on hydrophobic interactions between the 
CNT surface and the hydrophobic region of an amphiphilic moiety. CNT 
wrapping with multiple amphiphilic moieties having surfactant-like activ-
ity again results in solubilization of CNTs in aqueous media [7–11]. Both 
the techniques provide efficient  carbonaceous material modification strate-
gies for different applications, resulting in increased biocompatibility and 
reduced toxicity.

However, covalent functionalization is typically more attractive 
because of the more controlled nature of the procedure, allowing the for-
mation of surfaces with a higher degree of specificity and greater tunabil-
ity of properties [12, 13]. Among the approaches to covalently modify 
carbonaceous surfaces described in the literature, most involve multistep 
reactions and rather harsh conditions to achieve the desired functional 
groups. An alternative that will be extensively commented on this  chapter 
is the use of plasma treatment for surface activation and  modification. 
Plasma polymerization, which is a dry method, has been demonstrated to 
be a relatively simple and fast approach for the  modification of different 
surfaces without affecting the mechanical  properties of the bulk material 
[14–15]. Plasma polymerization is basically used to control the surface 
chemistry of a desired material. The technique was originally developed to 
modify polymers surfaces, providing homogeneous reactive coatings with 
a high degree of specificity for the immobilization of molecules [16–18]. 
In recent years, because of the many advantages that this technique offers, 
it has also been used for the chemical modification of materials such as 
hydroxyapatite powder, metal nanoparticles, carbon nanofibers, and also 
CNTs [19, 20]. As will be seen in this chapter, by using this method, 
 carbon surfaces can be tuned in order to improve wettability, dispersibil-
ity,  stability, and biocompatibility, while retaining structural integrity.



SuRfACE mODifiCAtiOn Of CARbOn mAtERiALS  •  201

Plasma treatment can be used to activate the surface before the 
 polymerization is carried out, or directly by the effect of the same 
 resorcinol–formaldehyde (RF) glow-discharge used to polymerize the 
desired monomer present in the reactor chamber. Over the past decade, 
plenty of studies on plasma polymerization on carbon materials have been 
carried out. These studies are mainly focused on applications involving 
electrochemical sensors in which this technique is used to increase the 
interaction of the sensor surface with the analytes [21, 22].

In Section 7.3, a short overview of plasma technologies for surface 
modification is presented. In Section 7.4, examples of modifications of 
different carbon materials are described.

7.3 PLASmA mODifiCAtiOn

It seems clear from the preceding that the surface of carbonaceous mate-
rials requires modification by different chemical synthetic methods to 
 generate appropriate functionalities, enabling covalent attachment of 
suitable  solubilizing, bioactive, or biocompatible moieties.  However, 
this  modification depends on the structure and composition of the 
 carbonaceous material. For instance, researchers have differentiated CNTs 
into two  reaction zones in terms of their reactivity, that is, sidewalls and 
tips [23–25]. It has been shown that tips are more prone to modification 
than sidewalls and both may be dramatically altered, changing the entire 
CNT morphology. Overall, plasma techniques have been demonstrated as 
a surface modification approach that is able to homogeneously  modify 
a wide variety of surfaces without affecting their bulk properties [18, 
26–27].

In recent years, plasma polymerization approaches have also been 
used as initial surface treatments to achieve functionalized surfaces, 
because of their capacity to modify all kinds of materials, even inert ones, 
and their ability to do so for all types of geometries.

Although some phenomena related to plasmas had already been 
described,  Cookes first defined a plasma in 1879 as electrically charged 
gas molecules (however, it was Langmuir in 1923 who gave the name 
plasma to the fourth state of matter that occurs when a gas at low  pressure 
is submitted to an electric field). Since then, many efforts have been 
undertaken in order to understand the plasma state better and also in order 
to use plasma as a surface processing tool. The microelectronics indus-
try was the first driving force to develop plasma processes in the early 
1960s for  processing of surfaces, but nowadays, many other fields such 
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as biomedical, automotive, textile, and many others that deal with surface 
modification have adopted this technology [28].

Although a plasma is generally defined as a partially ionized gas 
very rich in charged and reactive species, different types of plasma may 
be obtained as a function of temperature and pressure. One of the most 
used classifications of plasmas is based on equilibrium versus nonequi-
librium. Here the word equilibrium refers to thermal equilibrium among 
the  species present in the plasma state. Nonequilibrium plasmas are com-
monly known as cold plasmas, while equilibrium plasmas are also known 
as thermal plasmas.

Equilibrium plasmas, known as thermal plasmas, are those in which 
the temperature is the same for all the species present in the plasma. The 
energy to ionize and activate the gas in this case comes from thermal 
 heating, which can reach well above 10,000°C. A well-known exam-
ple of equilibrium plasma in nature is the solar corona. These types of 
plasmas are mainly used in plasma spray, plasma torches, waste destruc-
tion, and welding applications. In nonequilibrium plasmas, also known 
as cold plasmas, electrons have a much higher temperature (around 
30,000°C) than ions and neutrals, which allows those electrons to acti-
vate other species and produce ionization, excitation, and dissociation 
of molecules [29]. Because ions, atoms, and molecules cannot exchange 
heat with electrons, because of the fast movement of the latter, the for-
mer  species remain almost at room temperature. As a consequence, this 
plasma  features temperatures similar to room temperature, sometimes 
slightly higher but  generally lower than 100°C. For this type of cold plas-
mas, the  generation of an electric field at low pressures is usually required 
to  activate the plasma. Before the electric field is applied, there are not 
many free electrons (10−11 to 10−12 e− cm−3), but their number increases 
once a voltage is applied to the system. The electrons are accelerated and 
produce excited species and molecular fragments, including new electrons 
(10−5 to 10−7 e− cm−3). If the pressure is too high, there are too many colli-
sions and ion and excited species cannot be formed (or their lifetime is too 
short) to generate a  stable plasma. Therefore, it can be said that plasma is 
a steady state because of the production of ionized and excited species and 
the recombination of these activated species. A natural cold plasma can be 
observed in the  gorgeous aurora borealis or northern lights.

In recent developments, researchers have been successful in achieving 
glow discharges at atmospheric pressures under certain conditions [30]. 
Although the plasma temperature in this case is higher than that in the just 
introduced cold plasmas, they are far away from the thousands of degrees 
Celsius typical for thermal plasmas. Despite the restrictions inherent to 



SuRfACE mODifiCAtiOn Of CARbOn mAtERiALS  •  203

these atmospheric systems as we will present later, they constitute one of 
the main breakthroughs from the industrial point of view [31]. The main 
advantage of using nonequilibrium plasmas is clear: they allow for the 
treatment of materials that have a low thermal resistance and that would 
be damaged by other modification techniques such as a thermal plasma.

Being a gas, plasma enables the treatment of materials in different 
shapes and complex geometries including webs, tubes, and  powders 
[32–34]. A plasma also introduces very high reactivity and unique 
 chemistries that allow one to obtain final surface properties that could 
not be achieved by any other process. Moreover, the absence of solvents 
and the use of very low amounts of chemicals make plasma processes 
one of the most preferred treatments as far as environmental aspects are 
concerned. Because of the reasons presented here, plasmas have found a 
wider and wider use over the past years.

What kind of surface modifications are possible using plasma 
 modification? Mainly, three different groups can be distinguished.

1. Etching or ablation, that is, removing of the substrate material 
itself. This can be used to obtain specific physical patterns and is 
exploiting the effect of positive ions in the plasma bombarding the 
substrate placed on the cathode in a plasma reactor [35].

2. Plasma deposition, also known as plasma-enhanced chemical vapor 
deposition (PECVD), occurs when the plasma contains reactive 
species that are able to react with each other (polymerize) and form 
thin films on the top of the substrate [29].

3. Plasma functionalization: In this case, the plasma species do not 
react among themselves but only with the substrate surface at 
 specific positions only. It allows for functionalization while retain-
ing the initial surface structure [36].

It is rather easy to treat flat surfaces with a nonequilibrium plasma 
[37, 32]. However, so much work has not been done yet on nonflat surfaces 
or powder materials. As most of the C-MEMS and C-NEMS structures 
correspond to the latter kind of complex surfaces, the next pages focus 
on the application of plasmas to the surface modification of  powderlike 
materials.

7.3.1 LOW-PRESSURE PLASMA

As for other types of cold plasma reactors, reactors designed to treat 
 powders have a number of internal parameters that define the  composition 
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and activity of plasma. These internal parameters are listed in Table 7.1 
and are determined by the external parameters imposed to the plasma 
reactor (presented in the same table). It is important to remember that in 
order to obtain reproducibility in different systems, external parameters 
have to be selected in order to obtain the same internal parameters.

Gas feed composition, gas flow rate, power density, and  substrate 
 position are the most frequently studied external parameters for a given reac-
tor system that effect internal parameters such as gas species  fragmentation 
degree, residence time of the species, and substrate ion bombardment, 
among others. In order to create an electric field that is able to generate 
plasma, an AC generator is needed. Most plasma sources use an AC gen-
erator at a radiofrequency of 13.56 or 27 MHz. Another AC source that is 
commonly used is a microwave generator at 2.53 GHz. Microwaves allow 
for working at higher pressures, thus enabling higher plasma densities.

Concerning the electrodes used to apply the electric field in a 
plasma reactor, different configurations can be found. Electrodes can be 
 positioned either on the inside of the reactor, as is the case for all metallic 
reactors, or on the outside of the reactor, as is mostly the case for Pyrex 
and quartz reactors. In the case of powder treatment, the outer position is 
preferred as it avoids the powder from getting in direct contact with the 

Table 7.1. Internal and external parameters for cold plasma 
characterization

Internal parameters External parameters
- Fragmentation degree of the gas - Pressure
- Density of neutrals - Feed composition, flow rate, 

leaks
- Density of electrons and electron 
energy

- Field frequency

- Ionization degree - Power density
- Residence time of the species - Reactor configuration, materials, 

electrode geometry
- Process homogeneity - Substrate position
- Positive ion bombardment, 
sputtering

- Duty cycle %, time on, time off 
in pulsed plasmas

- Deposition, etching, treatment 
rate

- Substrate temperature

- Contaminations - Substrate bias potential
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electrodes. Another useful configuration when dealing with powders is the 
use of a copper coil inductively coupled to the generator. With that, the 
powders are not in contact with the electrodes, preventing the damage of 
the plasma generator. In all cases, an impedance matching box is needed 
in order to effectively generate the plasma inside the reactor and minimize 
the reflected power.

It is also worth remembering here that an electron space charge sheet 
(giving rise to a negative bias) covers any surface immersed in a plasma. 
This effect causes the plasma bulk potential to be always higher than that 
of the surfaces in the reactor. Therefore, electrons are not accelerated to the 
surfaces but positive ions are. These accelerated ions may produce etching 
and surface ablation. In order to minimize this effect, the substrates and 
other surfaces may be grounded or connected to another radio frequency 
(RF) generator, avoiding this potential difference and minimizing the ion 
impact effect [38]. This bombardment avoidance is not possible when 
powders are being modified and, therefore, the etching and ablation effect 
of positive ions may be an important effect to be taken into account when 
working with powders.

As a consequence of the afore-explained effect, sample position is 
another important factor to take into account. The sample can be placed 
in the zone where the plasma is being generated, in which case the plasma 
effect on the substrate is characterized by a high ion bombardment and 
high fragmentation. But the sample can also be placed remote from the 
plasma generation region, in which case the bombarding effect is very low. 
The latter plasma treatments are less severe and, when using  monomers, 
the substrate structure retention is much higher [39].

As already mentioned, cold plasma reactors are mainly designed 
to treat flat surfaces. However, some types of reactors have also been 
designed and adapted to treat powder materials. The first type of powders 
that researchers attempted to modify by plasma techniques was pigments 
in order to improve their dispersion [40–41]. Many other types of powder 
materials have been treated by low-pressure plasma (LPP). Both plasma 
deposition and plasma functionalization treatments have been introduced. 
It is worth to point out that the main powder characteristics that have to 
be taken into account in order to achieve a successful modification are 
 particle size, geometry, density, agglomeration, and reactor capacity.

With the plasma principles introduced here, the surface modification 
of different carbonaceous materials are described in the following section. 
Special attention will be given to carbonaceous powders such as activated 
carbon, CB, carbon nanofibers, and CNTs.
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7.4  SuRfACE mODifiCAtiOn Of 
CARbOnACEOuS mAtERiALS

Modification of carbonaceous materials, especially CB has been used 
for a long time in order to improve the final properties and behavior of 
this carbon powder material (see also Section 7.2). For instance, for CB 
reinforcing rubber applications, surface modifications have been used to 
maximize the interaction between the filler and the polymer chain in order 
to increase the final mechanical properties. But it is not only for rubber 
reinforcing that carbon surface modifications can play an important role, 
as will be described in this section, other applications, such as the use of 
carbon materials in inks and pigments and the use of this material as a 
catalyst support in electrochemical reactions, have also used this approach 
in order to improve performance.

In this section, we summarize some of the carbon surface  treatments 
described in the literature. Wet and gas chemistries, as well as plasma 
 techniques will be considered. Two main treatment groups can be 
 distinguished: one is based on the grafting of polymer chains and polymer 
deposition on the surface (I) and the other is based on the  functionalization 
of the  surface (II), which involves elements such as oxygen, nitrogen, 
 fluorine, and chlorine, among others.

7.4.1  GRAFTING AND POLYMER DEPOSITION ON CARBON 
MATERIALS

Several research groups have studied grafting on carbon materials using 
wet techniques. The group of Tsubokawa et al., for example, have reported 
on several wet techniques that can be used in order to graft polymer chains 
on the surface of CB. In most cases, the reactions sites are the carboxylic 
groups present at the surface. Graft processes are based in radical or ionic 
addition polymerization [42–43].

Some authors studied the effect of grafting hydrocarbon chains on 
carbonaceous materials, such as CB, with increasing C atom number (C1 to 
C16) in the chain. The final aim of the study was to evaluate the  reinforcing 
properties of the CB on different types of rubber polymers. Although 
rheological experiments show a better dispersion of the  modified filler 
because of a decrease in the thixotropic phenomena, the final mechanical 
properties of the CB-reinforced polymer were not improved. The effect is 
explained by the coverage of the most energetic sites of the carbon with 
the grafted chains, which prevented the chains from the polymeric matrix 
to interact with the filler [44, 45].
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In the rubber reinforcement field, the idea to graft silane molecules to 
the surface of CB has also been studied. Silanes are used successfully to 
diminish the interaction between silica particles and, in some cases, link 
them covalently to the rubber polymer matrix. This process dramatically 
improves the performance of the final rubber goods [46]. However, this 
does not seem to be the case when CB is used as filler. Results reported 
by Wang et al. show that although some of the silane was chemisorbed on 
the surface of CB, most of it was only physisorbed and only on the most 
 energetic zones of CB, probably because of the lack of functional groups 
that react with silane [47]. Yoon et al., who modified CB with amino-
propyltrimethoxysilane and trimethoxy-n-propylsilane, presented similar 
results [48]. Changes in the dispersion were also observed in this case, but 
once again, improvements in the mechanical properties were not notice-
able. In all the cases, the blocking of the most reactive sites on CB owing 
to the grafting process prevented good interaction with the polymer matrix.

Carbonaceous material grafting has also been applied in other fields. 
Cabot Corporation, for example, has proposed the modification of  different 
carbon black in order to improve their behavior in water and organic-based 
inks. The modification consists in linking an ionic group to the surface 
of carbon black particles by means of an organic spacer. By changing 
the ionic group as well as the length of the organic spacer, the surface 
of CB can be tuned to obtain an optimal dispersion and suspension in all 
types of coating formulations [49]. Bergemann et al. reported CB surface 
 modification by the reaction with maleic acid derivatives (at 180°C for 4 
to 5 h) [50]. The final hydrophilicity of the carbonaceous material could be 
tuned as a function of the specific derivative that was used, and therefore, 
the interaction with several solvents could be adjusted.

It has to be pointed out, however, that the carbon surface  modifications 
presented so far are often time consuming (from 5 to 10 hours) and they 
also need a washing step of the unreacted reagents as well as a drying step 
before the thus modified filler can be used in final applications.

Concerning plasma modification techniques, some grafting and 
polymerization deposition treatments on the surface of carbon materials 
have been reported. The group of Donnet et al. used a plasma  reactor to 
modify CB with several reactive plasma gases. After the treatment, both the 
surface energy and surface topology were studied by scanning  tunneling 
microscopy (STM) [51–52]. The amount of modified material was 0.2 g 
per batch. Schukin et al. were able to modify 0.1 g of several active  carbons 
coming from eight different precursors in a rotating reactor with oxygen 
plasma in order to study the influence of the active carbon origin [53].

Three different types of CB were treated using the plasma method 
described earlier to obtain a fluorinated surface; the amount of treated 
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sample, however, was not reported [54], but they found the fluorination 
to be dependent on the CB surface structure. A study worth mentioning is 
the one performed by Favia et al. [55], who modified CB pellets in order 
to tune the surface acidity or basicity. In this case, up to 500 g of CB were 
modified in a batch in an oxygen and ammonia RF plasma. The size of 
carbon granules was in a range between 0.1 and 2 mm.

Brüsser et al. have also modified fibers such as carbon nanofibers with 
nitrogen and oxygen plasma treatments with the aim of improving their 
wettability. The treatments were performed on 1 g of carbon nanofibers of 
100 to 300 nm in diameter and 10 to 100 μm in length [56].

Some attempts have been made by our own research group to mod-
ify carbon powder surfaces by plasma polymerization with acrylic acid 
(AA) as the reactive monomer [57]. CB was modified in a Bell-Jar reactor 
type at 40 W for 60 minutes and 0.2 mbar (pressure inside the reactor). 
The pH of a water dispersion of CB decreased from 7.5 to 4 after the 
deposition of AA. Moreover, the structure of CB remained unchanged as 
measured by Raman spectroscopy (this can be observed from Figure 7.1 
where the main Raman peaks corresponding to the CB crystallites show 
no  differences between treated and untreated samples). When the surface 
energy was evaluated by means of inverse gas chromatography (IGC), 
both dispersive (hydrophobic) as well as specific components (polar) were 
diminished as can be seen in Table 7.2.

The modified CBs were mixed with different rubber polymers. The 
dynamic mechanical analysis results obtained from filled compounds 

Figure 7.1. Raman spectra of unmodified CB and after AA deposition 
by cold plasma.
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showed that the AA polymer deposition decreased the power of CB 
 reinforcement. This effect was attributed, as it was in the previous cases, 
to the coverage of the CB surface active sites, which were no longer able 
to interact with the rubber. The deposited AA polymer did not have enough 
long chains to cause entanglements with the polymer matrix to increase 
the filler–polymeric matrix interaction.

The effect of CB coverage to the detriment of CB reinforcement 
 ability was also observed by Akovali et al. after modifying CB with 
 styrene and butadiene vapor plasma [58]. Shyoama et al. used plasma 
polymer  deposition using C2F6 as plasma reactive monomer in order to 
cover  carbon material at 40 W for 60 mins. at 0.8 mbar of pressure inside 
the reactor and an RF frequency of 13.56 MHz. CB was used thereafter as 
platinum catalyst support for the oxygen reduction reaction in the anode of 
a polymer membrane fuel cell. Improvements in the reaction rate as well as 
in the lifetime of platinum as a catalyst were observed; the hydrophobicity 
as well as the affected electronic state of the Pt particles are thought to be 
the consequence of the CF3 groups introduced on the CB surface [59].

As a conclusion, one can say that both carbon material grafting and 
polymer deposition can be very useful in surface modification applications, 
where these processes help to improve the carbon particle dispersion in 
different media and to change the final surface activity of the carbon-based 
material. However, these carbon modifications do not seem to be useful 
for reinforcing applications. This result is a consequence of the coverage 
of the high-energetic carbon sites, which play a very important role in the 
filler–polymer interaction. Therefore, other approaches such as trying to 
functionalize CB surface without annihilating the high-energy sites could 
be interesting in order to improve CB behavior in this application.

7.4.2  FUNCTIONALIZATION ON THE SURFACE OF 
CARBONLIKE MATERIALS

This section deals with functionalization of carbon materials. Some of the 
surface modifications studied in the literature have been carried out in 

Table 7.2. Surface energy for unmodified CB and after AA deposition

Total surface 
energy (mJ/m2)

Dispersive 
component 
gs

d (mJ/m2)
Specific component 

gs
sp (mJ/m2)

Unmodified 
CB 778 608 170

AA-CB 333 250 83
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order to gain fundamental insights into the surface and interior of  carbon 
structures, while others were implemented to achieve a performance 
improvement. The functionalization treatments have been divided here into 
four main groups: (1) oxidation, (2) nitration, (3) other  functionalization 
 treatments and (4) CNT functionalization.

7.4.2.1 Carbon Surface Oxidation

Oxidation of carbon materials has been widely studied in order to not 
only change their hydrophilicity but also, as mentioned earlier,  elucidate 
their structure by means of studying the reaction of oxygen with the 
 carbonaceous material. The latter was the case of one of the earliest 
works on this topic, where CB was progressively oxidized in hot air [60]. 
It was observed that CB particles oxidation took place preferably in the 
bulk, meaning that the bulk portion was more susceptible to burning than 
the surface. As a consequence, it was assumed that the inner part of the 
 particle was formed by a less-ordered carbon structure than that found 
at its  surface. This hypothesis was confirmed by small angle neutron 
 scattering experiments [61].

From that time on, many oxidation treatments of carbon materials 
have been described using several types of oxidizing agents with acids such 
as HNO3, ozone, KOH, and hydrogen peroxide, among others  [62–64]. 
Although all these treatments successfully increased the level of oxygen 
on the surface of carbon, they also produced changes in the  surface micro-
structure and morphology. Often, the use of the same  oxidation reagent 
led to contradictory results about the changes produced in specific surface 
area, measured by the Brunauer–Emmett–Teller method, and the micro-
porosity. For example, Krishanankutty et al. reported that CB presented a 
lower specific surface area and lower microporosity after being modified 
with HNO3 (15.8N during 6 h at 100°C) [65]. Park et al. also reported a 
drastic decrease in specific surface area after H3PO4 modification [66]. 
However, other groups have found that the specific surface area remained 
at a constant value after HNO3 (0.3M at 95ºC for 6 h) modification or even 
increased because of microporosity formation [67].

It was also reported that oxidation in hot air led to an increase in the 
oxygen content on the carbonaceous surface. Similar results on  specific sur-
face as the ones obtained for HNO3 (15.8N during 6 h at 100°C)  oxidation 
[68–69] were obtained, but in some occasions, a decrease in the total oxy-
gen content on the CB surface was described [67]. Chen et al. studied the 
difference between ozone and molecular oxygen  carbon  oxidation; while 
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molecular oxygen is believed to attack only selective positions such as 
crystallite edges, ozone seems to attack the whole  surface. The same study 
showed that while molecular oxygen produced an increase in the specific 
surface area, because of microporosity formation, it remained unchanged 
after the ozone treatment [69]. Other ozone modification studies showed 
that specific surface area decreased for treatments below 150°C but 
increased for higher temperatures [70].

Given the many contradictory results, a clear mechanism for the 
 oxidation of carbon has not been presented yet and the influence of 
the reaction parameters such as acid concentration, reaction duration, 
CB grade, and temperature, among others, seem to be crucial to obtain 
 reproducibility and avoid changes in CB structure and morphology.

Oxidized CB has been tested for many different applications. As 
early as 1969, Cotten used ozone or air and HNO3 (at 120°C) oxidized 
CB in order to observe changes in the vulcanization reaction because 
of the  presence of the oxidized groups on CB surface. [71]. Later on, 
during the 1990s, several research groups studied the effect of oxidized 
CB in  different polymer matrixes. Belmont et al. introduced oxygen 
 functionalities on the CB surface by reacting it with phosphines and phos-
phates; it is thought that peroxide groups are introduced on the surface of 
CB during these reactions. However, because phosphine solutions are air 
sensitive,  experiments must be carried out under inert atmosphere [72]. 
In several works, researchers studied the interaction of CB in polymer 
matrixes containing oxygen groups such as epoxydated natural rubber and 
carboxylated nitrile rubber [73–74]. In some cases, the use of a silane cou-
pling agent was also evaluated for the same application [75].  Improvements 
were found when the CB loading was higher than 80 parts per 100 parts 
of the polymer (phr) and an optimal silane content was 4 phr, as higher 
amounts initiated  plasticizing effects. In 1998, it was  demonstrated that 
oxygen on the CB  surface decreases the cross-linking level when butyl 
rubber was  vulcanized in a peroxide system, probably because of the inter-
action of the peroxide  compound with the oxygen groups on the surface 
of the CB [76].

Contrary to the grafting process, carbonaceous material functional-
ization seems to have a positive effect in reinforcing applications. This 
reinforcing effect depends on the polarity of the polymer matrix and the 
interaction of the carbonaceous materials with other ingredients of the 
compound formulation.

Carbon oxidation seems also a good way to improve  electrochemical 
properties of the material. For instance, Sosa et al. oxidized CB with 
 several reagents such as H2O2, HNO3 hot air, and humid ozone. The 



212  •  CARbOn: thE nEXt SiLiCOn?

first two methods increased the surface oxygen content and the surface 
 negative charge. As a consequence, catalysts such as adsorbed catalase 
and iron porphyrins preserve a higher planarity and, therefore, a higher 
activity for H2O2 decomposition. Treatment of the carbonaceous material 
with hot air did not produce an increase in surface oxygen, while when 
using humid ozone, the oxygen concentration increased for short periods 
and subsequently decreased [67]. CB and carbon filaments have also been 
modified with hot air and acid medium (HCl and HNO3 differently) in 
order to improve the electrochemical catalytic effect of these materials 
[77]. From the two processes, the hot air treatment gave the best perfor-
mance enhancement in terms of surface-oxidation-induced reversibility 
of the Fe(CN)6

3−/4− redox reaction. Wang et al. used ozone to improve the 
activity of Pt catalyst supported on CB for oxygen reduction in a direct 
methanol fuel cell (DMFC). Ozone modification studies were performed 
in a temperature range from 60°C to 180°C [71]. An optimal treatment to 
increase the platinum activity was found to be 6 mins. at 140°C.

An interesting industrial application of wet oxidation of CB, a  process 
used by many companies (Cabot Corporation, Degussa, Columbian 
 Carbon among others), is the improvement of its dispersion in water for 
inks, as described in several patents [78–80].

It seems that in all the studies, we were able to find that wet  oxidation 
treatments produced oxidation at preferential positions on the carbon 
 surface only, including amorphous structures and crystalline edges, while 
basal graphitic planes only reacted in more aggressive conditions that 
 provoked severe changes in the carbon particles. In contrast, the use of 
ozone in the gaseous state induces a more homogeneous oxidation with 
lower structural changes.

The use of oxygen plasma to modify CB surfaces has also been 
 studied. However, it is still not clear in this case whether the oxidation of 
CB in an oxygen plasma attacks preferential sites such as crystallite edges 
or if the oxidation is nonpreferential as in the case of ozone.

The oxidation process of CBs in a microwave plasma reactor has also 
been investigated. Although the reactor was not adapted to treat powders 
and only very small amounts of CB were processed, some very interesting 
results were found. CB was treated at 2.45 GHz, with a power  setting of 150 
W for 35 mins. A comparative study using  oxygen plasma and  molecular 
oxygen on several carbon types showed that the resulting  reactivity is dif-
ferent in those two media; while molecular oxygen  oxidizes preferably 
activated carbon, showing a higher reactivity for  noncrystalline struc-
tures, plasma oxidation was very reactive with the crystalline phase of 
CB. This could give a hint that oxygen plasma could modify the  graphitic 
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 structures. The latter hypothesis was confirmed by the successful modi-
fication of graphitized CB using oxygen plasma in a microwave setting 
[81–82]. In another study, using STM and atomic force microscopy, it 
was shown that CB, after such an oxygen plasma treatment, was oxidized 
homogeneously all over the particle [51, 83].

Takada et al. used an RF reactor at 13.56 MHZ and a 50 W power 
setting with different treatment durations (from 5 to 480 mins.) to study 
high-specific-surface CB oxidation. It was shown that surface oxygen 
content was enhanced for the first 120 mins. of this treatment, thereby 
increasing the total weight of the carbon; however, subsequently, the 
 oxygen content is decreased and carbon gasification took place. The main 
functionalities found were C=O, O–C–O, and O–C=O [84].

The use of plasma-oxidized carbon material has been tested in several 
applications. Li et al., for example, showed that the electrochemical prop-
erties of carbon powder were improved after plasma oxidation as tested 
by H2O2 decomposition capability. This group used an RF (13.56 MHz) 
Bell-Jar reactor where CB was deposited in a vibrating tray. Reaction took 
place at 15 W for 10 mins. [85].

Summarizing, oxygen plasma treatment is a good way to introduce 
oxygen species on carbon surfaces without producing other important 
structural changes. However, it has to be pointed out that no continuous or 
atmospheric plasma reactor treatments have been described yet and this is 
a needed step if production is to be scaled up to an industrial level.

7.4.2.2 Carbon Surface Nitrogen Enrichment

Surface nitration and amination is quite a common topic for polymer 
 surfaces where these processes are used to enhance polymer adhesion [86] 
biocompatibility and cell adhesion [87]. In Figure 7.2, a picture with the 
main surface modification using nitrogen plasma and oxygen plasma on a 
polymeric surface can be seen. Nitrogen surface modification has not been 
deeply studied on carbon materials. Few works we found on this topic are 
summarized next.

Cataldo used N2O3, NO, and N2O4 to introduce nitro and nitrous 
groups on the surface of carbon. He found that the carbon structure 
remained unaffected as revealed by Raman spectroscopy [88].

Some early works from Loh, report about the use of an ammonia 
plasma, nitrogen, and nitrogen–hydrogen mixtures on CB. Modification 
with ammonia plasma was carried out with a power setting of 100 W for 
30 mins. using 0.1 g of CB at 1 mbar of internal pressure. A mixture of 
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N2:H2 was also used (1:2) under the same operational conditions; however, 
the nitrogen content on the final surface was in this case lower than when 
using the ammonia plasma [89].

Park et al. also used nitrogen plasma in order to modify the surface of 
different carbonaceous materials. In this case, an RF (13.56 MHz) reac-
tor at 30 W from 0 to 30 mins. at 1 mbar of internal pressure. Structural 
changes in the crystallinity of the surface and energetic changes were 
observed but no applications were evaluated in this work [90]. Kima et al. 
used a nitrogen plasma to modify CB for support of a platinum catalyst in 
DMFC. CB was modified in an RF (13.56 MHz) reactor at a power  setting 
of 300 W. It was found that a treatment of 30 secs. was optimal to increase 
the platinum activity toward methanol oxidation. New functional groups 
on the CB surface were found to be C–N, C=N, –NH3

+, –NH, and =NH 
[91].

Ammonia plasmas have been used to modify other carbon powders 
such as CNT and carbon nanofibers. The group of Felten et al. modified 
CNTs in an RF (13.56 MHz) LPP reactor at 30 W and 0.1 mbar of  internal 
pressure for 30 mins. Imine, amine, nitrile, and amide groups were found 
on the CNT surface after this modification procedure [92]. Brüser et al. 
modified carbon nanofibers in a plasma reactor at 0.01 mbar using NH3. 
No dependence of surface composition on the nanofibers surface on the 
plasma power was found between 50 and 80 W, while the nitrogen content 
decreased when the internal pressure of the reactor was lower than 0.01 
mbar [56].

7.4.2.3 Other Carbon Functionalization Treatments

In this section, we discuss the functionalization of carbon surfaces with 
species different from O and N. Attempts at introducing sulfurated  species 

Figure 7.2. Scheme of the main groups formed on a polymeric 
surface  (polystyrene) after nitrogen and oxygen plasma treatments.
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on the surface of different carbon species is the first case in point. In 
this case, the presence of sulfur at the carbon surface was expected to 
take part in the cross-linking by sulfur vulcanization. Some first results 
in this respect were presented by Papier et al. who studied the introduc-
tion of sulfur at the surface of CB by oxidation of CB using ClSO3H and 
C4H9SH [93]. The increase in the sulfur concentration on the surface was 
around 0.15 percent. Later, studies by Gajewski et al. demonstrated a 
higher cross-link density and better tear properties when the sulfur content 
on the CB surface is higher. In this case, the CB was modified by means of 
S8, CS2, SO2, and H2S, and it was found that the most reactive species was 
SO2 and the less reactive was H2S [94].

Introduction of other heteroatoms on the surface of carbon has also 
been studied. The group of Tressaud et al. studied the fluorination of 
 different carbon surfaces in detail. Reaction conditions for  fluorination 
were analyzed as a percentage of F2 gas and as a function of the 
 pretreatment of the carbon material with O2. The latter increases the F 
content on the surface. Similar studies were performed by the same group 
in a CF4 plasma using an RF (13.56 MHz) reactor with a power range 
from 40 to 100 W and a treatment duration between 10 and 30 minutes. 
Under these conditions, fluorination was found to be dependent on the car-
bon structure: with a more crystalline structure favoring the formation of 
 fluorine graphite while more disordered structures promoted the formation 
of CFx groups [95–98].

Cl and Br have been also introduced on the surface of carbons. Br 
atoms, for example, were introduced by using liquid reagents (Br2 dis-
solved in CCl4) and bromine vapors at 120°C. A similar method was used 
to introduce Cl on carbon surfaces; Cl2 was bubbled through CCl4, and 
thereafter, this mixture was carried over the carbonaceous material at 
450°C [97]. In both the cases, the specific surface energy component was 
increased (measured with IGC): 6.7 percent of bromine and 6.9 percent of 
chlorine on the carbon surface.

7.4.2.4  Specific Surface Treatments for CNTs

CNTs are one of the more extensively studied carbon allotropes.  Existing 
strategies for proper dispersion of CNTs in aqueous media include 
 covalent modification by various grafting reactions and noncovalent 
adsorption or wrapping with functional molecules with surfactant nature 
[97–98].  Covalent modification treatments have been shown to induce 
a large  number of defects into the graphene structure, which may lead 
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to alteration of its properties. In contrast, noncovalently modified CNTs 
may suffer ligand- or surfactant-exchange reactions with proteins and 
other components of biological media, leading to the formation of large 
aggregates [99]. Furthermore, the density of the modifying groups on 
the surface of CNTs is often inadequate. The latter limits the packing of 
therapeutically active molecules, such as nucleic acids, and the presen-
tation and display of biological ligands, which is a key factor in assay 
and sensor applications where a high biological specificity is required. 
Therefore, the development of new coating strategies of CNTs requires 
more investigation.

In general, two main modification strategies have been developed for 
the covalent functionalization of CNTs: (i) amidation and esterification of 
oxidized CNTs and (ii) addition reactions.

The treatment of CNTs under strong acidic and oxidizing conditions 
is a common method for the generation of oxygen-containing functional 
groups. Typically, prolonged heating or sonication of CNTs using strong 
acids, such as concentrated sulfuric or nitric acid or mixtures of  sulfuric and 
nitric acid or sulfuric acid and hydrogen peroxide, results in the  formation 
of hydroxyl, carbonyl, and especially carboxyl groups on the sidewalls and, 
predominantly, on the tips of CNTs [2, 100]. Carboxylic acids generated 
by oxidative methods on CNTs can be further modified to produce ester 
or amide derivatives via reaction with alcohols and amines, respectively. 
Amidation and esterification reactions can be performed using standard 
methods, such as activation of carboxylic acids via acid halides or carbo-
diimide-mediated coupling. Several strategies leading to solubilization of 
CNTs in organic solvents have been reported, mainly through esterification 
or amidation reactions between oxidized CNTs and long-chain alcohols or 
amides, respectively [48]. The resulting alkyl chains present on the CNTs 
surface act as solubilizing agents and the derivatized nanotube becomes 
soluble in most organic solvents. However, most biological applications 
require the conjugation of rather hydrophilic ligands that promote disper-
sion of functionalized CNTs in biological media or aqueous solutions. To 
increase water dispersion, oxidized CNTs have been modified via activa-
tion of their carboxylic acids using thionyl chloride or oxalyl chloride with 
a wide range of hydrophilic moieties, such as small molecules, hydro-
philic polymers, proteins, and nucleic acids [101–103]. Macromolecules, 
such as proteins and nucleic acids, have also been explored as modifying 
moieties for the solubilization of CNTs in aqueous solutions or biological 
media [104–105]. The same procedure was also used for the covalent con-
jugation of DNA strands bearing a nucleophilic primary amine at the 5′ 
and 3′ ends [106–107]. Additionally, biopolymers, such as chitosan, have 
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been covalently grafted to acid-functionalized  single- and multiwalled 
CNTs via the reaction of their acyl chloride  derivatives with suitable 
amines present on this kind of biopolymers [108–109]. In addition to bio-
polymers, covalent grafting of hydrophilic polymers is a popular  strategy 
for increasing the water dispersion of CNTs. Pegylation, which consists 
of the covalent attachment of poly (ethylene glycol)  polymer chains to 
proteins and nanoparticles, is a  common strategy used to improve the 
 biocompatibility of such nanostructures [110–112]. Similarly, other works 
have reported CNT grafting of other highly water-soluble polymers, such 
as poly(vinyl alcohol), poly(m-aminobenzene sulfonic acid), or poly (pro-
pionylethylenimine-co-ethylenimine), to improve compatibility in biolog-
ical media [113–115].

In contrast to postmodification of carboxylic groups generated on 
CNTs by oxidative processes, which take place mainly at the CNT ends 
and sidewall defects, functionalization of the sidewalls of CNTs is more 
difficult to accomplish. The different reactivity toward covalent  chemical 
modification of defect-free CNT sidewalls requires the use of more reac-
tive species. Research on fullerenes has revealed that it is the curvature 
of the fullerene molecule that drives the reactivity of addition reactions. 
Increased curvature of the carbon network results in an enhanced or 
increased pyramidalization of the sp2-hybridized C atoms, which makes 
addition reactions on carbon–carbon double bonds more favorable. 
 However, CNTs consist of graphitic sidewalls that do not present strongly 
curved regions in comparison to fullerenes. Therefore, functionalization 
of the sidewalls via addition reactions is less favorable, and it is only pos-
sible or achieved by more reactive species, such as nitrenes, carbenes, and 
radicals. In reality, CNTs always contain defects though, so it is likely 
that even in this case, addition reactions take place preferentially at defect 
sites [116–117]. Functionalization of both single- and multiwalled CNTs 
via addition reactions to render them water soluble has been achieved in 
both native and premodified CNTs. The [2 + 1] cycloaddition of nitrenes is 
a popular route for derivatizing CNTs in order to improve their solubility 
and making them more amenable for biological applications. A variety 
of hydrophilic functional groups, such as crown ethers and poly(ethylene 
glycol), and different types of sugars (glucose, galactose and mannose) 
have been successfully attached onto CNTs resulting in water-soluble 
 conjugates [118–119].

A simple method for obtaining water-soluble CNTs was developed 
by Prato and colleagues [120]. Their method is based on 1,3-dipolar 
 cycloaddition reactions of azomethine ylides generated in situ by thermal 
condensation of α-aminoacids and aldehydes (see Figure 7.3).
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1,3-Cycloaddition on CNTs produces substituted pyrrolidine fused 
rings on the surface of CNTs, which are amenable for further func-
tionalization. The use of hydrophilic a-aminoacids, such as pegylated 
 α-aminoacids, is an interesting approach for obtaining water-soluble 
CNTs [121]. Functionalized oligoethylene glycol chains have shown to be 
particularly suitable for the covalent immobilization of biomolecules such 
as aminoacids on CNTs [122–124].

Another attractive way of functionalizing CNTs is by free-radical 
addition, which is a widely used one-step method for the derivatization of 
CNT sidewalls. In general, carbon radicals generated by various methods, 
such as photochemically, thermally, or via oxidation–reduction reactions, 
react covalently with CNTs to form conjugates [125–129].

Alternatively, PECVD appears to be an interesting technique in 
which polymer chains can be grown directly onto the surface of CNTs. 
This approach provides superior surface coverage and involves the 
covalent attachment of moieties that can initiate a polymerization reac-
tion such as monomers or initiators. As described in previous sections, 
over the past couple of decades, plasma polymerization approaches have 
been  optimized as a surface treatment to achieve covalently functional-
ized  surfaces with a high degree of specificity, density of active groups, 
and versatility. It allows for the modification of all kinds of materials and 
geometries without affecting their intrinsic properties (see Section 7.3) 
[18, 26, 27]. Besides its versatility, this technique is a dry process and thus 
avoids the use of wet chemistry limiting the generation of chemical resi-
dues. As a result, with PECVD, one is able to modulate the modification of 
CNTs and any other surface in a tailored and controlled way.

However, there are still some drawbacks that need to be addressed. 
In some studies performed by Vohrer et al., the hydrophilization of 

Figure 7.3. Reaction of azomethine ylides on 
C60 fullerenes as suggested in reference [120].
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CNT sheets (called buckypapers) by plasma treatment with different 
 nonpolymerizable monomer gases, including their possible postreactions, 
was studied [22]. These authors achieved a gentle surface modification of 
CNTs by treating them with N2 gas in a cold plasma reactor followed by 
an oxidation posttreatment. Their treated CNTs showed a high increase 
in solubility, reducing the 150° water contact angle of the unmodified 
buckypapers to 10° for oxidized ones. With this treatment, no alteration 
of CNT morphology was observed. Nonetheless, X-ray photoelectron 
 spectroscopy results revealed a constant decrease in the oxidation degree 
of the CNTs over time, eventually losing the functionality achieved. This 
phenomenon may have a negative effect when these nanoparticles have 
to be used in biomedical applications. Chen et al. used the polymeriza-
tion of two types of monomers, acetaldehyde and ethylenediamine, in 
order to  permanently immobilize different types of polysaccharides and 
thus provide highly hydrated coatings on the CNT surface [14]. Although 
this approach allows the formation of highly hydrophilic and soluble 
CNTs without significant changes in the nanotube’s structure integrity, 
it involved complicated and costly multistep reactions before the desired 
properties of the CNTs were achieved. Nonetheless, this study showed 
how plasma polymerization results in a promising technique to homoge-
neously modify CNT surfaces. This statement was confirmed in the work 
by Ávila-Orta et al., where thin PPEG (plasma polyetylene glycol) layers 
(1 to 3 nm thick) were deposited on CNTs [130]. They used  sensitive 
techniques such as high-resolution transmission electron microscopy 
and Fourier-transform infrared spectroscopy to study the structure and 
 morphology of their polymer films. Moreover, they proved that this 
plasma coating provided the needed hydrophilicity in order to disperse 
the modified nanotubes in water, methanol, and ethylene glycol, main-
taining a dispersion stability over time. Therefore, the deposition of a 
polymer coating that can provide chemical reactive sites for the specific 
anchoring of active molecules may become highly promising, as was 
stated earlier.

7.5 COnCLuDing REmARKS

In this chapter, different methods to modify the surface of carbonaceous 
materials have been presented. It seems clear that the technologies (both 
wet chemistry and plasma based) presented here can be used to tailor the 
properties of a wide range of carbon allotropes. Most of these methods, 
because of their versatility, can then also be applied to a wide variety of 
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C-MEMS and C-NEMS applications. However, there is still a lack of car-
bon surface modification methods that are scalable to an industrial level 
using economic and environmental sustainable processes.
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