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1.1
Overview of Properties

Carbon (element No. 6 in the periodic table) forms a variety of materials,
including graphite, diamond, carbon ﬁbers, charcoal, as well as newly discovered nanocarbon materials, such as fullerene, graphene, carbon nanotube,
and graphene nanoribbon (GNR). Even though all are composed of the same
atoms, diﬀerent carbon materials can show very diﬀerent physical and chemical
properties, including electrical transport, optical and thermal properties, and
chemical reactivity, depending on their structures.
Electrochemistry has been connected to carbon materials since the early days
of electrochemistry research [1], and the discoveries of new carbon materials in
the past decades have been accompanied by research advances concerning the
doping of these materials using electrochemical techniques, with an emphasis on
materials preparation, characterization, and applications.
Among the electrochemical techniques and characterization tools, vibrational
and optical spectroscopies have been important. Electrochemical charge transfer,
an important process in electrochemistry, inﬂuences not only the electronic
structure of the materials but also their vibrational and optical properties, which
are all dependent on the concentration of electrons and holes found in the solid.
Therefore, valuable data can be obtained when electrochemistry and in situ
Raman spectroscopy are applied simultaneously under the heading of spectroelectrochemistry. Such investigations have been carried out extensively on carbon
nanomaterials in order to investigate the eﬀects of electron and hole doping.
One advantage of electrochemistry over other experimental techniques is its
ability to introduce higher levels of dopants and to make quantitative, reproducible
measurements [2, 3]. The electrochemical setup including the choice of the particular electrolyte is an important factor that inﬂuences the doping eﬃciency in
spectroelectrochemical experiments. Diﬀerent electrolytes can thereby require
larger electrode potentials than others to achieve the same doping levels, so that
attention needs to be given to the choice of the electrolyte for studying a given
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material system. Failures to pay attention to such issues have, in the past, led to
apparent inconsistencies between diﬀerent sets of published data.
The basic carbon material introduced in this chapter is graphene, which is a
single layer of crystalline graphite, because it is the basic building block behind
sp2 carbon materials. Graphite, which represents nature’s way to build up stacks
of graphene layers into a bulk crystal, is then introduced brieﬂy, together with
the synthetic commercial product, highly oriented pyrolytic graphite (HOPG),
which closely resembles graphite. Another commonly used nanocarbon material,
carbon nanotube, is also discussed, which has deep scientiﬁc interest, and is
also interesting along with its related carbon ﬁber analog for electrochemical
commercial applications. Porous carbon is an sp2 carbon material useful for
applications requiring a huge surface area, and is also discussed brieﬂy. Diamond,
which is commonly a symbol of societal wealth and prestige, is gaining more and
more scientiﬁc attention recently due to its extraordinary properties in electrochemistry, quantum physics, and biology, and has promising applications in all of
these ﬁelds. Finally, brief mention is made of other sp2 nanocarbon materials with
signiﬁcant current scientiﬁc interest, carbon nanoribbons and porous carbon,
and these materials may someday ﬁnd interest for electrochemical science and
applications.
In this chapter, we will introduce some typical carbon materials that are widely
studied in electrochemistry. Their properties, not restricted to their electrochemical properties, will be brieﬂy described. Some characterization techniques,
including spectroelectrochemistry, will be described when applied to selected
carbon materials. A brief overview of the application of various carbon materials
to electrochemistry will be included in this chapter, which will be concluded by an
outlook to the future.

1.2
Diﬀerent Forms of Carbon
1.2.1
Graphene
1.2.1.1 Optical Properties

It is widely established that graphene has numerous fascinating properties
[4–9]. Though considered as a semimetal, graphene has unique electromagnetic/plasmonic eﬀects compared to conventional noble metals [10, 11]. First, its
plasma frequency in the long-wavelength limit is expressed as [12–15]
√
8EF 𝜎uni q
,
𝜔p,G =
ℏ𝜀
where EF is the Fermi energy of graphene, 𝜎uni is the universal optical conductivity of graphene and is independent of any material parameters: 𝜎uni = 𝜋e2 ∕(2h)
[16, 17], q is the unit charge, and 𝜀 is the permittivity. Note that the expression
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of plasma frequency for graphene is very diﬀerent from that for metals which
is [18]
√
𝜔p,M =

2𝜋ne2 q
,
𝜀m

where n is the carrier density in graphene and m is the carrier eﬀective mass.
1∕2
We can see that 𝜔p,G ∝ EF ∝ n1∕4 and 𝜔p,M ∝ n1∕2 . Such a diﬀerence in the
plasma frequencies between graphene and metals is due to the Dirac fermions in
graphene, rather than to ordinary Schrödinger fermions in normal metals. The
plasma frequency of graphene is in the terahertz range, which is 103 times lower
than 𝜔p in metals, and which can be tuned through gating or doping [11, 19, 20],
or by fabricating graphene ribbons with micron widths (see Figure 1.1), where
𝜔p is in the terahertz range. Here, 𝜔p diﬀers with the ribbon widths and with
the Fermi energy EF , as shown in Figure 1.1. Second, single-layer graphene has
a linear dispersion relation and a uniform 2.293% light absorption across a wide
frequency range [11, 21–23], resulting from its Dirac-cone band structure and
linear energy–momentum relation E(k), as seen in Figure 1.2. Many works have
studied the surface plasmonic properties of graphene or graphene ribbons, with
diﬀerent experimental techniques, including optical measurements, electron
energy loss spectroscopy, angle-resolved photoemission spectroscopy, and
surface tunneling spectroscopy [19, 20, 24–26], as further discussed in the cited
references.
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Figure 1.1 Control of the graphene plasmon resonance frequency by electrical gating and microribbon widths. (a) AFM (atomic
force microscopy) images of graphene
microribbons with widths of 1, 2, and 4 μm.
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Ref. [20].)
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Figure 1.2 Universal light absorbance
and optical conductivity of graphene.
(a) Schematic of Dirac-cone and interband
optical transitions in graphene. (b) Optical
absorbance (left axis) and optical sheet conductivity (right axis) of three graphene samples. The spectral range is from 0.5 to 1.2 eV.
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The black horizontal line shows the universal absorbance value of 2.293% per layer,
with the variation within 10%. (c) The optical
absorbance of graphene Sample 1 and Sample 2 over a smaller spectral range from 0.25
to 0.8 eV. (Figure from Refs [22, 23].)

1.2.1.2 Electrical Properties and Tunability

One of the greatest advantages of studying graphene is that its transport and
optical properties can be sensitively and controllably tuned by doping. The Fermi
level can easily be shifted by introducing either electrons (n-doping) or holes
(p-doping). Numerous ways of establishing a desired doping level have been
investigated, for instance, by chemical doping [27, 28], electrochemical doping
[29–33], electrostatically by top or back gating [34–36], and by the direct
introduction of heteroatoms into the lattice [37].
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One of the most studied and widely used techniques is to introduce the
charge by top or back gating [34–36]. This technique is appealing due to its
similarity to present use in gating ﬁeld-eﬀect transistors, which allows the
knowledge and know-how learned from standard microelectronics to be used
more widely in graphene electronics. However, one drawback of this approach is
the extremely high gating potential (∼100 V) that is required, because the present
gate dielectrics have a relatively large thickness that restricts the gate capacitance
value. For example, bias voltages as high as 80 V had to be used to achieve a
carrier density of ∼ 5 × 1012 cm−2 [36], and such a high bias voltage could cause
charge trapping from the substrate, thereby altering the properties of both the
substrate and the graphene.
Electrochemical doping, on the other hand, is signiﬁcantly more eﬃcient, insofar as voltages as small as 1.5 V are suﬃcient to reach charge carrier concentrations of 5 × 1013 cm−2 . Higher doping levels can also be achieved by using a combination of a protecting layer and a liquid electrolyte [3] or using ferroelectric
polymers [38]. Electrochemical doping is thus especially appealing when higher
doping levels are desired, and these high doping levels are achieved by the electrical double layer (EDL) formed at the interface between the electrolyte solution
and the graphene surface. The ions in the liquid are attracted by the graphene,
which is charged by an opposite sign. These ions migrate to the surface, thus
forming a very thin layer that performs as a capacitor with an extremely high
capacitance value. Therefore, eﬀective control of carrier densities in the graphene
can be implemented through electrochemistry, which furthermore provides a fast
response by electrochemical doping.
1.2.1.3 Spectroscopic Properties

Spectroelectrochemical studies are most commonly carried out by using Raman
spectroscopy, because this technique is readily available and does not normally
perturb the material under investigation, thereby allowing repeated and systematic measurements. The commonly studied features in the Raman spectra of
graphene are the G, D, and G′ bands (the G′ band is also called the 2D band),
see Figure 1.3. The shapes of the electronic bands can be probed by varying the
laser excitation energy, which shifts the peak position of the D and G′ bands and
thus provides additional important information. Figure 1.4 shows the scattering
processes that generate these vibrational bands or features [35]. From Figure 1.4,
we can see that the G band comes from a ﬁrst-order one-phonon scattering
process, while other bands come from second-order scattering processes. The D
band is a symmetry-breaking band, which thus requires the presence of defects
in the sample, although boundaries (edges) of the sample also produce D band
intensity. Since the D band is not allowed by the crystal symmetry of the graphene
lattice, it is commonly used to evaluate the quality of a particular graphene
sample. The G and G′ bands are present in all sp2 carbon and graphene-related
materials, and are symmetry-allowed. The intensity, frequency, and linewidth
of these bands are dependent on several factors, such as strain and doping, the
number of graphene layers, and the laser excitation energy. For example, the
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Figure 1.3 Raman spectrum of graphene at 0 V (applied bias voltage), excited by a 2.33 eV
laser radiation, in an electrochemical environment. The asterisks (*) indicate Raman bands of
the electrolyte. (From Ref. [33].)
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Figure 1.4 The Raman scattering processes of the G, D, D′ , and G′ bands of graphene.
(Figure is from Ref. [35].)
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Figure 1.5 Raman spectra of the G′ band of graphene with diﬀerent numbers of layers.
The excitation laser wavelength is 514 nm. (Figure is from Ref. [35].)

shape of the G′ band of graphene is related to the number of graphene layers and
how the layers are stacked with respect to one another. As shown in Figure 1.5
[35], the shape of the G′ band is dramatically diﬀerent from single layer to four
layers and to bulk HOPG (highly oriented pyrolytic graphite, discussed later). The
G′ band is generated from the second-order two-phonon intervalley scattering
process (Figure 1.4), and the G′ band can be ﬁtted with multiple Lorentzian
lineshapes, depending upon the structure of the sample.
The experimental setup of in situ Raman spectroelectrochemistry is shown
in Figure 1.6 [39]. In the setup, the sample on the substrate serves as a working
electrode and is surrounded by electrolyte solution (light grey cylinders). Note
that the electrochemical setup requires a high-purity electrolyte, because the
contaminants reduce the range of potential that can be applied. The sample is
usually contacted by an Au metal (working electrode). The electrochemical cell is
completed by an Ag pseudo-reference electrode and a Pt counterelectrode. The
three-electrode system and potentiostatic control of the applied voltage assure
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Figure 1.6 The schematic illustration of an
experimental setup of in situ Raman spectroelectrochemistry. The sample (12 C/13 C
bilayer graphene in this sketch) is on the
substrate with ionic gating (light grey cylinders), with two electrode probes made of

Ag and Pt. The back gating is through the
Au metal electrode. The setup is placed
under the Raman spectrometer to achieve
in situ Raman spectroscopy. (Figure is from
Ref. [39].)

precise control of the doping level of graphene. The electrochemical cell is
placed under the Raman spectrometer to achieve in situ spectral acquisition. In
Figure 1.6, the sample is a 12 C/13 C graphene bilayer, but only the 12 C part of the
samples is contacted, which enables one to study the charge transfer between
individual graphene layers in this system.
The doping of graphene results in changes in all Raman spectral features. These
changes reﬂect variations in the electronic structure of graphene and the stress
in the formation of defects. Hence, spectroelectrochemistry is a powerful tool to
study charged graphene.
Using spectroelectrochemistry to accurately control and shift the Fermi level,
it has, for example, been found that the intensity of the D peak decreases with
increasing doping [40], as seen in Figure 1.7. Such an eﬀect was attributed to the
fact that the strength of the electron scattering is doping dependent, such that
the total scattering rate of the photoexcited electrons and holes increases with
doping. It is consequently important to know the doping level of the graphene
when estimating the amount and type of defects from the intensity of the D peak.
The G band in Figure 1.3 is observed to be due to the optical phonon of
graphene, which occurs at a high frequency of ∼1580 cm−1 , because the carbon
atoms are very light, having atomic number 6. From a many-body point of view,
the origin of the G band can be explained as that of an electron that is excited
from the valence band into a conduction band by absorbing a phonon. An
electron–hole pair is thus created. When the electron and the hole then recombine, a phonon is emitted, which has a slightly shifted frequency and a lifetime
connected to its bandwidth. The energy of the phonon and the charge carriers
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Figure 1.7 The change of D band with
electrochemical doping. (a) Raman spectra of
defective graphene at diﬀerent Fermi energies (E F ), measured under 633 nm laser excitation. (b) The normalized intensity of the D

band as a function of Fermi level, or charge
carrier concentration at 514 and 633 nm
laser excitations. (Figure is adapted from
Ref. [40].)

will thus be renormalized by the various interactions. Since the band structure
of graphene is conical with a linear E(k) relation (see Figure 1.2a), and thereby
symmetric for electrons and holes with respect to the Dirac point, the frequency
shift of the G band upon doping can be expected to be equal for positive and negative doping. However, the C–C bond strength is also changed somewhat when
the graphene is doped [36]. Positive (negative) charge doping removes (adds)
electrons from (to) antibonding orbitals which increases (decreases) the bond
strength. This phenomenon has an opposite eﬀect on positive doping relative to
negative doping, as seen in the electrochemical data shown in Figure 1.8. Both the
renormalization and the bond strength change lead to an upshift of the phonon
frequency for positive doping [29, 33]. For negative doping, on the other hand, the
two eﬀects work against each other [29, 33]. This results in a monotonic upshift of
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Figure 1.8 In situ Raman spectroelectrochemistry data for the G and G′ bands of graphene
excited by 2.33 eV laser irradiation. The heavy black trace is for V = 0 applied voltage.
(Adapted from Ref. [33].)

the G band frequency for positive doping and a nonmonotonic upshift for negative doping, whereby the shift is always greater for positive doping [33], as seen in
Figure 1.8.
Another important eﬀect that was observed in doped graphene samples was an
anomalous increase of the intensity of the G mode at high electrode potentials
[3, 33, 41]. This eﬀect was explained by canceling part of possible optical transitions due to quantum interference eﬀects [42].
The G′ or 2D band in Figure 1.3 is also sensitive to doping, although to a
lesser extent than the G band, as is seen in Figure 1.8. Doping induces changes
in the frequency of the G′ band due to changes in the C–C bond strength, the
electron–phonon coupling, and electron–electron interactions. The frequency
of the G′ band increases for positive doping, whereas it ﬁrst increases for negative
doping followed by a relatively large decrease at higher negative potentials. It
has been found both experimentally [33] and theoretically [43] that the G band
frequency shifts by ∼0.5 times as much as the G′ band per volt in the range from
0 to 1 V. Strain can also inﬂuence the frequency of the G and G′ band. The two
eﬀects can be disentangled from one another by correlating the peak positions in
the Raman spectra [33, 44].
The eﬀect of doping on bi- [30] and trilayers [32] has been investigated by a
combination of isotopic labeling with in situ Raman spectroelectrochemistry.
The isotopic labeling allows separate investigation of the individual layers in the
multilayered graphene, since the diﬀerent masses of 12 C and 13 C result in a large
diﬀerence of ωG and ωG′ in the Raman spectra. A typical isotopically labeled
turbostatic bilayer graphene sample has the Raman spectra shown in Figure 1.9.
The isotope labeling also enables one to study the role of the stacking order of
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Figure 1.9 The Raman spectra of bilayer graphene with the two layers of: 13 C/12 C, both
13 C, and both 12 C. The graphene with the 13 C isotope has red-shifted G and G′ peaks,
compared to 12 C graphene. (Figure from Ref. [30].)

graphene layers on the changes in electronic structure of graphene induced by
doping [39]. A more complete review of the combination of isotopic labeling with
in situ Raman spectroelectrochemistry is found in the review article by Frank
et al. [31].
1.2.2
HOPG

Highly oriented pyrolytic graphite (HOPG) is a commonly used synthetic type of
graphite with high purity and has an angular spread in the stacking of its graphite
sheets of less than 1∘ [45]. The level of angular spread and perfection of HOPG can
be characterized by the full-width half-maximum (FWHM) of the Cu-Kα rocking
curve measured using X-ray diﬀraction (XRD). HOPG exhibits an anisotropy
similar to graphite and is cleavable. Because of the anisotropy, many of its physical
properties, including thermal, electrical, and optical properties [46], are diﬀerent
in diﬀerent directions, as for example, along and perpendicular to the basal plane
(Table 1.1). HOPG normally shows weak ferromagnetism due to the presence of
magnetic impurities associated with the HOPG synthesis process. The observed
magnetism is attributed to the unpaired electron spins at the grain boundaries and
to the sample edges, and such eﬀects have been characterized using magnetic force
microscopy [48]. HOPG is a highly stable material and it remains stable at high
temperatures (3000 ∘ C under vacuum and 500 ∘ C in atmosphere), and exhibits
high chemical inertness to almost every chemical. Because of its atomically
ﬂat surface, HOPG is usually used as a calibration standard for scanning probe
microscopy [49].
HOPG has also been widely used in the ﬁeld of electrochemistry. The basal plane
of HOPG has been used as electrodes for many studies, such as for the creation
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Table 1.1 Physical properties of HOPG at 300 K [47].

Electrical resistivity (Ω cm)
Thermal conductivity (W m−1 K−1 )
Thermal expansion (K−1 )

Along layer plane (002)

Along (0001) principal axis c

3.5–5.0 × 10−5
1700 ± 100
−1 × 10−6

0.15–0.25
8 ± 1
20 × 10−6

of nanoscale interfaces for sensing and for biological applications [50, 51], as well
as model system for nanoparticle electrocatalysis [52, 53], heterogeneous metal
deposition, and nucleation studies [51, 54]. Besides, HOPG is commonly used to
study the electrochemistry of sp2 carbon materials used for improving our understanding of electrochemical processes, such as electrocatalysis [55] and carbon
surface functionalization [56].
1.2.3
Carbon Nanotube
1.2.3.1 Structure and Electronic Properties

A carbon nanotube is a seamless 1D structure of rolled-up graphene [57]. Because
of the dimensional constraints, the energy bands of a carbon nanotube become
discrete [58–60], as shown in Figure 1.10. Moreover, the nanotube axis orientation relative to the six-member ring honeycomb lattice can vary from 0∘ to 30∘ (see
Figure 1.11), rendering the classiﬁcation of carbon nanotubes into zigzag (𝜃 = 0∘ ),
armchair (𝜃 = 30∘ ), and chiral nanotubes, which are deﬁned according to the nanotube proﬁle along the diameter (perpendicular to nanotube axis). Sketches of
these three types of carbon nanotubes are shown in Figure 1.12. Diﬀerent types of
carbon nanotubes have diﬀerent electrical properties [57]. As shown in Figure 1.11
(c)
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E
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Figure 1.10 Energy band diagram and density of states (DOS) of a carbon nanotube. The
1D van Hove singularities give a high DOS at well-deﬁned energies. (Figure adapted from
Ref. [82].)
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⃗ h,
[60], the chirality of a carbon nanotube can be deﬁned by the chiral vector C
which can be written as [59]
⃗ h = n⃗a1 + m⃗a2 ≜ (n, m),
C
where a⃗1 and a⃗2 are the unit vectors of graphene. Diﬀerent chiralities denoted
by the indices (n, m) of carbon nanotubes (the orientation of the hexagons in
Figure 1.11 relative to nanotube axis) distinguish between metallic and semiconducting types. Brieﬂy, the condition for a metallic carbon nanotube is [59]
2n + m = 3j,
where j is an integer. This is also shown in Figure 1.11.
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Figure 1.11 (a) A carbon nanotube deﬁned
⃗ , which is perpendicuby the chiral vector C
h
lar to the nanotube axis. Here, 𝜃 is the chiral
angle, and a⃗1 and a⃗2 are the unit vectors of
graphene. (b) Possible chiral vectors (n, m) of

(7,7) (8,7) (9,7)

carbon nanotubes (see text). Diﬀerent (n, m)
chiralities result in diﬀerent physical properties, including metallic (large dots) and semiconducting (small dots) nanotubes. (Figure
adapted from Ref. [59].)
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(a)

(b)

(c)
Figure 1.12 Three types of carbon nanotubes: (a) armchair, (b) zigzag, and (c) chiral. The
deﬁnition of nanotube types is according to the orientation perpendicular to the nanotube
axis. (Figure from Ref. [82].)

1.2.3.2 Spectroscopy and Spectroelectrochemistry of Carbon Nanotubes

The investigation of doped single-wall carbon nanotubes (SWCNTs) by Raman
spectroscopy was ﬁrst reported in 1997 by Rao et al. [61]. Even though this ﬁrst
report did not employ electrochemistry, it showed evidence of doping in the
Raman spectra, which contributed to the observed frequency shifts of the G band.
Electrochemistry connected with Raman spectroscopy has also been used to
study the electron–phonon coupling and the charge states of nanotubes in solution or on substrates. The ﬁrst study employing both electrochemistry and Raman
spectroscopy on SWCNTs was published in 1999, by Eklund et al. [62]. The
experiment also combined chemical and electrochemical doping, since the doping medium that was used, H2 SO4 , caused parallel chemical and electrochemical
doping. Afterward, many other studies, employing numerous aqueous [63–68],
and aprotic media (a solution that does not donate H+ protons) [58, 69–79]
followed.
Because a SWCNT is a graphene sheet rolled up seamlessly to form a tube,
the Raman signature of carbon nanotubes also contains the D, G, and 2D bands,
similar to the Raman spectrum of graphene, although with some diﬀerences. For
instance, the curvature of the nanotube leads to a G band with two clear components, G+ and G− , assigned to transverse (TO) and longitudinal (LO) modes,
vibrating along directions perpendicular (TO) or parallel (LO) to the nanotube
axis, respectively. This situation is in contrast to graphene where these two modes
are degenerate, since graphene is a quasi-2D material. This is shown in Figure 1.13.
The G band lineshape, namely its LO component, is sensitive to the Fermi energy,
and can be changed by applying a gate voltage. The LO mode exhibits diﬀerent
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Figure 1.13 (a) Raman spectra of the G band at several potentials applied to a SWCNT
bundle. (b,c) Variation of the G+ band and G− band frequency, respectively, with the
applied potential for three diﬀerent electrolyte solutions. (Adapted from Ref. [80].)

lineshapes depending upon whether the probed nanotube is metallic or semiconducting. For metallic nanotubes, the LO component exhibits a Kohn anomaly,
which leads to a larger downshift of the peak frequency compared with semiconducting tubes [43].
In addition, the Raman spectrum of nanotubes shows a feature called the radial
breathing mode (RBM) with a frequency 𝜔RBM between 100 and 350 cm−1 . The
RBM mode is one of the most important features observed in the Raman spectrum of nanotubes, since it provides information regarding the nanotube diameter
and the nanotube chirality, through the Kataura plot [81]. The Kataura plot shown
in Figure 1.14 is a plot of the relationship between the electronic transition energies and the SWCNT diameters. Each point in the Kataura plot shows an optically
allowed electronic transition energy, which is the energy separation between van
Hove singularities in the conduction and valence bands. In Figure 1.14 [81–83],
crosses represent semiconducting SWCNTs (labeled “S”) and circles represent
metallic SWCNTs (labeled “M”). For Raman spectroscopy, this plot gives information about the (n, m) SWCNT chiralities that can be excited for a certain laser
excitation energy.
Raman spectroscopy can detect changes in the C–C bond length, since the RBM
varies with diameter and the G band varies with the axial C–C bond length. Moreover, the band intensity also varies as charge transfer occurs, either to or from the
nanotubes. Gupta et al. [84] monitored the dependence of the C–C bond length
in an SWCNT material on charge transfer, for several alkali, halide, and sulfate
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Figure 1.14 Kataura plot [81–83], showing
the relationship between electronic transition
energies and the SWCNT diameters. Each
point on the plot shows an optically allowed
electronic transition energy E ii , which is the

energy separation between van Hove singularities in the conduction band to the
valence band. Crosses represent semiconducting SWCNTs (labeled “S”) and circles
represent metallic SWCNTs (labeled “M”).

electrolyte solutions (see Figure 1.15), and observed a softening of the C–C bond
with increasing charge transfer to the nanotubes.
SWCNT bundles containing nanotubes with diﬀerent diameters are easy to
obtain experimentally, but such samples may lead to overlapping RBM modes and
complex Raman spectra that are diﬃcult to interpret. In contrast, SWCNTs synthesized via the HiPCO method are favored for spectroelectrochemical studies
due to their small diameters, which lead to well-separated RBM peaks, thereby
simplifying nanotube chirality assignments signiﬁcantly [58, 72].
The doping of SWCNT leads to changes in all Raman features. The most obvious eﬀect is an overall bleaching of the Raman signal of carbon nanotubes. The
shift of the Fermi level cancels the eﬀect of the optical transitions between the van
Hove singularities. If these transitions are employed in resonance eﬀects, the
Raman signal is dramatically reduced. The doping level, where the Raman signal
starts to bleach, should therefore depend on the electronic structure of a particular carbon nanotube. It was indeed observed that the Raman signal of metallic
tubes starts to bleach at a lower electrode potential than that of semiconducting
tubes [70]. Moreover, a detailed spectroelectrochemical study of an individual
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Figure 1.15 Variation of the C–C bond length (estimated from G band variation) with
electrochemical charge transfer (f c ) induced on the nanotubes. (Adapted from Ref. [84].)

SWCNT showed that the “speed” of bleaching of the Raman signal also depends
on the match of the nanotube resonance window and laser excitation energy [77].
It was also observed that bleaching of the Raman signal occurs already when the
Fermi level crosses any van Hove singularity, even though this singularity is not
employed in the resonance enhancement of the Raman signal [85].
The doping-induced changes in the intensity of the Raman signal of carbon
nanotubes also have important consequences, that is, they can complicate the
quantiﬁcation of the amount of the particular SWCNT or the quantiﬁcation of the
defect density in SWCNTs, since the D mode intensity is also strongly aﬀected by
doping [86, 87].
The doping of carbon nanotubes also causes variations of the frequencies of the
Raman features. These doping-induced changes are only subtle in SWCNTs in the
case of RBM bands [74], but they are signiﬁcant for the G and G′ modes [69, 73,
88]. The frequency variation of the G mode is rationalized by changes of the C–C
bond strength and also changes in the phonon renormalization energy [71]. In the
case of nanotube bundles, the changes in the G mode frequency of individual nanotubes contribute to the change of the G band lineshape of nanotube bundles [69,
89]. Nevertheless, the change in the G mode lineshape can be used to estimate
the doping level of carbon nanotubes [69]. The changes in the G′ mode frequencies are quite complex even in the case of individual carbon nanotubes, and more
detailed studies are needed to understand these phenomena [73].
The spectroelectrochemistry of double-wall carbon nanotubes (DWCNTs) has
also been investigated [2, 90–97]. Nevertheless, the understanding of the eﬀect of
the doping is more diﬃcult in DWCNTs. In general, the charge is located mostly
on the outer tubes; hence, there is a diﬀerence between the doping level of the
inner and outer tubes. The distinct doping eﬀects for inner and outer tubes are
observed in the RBM modes and in the D and G′ bands as well. For doped DWCNTs, both the D and G′ bands split into two components upon electrochemical
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charging, in which case the mode at higher frequency is assigned to the outer
tubes, since they bleach more rapidly [90, 91, 98]. These diﬀerences in the doping behavior can be used to distinguish between the Raman features of inner and
outer tubes [94, 95] and even to quantify the amount of DWCNTs in their mixture with SWCNTs [2] in a given sample. Nevertheless, it should be noted that the
charge distribution between the inner and outer tubes also strongly depends on
their electronic structures, as shown in a recent study on sorted DWCNTs [96, 97].
Fullerene peapods represent another class of nanotube-based materials, which
have been widely studied by spectroelectrochemistry [99–102]. The doping
behavior of these materials is in general somewhat analogous to DWCNTs, but
there are still some unexplained phenomena, such as the anomalous enhancement of the Ag (2) mode of C60 @SWCNT at high anodic potentials [103]. Hence,
further investigation of these materials is needed.
Spectroelectrochemistry has proven to provide a versatile technique in the
ﬁeld of nanocarbons. It allows the monitoring of the charge transfer to and
from carbon nanotubes and graphene, inducing doping in a controlled and easy
manner. In fact, spectroelectrochemistry also allows exploration of the possibility
of unzipping SWCNTs of diﬀerent chiralities to obtain GNRs [104]. Metallic
nanotubes with smaller diameters were found to unzip at lower potentials
(0.36 eV) than other SWCNTs, followed by metallic tubes with larger diameters
(at 1.16 eV), while semiconducting nanotubes required even higher potentials
(1.66 eV) to unzip [104].
1.2.4
Graphene Nanoribbon

A GNR is a quasi-1D nanomaterial derived from graphene. Like carbon nanotubes, GNRs also show distinct diﬀerences in physical properties between their
armchair, zigzag, or chiral categories (Figure 1.16) [105], because GNRs have
edges and are not rolled up seamlessly, as are carbon nanotubes. GNRs also have
2D
graphene sheet

Nanoribbon with
ARMCHAIR edges

Nanoribbon with
ZIGZAG edges

Figure 1.16 GNRs with diﬀerent chiral orientations: zigzag and armchair. (Figure is from
Ref. [105].)

1.2

(a)

(b)

Before

Figure 1.17 Development of edge structures in graphene nanoribbons using Joule
heating inside a TEM (transmission electron
microscope). (a) Graphene nanoribbon with
zigzag–armchair edges. The black arrows
indicate the junction between zigzag and
armchair edges. With the increased time of

(c)

Diﬀerent Forms of Carbon

(d)

After

Joule heating (a–d), the zigzag-armchair
junction position moves. The sketches on
the left and right of the TEM images (a–d)
indicate the graphene nanoribbon structures before and after Joule heating, respectively. Scale bar in (a): 2 nm. (Figure from
Ref. [109].)

Figure 1.18 Unzipping a carbon nanotube to form a graphene nanoribbon. Figure from
Ref. [110].

the distinctions of metallic or semiconducting types, due to the diﬀerent axial
or chiral orientations of their edges. Also, the band gaps of GNRs are decreased
with increased ribbon width [106].
GNRs have high electron mobility, and small-width semiconducting GNRs have
shown interesting band gaps, thus attracting the attention of electrical engineers
for potential application in high-speed digital circuits. Because the electronic and
magnetic properties of GNRs strongly depend on their edges [107, 108], the synthesis and precise control of GNR edge morphology have remained hot topics
over the years. Potential precise synthesis techniques include in situ Joule heating
inside a TEM (transmission electron microscope) [109] (Figure 1.17) and unzipping carbon nanotubes [110] (Figure 1.18), but practical large-scale applications
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of these scientiﬁc demonstrations appear challenging at the present time. Moreover, due to their small width, GNRs have many dangling bonds on their edges,
which inﬂuence their chemical properties. This characteristic of GNRs triggers
scientiﬁc study of their electrochemical reactivity [111] and oﬀers an attractive
system to study electrochemical applications, such as for electrode materials in
Li-ion batteries [112] and for molecule sensing [113].
1.2.5
Diamond

The electrochemistry of diamond is currently a rapidly growing ﬁeld, because
of the special properties of diamond, such as (i) extreme mechanical hardness,
thereby providing an ideal material for ultrasound technology [114, 115], (ii)
transparency over a wide spectral range, allowing optical applications [116, 117],
(iii) biological compatibility, enabling its use in biological studies and medical
applications [118, 119], (iv) apability to be doped to provide electrical conduction
with tunable transport properties [120, 121], (v) very high thermal conductivity,
allowing its use as a heat sink for electronic applications [122, 123], (vi) chemical
inertness, making it ideal for application in harsh and corrosive environments
[124, 125], as well as at high temperature and pressure, (vii) negative electron
aﬃnity making it a promising material for active devices, such as ﬁeld-eﬀect
transistors [126, 127], and (viii) the quantum singlet–triplet spin states and
N-V defect centers existing in nanodiamond, which open up chances to explore
quantum information and quantum physics [128–132].
Highly boron-doped diamond ﬁlms, which have been widely studied in
electrochemistry, can be grown by chemical vapor deposition (CVD) and are
electrically conductive. Diﬀerent electrochemical properties of boron-doped
diamond ﬁlms have been studied, such as reactivity [133] and electronic structure [134]. Diﬀerent characterization techniques have been used to study the
electrochemistry of diamond, such as scanning electron microscopy [123, 135]
and Raman spectroscopy [125, 136].
1.2.6
Porous Carbon

Porous carbons constitute a family of lightweight carbon materials with special
properties. Porous carbon materials can be made through pyrolysis and by activation of carbonaceous precursors, showing adsorption volumes of 0.5–0.8 cm3 g−1
and surface areas of 700–1800 m2 g−1 , depending upon the activation conditions
and activation mechanisms [137]. These materials possess many micropores of
varying sizes and thus can adsorb a large variety of molecules in large amounts. In
fact, the application of porous carbon dates back to 2000 BCE in Egypt, when charcoals were used to purify water. Nowadays, porous carbons with more controllable
micropore sizes and densities, also called activated carbon, have been made
[138, 139], and well-developed internal surface area and porosity have been

References

achieved [140–142]. Nanocarbon materials, such as graphene, carbon nanotubes, and carbon nanoﬁbers, have also been used as porous aerogels, because
of their large surface areas [143–145], and have proven to be useful for
applications as composites in supercapacitors, polymers, and energy storage.
1.3
Outlook

Diﬀerent forms of carbons have diﬀerent physical and chemical properties,
but these diﬀerent carbon forms are of interest in electrochemical studies and
for many applications. Suﬃcient electrochemical research has already been
done on carbon materials to demonstrate their importance in electrochemical
energy storage, which is of societal importance. Various experimental techniques
have been employed in conjunction with electrochemical methods to characterize carbon-based materials, such as Raman spectroscopy, scanning probe
microscopy, electron microscopy, photoelectron spectroscopy, and others. Various manufacturing techniques have also been developed, for commercializing
electrochemical carbon-based materials, especially in batteries for energy storage.
In particular, nanocarbons, which have unique electrical, mechanical, optical,
and chemical properties, have attracted the attention of electrochemists for both
fundamental studies of their electrochemical properties and their exploration
for future applications in batteries, electrodes, energy storage, environmental
monitoring, and biological and medical science. The nanostructures developed
in the last 30 years (carbon nanotubes and graphene) provide a great opportunity
for both fundamental research and applications. The morphology of these
materials strongly aﬀects their electronic properties, and the recent experimental
techniques allow one to monitor and control the nanostructure morphology to
constantly increasing degrees, thereby providing a great potential for further
research and applications.
In the following chapters of this textbook, diﬀerent aspects of electrochemical research on carbon materials will be discussed in detail, including
carbon electrodes in diﬀerent applications (fuel cells, molecular electronics,
sensing, etc.) using various methods (surface modiﬁcation, carbon paste, carbon
ﬁber, etc.), and electrochemistry of diﬀerent carbon materials (graphene, HOPG,
carbon nanotube, diamond, etc.).
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