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1. Introduction and Scope

Since the historical application by Sir Humphrey Davy of
graphite electrodes for electrochemical production of alkali
metals, carbon materials have been widely used in both
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analytical and industrial electrochemistry. The often-cited
advantages of carbon electrodes include low cost, wide
potential window, relatively inert electrochemistry, and
electrocatalytic activity for a variety of redox reactions. Of
particular relevance to the current review are oxidations and
reductions of organic and biological molecules in both
aqueous and nonaqueous media, for which the electrochemi-
cal properties of carbon electrodes are often superior to those
of noble metals. In addition, the well-known applications of
carbon electrodes to metals production, energy storage in
batteries and supercapacitors, and catalyst supports has
resulted in a rich literature on both carbon materials and their
interactions with electrolytes and redox systems. Of general
interest are several reviews and monographs on carbon
electrode materials, notably the “classical” carbon materials
based on graphite, glassy carbon, and carbon black.'™

Despite extensive past investigations of carbon materials
for electrochemistry, recent years have brought fundamental
innovations that add significantly to the utility of this
venerable material in organic and biological electrochemistry.
Boron-doped diamond, fullerenes, vapor deposited carbon
films, and microfabricated carbon structures offer distinct
properties compared with the graphitic carbon electrodes in
common use in the early 1990s and also enable novel
applications in sensing, electrocatalysis, and electronics. The
diversity of carbon as an electrode material stems largely
from its structural polymorphism, chemical stability, rich
surface chemistry, and strong carbon—carbon bonds present
both internally and often between the carbon material and a
surface modifier. A comprehensive review of all of the
electrochemical properties and applications of carbon materi-
als would require several volumes, even if limited to the past
15 years. Hence, the scope of the current review is limited
to physical and analytical electrochemistry using carbon
electrode materials, with an emphasis on the electronic and
chemical properties of carbon that determine its electro-
chemical performance. Of particular interest are the relation-
ships between carbon surface and bulk structure, which affect
electrode kinetics and interactions with molecules in solution.
While it is not practical to write a comprehensive review of
all electrochemical applications of carbon electrodes, it is
useful to consider those aspects of the materials chemistry
of carbon that dictate its electrochemical utility. Borrowing
an analogy from Richard Feynman, it is possible to under-
stand the rules of a chess game without also knowing all
possible outcomes that arise from those rules. As much as
possible, this review will attempt to understand which aspects
of bulk and surface chemistry of carbon electrode materials
determine their utility for physical and analytical electro-
chemistry, particularly involving organic and biological redox
systems.
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This review will start with some of the “rules” associated
with carbon electrodes, that is, the electronic and materials
properties that partially determine electrochemical behavior.
These include band structure, polymorphism, and optical
properties. The next section deals with how these materials
properties relate to electrochemical properties, including
electrode kinetics, adsorption, and electrocatalysis. The third
major section deals with the fabrication and novel aspects
of new carbon materials developed in the past 15 years,
including boron-doped diamond, carbon nanotubes, vapor-
deposited carbon films, and various composite electrodes.
Finally, the several approaches to surface modification of
carbon electrodes are reviewed, emphasizing those developed
since the early 1990s. Throughout the discussion of carbon
electrode materials, examples related to organic and biologi-
cal redox reactions are cited.

2. Materials Chemistry of Carbon Electrodes

It is convenient to broadly separate the materials properties
of carbon electrodes into two subdivisions: bulk properties
derived from the interior structure and surface effects such
as termination and surface modification. Bulk properties
include electronic conductivity, hardness, band structure, and
optical absorption and will be discussed first, after an initial
overview of carbon structures relevant to electrochemistry.
Surface properties are of obvious importance to electro-
chemistry and are discussed together with carbon electro-
chemical properties in section 3.

2.1. Carbon Allotropes

Although carbon materials used in electrochemistry share
some of the electronic properties of metals, their structures
and chemistry differ dramatically from all metallic electrodes.
The well-known allotropes of carbon include graphite,
diamond, and fullerenes, each of which can exist in a variety
of materials with differing electrochemical properties. The
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most common are based on the graphite structure, consisting
of ideally infinite sheets of “graphene” stacked like parallel
sheets of chicken wire. The carbon atoms in graphite are all
spz hybridized, with an intraplanar C—C bond length of 1.42
A and interplanar spacing of 3.354 A. Diamond is entirely
sp> hybridized and tetrahedral, with a C—C bond length of
1.54 A, and usually contains dopants to provide sufficient
conductivity for electrochemistry, as described in sections
2.1.2 and 4.2. The most common fullerenes used as an
electrode material are carbon nanotubes, which amount to
single or multiple layers of graphite sheets “rolled up” to
form tubes of varying diameter, length, and termination. The
physical properties of these carbon materials relevant to
electrochemistry are discussed below in turn.

2.1.1. Graphite and Related sp? Hybridized Carbon
Materials

Several structural and electronic properties of graphitic
carbon materials are summarized in Table 1. The simplest
graphite material is a two-dimensional graphene sheet, which
is essentially a very large polyaromatic hydrocarbon. The
synthesis and properties of a wide variety of graphene
structures were recently reviewed.’ The most ordered three-
dimensional graphite materials are relatively uncommon and
comprise highly oriented pyrolytic graphite (HOPG) and
natural crystalline graphite. HOPG is made by high-temper-
ature decomposition of gaseous hydrocarbons, often acety-
lene, followed by hot pressing at high pressure and
temperature.>® Graphite materials are often characterized by
the dimensions of the crystallites, L, for the in-plane
crystallite size and L. perpendicular to the graphene planes.
X-ray diffraction and Raman spectroscopy are commonly
used to determine these parameters, as has been discussed
elsewhere.*”~'° The interplanar spacing in graphitic materials
is often labeled “dy,”, in reference to an X-ray diffraction
peak. HOPG and natural single crystal graphite have L, and
L. values exceeding 1 um, while polycrystalline graphite
similar to pencil lead has values ranging from 10 to 100 nm,
and carbon black has values in the range of 1—10 nm?. To
provide some perspective, a single graphene square 1 um
on a side contains about 10’ carbon atoms and thus represents
a quite large “molecule”. HOPG is “turbostratic”, meaning
that the crystallites have their c-axes aligned parallel but are
rotationally disordered relative to adjacent crystallites.
Natural single crystal graphite shares the ABAB layer
ordering of HOPG but has longer range rotational order.
However, natural graphite contains various inorganic impuri-
ties (e.g., “ash”) and is rarely used for electrochemistry. The
atomically ordered hexagonal plane containing the “a” axis
is commonly known as the “basal plane”, while the irregular
surface parallel to the “c” axis is known as “edge plane”.
Edge plane graphite contains a variety of sites, often called
“armchair” or “zig-zag”, as well as various oxygen-contain-
ing functional groups. As will be discussed in detail later,
the edge and basal planes differ greatly in chemical and
electrochemical reactivity, and are fundamental to the
behavior of graphitic electrodes.

Carbon fibers have been used extensively for electrochem-
istry, particularly in applications requiring a small “footprint”
such as in vivo monitoring in living tissue.''”'* They
generally have diameters in the range of 5—50 ym and are
made from small hydrocarbons or polymers or by catalytic
chemical vapor deposition. Since the most common industrial
application of carbon fibers is in structural materials, the



2648 Chemical Reviews, 2008, Vol. 108, No. 7 McCreery
Table 1. Properties of Various Carbon Electrode Materials®
apparent . . .
density (g/cm’) doo> (A) p (R-cm) L. (A) L (A)
HOPG, a-axis 2.26 3.354 4x107° >10000
HOPG, c-axis 0.17 >100000
pyrolytic graphite 2.18 3.34 1000 (typ)“ 1000 (typ)
randomly oriented graphite 1.8 3.35 1x1073 300 (typ) 500 (typ)
(ultracarbon UF-4s grade)
Tokai GC-10° 1.5 3.49 45 x 1073 20 (typ) —10
Tokai GC-20° 1.5 3.48 42 %1073 25 (typ) 12
Tokai GC-30° 1.5 3.41 37 x 1073 55 70
carbon fiber (typ) 1.8 34 (5—20) x 10°* >100 40
carbon black (spheron 6) (1.3—2.0)° 3.55 0.05 20 13
evaporated a-C —2.0 >34 ~10° ~10 ~10
a-C:H 1.4-1.8 107 — 10'¢
pyrolyzed photoresist film (PFF) 0.006'4°
boron-doped diamond 0.05—0.5¢
N-doped amorphous tetrahedral carbon 10—1000¢

“ Entries marked “typ” may vary significantly with sample or preparation procedures. ® Number refers to heat treatment temperatures, for example,
GC-20 was treated at 2000 °C. ° Depends on technique used to measure density. ¢ Depends strongly on doping level. See ref 30. °See ref 35.

fabrication process is designed to orient the graphitic a-axis
along the length of the fiber to maximize tensile strength.
Carbon fibers occur in a wide range of order and crystallite
size and fall into three general types.'* Radial fibers have
graphene planes radiating out from the center of the fiber,
“onion” fibers consist of concentric cylinders of graphene
planes, and “random” fibers have a random orientation of
graphitic planes. The degree of order and graphitization is
often increased by heat treatment, and fiber manufacturers
generally specify the thermal history in fiber specifications.
The preparation and morphology of “onion” fibers is similar
to those for carbon nanotubes (section 2.1.3), although
nanotubes have much smaller diameters. The distinction
between a small “onion” fiber and a multiwalled carbon
nanotube is somewhat artificial, although as a practical matter
carbon fibers are subject to manual manipulation while
nanotubes are much less so.

An electrochemically important variant on the graphite
structure is glassy carbon (GC), which is made by heat
treating various polymers, often polyacrylonitrile. By heating
the polymer under pressure in an inert atmosphere to
1000—3000 °C, the heteroatoms are evaporated until only
carbon remains.'> The C—C bonds in the polymer backbone
do not break at these temperatures, so the carbon can form
graphitic planes of only limited size, with L, and L. in the
range of 30—70 A. The interplanar spacing is larger than
that of HOPG, about 3.6 A, and the graphite structure cannot
fully develop due to the unbroken C—C bonds. The structure
is generally presented as randomly intertwined ribbons of
graphitic planes, although the randomness results in signifi-
cant uncertainty about the detailed microstructure.'®'” It is
known that GC is about 60% as dense as HOPG and must
contain many voids, but its disordered nature makes structural
characterization difficult at the atomic level. GC may also
be made from a reactive polymeric precursor at relatively
low temperature (~700 °C), which permits “doping” with
various heteroatoms in the polymer, as well as the final
product, including halogens, silicon, and metal catalysts.'8!

Glassy carbon should be distinguished from a variety of
other disordered graphitic materials, such as “diamond-like
carbon” (DLC),** amorphous carbon, polycrystalline graph-
ite, and carbon black (see Table 1). While the properties of
the materials vary greatly with preparation and pretreatment,
some generalizations based on their origins are useful. As
noted earlier, polycrystalline graphite has doo, = 3.35 A but

with randomly oriented crystallites much smaller than HOPG.
It is made under conditions where the carbon is allowed to
“graphitize”, meaning allowed to form parallel planar sheets
with the 3.35 A layer spacing. Disordered carbon materials
derived from polymers, such as GC and pyrolyzed photo-
resist, are unable to graphitize completely and have dop, >
3.35A and L, < 10 nm (see Table 1). Amorphous carbon is
made by vacuum deposition of carbon evaporated with an
electron beam or by sputtering and is a very disordered
combination of sp? and sp> hybridized carbon atoms and
often small amounts of hydrogen.”>** Graphitization is
prevented by the difficulty of breaking C—C bonds, and the
ratio of sp” to sp> carbon atoms, as well as the hydrogen
content, varies greatly with preparation conditions. DLC is
a variant of amorphous carbon that is hard and wear resistant
and is used widely for coating disk drive heads, while vapor-
deposited amorphous carbon is used as a sample substrate
for electron microscopy. Carbon black is made by several
industrial processes, which result in materials of differing
order and composition. “Graphitized” carbon black is used
in electrochemistry and resembles polycrystalline graphite
with quite small crystallites.® Although the list of graphitic
materials is nearly endless and their properties range from
soft, conductive lubricants to very hard, low conductivity
solids, the parameters of crystallite size, long-range order,
and anisotropy are critical factors toward determining
electrochemical reactivity, as described in later sections.

Mesoporous carbon is a high surface area graphitic
material made by “carbonization”, or pyrolysis, of carbon-
rich precursors such as sucrose, often using a silica template,
which is later removed by etching.*>*® Porosity is generally
undesirable in electroanalytical applications; however me-
soporous carbon has been used for the oxidation of cys-
teine,”> as well as in supercapacitors*® and electrocatalytic
surfaces for methanol oxidation in fuel cells.?” Mesoporous
carbon supports for metal catalysts have been reported to
be superior to more conventional carbon black materials, for
example, Vulcan XC-72, in fuel cell applications.*®*’

2.1.2. Diamond

The completely sp® hybridized, tetrahedral bonding of
diamond results in both its hardness and low electrical
conductivity, with the latter property making single- or
polycrystalline diamond uninteresting as an electrode mate-
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rial. However, intentional introduction of impurities, for
example, boron or nitrogen, into diamond during deposition
can increase the conductivity of diamond sufficiently to make
electrodes with distinct electrochemical properties. The most
common of these is microcrystalline boron-doped diamond
(BDD),* which is made by vapor deposition from a H,
plasma containing methane and a source of boron, often
B,;Hg. Boron is electron-deficient relative to carbon and
therefore a p-dopant, and the boron doping level is often
quite high, often in the range of 10'—10?° atoms/cm?® or a
B/C ratio of about 10~ to 10> Microcrystalline BDD has
randomly oriented crystallites a few micrometers in size, with
facets and grain boundaries characteristic of a polycrystalline
material.

Nanocrystalline diamond is made from a CH4/Ar plasma
under conditions where nucleation is rapid, resulting in
randomly oriented crystallites with dimensions of a few tens
of nanometers.?'~>* Nitrogen gas or a boron source is often
present during deposition, leading to nanocrystallites that are
n-doped or p-doped, respectively. The crystallites have a
much higher surface/volume ratio than microcrystalline
diamond, and the surfaces have significant w-bonding and
sp> hybridization. The result is much higher electrical
conductivity than undoped bulk diamond, even when the
nanocrystalline diamond is itself undoped. As discussed in
section 4.2, BDD and nanocrystalline diamond have useful
electrochemical properties compared with graphitic materials
and are chemically much more inert.

A significant variation on diamond electrodes is nitrogen-
incorporated tetrahedral amorphous carbon, taC:N, which is
made by deposition from beams of ionized carbon and
nitrogen.>>>° Although the resistivity of this material is
relatively high, 10—10* Q-cm, it is used in electrochemistry
as thin films on conducting substrates so the ohmic potential
losses are minimal. It has a high content of sp® bonded carbon
and may be deposited on unheated substrates. As will be
described later, taC:N has low background current and active
electrocatalysis relative to BDD.

2.1.3. Carbon Nanotubes

Carbon nanotubes (CNTs) are generally categorized into
single-walled carbon nantotubes (SWNTs), which consist of
a single graphene sheet “rolled” into a tube, or multiwalled
carbon nanotubes (MWNTSs), which contain several concen-
tric tubes sharing a common axis. In addition, MWNTSs can
occur in various morphologies such as “hollow tube”,
“bamboo” and “herringbone”, depending on their mode of
preparation.®” A recent review of CNT utility in analytical
science discusses the various unusual properties, which hold
promise for new applications, such as high aspect ratio,
conductivity, thermal stability, flexibility, and reactivity.*®
Nanotubes are made either by the arc-discharge method,
which also produces fullerenes such as Cg and Cy, or by
chemical vapor deposition on metal particles, often Fe or
Ni. Thousands of papers have appeared on CNT properties
and applications, including reviews on their use as electrode
materials.>’° The carbons are arranged hexagonally, like
basal plane graphite, along the walls of the nanotubes, but
the tube ends are terminated with a fullerene structure
incorporating pentagons, or by functional groups similar to
those on edge plane graphite. Individual nanotubes have
metallic or semiconducting electronic properties, depending
on the number of hexagons around the circumference of the
tube, and these differences strongly affect certain nanotube
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applications. However, the CNT materials used for electro-
chemistry are generally complex “ropes” consisting of
bundles of nanotubes of various sizes. Some elegant experi-
ments with single nanotube electrodes have been reported,**+*
but the difficulty of isolating and mounting single nanotubes
has impeded broad electrochemical application of individual
SWNT or MWNT electrodes.

2.2. Electronic Properties of Carbon Electrode
Materials

The resistivities of various carbon materials used in
electrochemistry are listed in Table 1, with the caveat that
some carbon materials show a wide range of resistivity
depending on preparation conditions. Since the resistance
for a carbon electrode equals the product of the resistivity
and thickness divided by the cross sectional area of the
carbon material, the observed resistance is a strong function
of geometry. For example, a 1 x 1 cm?, 100 nm thick carbon
film with a resistivity of 0.15 Q+cm has a resistance of 15
k€ for current passing parallel to the plane of the film and
107> Q for current passing perpendicular to the plane. In
addition, some carbon materials are anisotropic, particularly
pyrolytic graphite with its much lower resistance parallel than
perpendicular to the graphene layers.

An important consideration regarding electrode materials
is the density of electronic states (DOS), which varies greatly
for different forms of carbon. The high conductivity of metals
results from the combination of a large number of atomic
orbitals to form bands with a high density of electronic states.
Electrons move freely without changing energy, and metallic
conduction follows Ohm’s law. For example, gold has a DOS
of 0.28 states atom™ ' eV™!, and this value is relatively
constant with energy.** Conservation of energy dictates that
electron transfer between an electrode and a redox system
in solution or adsorbed on the electrode surface is fastest
when the energy of the electron is equal in the metal and in
the thermally activated redox system. A higher DOS in the
electrode increases the likelihood that an electron of the
correct energy is available for electron transfer to a redox
system, so the heterogeneous electron transfer rate is expected
to be dependent on the DOS of the electrode material.***>
Semiconductor electrodes represent the extreme opposite of
a metallic DOS, in which there are no electronic states in
the gap region, and electron transfer does not generally occur
between a semiconductor electrode and redox systems with
E? values in the gap region.

Unlike the high and weakly energy-dependent DOS
observed for metals, both the shape and magnitude of the
DOS distribution for carbon materials vary greatly with
carbon structure. The DOS distribution for HOPG is shown
in Figure 1, with an expansion of the region near the Fermi
energy as an inset.*>*’ The o and 7 orbitals of the graphitic
carbons combine to form the filled valence bands, which are
shaded in the upper drawing, while antibonding orbitals
comprise the conduction band. For an infinite graphene sheet
and ideal crystalline graphite, there is a small overlap of the
valence and conduction bands, leading to a low DOS at the
Fermi level. Disorder in the graphite lattice results in many
defect states with energies between the conduction and
valence bands, effectively filling in the DOS near the Fermi
level.*® HOPG is considered a semimetal, while disordered
graphite behaves electronically like a metal with a low DOS.

The minimum DOS for HOPG* is 0.0022 states atom '
eV~!, or about 0.8% that of Au. Even with disorder to
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Figure 1. Calculated density of electronic states (DOS) for ideal
single-crystal graphite. Reprinted with permission from refs 46
(http://link.aps.org/abstract/PRB/v15/p3180) and 47. Copyright 1977
American Physical Society and Copyright 1981 Marcel Dekker,
respectively.

increase the DOS near the Fermi level, the lower conductivity
of graphite materials compared with metals is at least partially
a consequence of the low DOS. As will be noted in section
3.1, the low DOS of graphite also affects its electrochemical
reactivity. An electrochemical manifestation of the unusual
properties of ordered graphite is the low double layer
capacitance of the basal plane of HOPG, <2 uF/cm? in
aqueous electrolytes, compared with ~60 uF/cm? for edge
plane HOPG,*® 24—36 uF/cm? for glassy carbon,”" and 20
uF/cm? for typical metal electrodes.”

Crystalline diamond is a wide bandgap semiconductor,
with a gap of >6 eV in a single crystal. However, the boron
or nitrogen doping introduces a range of energy states in
the gap region, as do defects present in microcrystalline and
nanocrystalline diamond films. Nanocrystalline diamond has
a sufficiently large number of defects that it is much more
conductive than single crystal diamond even without doping.
As discussed in section 3.1, the distribution of these energy
levels is important to electron transfer to common redox
systems at BDD electrodes,> although the details of the DOS
will depend on electrode composition and preparation.

Carbon nanotubes have a variety of DOS distributions,
which depend on tube diameter. Figure 2 shows an ex-
ample,*' plotted in the format developed by Gerischer for
semiconductor electrochemistry.’> The DOS of a semicon-
ducting nanotube is shown in the left portion of Figure 2
and exhibits significantly more structure than that of
graphite.***! Semiconducting nanotubes have no electronic
states in the gap region, while metallic nanotubes have a
nonzero DOS both above and below the Fermi energy.

In the case shown in Figure 2, an oxidation occurs when
the distribution of electron energies in the reduced material,
Wied, overlaps with an unfilled level in the nanotube, as
shown by the red arrow. As with semiconducting electrode
materials, redox activity does not occur to redox levels of
the molecule within the gap region.

To summarize the electronic properties of carbon materials
relevant to electrochemistry, it is reasonably accurate to
consider disordered sp? carbon materials such as polycrys-
talline graphite and glassy carbon and sp* carbon such as
heavily boron-doped diamond to conduct electrons qualti-
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Figure 2. Density of electronic states for a semiconducting single-
walled carbon nanotube plotted vs energy (left half) and the energy
states of a redox system in solution (right half). Arrow indicates a
favorable electron transfer from a reduced redox molecule to an
empty level in the nanotube. Reprinted with permission from ref
41. Copyright 2006 American Chemical Society.

tatively similarly to metals. Although these materials do not
exhibit gaps in the electronic DOS like semiconductors, the
lower DOS leads to generally lower conductivity than metals.
However, for ordered graphite, nanotubes, and lightly doped
diamond, the generally lower and energy-dependent density
of electronic states can have major effects on electron transfer
behavior and cannot be ignored. Although many carbon
materials used in electrochemistry are electronically similar
to metals with no gaps in the DOS diagram, they differ
greatly from metals in their surface chemistry, as will be
discussed throughout this review, starting with section 3.

2.3. Spectroscopy and Optical Properties

Graphitic carbon materials such as graphite and GC absorb
light over a wide energy range, at least from deep UV to
radio frequencies.>*>> Despite its black color as a bulk
sample, thin films of disordered graphitic carbon are partially
transparent in the visible wavelength range, with optically
transparent carbon electrodes made from electron beam
deposited carbon reported in 1975,°° pyrolysis of an anhy-
dride reagent from the gas phase in 1993,°” and transparent
thin films of pyrolyzed polymer on quartz in 2006.%® Figure
3 shows the observed UV —vis spectrum of a ~6 nm thick
film of pyrolyzed photoresist on quartz, showing the broad
absorption of the disordered graphitic structure.”® Also
included in Figure 3 are plots of the real and imaginary
components of the refractive index, n and k, determined with
spectroscopic ellipsometry. Crystalline diamond is optically
transparent from its band gap at ~220 nm into the infrared,
but impurities and defects can result in weak absorption
throughout the visible region.®® Doping of diamond with
boron decreases its optical transparency, but thin films of
BDD have been used for both UV—vis and infrared
spectroscopy.®' %3

As one would expect for a technologically and scientifi-
cally important material, carbon has been examined with
virtually all forms of analytical spectroscopy, for example,
Raman and infrared spectroscopy, X-ray photoelectron
spectroscopy (XPS), UV—vis, NMR, etc. Raman spectros-
copy has proven particularly informative about all carbon
materials used in electrochemistry and will be reviewed
briefly here. Perfect graphite has two Raman active modes
at47 cm™! (Ezg(l)) and 1582 cm™! (Ezg(z)) plus two infrared
active modes at 868 cm ™! (Ay,) and 1588 cm”! (Elu).f“"65
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Since dipoles are weak or nonexistent in graphite, the IR
modes are quite weak and have not been studied as
extensively. However, graphite is very polarizable, and the
Raman mode at 1582 cm ™' is a prominent feature of Raman
spectra of graphitic materials.”'*°®%7 Although the mode
itself is quite strong, the penetration and escape depths of
the laser and Raman scattered photons are short in graphite
(~20 nm);'® hence the Raman signal of graphite is weaker
than that of diamond. Figure 4A shows a Raman spectrum
of HOPG basal plane obtained with a 514.5 nm laser. The
sharp E,, phonon vibration at 1582 cm~ ! is the only
prominent feature in this region, although second-order
transitions are observable above 2400 cm ™. If the graphite
is disordered, a new band appears near 1360 cm™ !, as shown
for GC in Figure 4B. In addition, disorder causes broadening
and slight upward frequency shifts of the 1582 cm™' band,
as well as changes in the higher order features.'” The ~1360
and ~1582 cm™ ' bands of disordered graphitic materials are

generally referred to as the “D” (disorder), and “G” (graphite)
bands, since their origins are less clear in disordered
materials. The D band was initially mistakenly attributed to
vibrations along the edges of graphitic crystallites, since a
smaller L, yielded a larger D/G intensity ratio.®* However,
the D band is observed in HOPG substitutionally doped with
boron atoms;'® hence it is more correct to conclude that the
D band results from breakdown of symmetry in the graphite
lattice and the resulting effect on Raman selection rules.”'+6°
The D band shows an unusual shift in frequency with laser
wavelength,' a property that was explained only relatively
recently.” In the context of electrochemistry, the D band has
been useful for observing changes in electrode surface
structure with various pretreatments, such as laser activation®7°
and electrochemical oxidation.”'””* Raman spectroscopy is
also a good probe of intercalation, a process that is relevant
to battery applications of graphite as well as to the effects
of electrochemical pretreatment.'*’* As the graphite layers
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Figure 5. Raman imaging of polished glassy carbon (GC20): (A)
100x bright-field image; (B) Raman image of same area as panel
A constructed by taking the ratio of the 1360/1580 peak area from
1200 points inside the sample area (red color indicates a high ratio;
purple indicates a low ratio); (C) single spectrum acquired outside
of pit; (D) single spectrum acquired inside of pit. Reprinted with
permission from ref 76. Copyright 1997 American Chemical
Society.

separate, the G band splits into two bands at 1582 and 1620
cm” ', with the relative intensities depending on the degree
of intercalation.*® As ions penetrate between graphite layers,
the graphene sheets can fragment, leading to formation of
the D band.”* Raman spectra of both graphite oxide and
modified graphene sheets have been reported recently.””
For graphitic materials more disordered than GC, the D
and G bands broaden further and begin to merge. An example
is pyrolyzed photoresist (Figure 4C). Significant effort has
been expended toward relating the Raman features to the
ratio of sp” and sp’ bonding in the carbon material, in part
because of the technological importance of hard carbon
materials in wear resistance, particularly on disk drive read/
write heads. Although the shape and relative magnitudes of
the D and G bands, as well as related features in the second-
order region, depend on carbon microstructure, their broad
linewidths and overlap make interpretation difficult. Carbon
fibers, carbon black, and polycrystalline graphite exhibit D
and G bands that reflect their degrees of disorder as well as
thermal history. The correlation of the D/G intensity ratio
with disorder is illustrated graphically in Figure 5, which
includes a Raman image of polished glassy carbon. GC often
has “pits” derived from gas bubbles formed during fabrica-
tion. Raman microspectroscopy inside a pit shows a lower
D/G ratio, implying a more ordered material, while the
polished surface shows a higher D/G ratio. The red color of
the Raman image indicates a high D/G ratio and is observed
wherever the surface was disturbed by polishing.”®
Microcrystalline diamond exhibits a prominent 1332 cm ™
phonon band (Figure 4D and 6a), which occurs in single-
crystal diamond. The line width of this band and changes in
smaller features of the diamond Raman spectrum are good
indicators of crystallinity and purity, providing a useful
diagnostic for diamond film preparation.”*>*%"7 Except for
proximity, it bears no relation to the graphite D band, since
it results from the first-order phonon associated with the sp®
diamond lattice rather than disorder in the sp? structure of
graphitic carbon. The 1332 cm™' diamond band is used
extensively to evaluate the relative amounts of sp* and sp?
hybridized carbon in diamond samples. The Raman cross
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Figure 6. Raman spectra of microcrystalline and nanocrystalline
boron-doped diamond, using visible laser light. Reprinted with
permission from ref 30. Copyright 2004 Marcel Dekker.
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Figure 7. Raman spectra (632.8 nm laser) of metallic carbon
nanotubes chosen from a mixture to indicate variations observed
in the “G” band region (right) and “ring breathing mode” frequency
region (left). Reprinted with permission from ref 85. Copyright 2007
American Chemical Society.

section for sp” carbon is approximately 50 times that of sp®
carbon, so the 1360 cm™ ! intensity relative to the 1332 cm ™!
band is a sensitive indicator of sp” impurities in natural or
synthetic diamond. The line width of the 1332 cm™' band
indicates the level defects,>® with a single crystal having a
line width of ~2 cm ™" and microcrystalline diamond ~10
cm™ ', Nanocrystalline diamond exhibits the severely broad-
ened spectrum of Figure 6b, in which the 1332 cm ™' band
is part of a broad set of bands spanning the range from 1100
to 1600 cm™'. Boron doping at the high levels generally
employed in electrochemically useful BDD results in observ-
able changes in the symmetry of the 1332 cm™' Raman band,
which can be used to infer doping level.>?

Carbon nanotubes have quite interesting Raman spectra,
due to resonance effects and electron—phonon interactions.”* !
An example is shown in Figure 7 for the case of Raman
microscopy of selected nanotubes in a complex mixture of
metallic and semiconducting nanotubes. The “G” band in
the region of 1600 cm ™' has a similar origin to that observed
in HOPG, but it obviously varies in position and shape for
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different nanotubes. The low-frequency modes near 300
cm™ ' are commonly referred to as “ring breathing modes”
and arise from vibrations of the circular cross section of the
tube. Since there is no analogous vibration in graphite, the
low-frequency modes are particularly useful for distinguish-
ing nanotubes from the disordered graphitic materials which
often accompany nanotubes as impurities.®*-*27%* Other than
this quality control application of Raman spectroscopy, CNT
Raman is not commonly used in electrochemical applications
and will not be discussed in any detail.

An intriguing optical effect was reported recently for
carbon “nanocrystals” made by electrochemical treatment of
nanotubes to break the tubes into smaller particles, presum-
ably at defects.®® The nanocrystals exhibited a well-defined
UV—vis absorption band at 270 nm and blue photolumi-
nescence with a maximum at 410 nm. Although the mech-
anism for photoemission is not clear, it is likely to involve
quantum size effects such as those observed for semiconduc-
tor nanoparticles.

The optical properties of carbon materials are relevant both
to spectroelectrochemical applications involving transmission
or reflection of light from carbon surfaces and to character-
ization techniques such as ellipsometry and Raman spec-
troscopy. For example, the sampling depth of Raman and
the transmission of carbon optically transparent electrodes
are directly related to the real and imaginary components of
the refractive index, usually stated as n and k. Attenuation
of light in a carbon material may be determined from k as
exp(—4mkz/A), where z is the path length into the material
and A is the wavelength. The two transparent sp” hybridized
carbon materials used in spectroelectrochemistry are thin
films of disordered sp® carbon made from electron beam
deposition®®”¥8 and pyrolyzed photoresist,’*%° usually
deposited on quartz. The n and k values for pyrolyzed
photoresist and glassy carbon are shown in Figure 3.

Pure diamond is transparent to visible wavelengths, of
course, with a refractive index of 2.418. Diamond thin films
are appreciably transparent over a wide wavelength range
of 225 nm to ~100 um,*® making them useful for a wide
variety of spectroelectrochemical applications. Boron doping,
defects, and microcrystallite scattering can significantly
reduce the transmission of diamond optically transparent
electrodes (OTEs), as does the substrate employed during
diamond deposition. Quartz is generally used as the substrate
for UV —vis spectroelectrochemistry, while undoped silicon
serves as a transparent substrate for the infrared region.
Figure 8 shows transmission spectra for various diamond
OTEs in both the visible and infrared regions. With
comparison to sp” carbon transmission shown in Figure 3,
it is apparent that both BDD and graphitic thin films are
sufficiently transparent in the visible region for spectroelec-
trochemical experiments. In addition, a recent report of a
graphene—silica composite material demonstrates high trans-
mission in the 400—1000 nm wavelength range as well as
high electrical conductivity.”®

3. Electrochemical Properties of Carbon Materials

In the context of the general review of carbon materials
in section 2, we now turn to specific properties of carbon
electrodes that affect electrochemical behavior. The choice
of electrode material and surface preparation method are
usually dictated by the suitability of the electrode for
observing an electrochemical parameter, such as heteroge-
neous electron transfer rate, surface coverage, or redox
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Figure 8. UV—vis (upper) and FTIR (lower) transmission spectra
of several transparent electrode materials: (1) a thin film of
indium—tin oxide on quartz, (2) boron-doped nanocrystalline
diamond on quartz, (3) boron-doped diamond on a white diamond
substrate, (4) a free-standing boron-doped polished diamond disk,
(5) polished diamond disk, (6) undoped Si substrate, and (7, 8)
moderately and heavily boron-doped microcrystalline diamond thin
films on undoped Si. From: Stotter, J.; Haymond, S.; Zak, J. K.;
Show, Y.; Cvackova, Z.; Swain, G. M. Interface 2003, 12, 33.
Reproduced by permission of The Electrochemical Society.

potential. Carbon electrode properties that affect electro-
chemical behavior will be discussed in a series of sections
on surface structure, electronic structure, adsorption, elec-
trocatalysis, and surface preparation. Closing section 3 will
be a brief discussion of how these properties can affect
different redox systems to quite variable extents.

To aid comparison of various carbon electrodes for
electron transfer reactivity to a simple outer-sphere redox
system, the Ru(NH3)63+/ 2* redox system serves as a useful
benchmark. As described in section 3.5, Ru(NH3)s> > " is a
nearly ideal outer-sphere redox system that is insensitive to
most surface defects or impurities. Recent measurements of
the electron transfer rate constant, k°, for Ru(NH3)63+/ >t in
aqueous KCI electrolyte on a submicrometer diameter Pt
ultramicroelectrode yielded a value of 17.0 &= 0.9 cm/s, based
on the steady-state voltammogram.®’' While this high value
may indeed be correct, more commonly reported values are
in the range of 0.6—1.0 cm/s on metal electrodes, determined
by fast scan voltammetry and impedance techniques.**“>
Given the difficulty in measuring £° values above 1 cm/s,
suffice it to say that Ru(NH3)63+/2+ is a fast redox system
with nearly ideal behavior (k° above 1 cm/s and transfer
coefficient near 0.5), which can serve as a benchmark for
comparing carbon electrodes. A selection of reported k°
values for Ru(NH;)s> "> in aqueous KCI electrolyte is listed
in Table 2, and the many entries for carbon electrodes will
be used as examples in subsequent sections.
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Table 2. Electrode Kinetics® of Ru(NHz)s ™2 and Fe(CN)s> 74~
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electrode material pretreatment method k°, Ru(NH3)s™*2 cm/s  k°, Fe(CN)s> " cm/s ref
pt? UME ss¢ 170 £ 0.9 91
Pt UME fast CV* 0.8 408
pt? ultrasound sampled voltammetry 0.6 92
Pt, Au, other metals 0.8—1.0 44
HOPG basal plane (0\% 0.0014 <1077 50, 114
HOPG edge plane 0.06 - 0.1 50
GC 20 fractured (6\% 0.5£0.2 51
GC20 conventional polish® CV 0.005 £ 0.003 51
GC20 ultraclean polish (6\% 0.51 0.14 144, 146
GC20 polish + laser (6\% >0.4 0.46 51
GC20 IPA/AC" CcvV 0.11 0.090 146
carbon fiber, 60 um polishing UME CV 0.5 £ 0.06 166
carbon fiber, 60 um laser activation UME CV 0.96 £+ 0.07 166
carbon fiber, 7 um freshly cut UME CV 1.22 + 0.07 150
microcrystalline diamond, B-doped CvV 0.012—0.017 0.017—0.019 53
nanocrystalline diamond, B-doped (&\% i i 225
nanocrystalline diamond, N-doped (6\% 0.1 32
PPF IPA/AC (6\% 0.02 99
e-beam carbon IPA/AC (6\% 0.046 88
electron cyclotron resonance carbon film (6\% i 0.012 24

“1 M KCl in water unless noted otherwise. *0.5 M KCL. ¢ Ultramicroelectrode, steady state current. “0.1 M KCL. ° Cyclic voltammetry. 'Tokai
glassy carbon, fabricated at 2000 °C. ¢ Diamond followed by Al,O; slurries in water. " Isopropyl alcohol, activated carbon, ultrasound. ' Close to the

reversible limit using cyclic voltammetry.

%

Figure 9. Scanning tunneling microscopy of HOPG basal plane, showing step edge defects (center) as well as an atomically smooth
region between defects. Reprinted with permission from ref 16. Copyright 1993 American Chemical Society.

3.1. Surface Structure of Carbon Electrode
Materials

Carbon materials have significantly more complex surface
chemistry than metals, not only because the underlying
microstructure varies with carbon type, but also because
carbon forms a wider variety of surface bonds and functional
groups. Since electrochemistry is based fundamentally on
interfacial phenomena, the nature of the carbon electrode
surface is of obvious importance. The discussion of carbon
surface chemistry starts with the termination of the carbon
electrode material at its surface, then continues with a brief
discussion of a very common and electrochemically relevant
termination, that is, surface oxides.

3.1.1. Termination

When the bulk carbon microstructure is interrupted at a
surface, reactions generally occur with ambient gases or

liquids to result in “termination”, whether intentional or
adventitious. Considering HOPG initially, the basal plane
parallel to the a-axis is atomically ordered and does not react
with air except at elevated temperatures. Figure 9 shows a
schematic of a HOPG sample with magnified images
obtained using scanning tunneling microscopy. Although the
HOPG sample may be centimeters in size, the basal plane
contains step edge defects whose density depends on history
and preparation. As shown in the lower right image, HOPG
is atomically smooth over dimensions of a few tens of
nanometers, but defects are difficult to avoid for areas greater
than a few micrometers.'®*?* Thus for the much larger areas
useful in electrochemistry, a basal plane electrode will
certainly contain defects at step edges and grain boundaries.
The “edge plane” of HOPG is rough and “ragged”, with
features that cannot be imaged by STM due to multimi-
crometer variations in height. When the unsatisfied valences
of the graphene edges are formed during cleavage or



Advanced Carbon Electrode Materials

Chemical Reviews, 2008, Vol. 108, No. 7 2655

f 50 nm (B)

Figure 10. STM images of glassy carbon, after “fracturing” to avoid disturbance from polishing. Scale bars refer to the indicated panels.
Reprinted with permission from refs 16 and 17. Copyright 1993 and 1994 American Chemical Society.

polishing, they react with oxygen and water to form various
oxygen-containing functional groups, as discussed in the next
section. The most common procedure for preparing carbon
electrodes is polishing, usually with an abrasive such as
diamond or alumina. Unfortunately, polishing results in a
wide range of surface reactions with air and water, and the
resulting surface is generally quite complex.® The hydrogen-
terminated carbon surface is among the simplest structurally,
but also one of the more difficult to prepare.”> For now,
suffice it to say that graphite basal and edge planes differ
fundamentally in surface morphology and chemistry, and
these differences are very apparent in electrochemical
experiments, as described in section 3.5.

Given the origin of GC discussed in section 2.1.1, we
expect that a GC surface would be a mixture of basal and
edge plane, because the graphitic crystallites and “ribbons”
are exposed at an electrode surface. A means to avoid
disturbance of the GC structure induced by polishing involves
“fracturing” a GC rod encased in epoxy such that the GC
surface is exposed only to the electrolyte solution.”®” As
noted in section 3.5, “fractured” GC surfaces show unusually
high electrochemical reactivity, and relatively low oxide
coverage. Figure 10 shows STM images of the fractured
surface at various magniﬁcations,16 which reveals the nodules
formed during heat treatment of the polymer precursor. At
high magnification, the STM images show short-range order
in the GC structure, presumably related to the edges of
incompletely graphitized sheets.'” Since most GC surfaces
are polished, the edges will usually be terminated by surface
oxides, but the oxide coverage and functional group identities
can vary widely.

Hydrogen termination is widely used on silicon surfaces,
since Si reacts quickly with aqueous HF to produce a Si—H
surface stable in air for at least several hours.” H termination
of carbon is more difficult, but also leads to a quite stable
surface. A hydrogen plasma can terminate the surface of GC
with C—H bonds, in addition to removing most of the surface
oxides.”® The surface is roughened somewhat by the reactive
plasma, and the H-terminated surface has the lowest reported

reactivity toward surface oxidation in air of any disordered
carbon material. As shown in Figure 11, vacuum heat-treated
and H-terminated GC both start with surface oxide coverage
of less than 2 atom %, but the H-terminated surface gains
only 1% additional surface oxygen after four days in air,
while the vacuum-treated surface increases to over 8% O/C
ratio in 5 h. Although H-termination is effective for stabiliz-
ing the GC surface as well as other forms of sp® carbon
materials, it requires an expensive and cumbersome vacuum
apparatus and is not widely used.

The H, plasma used to make BDD automatically results
in a H-terminated diamond surface, which reacts slowly with
oxygen.*® Carbon nanotubes are formed with a variety of
surface terminations, depending on preparation route. While
the cylindrical walls of nanotubes resemble HOPG basal
plane and are relatively unreactive, the tube ends are subject
to oxidation and other reactions.'’~'* Termination with a
fullerene cage containing pentagonal and hexagonal carbon
atoms yields a low reactivity and relatively stable termination.
The cylindrical walls are subject to both defects and
oxidation.

3.1.2. Surface Oxides

As noted earlier, nearly all carbon surfaces are prone to
reactions with oxygen and water, and oxygen-containing
functional groups will be present on carbon electrodes unless
special pretreatments are used. The nature and formation of
oxygen-containing functional groups on carbon have been
studied extensively, and the carbonyls, phenolic OH, lac-
tones, ethers, and carboxylates on carbon surfaces will be
referred to collectively as “surface oxides” or merely
“oxides”. Examples of surface oxides that form at a graphitic
edge are shown schematically in Figure 12. Surface oxides
on carbon electrodes have been studied by a variety of
methods, notably XPS,>*!%* thermal desorption mass spec-
trometry,'® and optical spectroscopy.”'%'%” In the vast
majority of electrochemical applications of carbon materials,
there are oxides present whether intentional or not, and the
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Figure 11. Comparisons of various carbon surfaces regarding
stability toward surface oxidation in ambient air. Panel A shows
the surface atomic O/C ratio determined from XPS for polished
glassy carbon (GC) and GC prepared by vacuum heat treatment,
polishing in cyclohexane, and a hydrogen plasma. Panel B compares
H-plasma-treated GC (HGC) to pyrolyzed photoresist film (PPF)
and GC heat-treated in a Hy/N, atmosphere (HTGC). Reprinted
with permission from refs 95 and 99. Copyright 1999 and 2001
American Chemical Society.

user must be cognizant of possible effects of these oxides
on adsorption, electron transfer kinetics, electrocatalysis, etc.
While the presence of surface oxides is unavoidable without
rigorous pretreatment and handling, the distribution of
functional groups is subject to manipulation. Some examples
are discussed in section 3.4, but for now, suffice it to say
that surface oxides are a given and in some cases may be
exploited for useful electrochemical performance.

The negative surface charge resulting from some surface
oxides on carbon, notably carboxylates, can have significant
electrochemical effects on adsorption and electron transfer
rates. The well-known Frumkin correction modifies the
observed electron transfer rate to charged redox systems,
and the extent of adsorption of ionic analytes can vary
strongly with surface charge.”’ Extreme effects of surface
electrostatic charge are observed in “electrochemically pre-
treated” carbon surfaces, following intentional anodization
of the carbon surface to generate a variety of surface oxides,
many of which are anionic.>!'%*-'1°

3.2. Electronic Structure and Conductivity

As noted in section 2.2, the conductivity of carbon
materials has practical importance in designing electrode
geometries to reduce ohmic potential losses. This issue is
rarely a problem with common electrode materials such as
bulk glassy carbon, but ohmic losses can be serious with
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Figure 12. Examples of surface oxides that can occur at the edge
plane surface of graphite or the graphene sheets in disordered sp>
carbon materials.

thin films of disordered carbon, such as those in carbon
OTEs. A more fundamental issue is the effect of electronic
DOS on electron transfer. As noted earlier in section 2.2
and Figure 2, electron transfer is fastest when there is a high
density of electronic states in the electrode at the E° of the
redox system involved. More precisely, there should be states
in the electrode with energies within the range of donor or
acceptor levels in the redox system, including the distribution
in such energies caused by thermal fluctuations. Metals have
a high DOS over a wide energy range, including the entire
electrochemical potential scale. Randin and Yeager''' rec-
ognized quite early that graphite had unusually low double
layer capacitance, and Gerischer et al., investigated the
relationship between the capacitance and the low DOS in
HOPG.*"!"2:113 ynlike metals, carbon materials exhibit
extremes of DOS, ranging from undoped diamond with a
large energy gap containing no states to HOPG with its low
DOS at the Fermi level (Figure 1), nanotubes with significant
structure in the DOS (Figure 2), and disordered graphitic
materials with a relatively even DOS distribution.

Figure 13 shows a dramatic example of the effects of basal
plane orientation on electrode kinetics, for the case of cobalt
trisphenanthroline on HOPG. The slightly irregular shape
of the edge plane voltammogram is due to difficulty in
fabricating a smooth edge plane surface; however, it is clear
that the electron transfer rate is much faster at the edge plane
than at the basal plane.''* To avoid uncertainties about edge
plane roughness, a better comparison is between HOPG basal
plane and laser-activated GC, which has a smoother, reactive,
and nonporous surface. For eight quasireversible one-electron
redox systems, the GC rates were 1—3 orders of magnitude
higher than those for HOPG basal plane, an effect attributed
to the low DOS of HOPG*''*!''* and its semimetal
character.*® For the case of Ru(NHz)s>/>", Table 2 indicates
that various disordered carbon materials exhibit rates in the
range of 0.5 to >1 cm/s, while HOPG basal plane is 0.0014
cm/s. Figure 14 summarizes k° values for the eight redox
systems on GC and HOPG, correlated with their self-
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Figure 13. Voltammograms of Co(phen);*>*** in 1 M KCl, 0.2
V/s, on HOPG basal plane (upper) and HOPG edge plane (lower).
Approximate rate constants determined from the peak separation
are indicated, and current axis is in microamps. Reprinted with
permission from ref 114. Copyright 1992 American Chemical
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Figure 14. Observed rate constants on low defect HOPG basal
plane (A) and laser-activated glassy carbon (@®). Horizontal line
indicates instrumental limit for k° determination, and dashed line
is the least-squares fit to the HOPG data. Redox systems are (1)
IrCle* 7, (2) Ru(NH3)s>*"*", (3) Co(phen);>*"*", (4) methyl
viologen, (5) Fe(phen);**"2*, (6) Fe(CN)s> 4™, (7) Co(en);>*>™,
and (8) Ru(en);>*?*, all in 1 M KCL. Reprinted with permission
from ref 114. Copyright 1992 American Chemical Society.
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exchange rates in homogeneous solution.''* In addition to
the consistently lower values observed on HOPG, there is a
moderate correlation on HOPG with the square roots of the
homogeneous rate constants, as predicted by Marcus/Levich
kinetics (solid, slanted line in Figure 14). More recently, a
detailed theoretical analysis of this effect was presented by
Royea et al.*> A natural consequence of the large reactivity
difference between HOPG basal plane and the much more
reactive edge plane is extreme sensitivity of the observed
basal plane rates to defects. It is very easy to create step-
edge defects on HOPG basal plane, and special treatment is
required to reduce the defect density sufficiently to observe
the true basal plane rate.''* The kinetic contrast between edge
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Figure 15. Energy states in BDD with the redox potentials of
several common redox systems included. Reprinted with permission
from ref 53. Copyright 2000 American Chemical Society.

and basal plane may be used to advantage, for “decoration”
of adventitious step edge defects to result in metal and metal

oxide “nanowires”.'1>~117

Undoped diamond has no electronic states within its band
gap, which covers most of the electrochemical potential scale.
Boron doping, however, introduces “midgap” states, which
increase both conductivity and electron transfer reactivity.>?
For the benchmark Ru(NH3)63+/2+ redox system, the k°
observed on BDD is 0.012 cm/s compared with 0.0014 on
HOPG basal plane and 0.5—1 on sp” hybridized disordered
carbon (Table 2). Both BDD and nanocrystalline diamond
have many defect states on the crystallite surfaces, many of
which are also in the midgap region. In many cases, these
defects include hydrogen, which significantly perturbs the
local energetics of the diamond lattice. Figure 15 summarizes
these effects by showing the midgap states of diamond
electrode materials relative to several aqueous redox sys-
tems.” A useful conclusion related to Figure 15 is that BDD
and nanocrystalline diamond contain sufficient electronic
states to support reasonable electron transfer rates to at least
—1.1 V on the SCE potential scale,”® whereas undoped
diamond would not support electron transfer to any redox
systems more positive than ~0.45 V vs SCE.

As already noted in Figure 2, nanotubes have a DOS
distribution related to but quite different from that of HOPG,
and there should be a correlation between the DOS and
electron transfer reactivity. However, the difficulty in isolat-
ing a given nanotube and characterizing its DOS makes
observing such a correlation difficult. Practically speaking,
most electrochemical applications of nanotubes involve
ensembles of large numbers of tubes with different diameters
and varying DOS distribution, so the effective DOS will be
broadened by combination of many different profiles.
Nevertheless, we can make a generalization about nanotubes
as well as graphitic and diamond electrode materials: that
the electronic DOS has magnitude and structure that is very
different from that of metals and these differences can affect
electrode kinetics.
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3.3. Adsorption

Given the widespread use of sp®> hybridized carbon
materials as adsorbents, there is a large body of literature
on the factors governing the adsorption of molecules to
carbon surfaces. A review of same will not be attempted
here, except to note the main factors relevant to electro-
chemistry. The forces that govern adsorption to carbon
depend strongly on the type of carbon, its surface chemistry,
and the structure of the adsorbate, among other factors.
Whether adsorption is a problem or an asset of a given carbon
electrode will obviously depend on the application.

The interactions between surface and adsorbate that control
adsorption include dipole—dipole interactions, induced di-
poles, hydrophobic effects, and electrostatic and covalent
bonds, all of which depend on the history and preparation
of the carbon material. Graphitic carbon materials commonly
used as adsorbents have a high microscopic surface area and
many oxygen-containing functional groups. The high polar-
izability of graphite leads to relatively strong induced dipoles,
and the permanent dipoles associated with functional groups
support dipole—dipole interaction with adsorbates. The ability
of carbon to form strong covalent bonds with a variety of
materials has been exploited extensively for surface modi-
fication (section 5). Each of these interactions varies in
magnitude depending on the carbon allotrope, the exposure
of basal or edge planes at the surface, and the distribution
of surface oxides. For example, adsorption to the basal plane
of HOPG is relatively weak, since there are no permanent
dipoles, electrostatic charges, or unsatisfied valences. How-
ever, adsorption is generally strong on edge plane graphite
and on step-edge defects on the basal plane.'”** The
electronic disturbance near a graphitic edge can extend onto
the basal plane, creating local dipoles, which enhance
adsorption relative to perfect basal plane HOPG.'” A detailed
scanning force microscopy study of anthraquinone adsorption
on HOPG showed that anthraquinone adsorbed with various
geometries on HOPG basal plane but also implied that only
the adsorbate present at defect sites was electroactive.''
Figure 16 shows the results of Raman microspectroscopy
used to investigate the adsorption of rthodamine 6G (R6G)
on defects on HOPG basal plane.”® The upper image is a
photomicrograph of an intentional scratch on the basal plane
surface, following adsorption of R6G from solution. Panel
B is a Raman image of the same scratch, in which high
intensity from the 1180 cm™' band of R6G is shown as
yellow and green, while low 1180 intensity is shown as dark
red. Combined with the Raman spectra at various points on
the image (panels C—E), the results indicate that R6G
adsorption is significantly higher on the edge plane defects
than on undisturbed basal plane.

Not surprisingly, carbon electrodes are subject to unin-
tentional or unknown adsorption of impurities during elec-
trode preparation. Intentional or not, these adsorbates can
dramatically affect the electron transfer rates and electro-
catalytic activity of carbon electrodes, possibly subverting
their intended electrochemical applications. There is a long
history of ‘“activation” procedures for carbon electrodes,
including polishing, heat treatment, solvent treatment, laser
activation, ultrasonication, and others.>'' These procedures
improve electrode performance in part by removing adventi-
tious adsorbates from the electrode surface and are discussed

in somewhat more detail in section 3.6. There are many
examples of electrocatalytic effects of adsorbates on carbon
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Figure 16. (A) Bright-field image of HOPG basal plane with an
intentional defect, (B) Raman image of the same area as panel A
after adsorption of R6G, constructed using the 1180/1580 peak area
ratio from 1200 points, (C) spectrum acquired near the intentional
defect before R6G exposure, (D) spectrum acquired near the
intentional defect after exposure to R6G, and (E) resultant spectrum
of spectrum C subtracted from spectrum D. Reprinted with
permission from ref 76. Copyright 1997 American Chemical
Society.

surfaces for redox reactions of redox peptides, oxygen
reduction, and organic molecules, a few of which are
discussed in the next section.

3.4. Electrocatalysis

The term “electrocatalysis” is used herein to designate a
redox process that involves a specific chemical interaction
with the electrode surface. Such interactions often accompany
electron transfer reactions, particularly those involving
organic and biological redox agents. The propensity of carbon
to adsorb molecules from solution and the presence of surface
oxides permit electrocatalytic reactions on carbon electrodes
that are weaker or absent on metal electrodes. Furthermore,
the history and preparation of carbon electrodes can have
profound effects on the coverage and activity of catalytic
sites; hence it is important to understand electrocatalytic
effects. From the wide variety of reported electrocatalytic
reactions on carbon electrodes, a few are considered here as
illustrations.

As noted earlier, Ru(NH3)63+/2Jr represents the simplest
case of an outer-sphere electron transfer reactions with no
known chemical interactions with the surface. It is nearly
unaffected by a monolayer of uncharged adsorbates and
serves as the null case for electrocatalysis. The observed k°
depends on the DOS of the electrode material but in practice
is uniformly high for clean electrodes with DOS similar to
that of metals (Table 2). In contrast, the Fe*™?" redox
reaction depends strongly on the presence of surface oxides
on carbon and is inhibited significantly if they are absent or
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Figure 17. (A) Voltammetry of dopamine in 0.1 M H,SO, on clean GC and on GC modified with a monolayer of trifluorophenyl groups
and (B) comparison of dopamine voltammetry on clean GC (solid line) and on a GC surface modified with chemisorbed anthraquinone
(dashed line). AQ = anthraquinone, DA = dopamine, TFMP = trifluoromethylphenyl. Reprinted with permission from ref 126. Copyright

2000 American Chemical Society.

obscured by adsorbates.'?*"'?* The Fe—O bond length in
hydrated Fe*" changes length upon reduction, and this
process is facilitated by transient interactions with surface
oxides. Fe(CN)e> "~ is also sensitive to the state of the
carbon surface, although the nature of the catalytic interaction
is not clear.'?!122 Unfortunately, Fe(CN)637/47 is often used
as an “ideal” outer-sphere redox reaction but in fact is quite
complex and dependent both on the surface chemistry and
interactions with cations in solution.*'**'?** To use a
phenomenological term, we might consider Fe***" and to
be “surface sensitive”, with kinetics that are influenced by
an electrocatalytic interaction, while Ru(NH3)s®™*" is
“surface insensitive”, with the electrode merely serving as a
source or sink of electrons. An observation that clearly
distinguishes Ru(NH3)¢**"** from Fe(CN)¢* ™~ in this
respect was made with the aid of the diazonium reduction
reaction described in section 5.1. A nitrophenyl modification
of GC caused a significant decrease in the electron transfer
rate to Fe(CN)s>#~ (AE, increased from 91 to 229 mV),
but had minor effects on Ru(NHz)e> 1 (76 to 88 mV).!??

The oxidation of catechol derivatives has been studied
widely, due to the importance of catecholamine neurotrans-
mitters and related compounds in biology. Dopamine (3,4-
dihydroxy phenethylamine, DA) is an example of a catechol
with heterogeneous electron transfer strongly dependent on
electrocatalysis. As shown in Figure 17A, DA oxidation is

completely inhibited by a monolayer of triphenylmethyl
phenyl groups bonded to glassy carbon.'?>*'?° This surface
treatment has minor effects on Ru(NH3)63+/ 2% 5o electrons
are capable of tunneling through the monolayer.'** DA
oxidation is fully restored if a monolayer of anthraquinone
instead of trifluoromethylphenyl covers the electrode surface,
as shown in Figure 17B. The catalytic effect was attributed
to the presence of hydrogen bonding sites on the surface,
which assisted DA oxidation by transient bonding to the
catechol hydrogen to effect “proton-assisted electron trans-
fer”.'?® On a bare carbon surface lacking hydrogen bonding
sites, the catechol itself can adsorb on the surface to permit
“self-catalysis” by hydrogen bonding to catechols in solution
undergoing oxidation.

Redox mediation is a widely studied example of electro-
catalysis on carbon surfaces, in which a redox active
adsorbate can act as an electron relay to molecules in
solution. Of particular note is the widely used blood glucose
analyzer, which is based on redox mediation between a
carbon surface and NADH.'?’~'?° In some cases, a covalent
chemisorption bond between the carbon surface and the
electroactive species can catalyze electron transfer.'*° While
carbon is not as broadly reactive toward chemisorption as
catalytic metals such as Pt and Ru, its rich surface chemistry
provides a route to build in such interactions by surface
modification (section 5).
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Figure 18. Background current for voltammetry (0.1 V/s) in 0.1
M HCIO,4 for (a) glassy carbon, (b) moderately boron-doped
microcrystalline diamond, and (c) heavily B-doped diamond.
Reprinted with permission from ref 30. Copyright 2004 Marcel
Dekker.

A practically important issue related to surface reactivity
is the available potential range of carbon electrode materials
over which background reactions contribute negligibly to the
observed current. Such reactions depend strongly on the
nature of the carbon electrode material as well as the
preparation of the surface. The kinetics of surface oxidation
and hydrogen evolution are significantly slower on carbon
than on most commonly used metal electrodes, and the
resulting wide potential window is one reason for the
widespread use of carbon materials for electrodes. Since the
onset of background current also depends strongly on solvent,
pH, electrolyte composition, and current sensitivity, quantita-
tive comparisons of different carbon materials are ap-
proximate. That said, diamond electrodes have electrochemi-
cal windows significantly wider than most graphitic materials,
as demonstrated by an example shown in Figure 18. For
single-crystal boron-doped diamond, positive potentials as
high as +2.5 V vs NHE were accessible in water before
large anodic currents occurred.'*' For polycrystalline dia-
mond, a background oxidation was observed at +1.83 V on
the first scan, and was attributed to irreversible oxidation of
sp? impurities along grain boundaries.'*! Nitrogen-incorpo-
rated tetrahedral amorphous carbon and electron cyclotron
deposited carbon?*'?* have higher potential limits than
typical BDD or nanocrystalline diamond,* although this
comparison will depend significantly on the origin of each
sample.

Based on these examples and a host of others from the
literature, it is clear that electrocatalytic reactions are very
common on carbon electrodes, with the true outer-sphere
redox reactions being in the minority. Obviously, the carbon
electrode material and surface preparation will strongly affect
the population of sites available for catalysis, and the
underlying interactions are quite varied. As noted in section
3.5, the importance of identity and coverage of surface sites
depends on the particular redox system involved, although
some useful generalizations are available.

3.5. Classes of Redox Systems on Carbon
Electrodes

The term “activation” has been used for several decades
to describe procedures that modify the electron transfer
kinetics at carbon electrodes, usually measured by the
increase in k° for a benchmark redox system. Three of the
more common benchmark redox systems were Fe(CN)s>,
ascorbic acid, and dopamine, all in aqueous solution, but
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Figure 19. Classification of redox systems according to their
kinetic sensitivity to particular surface modifications on carbon
electrodes. See text and ref 121 for details. Reprinted with
permission from ref 121. Copyright 1995 American Chemical
Society.

others included ferrocene in acetonitrile, anthracene and
anthraquinone, and dioxygen reduction. Unfortunately, the
collection of activation procedures led to the inference that
a “reactive” electrode will exhibit fast electron transfer
kinetics for all redox systems considered, when in fact the
sensitivity of k° values to various activation procedures
depends strongly on the redox system involved. This
variation with electrode surface condition has been exploited
to impart selectivity of carbon surfaces for particular analytes.
For example, an anionic carbon surface is much more
sensitive to dopamine at pH 7 (a cation) than to ascorbate
(an anion) due to electrostatic repulsion of the ascorbate by
the surface. Clearly any “activation” or modification of a
carbon electrode surface must be considered in light of the
particular redox system involved. The purpose of the present
section is to classify redox systems according to the
sensitivity of their electron transfer kinetics to the surface
chemistry of a carbon electrode. Figure 19 presents a scheme
for such a classification, based on experimental observations
of a variety of carbon electrodes and mainly inorganic redox
systems.'?* The next few sections explain the logic underly-
ing the “tree” diagram of Figure 19, and its utility for
classifying redox systems on carbon electrodes.

3.5.1. Outer-Sphere Redox Systems

The first breakpoint in the tree diagram is based on
“surface sensitivity”, that is, variations in k° with the
condition of the surface. Outer-sphere redox systems are
generally considered to lack any electrocatalytic or adsorption
step and often have low reorganization energies. Examples
include Ru(NH3)63+/ 2t ferrocene™, and anthracene” .
Figure 19 is phenomenological, in that it discriminates on
the basis of an experimental observation rather than a
mechanism. The “test” for surface sensitivity is the absence
of a significant change in k° when the carbon surface is
purposely modified with a physi- or chemisorbed monolayer,
such as a covalently bonded layer of nitrophenyl groups. An
example is shown in Figure 20a, for Ru(NH3)s> *" on GC.
Adsorption of a monolayer of bis(methyl styryl)benzene has
no effect on the observed peak separation or £°, indicating
that the electron transfer may occur with equal efficacy on
a bare GC surface or on a surface coated with an organic
molecule.'?"'*? Obviously a significant effect would be
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Figure 20. Voltammograms of Ru(NH;)s®>*>* and Fe(CN)s*~"*~ on various glassy carbon electrode surfaces: (A) Ru(NH3)s>*** on
polished and bismethylstyrylbenzene coated GC; (B) Ru(NH3)¢* """ on polished and vacuum heat-treated GC; (C) Fe(CN)s>~"*~ on polished
and nitrophenyl-modified GC, and (D) Fe(CN)s*"*~ on polished and vacuum heat-treated GC. Reprinted with permission from ref 122.

Copyright 1996 American Chemical Society.

expected if the Ru(NH;)s**" redox reaction depended on
a surface interaction between the redox center and some site
on the GC surface. It should be noted at this point that the
lack of surface sensitivity, as defined here, does not rigor-
ously establish a redox system as outer-sphere, but it does
imply that significant changes in surface chemistry have no
observable effect on electrode kinetics. It is also possible
that the k° is too fast to measure on either bare or modified
electrodes, so that “surface sensitivity” was not observed.

While specific surface interactions related to electroca-
talysis are clearly examples of effects that underlie “surface
sensitivity”, a finer and more recent issue relates to electron
tunneling. Even for outer-sphere redox reactions, a surface
film will slow electron transfer because the electron must
tunnel through the film between the reactant and the
conducing electrode surface. The extreme case is a thick film,
which totally prevents electron transfer. However, tunneling
through monolayers of less than 1—2 nm thickness can be
quite fast, and such monolayers are common on electrode
surfaces, intentional or not. Numerous studies on electron
transfer through self-assembled monolayers of alkanes and
conjugated molecules have been reported, and it is well
established that such monolayers slow but do not prevent
electron transfer.'**~'*® The observation that a monolayer
of an organic molecule has little effect on Ru(NH3)s* >+
kinetics on a carbon surface (Figure 20A) indicates that
electron tunneling can easily occur through a monolayer on
the time scale of typical cyclic voltammetry. In the context
of the “tree” of Figure 19, the test of surface sensitivity uses
a monolayer thin enough for electron tunneling to be efficient
on the experimental time scale employed. The tunneling rate
is strongly dependent on monolayer thickness,'*® as expected,
and can even be manipulated electrochemically by structural
changes in the monolayer.'*’ In the current context, “surface
sensitive” refers to reactions that show significantly more

than the slight decrease in electron transfer kinetics expected
from an organic monolayer with a thickness of less than ~1
nm.

3.5.2. “Surface-Sensitive” and Electrocatalytic Redox
Systems

In addition to a test based on a nonspecific organic
monolayer, Figure 20B,D illustrates a second breakpoint in
the classification “tree”, involving the effect of surface

oxides. As will be discussed in section 3.6, polished GC
carbon surfaces generally have 8 —15% surface O/C ratio,
while vacuum heat treatment reduces oxide coverage to a
few percent. The example of dopamine oxidation cited in
section 3.4 illustrates that certain redox processes have
electron transfer rates that depend on the presence of surface
oxides, in some cases on particular functional groups, such
as carbonyl or carboxylate. Figure 20B,D shows that neither
Ru(NH3)*** nor Fe(CN)s> " exhibit a dependence of
peak separation on oxide coverage, implying that they are
not “oxide-dependent”. However, Fe(CN)s®> ™ exhibits
significantly slower kinetics on a surface modified with a
monolayer of covalently bonded nitrophenyl groups (Figure
20C). These observations indicate that Ru(NHz)s> > is neither
“surface-sensitive” nor “oxide-sensitive”, while Fe(CN)637/ 4
is “surface-sensitive” but not “oxide-sensitive”. Various expla-
nations for the dependence of Fe(CN Yoo "%~ on the condition
of the electrode surface have been discussed.>!#*~!2+!4!

In contrast to Ru(NH3)(,3+/2+ and Fe(CN)63_/4, the
Fe(H,0)s***" redox system depends strongly on the
presence of surface oxides on carbon electrodes.'?%'?! The
voltammetry of Fe®™?" is shown in Figures 21 and 22
for glassy carbon electrodes, and a collection of AE,, values
appears in Table 3. Note first that the AE, for Fe**" is
large for carbon surfaces low in oxide coverage, notably



2662 Chemical Reviews, 2008, Vol. 108, No. 7

0.100

Fel*1*/BMB

0.050

0.000

Currenl { mA )

«0.050

-0.100

1.00 0.80 0.60 0.40 0.20 0.00

Poiential ( V vs Ag/agCl)

¢.100

Fe¥’* IMB
0.050

0.000

Current ( mA )

«0,050 |

«0.100

1.00 0.80 0.60 0.40 D.20 0.00

Figure 21. Voltammetry on polished GC before (dashed) and after (solid) adsorption of organic molecules. (A—C) Fe

Current ( mA )

Current ( mA )

McCreery

¢.100

Fe32*|AQDS

0.050

¢.000 ¢

-0.050 |

-9.100 -

1.00 0.80 0.60 0.40 0.20 c.00

Potential ( V vs AgfAgCl)

0.400

Ru(NH,),""/AQDS
0.200 |

0.000 [

-0.200 |

+0.400

040 020 o000 -.0.20 -0.40 -0.60 -0.80

3*/2% with adsorption

of bismethylstyrylbenzene (BMB), methylene blue (MB), and anthraquinone 2,6-disulfonate (AQDS); (D) Ru(NH3)s> ™" with AQDS.
Reprinted with permission from ref 121. Copyright 1995 American Chemical Society.

0.080

0.040 [

0.000 Fed+2+

Current (mA )

-0.040

-0.080
1.20 1.00 0.80 0.60 0.40 0.20 0.00

Poteatial ( V vs Ag/AgCl)

-0.20

0.400

0.200

RU(NH,)3/2*
0.000 [ U( 3)6

Current ( mA )

-0.200

-0.400 . +
0.40 0.00 -0.20 -0.40

Potential ( V vs AgfAgCl)
Figure 22. Fe’*’?" voltammetry in 0.1 M HCIO, on polished GC
before (dashed lines) and after (solid lines) reacting surface carbonyl
groups with DNPH. Reprinted with permission from ref 121.
Copyright 1995 American Chemical Society.

0.20 -0.60 -0.80

vacuum heat treated (AE;, =439 mV), and Art sputtered (900
mV). Electrochemical oxidation of the GC surface greatly
decreases AE,, for example, from 900 to 80 mV for the Art-
sputtered surface, indicating that surface oxides significantly
accelerate electron transfer. Since a polished GC surface has
significant surface oxides, it exhibits faster kinetics than the
low oxide surfaces, even though it may not be as clean.
However, as shown in Figure 21A,C, adsorption of a
monolayer of an organic molecule on top of the polished

surface significantly increases the peak separation, presum-
ably by obscuring oxygen-containing catalytic sites. We
conclude that Fe**"** and other aquated transition metals
like Eu***" and V*¥*2 have electron transfer rates that
depend strongly on surface oxide level, in contrast to
Ru(NH3)s> """, ascorbic acid, and Fe(CN)g> /4.

The variation of electron transfer rates with surface oxide
coverage implies an electrocatalytic mechanism for Fe/**,
and its absence with Ru(NHz)s> > indicates that it is more
than an electrostatic effect of possible anodic functional groups.
The catalysis may be probed further with reagents that react
with particular oxygen-containing functional groups, and ob-
servation of the effect of these reagents on electron transfer
kinetics. Two such reagents are dinitrophenylhydrazine (DNPH),
which reacts with surface carbonyl groups, and dinitrobenzoyl-
chloride (DNB), which bonds to surface hydroxyl groups. The
products of the reactions of these materials with carbon surfaces
are observable with Raman spectroscopy and XPS,'%*'%7 with
the Raman scattering being enhanced by the resonance Raman
activity of the surface adduct. As shown in Figure 22, the AE,
for Fe*™"** on polished GC increases dramatically upon DNPH
treatment, while DNB had little effect on Fe>™?"kinetics. Since
DNPH binds specifically to surface carbonyl groups, the
sensitivity of Fe***" kinetics to DPNH treatment implies a
specific surface interaction between carbonyl groups and
Fe**?* as the electrocatalytic event. Observation of the DNPH
adduct with Raman spectroscopy revealed a linear dependence
of the Fe*™?* rate with the coverage of surface carbonyl
groups.'?! Furthermore, intentional adsorption of a molecule
containing carbonyl groups accelerates Fe*"’?" electron
transfer, as shown for anthraquinone in Figure 21B, but it
has no effect on Ru(NH3)e> /2" (Figure 21D). An inner
sphere complex of Fe**/?* has been proposed,'**'?! although
hydrogen bonding between the water of hydration of
Fe**"** and a surface carbonyl is also possible.'?® The effect
of DNPH and DNB on the kinetics of a particular redox
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Table 3. Electrode Kinetics for Fe>™>" and for Eu**"?>" on Carbon Materials®

AE, for AE, for atomic
electrode Fe3t2" (mV) Eu*t?" (mV) O/C ratio ref

HOPG 1062 936 <0.01 120
HOPG/ECP” 162 372 120

GC, polished in H,O 150 428 0.10—0.14 120, 122
GC, polished in cyclohexane 352 0.04 122

GC, fractured 186 509 120

GC, fractured + ECP 93 70 120

GC, polshed + Ar* sputtered 908 <0.01 122

GC, polished + Ar* + ECP 80 122

GC, polished + DPNH 670 122

GC, polished + BMB 506 122

GC, polished + anthraquinone 100 122

GC, vacuum heat treatment 439 0.016 122, 409
PPF, IPA/AC 647 99
electron cyclotron resonance carbon film 587 24
boron doped nanocrystalline diamond 679 30

“0.2 M HCIOs, 0.2 V/s. °Electrochemical pretreatment by anodization.

reaction may be used as additional breakpoints in the “tree”
of Figure 19.

To summarize the current section, it should come as no
surprise that the extent to which surface chemistry affects
electron transfer rates is a strong function of the redox
reaction involved. While “activation” may be a useful term
for treatments that increase electron transfer rates, it should
not be assumed that all redox systems will be “activated”
equally. Since electrochemical reactions are inherently
heterogeneous, they will always depend to some degree on
the nature of the electrode surface. If a specific surface
interaction is identified as catalytic for an electrochemical
reaction, then the electrode may be tailored to maximize the
extent of the resulting catalysis.

3.6. Carbon Electrode Surface Preparation

Surface preparation is of obvious importance for any
heterogeneous process like electrochemistry, and the litera-
ture on carbon electrodes is particularly rich. The three
allotropes of carbon, the wide variation of surface structure
and functional groups, and the propensity of carbon to adsorb
adventitious impurities make the story complex, but in many
cases surface preparation may be exploited to achieve
selectivity or modify electrode kinetics. The extensive
literature on electrode polishing, laser and electrochemical
pretreatment, vacuum heat treatment, etc, was reviewed in
some detail in the mid 1990s,>'%142 g0 the current discussion
will briefly summarize the salient points from that period
and emphasize recent procedures and materials. In many
comparisons of preparation procedures, the k° observed for
Fe(CN)¢>*~ in aqueous 1 M KCl is used as a benchmark of
electrode “activity”. As noted in section 3.4, Fe(CN)637/47 is
far from an “ideal” outer-sphere redox system, and in fact, its
kinetics depend strongly on the state of the surface. However,
this sensitivity makes it a useful monitor of variations in
surfacecondition, and it has been used for over three
decades as a benchmark redox system. Preparation meth-
ods will be presented in three groups: polishing and
cleaning, vacuum treatments, and activation procedures,
using both Fe(CN)637/47 and Ru(NH3)63+/zJr kinetics as
benchmarks of electrochemical reactivity.

3.6.1. Polishing and Cleaning

Polishing has a long history for carbon materials and
remains the most common preparation for carbon electrodes
used in electrochemistry. Perhaps the most commonly used
carbon electrode material is glassy carbon, most often
polished with silicon carbide paper followed by a series of
alumina slurries with successively smaller particles size,
typically finishing with 0.05 um. Past reviews should be
consulted for polishing details,™''*'*? but a few lessons from
the past deserve repetition. First, a “course” polish with
silicon carbide sandpaper results in a relatively rough but
reactive surface. In the case of carbon fiber microelectrodes,
the “coarsely polished” surface is adequate for many
purposes, and potential contamination from polishing com-
pounds is minimized.'** Second, many commercial diamond
and alumina polishing slurries contain deagglomerating
agents, which can seriously affect electrode reactivity due
to adsorption on the carbon surface. Good practice dictates
the use of pure, dry alumina powder slurried with ultrapure
water (e.g., Barnstead “nanopure”). Third, the surface oxide
level can be significantly modified by polishing and by the
liquid used to make the abrasive slurry. As shown in Figure
11, a water/alumina slurry yields a surface O/C atomic ratio
on GC of about 10—15%, while the same surface polished
with cyclohexane/alumina has an O/C ratio below 4%.”
Fourth, it is good practice to sonicate after polishing, but
the purity of the sonication liquid is important. Sonication
may remove particles, but it may also permit adsorption of
impurities from the sonication bath.'** Fifth, polishing
generally results in a residue of both polishing material and
carbon particles, which is difficult to remove and can adversely
affect electrochemical reactivity.'** As noted in section 3.6.3.3,
an effective method to remove such debris is a short anodization
pulse in basic media.'*> As indicated by several of the entries
in Table 2, variations in polishing procedure result in reported
k° values for Fe(CN)s*~*~ in 1 M KCl from <0.001 to 0.14
cm/s. Such variations are less pronounced for outer-sphere redox
systems such as Ru(NHz)s>""**, but the Fe(CN)s® ™~ results
indicate the importance of surface condition to reactivity.

A more recent preparation procedure is simpler than
polishing and also amenable to electrodes of any shape and
size. When a carbon electrode is treated with an organic
solvent containing activated carbon (AC), the much higher
surface area of the AC effectively “getters” the impurities
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Figure 23. Voltammograms from GC electrodes pretreated by
polishing (solid curve), isopropyl alcohol (dotted), and isopropyl
alcohol in the presence of activated carbon (dashed): (A) 1 mM
ascorbic acid in 0.1 M H,SO4; (B) 40 uM anthraquinone 2,6-
disulfonate in 0.1 M HClO,. Reprinted with permission from ref
146. Copyright 1999 American Chemical Society.

off the electrode surface.'*® Without activated carbon, organic
solvents can significantly decrease the reactivity of a carbon
electrode, due to adsorption of large trace organics from the
solvent. A combination of AC and sonication produces a
surprisingly large increase in electron transfer rates and
adsorption of carbon electrodes. Figure 23A shows the effect
of isopropanol/AC on the oxidation of ascorbic acid, with
the solid curve being the voltammogram on a carefully
polished GC electrode.

Treatment with reagent grade isopropanol (IPA) alone
causes a large shift toward more positive potentials, reflecting
a reduction in electron transfer rate presumably caused by
adsorption of impurities in the isopropanol. Treatment with
isopropanol/AC but no additional polishing shifts the peak
potential to a value more negative than that on the polished
surface.'*® A quantitative indication of the solvent/AC effect
is shown in Figure 23B for the adsorption of anthraquinone
2,6-disulfonate (AQDS). The increase in AQDS adsorption
after CH3CN/AC treatment by a factor of 2 implies that about
half of the polished surface was occupied by adventitious
adsorbates, which prevented AQDS adsorption. For the case
of dopamine oxidation in mild acid, the observed AE, was
smaller for the isopropanol/AC treated GC surface than for
careful polishing, and IPA/AC treatment restored the small
AE, after deactivation with a surfactant solution or by
exposure to ambient air for a week.'*® A particularly
beneficial application of solvent/AC cleaning involves the
exposed cylindrical sides of carbon fibers for in vivo
monitoring of neurotransmitters.'"'*'47 Such electrodes
cannot be polished and are quite fragile, but IPA/AC
treatment enhances the adsorption and voltammetric response
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of catecholamine neurotransmitters such as dopamine and
norepinephrine.

Boron-doped diamond adsorbs most chemical species more
weakly than GC or carbon fibers, due to its low polarizability
and relative lack of local dipoles. The relatively large, polar
impurities often present in electrochemical solvents at trace
levels are less prone to adsorb on BDD compared with
graphitic carbon electrodes and hence are less likely to reduce
electrochemical reactivity. BDD surfaces are usually micro-
scopically rough and not readily amenable to conventional
polishing. However, BDD electrodes exhibit fast electron
transfer right out of the reactor in which they are made and
may be exposed to ambient air for weeks without significant
decrease in electrochemical reactivity.*>> Purified IPA has
also been used for cleaning BDD surfaces before electro-
chemical measurements.>

3.6.2. Vacuum and Heat Treatments

The thermodynamic stability of carbon—oxygen bonds
makes most carbon materials susceptible to air oxidation,
leading to the surface oxides described in section 3.2. These
oxides are hard to remove and in fact can be beneficial for
certain redox reactions involving adsorption or hydrogen
bonding to surface oxide functional groups. Conventional
polishing generally increases the level of surface oxides, as
well as disordering both the oxides and the carbon micro-
structure. Several vacuum procedures have been developed
to remove oxides from carbon surfaces, in order to study
the behavior of “oxide-free” carbon. An early example was
that of Mazur et al., who heated carbon fibers to 1020 °C in
a 107 Torr vacuum, then exposed the cooled fiber to O, or
several organic gases.'*® The reactions of the “oxide-free”
carbon surface with olefins implied that heat treatment
resulted in unsatisfied valences or “dangling bonds” on the
surface, which underwent free radical addition reactions to
irreversibly adsorb molecules such as allene and vinyl
bromide. Vacuum heat treatment (VHT) of GC at 725 °C
and <2 x 107° Torr reduced the surface O/C ratio from
0.25 to 0.05 and resulted in a very electrochemically active
surface with a k° for the Fe(CN)s> ’*~ system of 0.14
C11.1/5.144,146

More recent vacuum treatments are derived from chemical
vapor deposition (CVD) techniques developed for fabricating
diamond films, including BDD. A hydrogen plasma formed
from H, with a hot tungsten filament or microwave heating
contains significant concentrations of H atoms, which react
with surface oxides and etch the carbon surface. When
applied to GC electrode surfaces, a hydrogen plasma
roughens the surface slightly and decreases the surface O/C
ratio to below 0.02.”> As noted previously in section 3.1.2,
the C—H termination of the GC structure resists surface
oxidation by air much better than the VHT surface, with the
oxide level remaining below 4% after a week in air. The
unsatisfied valences on the carbon surface following VHT
are more reactive to dioxygen and water than the C—H
terminated surface, resulting in the behavior illustrated in
Figure 5.

As described later in section 4.1, pyrolysis of an organic
polymer photoresist material can be used to make an
electrochemically interesting carbon surface, PPF (pyrolyzed
photoresist film).”%"149 Heating to 1100 °C in a 5% Hy/N,
atmosphere decreased the surface O/C ratio to <2%, which
then increased to ~6% after 4 days in air. The rate of increase
of the O/C ratio on PPF was significantly slower than that
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on GC heat treated similarly in H,/N,, but faster than that
on H-terminated GC made in a hydrogen plasma.”® We infer
that pyrolysis in a hydrogen atmosphere results in a partially
H-terminated surface, but the more aggressive hydrogen
plasma reacts with more of the unsatisfied valences on the
carbon surface.

Sputtering with high-energy (>500 eV) Ar" is commonly
used in surface science to remove surface layers from
samples in UHV, most commonly on metals such as Pt, Ru,
etc. Sputtering of glassy carbon reduces the O/C ratio to
below 1% and can result in an electrochemically active
surface.'”” However, Ar" sputtering damages the carbon
microstructure, and there is no effective annealing procedure
known for materials like GC and graphite. Given that
sputtering generally requires an expensive vacuum system
and Ar" beam and also leads to a disordered material, it is
not recommended for routine electrochemical applications.

3.6.3. Carbon Electrode Activation

The term “activation” has been used frequently to describe
procedures for increasing the reactivity of carbon electrodes,
often for the purpose of detecting a specific analyte. It is
more frequently encountered with carbon electrodes com-
pared with metals, since the propensity of carbon to adsorb
impurities leads to electrode surfaces with decreased activity
unless great care is taken to avoid adsorption. As discussed
in section 3.5, the observed electron transfer kinetics for
different redox systems depend on several different surface
properties, so “activation” can involve more than one
mechanism in terms of its effects on the electrode surface.
For “outer-sphere” redox systems such as Ru(NH3)63+/2+,
the maximum electron transfer rate is observed for a clean
surface, with little or no dependence on particular surface
sites or functional groups (see Table 2). The Fe(H,0)¢ >+
couple, however, exhibits kinetics strongly dependent on the
presence of surface oxides, particularly carbonyl groups
(Table 3). Good practice dictates that one should start with
a clean electrode surface before kinetic measurements or
surface modification, but beyond that, “activation” may entail
formation of particular active sites on the carbon surface that
“activate” redox systems to varying degrees depending on
their redox mechanisms.

3.6.3.1. Surface Cleaning. Many “activation” procedures
are in fact cleaning steps, in many cases employed to remove
surface layers resulting from handling or impure materials
used for polishing. Using GC as a representative carbon
electrode material, we noted in section 3.2 that “fracturing”
directly in the electrolyte solution of interest exposes a
pristine GC surface, and should represent the cleanest
possible GC electrode. Using the Fe(CN)s® "*~ system as a
“surface-sensitive” benchmark, we note from Table 3 that
all polishing procedures result in lower observed electron
transfer rates than the fractured surface, some by 2 or more
orders of magnitude. Since fracturing is not practical on a
routine basis for ordinary GC electrodes, solvent/AC cleaning
and ultraclean polishing are reasonably successful alterna-
tives. With carbon fibers, cutting the fiber immediately before
use or the “coarse” polishing described earlier are similar to
“fracturing” in terms of their effects on the carbon surface
and would be expected to yield similarly clean surfaces.'#*!>°

3.6.3.2. Laser Activation. It was first reported in 1984'3!
that an energetic laser pulse irradiating a carbon electrode
directly in the electrolyte of interest had dramatic effects on
the electron transfer rates observed for the oxidation of
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ascorbic acid and phenol. Since the initial report, the
mechanism of the phenomenon has been explored in some
detail, 3170961527155 a5 have electroanalytical applications in
voltammetry'>®~'®! and amperometric detectors for liquid
chromatography.'®? Laser-activated graphite, glassy carbon,
and carbon fiber electrodes have been characterized with
Raman, XPS, STM, and SEM to reveal changes in micro-
structure and surface composition.>!6%7073:15%163 A ¢ shown
in Table 2, laser-activated GC and carbon fiber electrodes
exhibit the highest k° values for Ru(NH3)s>™"** and Fe-
(CN)63_/4_ for carbon electrodes, as well as fast kinetics for
organic systems such as ascorbic acid and dopamine. The
process usually involves a 7—20 ns laser pulse from a Nd:YAG
(1064 nm) or nitrogen (337 nm) laser, with peak power density
in the range of 10—100 MW/cm?. The rapid thermal expansion
and local heating'>* cause desorption of adsorbates and, at
higher power density, can cause disruption of the carbon
microstructure.’®'® For the case of glassy carbon and carbon
fiber electrodes, power densities up to 25 MW/cm? do not
cause observable morphological changes on the carbon
surface yet produce dramatic acceleration of electron transfer
kinetics.”"'>* The mechanism of laser activation includes at
least three effects, whose importance depends on the power
density and the type of carbon electrode examined, and to a
lesser extent on the laser wavelength and optical penetration
depth.® Below 25 MW/cm?, the thermal transient resulting
from laser light absorption desorbs impurities and produces
a cleaner, more reactive electrode surface. Laser irradiation
above 25 MW/cm? can disrupt the carbon microstructure,
for example, by thermal stress to the graphite planes to
produce a higher density of edge planes.®”’° In addition,
the oxide coverage of the electrode may be altered during
the laser pulse, particularly if dioxygen is present in the
solution,'®%16¢

In addition to providing major increases in electron transfer
rates and electrode surface reactivity, laser activation has
some practical advantages for use in electrochemical and
analytical applications. It may be used in situ by directing
the laser through a cell wall or window, thus obviating the
need for electrode removal or cell disassembly. It is fast and
repeatable, thus resulting in a “renewable” carbon electrode
surface amenable to pulse voltammetry.'>®'? Electrodes
deactivated by deposition of electrolysis products (i.e.,
“fouling”) are easily reactivated, in situ. The laser beam may
be used to microfabricate electrode surfaces by removal of
an intentional film on the electrode surface to make micro-
electrode arrays.'>’ Kuhr et al. used interference patterns
from a 325 nm He—Cd laser to photopattern and activate
glassy carbon surfaces on a micrometer scale and for
photoablation of enzymes immobilized on carbon and silica
surfaces.'®”'® Laser activation is applicable to microscopic
or nonplanar electrodes not amenable to polishing, such as
carbon fibers and microdisks.'>*~'®!-'°® While these positive
aspects of laser activation have been demonstrated to be
useful for many applications of carbon electrodes, the
technique has not been used widely, presumably due to
the requirement for a pulsed laser and the associated expense
and safety concerns.

3.6.3.3. Electrochemical Pretreatment (ECP). Electro-
chemical oxidation or reduction in various media has long
been used to “activate” carbon electrodes, and the many
effects of ECP were reviewed in some detail in 1991.°
Although most of the effects of ECP on surface structure
and electrochemical activity were recognized at that time,
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there has been a continuous stream of reports in recent years,
including some significant new information,'0%~!10-160-169-175
A brief summary of ECP effects will be presented here,
followed by some examples from the literature since 1991.
As shown in Figure 18, polarization of a carbon electrode
outside the electrochemical window yields significant current,
which results from reactions both of the electrolyte and of
the electrode itself. ECP is most commonly an oxidation for
some period of time past the positive limit apparent in Figure
18, generally in the range of 1—2 V vs SCE. Depending on
the duration of anodization, the carbon surface can be
disrupted significantly, to the point of forming a surface film
of “electrogenerated graphitic oxide” (EGO). This film has
an O/C ratio above 0.2, contains many anionic sites, and is
permeable to solvent and small molecules.* Carbon electrodes
subjected to ECP can have dramatically different reactivity
and selectivity compared with the same electrodes before
ECP, particularly for charged redox systems or for those that
are catalyzed by surface oxides. As shown in Table 3, the
observed k° for Fe>™*" is much higher on an ECP-treated
GC surface, due to the generation of carbonyl groups during
anodization."?® ECP has also been used for decades to impart
selectivity for cationic redox systems such as dopamine over
anionic interferents like ascorbate, due to electrostatic
interactions with the anionic EGO film.''”

Examples of more recent applications of ECP for carbon
electrodes include oxidation of nucleotides,'®*!"*!”> oxygen
reduction,'”® immunoassay,'’* and modification of protein
adsorption.'”® A short anodization in basic solution removed
polishing debris and exposed a very clean pyrolytic carbon
film, as judged by scanning probe microscopy.'*>"'’® EGO
is hydrolyzed above approximately pH 10, so a surface film
does not form on carbon during anodization in basic solution.
As will be described in section 4.1, anodization at elevated
pH can be used to microfabricate reactive sites on carbon
surfaces.'”! Passage of a high current density through carbon
fibers in an electrolyte solution has an extraordinary effect
on the fiber morphology, generating a very high surface area
with an apparent capacitance of ~4000 uF/cm?, more than
100 times the typical values for GC and carbon fibers, '%8-110-169
A combination of cation selectivity and enhanced adsorption
created strong selectivity for catechols, particularly the
cationic dopamine.

For the case of diamond electrodes, electrochemical
pretreatment can cause significant increases in the levels of
surface oxide functional groups, with attendant effects on
the electron transfer kinetics for systems that interact with
the surface.**>® These electrochemical effects are described
in more detail in section 4.2.

3.7. Summary and Generalizations

Considering sections 2 and 3 together, some generaliza-
tions are useful regarding electrochemical reactivity of carbon
electrodes. First, there must be sufficient electronic states in
the electrode material at energies near the E° of the redox
system(s) of interest. The density of electronic states is
determined both by the carbon microstructure and by surface
states from defects and termination. A low DOS can
significantly decrease the observed electron transfer rate, as
is the case with lightly doped diamond or HOPG electrodes.
Second, the electron transfer and adsorption reactivity of
graphitic carbon electrodes is a strong function of the surface
coverage of edge relative to basal plane graphite. Edge sites
are more reactive to ET, adsorption, and chemical modifica-
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tion, and in some cases the observed £° and capacitance can
be quantitatively correlated with edge plane coverage.”%>"-!77-178
Third, redox systems differ dramatically in their sensitivity
to the state of the carbon electrode surface, due to differences
in their redox reaction mechanisms, ionic charge, etc.
Ru(NH3)63+/ 2T anthracene, and ferrocene are examples of
nearly ideal redox systems, which are relatively insensitive
to surface oxides and adsorbates, while Fe>™>" and dopam-
ine are dependent on particular surface sites that participate
in an electrocatalytic mechanism. It is unwise and often
incorrect to discuss “activation” of a carbon electrode without
stating the redox reaction used as the indicator of electrode
reactivity. Fourth, carbon materials have more variety in both
bulk and surface structure than metals, and electrode
preparation is particularly important for achieving reproduc-
ible electrochemical behavior. Even the most common
preparation procedures, such as polishing, significantly
modify the surface structure and chemistry and can have
dramatic effects on reactivity, adsorption, etc.

4. Advanced Carbon Electrode Materials

As noted in the Introduction, several fundamentally novel
carbon materials have come into use for electrochemistry
during the last 15 years. Some of these are new manifesta-
tions of materials structurally similar to glassy carbon, such
as pyrolyzed photoresist, while others are completely dif-
ferent allotropes of carbon, such as diamond and the
fullerenes. Although there is some overlap in the classifica-
tion of these recently developed materials as electrode
materials, they will be subdivided into microfabricated
carbon, conducting diamond, fibers and nanotubes, and
carbon composites. As each electrode material is discussed,
the relationships between the general properties described
in sections 2 and 3 and the electrochemical behavior of the
material will be considered.

4.1. Microfabricated Carbon Thin Films

The vast majority of carbon electrodes are made from bulk
materials such as graphite or glassy carbon, which are shaped
and packaged to expose the electrochemically active elec-
trode surface. “Microfabricated” is used here to mean that
the electrode is formed from a gas or liquid precursor, often
as a thin film and occasionally in a pattern with micrometer-
scale dimensions. Pyrolysis of hydrocarbons onto metal or
quartz surfaces has been used fairly extensively to make
carbon films of arbitrary shape, for example, as detectors
for capillary electrophoresis,'”*~"®! and on ceramic supports.' 8183
Reactive precursors may be employed to reduce the pyrolysis
temperatures and to incorporate heteroatoms or metals.'*>!+184
The properties of these materials depend strongly on their
thermal history, particularly maximum preparation temper-
ature, and the presence of metal “graphitization” catalysts
such as nickel and iron. They are generally less ordered than
most types of graphite but exhibit moderate electron transfer
rates for both catechols and Fe(CN)g> 4.

A more recent variant of pyrolytic carbon with distinct
properties for electrochemistry is pyrolyzed photoresist film
(PPF),?-149-185-190 although the process was reported for
photolithography in 1985'°"'° and for microelectrome-
chanical fabrication in 1997.'°* Many photoresists are based
on a phenolic resin (e.g., “Novolac”) and are available
commercially (e.g., AZ4330, AZ Electronic Materials, Som-
erville, N.J.). These materials are designed to be spin-coated



Advanced Carbon Electrode Materials

A , IlOOum

— | PPF

silicon

“macro” PPF film

current, pA
<

400 200 0 -200 -400 -600
Potential, mV vs Ag/AgCl

Figure 24. (A) Photomicrograph of pyrolyzed photoresist film

pattern on silicon substrate and (B) voltammetry of Ru(NH3)s>*’

2+ (I M KCl, 0.2 V/s) on unpatterned PPF (solid line) and on

uncoated Si substrate (dashed). Reprinted with permission from ref

99. Copyright 2001 American Chemical Society.

onto silicon or quartz, then patterned if desired with standard
photolithographic techniques. Pyrolysis in a reducing atmo-
sphere, typically 5% H, in N,, to maximum temperatures of
700—1100 °C removes nearly all of the heteroatoms and a
significant fraction of the photoresist weight and yields quite
pure sp” hybridized carbon. A micrograph of a PPF pattern
formed lithographically on silicon is shown in Figure 24,
along with a voltammogram of Ru(NH3)s>™*" on a large
area (~5 mm?) unpatterned PPF film. The resistivity of the
photoresist decreases from > 10" Q+cm to ~1072 Q-cm,
with the largest drop in resistance commencing at about 600
°C. 149186 1 aser pyrolysis may also be used to form patterns
in the photoresist if desired.'®* Raman spectroscopy and
TEM reveal that PPF formed at 1000—1100 °C is structurally
similar to GC, with a resistivity of ~0.006 €2+cm, compa-
rable to that of GC (~0.005 Q-cm).'* AFM of the PPF
surface indicates that it is very flat, with an rms roughness
<0.5 nm and very few observable defects over areas larger
than at least tens of micrometers. Although the flat surface
implies some degree of plasticity during heat treatment, the
photoresist does not flow during pyrolysis, and the litho-
graphic pattern is preserved to a resolution below 1 um. The
PPF surface structure as investigated with scanning probe
microscopy is featureless down to a resolution of ~1
nm,”*'*"7 but its origin from a polymer implies that the
surface consists of both basal and edge graphitic planes,
much like GC. Finally, although PPF has a resistivity only
slightly greater than GC, its usual presence as a thin film
can create significant ohmic potential losses if the substrate
supporting the PPF film is nonconducting.”®-'*°
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Although PPF is structurally and electronically similar to
GC, it has several distinct properties of significant utility in
electrochemical applications. The ability to photolithographi-
cally pattern PPF permits fabrication of microstructures such
as interdigitated microelectrode arrays,'®*®'*® microcantile-
vers,'®? and even complex microstructures for batteries and
micromechanical systems.'”® The extreme flatness of PPF
is essential for applications in molecular electronics®*°2
and for investigations with scanning probe techniques such
as AFM.'">'°° The PPF surface is amenable to surface
modification by various routes, particularly diazonium reduc-
tion'?” and soft lithography,?** as described in section 5.1.
As noted already in Figure 11 and associated text, the surface
O/C ratio of PPF is quite low, and many but not all of the
surface carbons are likely to be H terminated. PPF may be
formed on irregular shapes such as microelectrodes*** and
may also be made sufficiently thin to be optically transparent
for spectroelectrochemistry.”®>%%

In terms of electrochemical reactivity for common redox
systems, PPF is similar but not identical to GC. Polishing
PPF would be counterproductive, so it is generally used right
out of the pyrolysis oven or after solvent cleaning as
described in section 3.6.1. As noted in Table 2, the k° for
Ru(NH3)63+’ 2* is somewhat slower than that on clean GC,
with at least some of the difference due to the absence of
microscopic roughness on PPF. The kinetics of Fe*™** are
much slower on PPF than on GC, due to the lack of surface
oxides (Table 3). The lack of oxides and their associated
surface dipoles makes PPF less prone to adsorption than GC,
thus leading to slower electron transfer rates for organic
systems that are catalyzed by adsorption, such as dopamine
oxidation.””"'?® PPF may be electrochemically oxidized to
increase electron transfer reactivity toward redox systems
catalyzed by surface oxides.”” To date, the majority of
electrochemical applications of PPF have used relatively
large areas, generally greater than a few micrometers.
However, pyrolysis of polymer precursors can also be used
to make the micromechanical structures noted earlier,'*>!%°
and block copolymer precursors can lead to carbon nano-
particles and arrays.?%>-2%°

Thin films of carbon formed in a vacuum have long been
used for electron microscopy and to protect disk drive heads.
Electron beam deposition of carbon for electrochemistry was
first reported in the 1970s,°%%7 and reconsidered recently.88
The initial objective was a carbon film sufficiently thin to
be transparent for use with spectroelectrochemical techniques
in transmission mode. A high-energy electron beam was
focused onto graphite pellets in a ~10~° Torr vacuum to
generate carbon atoms and fragments, which then deposit
onto a heated quartz plate. Carbon films 28 nm thick
exhibited well-defined voltammograms for Fe(CN)63_/4_;
however the large peak separation of ~200 mV at a scan
rate of 0.01 V/s was attributed in part to significant ohmic
potential error within the thin film.*” The films had optical
absorbances of 0.4—0.8 absorbance units in the range of
300—800 nm. The films were significantly less conductive
when deposited onto a room temperature substrate. Electron
beam deposition has become quite common for metals and
refractory materials since these initial papers were published
and is now readily available commercially. Blackstock et
al. deposited carbon onto H-terminated heavily doped silicon
at room temperature in order to reduce ohmic potential
errors.®® The carbon films were extremely flat, exhibiting
an rms roughness of 0.07—0.11 nm for a 7 nm thick carbon
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film on a Si substrate with a roughness of 0.06 nm. Electron
transfer reactivity of carbon films formed at room temper-
ature on silicon approached Nernstian behavior at moderate
scan rates, with a k° value for Ru(NHz)s> >" of 0.046 cm/s
(Table 2). Heat treatment in 5% H,/N, at 1000 °C increased
the ordering of the carbon, as judged by Raman spectroscopy,
and also produced changes in the voltammograms. The
carbon film may be deposited through a shadow mask or a
photoresist pattern, so small and complex electrodes with
features down to ~1 um may be microfabricated. Given that
electron-beam deposition is expensive and cumbersome
compared with many carbon electrode preparation tech-
niques, it will likely be useful only when special properties
such as a very flat surface are required.

A recent and more exotic method for carbon film formation
is electron cyclotron resonance plasma sputtering.>*!3%:207
The deposited carbon was also quite flat (~0.07 nm) and
appeared to be amorphous, containing a significant fraction
of sp® hybridized carbon. The material had some of the
properties of boron-doped diamond, particularly stability and
resistance to electrode fouling. Voltammetry of several
organic and biochemical redox systems was demonstrated,
including nucleotides, phenols, and NADH.?*'3? The vol-
tammetric detection limit reported for nonylphenol was 50
nM, with a linear range of 0.125—10 uM.?” Electron transfer
rates for Ru(NH;)> /** and Fe(CN)¢* 4~ were comparable
to those observed on GC and BDD but were significantly
slower for dopamine and Fe**/>* | as shown in Tables 2 and
3. The authors concluded that the slow rates for dopamine
and Fe*™*" were due to weak interactions with the carbon
surface, compared with GCc.2#4

4.2. Boron-Doped Diamond for Electrochemistry

The fabrication and electronic properties of BDD were
discussed in section 2.1.2, and we now turn to its behavior as
an electrode material. Many publications from at least five
laboratories worldwide have described electrochemical applica-
tions of BDD,36:01:63:131.208-219, 14 there are now several com-
mercial suppliers of diamond electrodes for electrochemical
use.>* A comprehensive review of electrochemical applica-
tions of diamond and related materials appeared in 2004.*°
BDD electrodes have been made in a wide variety of shapes
and sizes, including ultramicroelectrodes,*'>?2°* large single
crystals,'*!?? nanocrystalline films,*>2%22%2%5and optically
transparent electrodes.®' =%

BDD and nanocrystalline diamond are not only structurally
distinct from graphitic and fullerene electrode materials, but
they also have some advantageous electrochemical proper-
ties.””> The much greater chemical stability of BDD com-
pared with graphitic or fullerene forms of carbon is a major
advantage over the more common sp® hybridized carbon
electrode materials. In addition to providing a long lifetime,
the low chemical reactivity results in a wider electrochemical
potential window and the ability to carry out normally
difficult reactions such as ozone generation’'” and the
oxidation of aliphatic amines.??® The significantly weaker
adsorption of most solution species on BDD makes diamond
electrodes more resistant to “fouling”, and they can be used
after standing in ambient air for long periods without surface
pretreatment. As already noted in section 2.3, diamond is
sufficiently optically transparent in much of the UV—vis and
infrared regions to permit spectroelectrochemistry in trans-
mission or internal reflection modes.
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Recent reports of microscopic characterization of conduc-
tivity and redox activity of both hydrogen->>® and oxygen-
terminated”?” BDD electrodes indicate that the materials are
electrically heterogeneous, with both conductivity and elec-
tron transfer rates varying across the BDD surface. Conduct-
ing-tip AFM, scanning electrochemical microscopy, and
cathodoluminescence permitted such heterogeneities to be
observed near grain boundaries and across microcrystallite
facets. Both papers noted that electron transfer reactivity for
Ru(NH3)s 72 was observed over the entire BDD surface
but that variations in conductivity and doping level caused
local variations in the electron transfer rate.”’®**” While such
variations are usually averaged out for BDD electrodes larger
than the crystallite size of a few micrometers, the user should
be aware that the materials are not as electronically homo-
geneous as more commonly used carbon electrodes such as
glassy carbon.

The electrochemical reactivity of diamond electrodes is best
considered in the context of the various classes of redox systems
described in section 3.5 and summarized in Figure 19. The
simplest of these is the “outer-sphere” or “surface-insensitive”
group, which includes Ru(NH3)s* " and IrCl> ™. As shown
in Figure 25B,C, these two couples show classical voltammetric
waves on BDD, qualitatively similar to those observed on glassy
carbon. The rate constant for Ru(NH;)s> > is somewhat slower
on BDD than on GC, but higher £° values have been reported
on nanocrystalline, N-doped diamond (Table 2). As noted in
sections 2.2 and 3.1, most diamond materials have a lower
density of electronic states than graphitic carbon, and this factor
may result in somewhat slower kinetics for outer-sphere
systems. However, the observation that BDD exhibits reason-
ably fast kinetics for redox systems with E° potentials spanning
a wide range of the electrochemically useful scale (Figure 15)
indicates that BDD does not have significant gaps in the DOS
distribution.*® The Swain group have reported many kinetic
results for BDD under standard conditions and provide a
concise comparison of several common organic and inorganic
redox systems.*>?

A second class of redox systems noted in Figure 19 is
“surface-sensitive” and is much more dependent on the state
of the electrode surface. In the case of diamond electrodes,
the surface may be affected not only by oxides and adsorbed
impurities but also by nondiamond carbon, surface termina-
tion, and grain boundaries.’>> An illustrative example is
shown in Figure 26 for ascorbic acid oxidation on microc-
rystalline BDD in 0.1 M HCIlO,4. Anodization of the BDD
at progressively positive potentials causes a major positive
shift in the observed oxidation peak potential, and the shift
may be reversed by rehydrogenation of the BDD surface.
Chloride oxidation to chlorine is an electrocatalytic reaction,
which is very slow on BDD due to the lack of adsorption
sites. The nitrogen-incorporated amorphous tetrahedral car-
bon variant of diamond contains such sites, and the oxidation
of chloride in 2 M HCI proceeds at a potential approximately
0.5 V lower than that on BDD.* In addition, the taC:N
material was very stable during Cl, generation, despite the
normally corrosive nature of chlorine evolution.

The electrochemistry of organic systems on diamond
depends on the nature of surface interactions, particularly
adsorption.*® Methyl viologen voltammetry on BDD is quite
similar to that on GC, since there is little or no adsorption
or interaction with catalytic sites. However, dopamine
oxidation is significantly slower on diamond than on GC,
most likely because of weak adsorption.”® As noted in section
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Figure 25. Voltammetry on boron-doped nanocrystalline diamond electrodes (0.2 cm? area, 0.1 V/s), for (A) 1.0 mM Fe(CN)¢*~"*~, (B)
1.0 mM Ru(NH3)¢****, (C) 0.25 mM IrClg*> ">~, (D) 0.50 mM methyl viologen in 1 M KCI, (E) 1.0 mM 4-tert-butylcatechol, and (F) 1.0
mM Fe**?* in 0.1 M HCIO,. Reprinted with permission from ref 225. Copyright 2003 American Chemical Society.
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Figure 26. Effect of anodization on the voltammetry of ascorbic
acid (1 mM in 0.1 M HCIO,4) on boron-doped microcrystalline
diamond. BDD surface was oxidized at the indicated potentials for
5 min before each voltammogram. “Rehydrogenation” refers to
exposure to a H-atom plasma. Reprinted with permission from ref
30. Copyright 2004 Marcel Dekker.

3.4, dopamine oxidation is catalyzed by hydrogen bonding
of surface carbonyls to adsorbed dopamine molecules, and
diamond does not provide the necessary sites in its H-
terminated form. The reported observations on diamond
electrodes reinforce the conclusions of section 3.5, that is,
that electrode effects on redox kinetics are strongly dependent
on the nature of the electron transfer mechanism. Although
diamond surfaces are comparatively inactive toward adsorp-
tion and often lack catalytic sites, there have been several
examples reported of complex organic and biochemical
reactions on diamond materials, including cytochrome ¢,?*®
DNA-modifed diamond,?** and glucose oxidation.?*213:213
Additional reported analytical targets of diamond electrodes
include arsenic,?'******° dopamine and norepinephrine,*'****
and polyamines.*® Applications of diamond microelectrodes
in biological media have been reviewed.**'

In addition to the boron or nitrogen doping already
discussed for diamond electrodes, several diamond compos-

ites have been studied, often to enhance the relatively weak
electrocatalytic activity of diamond due to its lack of
adsorption sites. Gold coating of BDD has been used for
stripping voltammetry,?***** and Pt particles may be depos-
ited on BDD to make dimensionally stable electrocatalytic
surfaces.”®! Pt particles have also been incorporated into
BDD to grovide catalytic sites in a very stable conducting
host.>*>**3 Given the high stability of diamond as an
electrode material, it seems likely that additional applications
involving metal catalysts are likely. In addition, BDD may
be chemically modified by several routes in common with
sp2 carbon materials, as discussed in section 5.

4.3. Fibers and Nanotubes

Carbon fibers have been used in electrochemistry since
approximately the early 1980s, and their structures and
properties relevant to electrochemical applications were
reviewed in 1991.% There has been significant activity since
that time due to the utility of carbon fibers for making
ultramicroelectrodes and for in vivo voltammetry. Further-
more, the discovery of carbon nanotubes provided a com-
pletely new type of carbon “fiber” with distinct electro-
chemical properties. The discussion of carbon fibers will be
divided into two sections, “conventional”, meaning nonful-
lerene carbon fibers, and fullerene nanotubes in their single-
and multiwalled manifestations.

Although carbon fibers occur with radial, “onion”, and
random orientations of the graphitic planes,*'* there does not
appear to be standardization of a particular type for electro-
chemical applications. As with other graphitic materials, carbon
fiber types differ significantly in their crystallite sizes, interplanar
spacing, and disorder, but most laboratories have arrived at a
useful carbon fiber source empirically. Generally, fibers used
in electrochemistry are sufficiently disordered that they do not
show unusual electronic properties, like HOPG or certain types
of nanotubes. Fibers are encapsulated in a variety of materials,
most commonly glass, often with epoxy, and then the carbon
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surface is exposed by cutting the assembly.'**'*" The resulting
carbon electrode exhibits one of the highest reported k° values
for Ru(NH;3)s**" on carbon,'™® and represents a pristine
surface analogous to that obtained by “fracturing” glassy

carbon as discussed in section 3.6. A light polish of a glass
encased carbon fiber has proven valuable for voltammetry
in living organisms,'***** and various surface modifications
have been investigated to improve analytical selectivity. 47233
In some cases, a portion of the fiber walls might be exposed in
addition to the fiber end to increase the electrochemically active
area.'! Carbon fibers and nanotubes may be “doped” with
nitrogen or metals to promote electrocatalytic behavior.>*¢>*
Of particular interest is the long search for efficient electro-
catalysts for oxygen reduction due to its importance to fuel
cells and batteries. Incorporation of Fe, Pt, and nitrogen into
carbon electrode materials provided catalytic sites for O,
reduction to both hydrogen peroxide and water.?¢->3%-23%

Several examples of thin films deposited on carbon fibers
have been described, with the objective of insulating all but
a small fraction of the fiber in order to decrease the active
electrode area. An early example is the electropolymerization
of a phenolic polymer with a thickness of ~100—300 nm,
after which a disk or elliptical electrode was exposed by
cutting the fiber or by field emission.'¢%161240-241' A photo-
curable perfluoropolyether was used on both carbon and Pt
fibers to make disk or conical microelectrodes, with a <10
um thick insulating coating.***> An important variation on
electropolymerized films is deposition of “electrophoretic
paint” based on poly(acrylic acid), followed by heat treatment
to harden the coating.>****” The polymer coating shrinks
slightly during heat treatment and retracts from the tip of
the fiber to expose the end. Submicrometer electrode
diameters were readily achieved with this ag) roach, which
was initially developed for metal electrodes.***?** A similar
approach with an “inverted deposition” technique was used
on 5 um diameter carbon fibers that had been electrochemi-
cally etched to generate sharp conical tips.?*>*®**® Figure
27 shows well-defined voltammograms for Fe(CN)s® "*~
obtained with carbon fiber electrodes with apparent radii
ranging from 160 to <1 nm. These exceedingly small
electrode radii were calculated from the limiting currents
based on the assumption that the electrode acts as a
microdisk, and that assumption appeared justified when
supporting electrolyte was present.”*® However, unusual
effects of both the double layer and electrode geometry have
been reported for microelectrodes below ~20 nm in
diameter,?**?*° so the apparent electrode radii should be
considered with caution. An alternative approach that permits
exposure of selected regions of the carbon fiber employs
photolithographic techniques to expose particular areas on
a fiber that had been coated with an electrophoretic resist.
After exposure of the coated fiber to light, the electrode was
“developed” with standard procedures to yield reproducible
active electrode areas.”” “Nanogap” electrode structures
consisting of two carbon fiber electrodes located ~20 nm
apart have been reported, starting with carbon fibers coated
with electrophoretic “paint”.?*’

Many of the applications of carbon fiber electrodes have
been biological, because of both their small size and their
activity for a variety of biochemically important materials
(neurotransmitters, nucleotides, etc.). As noted in section 5,
carbon fibers are subject to chemical modification by several
routes to enhance reactivity or selectivity, for example,
Pt-deposition,****>! diazonium reduction,'* and polypyrrole
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Figure 27. Steady-state cyclic voltammograms of reduction of 10
mM Fe(CN)¢*> 7~ (0.5 M KCI, 10 mV/s) on carbon nanofiber
electrodes. Indicated radius was calculated from the limiting current.
Reprinted with permission from ref 246. Copyright 2002 American
Chemical Society.

or Nafion coating.'*"*>>?5 Carbon fibers have been used
to great advantage for in vivo monitoring of neurotransmitters
in intact animals,'""!3147-254257 transmitter release and uptake
by single cells,'+!3233238-262 and nucleotides.'®*'7>2%* An
unusual application of carbon microelectrodes is the induc-
tion of cell—cell and cell—lilz)osome fusion by an electric
field applied at a carbon fiber.”** In addition to bioanalytical
applications, carbon fiber microelectrodes have been used
for studying electrochemiluminescence, due to the high
frequency response permitted by a low RC time constant,
as well as the extended potential window compared with
metal electrodes.?®3-2¢7

Some generalizations about electrochemistry at “conven-
tional” carbon fiber electrodes are available, and they are
quite similar to those regarding bulk graphitic materials
described in section 3.7. Most carbon fibers are sufficiently
disordered that they do not display unusual electronic effects,
as are observed with HOPG. The edge/basal ratio on the
exposed surface determines adsorption and electrocatalytic
activity, as is the case with glassy carbon and pyrolytic
graphite. The potentially very small active area and total
diameter of a carbon fiber electrode are of obvious impor-
tance for in vivo voltammetry and electron transfer kinetic
measurements. Except for the case of carbon fibers embedded
in a sturdy host such as glass or epoxy/glass, carbon fibers
are not amenable to polishing, with the attendant risk of
contamination or deactivation. Hence carbon fiber electrodes
can be more active than bulk carbon materials in terms of
electron transfer kinetics and electrocatalytic activity, if only
because their freshly exposed surfaces have had less op-
portunity to adsorb impurities.

As discussed briefly in section 2.1.3, carbon nanotubes
differ fundamentally from carbon fibers in their electronic
properties and structures. A Scifinder search of the concept
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“carbon nanotube electrochemistry” yielded more than 1700
citations, starting in 1999.2°% There is no question that
nanotubes have unique conductivity and density of electronic
states (Figure 2), and their small diameters and high ratio of
length to diameter permit novel and unusual electrode
structures. The electrochemical properties of nanotubes have
been reviewed recently,37’39 and those sources should be
consulted for details and numerous references. In the context
of alternative carbon electrode materials, several issues
deserve special note. These include electronic properties,
edge/basal ratio, oxide functional groups, and electrode
kinetics. In addition to carbon nanotubes, ‘“nanoscrolls” have
been reported, which are formed by intercalation and
fragmentation of graphite, followed by curling of the
graphene fragment to form a “scroll”.?®”

Nanotube preparations are rarely monodisperse, and most
contain a difficult to separate mixture of tubes with different
lengths and diameters. Multiwalled carbon nanotubes
(MWNTs) are generally considered to be metallic, with any
gaps or significant variations in electronic DOS averaged
out in the mixture. Roughly one-third of single-walled
nanotubes (SWNTs) are metallic and the remainder semi-
conducting, with possibly complex DOS profiles such as that
shown in Figure 2. While significant effects of the DOS of
SWNTs on electron transfer properties are expected,*' they
have not yet been observed experimentally. An elegant study
of ferrocene voltammetry at single SWNT electrodes dem-
onstrated that steady-state diffusion to a SWNT was observ-
able, with the expected linear dependence of current on tube
length.*® A metallic SWNT was suspended between two
titanium contacts in a PMMA “cell”, which permitted
exposure to electrolyte solution as shown in Figure 28.*' A
voltammogram for a 1.2 nm diameter, 2 um long metallic
SWNT is shown in Figure 29A, with a fit to Butler—Volmer
kinetics, which yields a k° for ferrocenylmethyl-trimethy-
lammonium ion of 7.6 cm/s. The voltammograms for metallic
and semiconducting SWNT electrodes were similar, perhaps
because the ferrocene redox system is too fast to exhibit an
observable dependence on electronic DOS. The authors point
out that the very small nanotube diameter combined with
its high aspect ratio permits fast mass transport to the
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Figure 29. (A) Voltammogram from SWNT for ferrocene, with
corresponding fit to Butler—Volmer kinetics*' and (B) voltammo-
grams at a ~100 nm diameter MWNT electrode in 5 mM
Ru(NH3)s**?" in 0.1 M K,SO, as a function of the height (%) of
tube exposed to the solution.”*® Reprinted with permission from
refs 41 and 268. Copyright 2006 and 1999 American Chemical
Society.

electrode and correspondingly large accessible k° values.*!
Although this experimental paradigm for studying electro-
chemistry at a SWNT is demanding, the nanotube provides
a potentially valuable combination of geometry and tunable
electronic properties for fundamental investigations of elec-
tron transfer kinetics.*' Electrochemistry at a single, 150 nm
MWNT was reported in 1999,%%% and a voltammogram of
the reduction of Ru(NH;)s>** is shown in Figure 29B. The
limiting currents were proportional to the immersion depth
of the MWNT, as expected, and the mounted nanotube did
not appear inordinately fragile. The MWNT could be
insulated with electropolymerized phenol to yield an ~150
nm diameter microdisk electrode after cutting.

The vast majority of investigations of electrochemistry at
carbon nanotubes involve ensembles of many tubes, often
in composites or as thin films. As already noted, such
ensembles invariably contain a mixture of tubes of different
diameters, and the collection of tubes is generally considered
to be metallic in terms of electronic DOS. Most ensembles
consist of randomly aligned and often tangled nanotubes, so
the solution or matrix under study is presented with an average
of “side” and “end” orientations. Nugent et al. reported
apparently reversible electron transfer to Fe(CN)s> ™ at a
bundle of MWNTSs ranging in diameter from ~20 nm to several
micrometers, and the ensemble contained non-nanotube
carbon residue from the tube preparation.?’® Alignment of
nanotubes in ensembles is a difficult problem,*’~? but various
methods have been employed. An interesting example is a
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two-dimensional network of nanotubes deposited on glass
between two metallic contacts.>’'’®> This arrangement
permitted simultaneous monitoring of electron transfer
reactivity and nanotube conductivity and also exhibited
unusually high voltammetric sensitivity at the submicromolar
level due to low capacitive background.?”?

SWNTs have been chemically “cut” with H,SO4/HNO3,
then modified to have thiol end groups so they could be
assembled on a gold surface to make a nanotube array.”’*
Electrochemical modification of nanotubes has been re-
ported,'® as has “site specific’ binding of DNA and
biotinylated biochemicals using photoresist techniques.?”>
Arrays of nanotubes can also be “grown” on a microfabri-
cated array of catalyst particles, then made into electrodes®’®
or membranes®’’ containing arrays of nanotubes suspended
in either SiO, or polystyrene. The capacitance and electron
transfer kinetics for Fe(CN)s>"*~ were studied on three types
of SWNT and MWNT ensembles, and it was concluded that
the solution could penetrate the ensemble to access a large
surface area of nanotubes and non-nanotube carbon resi-
due.?”® The electrochemistry of Fe(CN)s> "4~ was investi-
gated on carbon nanotubes modified with Au nanoparticles,
and the response was used to determine the nanotube
length.?”® Nitrogen-doped CNT electrodes have been shown
to exhibit electrocatalytic activity toward oxygen reduction
and also to efficiently oxidize catecholamines.?®237-50
Arrays of nanotubes have been used for studying proteins,?®’
DNA and nucleotides,?®>?®3 and redox enzymes, 84 with the
latter example exploiting the ability of a nanotube to transport
electrons a long distance from the electrode surface to the
redox center of the enzyme. An elegant application of
SWNTs to immunoassay involved formation of a “forest”
of nanotubes oriented perpendicular to the basal plane surface
of abraded pyrolytic graphite, as shown in Figure 30.%% The
antibody to prostate-specific antigen (PSA) and peroxidase
retained their activity when immobilized on the top of the
SWNT “forest”, providing greatly amplified response to PSA
and a mass detection limit of 40 fg. Carbon fibers modified

with MWNTs exhibited unusual reactivity for ascorbate
oxidation and were used for in vivo monitoring of ascorbate
in rat brain.?>* SWNT films on GC modified with ferrocene
as a redox mediator exhibited selective oxidation of dopam-
ine over ascorbate and uric acid,”®® and MWNT/chitosan
films on GC permitted direct oxidation of insulin.*®” Many
electrochemical studies using nanotubes involve composites
with other materials, and examples are provided in section
4.4 and Table 4.

In addition to morphology and electronic properties, the
defects and oxides on carbon nanotubes have important
effects on electrochemical behavior. Defects can occur in
the nominally “basal plane” surface of the nanotube walls,
and most preparations result in unterminated tube ends, which
are prone to form oxygen-containing functional groups. It
has been somewhat controversial whether the behavior of
nanotube electrodes is determined by special properties of
the tubes themselves or by a variable level of oxides or edge
defects. For example, there are reports of high electrocatalytic
activity of carbon nanotubes toward the oxidation of
catecholamines,?#*2%8-2% NADH,'0%29°2°! hydrazine,>****?
and ascorbic acid,?>®2%32%3 yet at least some of these effects
have been attributed to the graphitic edge plane exposed at
the nanotube ends.'””*78:2%0-297 Eyrthermore, nanotubes are
made with Fe, Ni, or Co catalysts, which are often not
completely removed in the final product. As shown in Figure
31A, the electrocatalytic oxidation of hydrazine was absent
when nanotubes were prepared with very low levels of trace
metals, and it was concluded that hydrazine oxidation was
catalyzed by metals and not nanotubes.>*> Also shown in
Figure 31C is the effect of adding MWNTs to a HOPG basal
plane surface on the voltammetry of Fe(CN)s> *~. The
apparently fast kinetics were attributed to a high fraction of
edge sides on the nanotubes, and the sharp voltammetric
peaks were ascribed to a thin layer effect in the porous
ensemble.?”> The electrochemical behavior of nanotubes has
also been correlated with the presence of residual iron oxides
and their electrocatalytic activity.**®
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Table 4. Examples of Carbon Composite Electrodes
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carbon type host? additive” target analyte reference
graphite paraffin enzyme, NADH L-phenylalanine 410
graphite mineral oil 1,2-dibromocyclohexane vitamin B, 328
graphite mineral oil glucose oxidase glucose 311
graphite mineral oil laccase, p-hydroxybenzoate hydroxylase =~ NADPH 127
graphite nujol chitosan, ssDNA hepatitis B virus 314
graphite nujol chitosan, peroxidase rutin 313
graphite paraffin chitosan, sepiolite clay aqueous ions 312
graphite paraffin Zr phosphate, nitro-fluorenone NADH 411
graphite ionic liquid NADH, dopamine 315
graphite ionic liquid dopamine, ascorbate, uric acid 317
graphite ionic liquid CaCOs, Nafion hemoglobin 318
graphite mineral oil magnetic nanoparticles, laccase hydroquinone 322
graphite nujol, silicone oil Pt nanoparticles Cu" 319
MWNT nujol Nafion, thionine dopamine, ascorbate 288
MWNT mineral oil ionic liquid Fe(CN)s® "*~, Ru(NH;)s> **, hydroquinone 316
MWNT mineral oil microbes, Os polymer glucose 412, 413
MWNT mineral oil NADH, AA, dopamine, H,O, 294
MWNT mineral oil Cu particles amino acids 325
MWNT poly(vinyl ferrocene) glucose 326
SWNT mineral oil Fe(CN)g> ", ferrocene, Ru(NHz)s* /> 324
SWNT redox polymer glucose oxidase glucose 414
SWNT mineral oil nucleic acids 323
GC, MWNT chitosan insulin 287
GC redox hydrogel glucose oxidase glucose 128

“ Pasting liquid, generally inert. ® Catalysts, active agents, etc.
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Figure 31. Voltammetry of hydrazine at MWNT preparations that
contained metallic impurities (A) and were purified to remove
metals (B). The arrow in panel C indicates the addition of increasing
amounts of MWNTs to a solution of Fe(CN)¢> ”#~. The dotted
line is the initial response from a HOPG electrode. Reprinted with
permission from ref 292. Copyright 2007 American Chemical
Society.

While there is little doubt that defects can play a major
role in the electrochemical behavior of nanotube electrodes,
there is also evidence for intrinsic nanotube reactivity in the
absence of defects. Silver and palladium may be electrode-
posited onto nanotubes from solution, and the resulting metal
particles are randomly and nearly continuously distributed
along the length of a given nanotube.”®® If deposition
occurred only at defects, then an even distribution of metal
particles would not be expected. By analogy to the basal
plane of HOPG, as discussed in section 3, it is possible that
the “basal plane” walls of carbon nanotubes have reduced
reactivity compared with a disordered surface like GC and
are relatively inactive toward adsorption. But as already

discussed, the reactivity differences between nanotubes and
other carbon electrodes are likely to depend strongly on the
redox system involved.

To summarize the preceding overview of carbon nanotube
electrode behavior, it is clear that nanotubes have some
distinct electrochemical properties, but they also introduce
some additional variables, such as tube diameter and
morphology, and often unknown levels of defects and surface
oxides. In the context of the general discussion of section 3,
some generalizations about nanotube electrodes are worth-
while. First, most nanotube electrodes studied to date consist
of metallic tubes, although some interesting electronic effects
occur in the few cases where the tubes are semiconducting.
Second, nanotubes have a high aspect ratio compared with
carbon particles, such that there is potentially both a high
ratio of basal sites to edge sites and a long conduction path
along the tube. However, some nanotube morphologies have
much higher defect density than others, such as the “bamboo”
nanotube compared with the SWNT. Since edge sites can
be much more electrochemically active than basal sites, the
observed reactivity of a single nanotube or a nanotube
ensemble depends strongly on the defect density. The defect
density and edge/basal ratio may be modified by “doping”
with nitrogen, with observable electrochemical effects.”
Third, nanotubes can be hydrophobic along their walls,
particularly if low in defect density, and this can affect
interactions with solvent or redox agents.*°**°! Fourth, the
fact that nanotubes and their ensembles are not amenable to
polishing has the indirect benefit of reducing surface
contamination. It is possible that the long path for conductiv-
ity coupled with a significant coverage of edge plane defects
is at least partially responsible for the reported high
electrochemical reactivity of nanotubes. Fifth, nanotube
preparations differ significantly in the synthetic route in-
volved, and many include metal catalysts, non-nanotube
carbon, or both, which are not completely removed in the
finished product. Depending on the mechanism of a given
redox reaction, the origin and purity of the nanotubes may
be critical to the observed electrochemical response. Finally,
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the relationship between nanotube structure, including mor-
phology and defects, to electrochemical reactivity remains
an important research goal, and there will likely be significant
new insights into this area as nanotube electrode preparations
are refined.

4.4. Carbon Composite Electrodes

Composites of graphitic carbon with a wide variety of both
active and inactive materials are very common and are
generally referred to as “carbon paste”. The original carbon
paste electrode was introduced in 1958 by Ralph N.
Adams®°? and represents one of the earliest applications of
carbon electrodes in the modern era. A Scifinder search
yielded over 3600 articles containing the concept “carbon
paste electrode” and over 100 containing “nanotube paste
electrode”. Electrochemical apglications of carbon paste
electrodes have been reviewed**~** and cover a wide range
of objectives in electroanalysis, pharmaceuticals, biological
redox processes, and mechanistic electrochemistry. Rather
than attempting a comprehensive review of the many carbon
composite electrode materials, we will consider here the
properties that make composites popular for electrochemistry
and summarize several of the more recent variants.

The now classical carbon paste electrode is made from
polycrystalline graphite powder and a water-immiscible
insulating organic liquid such as Nujol or hexadecane.
Alternatives to organic hydrocarbons include epoxy, Nafion,
and conducting polymers.**~' The volume fraction of
graphite is high enough (typically >50%) that the graphite
particles are in contact to provide a conducting pathway and
sufficiently low bulk resistivity. Considering carbon com-
posites generally, their attractiveness for electrochemistry
stems from both fundamental and practical advantages over
conventional solid carbon electrodes such as glassy carbon.
First, the paste is readily renewed without extensive polish-
ing, so adsorbates or electrochemical products are easily
removed between runs. Second, the graphite powder has
randomly exposed edge and basal plane and is usually quite
electrochemically reactive. Third, the fractional area of
carbon exposed to the solution is generally much smaller
than the geometric area of the electrode, with the remainder
occupied by the insulating “host”. Since the electrode
capacitance is determined nearly exclusively by the exposed
graphite, the background current resulting from this capaci-
tance is much lower than expected for a given electrode area,
typically by an order of magnitude or more. Fourth, radial
diffusion to the closely spaced carbon particles provides
efficient mass transport of electroactive species, and the
current response is based on the geometric area rather than
the exposed graphite particle area. As a result, the observed
faradaic current is proportional to the total area of the
electrode, while the capacitive background (or any redox
reactions of the graphite surface) is proportional to the
exposed area of a few percent of the total area. The ratio of
faradaic to background current is therefore much higher for
a carbon composite electrode than for a solid graphite
electrode of the same geometric area. Fifth, carbon paste
retains the wide potential window of carbon materials
compared with metals, a point of particular value in early
applications to organic oxidations. Finally, a paste composi-
tion permits addition of a variety of reagents to the host
material, including electrocatalysts, enzymes, and chemical
recognition agents. Many of the more recent carbon com-
posites exploit this last point in order to incorporate unusual
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selectivity or reactivity to the carbon composite electrode.
A recent example of the merits of carbon paste is the
observation that a carbon/mineral oil/enzyme composite
remains active even in acidic solution, while a similar
composite made with polyphenylene diamine instead of
mineral oil was rapidly deactivated by acid.*''

While carbon composites have the advantages of low
background current and usually facile surface renewal, these
positive points come with some costs. The host material may
interfere with redox reactions and adsorption on the carbon
particles, and carbon paste is generally less active for
electrocatalytic reactions than glassy carbon. Not only can
the host coat the graphite surface, the graphite area exposed
to the solution is intentionally a small fraction of the
geometric area, further decreasing the electrocatalytic current.
The composite may not be stable in certain solvents, and
there is a practical lower limit on the size of a composite
electrode, significantly larger than most carbon fibers and
much larger than nanotube electrodes.

Variations on carbon composite electrodes continue to be
reported at a steady rate, with a noncomprehensive survey
of examples appearing in Table 4. Composites of both
powdered graphite and carbon nanotubes remain common,
with a variety of hosts and additives. Chitosan is a poly-D-
glucosamine derived from crustaceans and used in a variety
of biomedical applications. Chitosan is polycationic at pH 7
and interacts with a variety of anionic peptides and hence is
claimed to be beneficial for biosensors and immobilizing
proteins in a composite electrode.?'?'* Tonic liquids such
as N-butylpyridinium hexafluorophosphate have been incor-
porated into carbon composites,®'>'® as have catalytic®'® 32!
and magnetic*** nanoparticles. Room-temperature ionic
liquids were developed relatively recently, and carbon paste
electrodes containing them have been shown to have some
benefits. Figure 32 shows a comparison of a conventional
graphite paste electrode with a graphite/ionic liquid paste
for the voltammetry of dopamine, ascorbic acid, and uric
acid.*'” There are clear differences in the apparent electrode
kinetics and adsorption, which in this case permitted better
resolution of the three redox systems. Composites containing
single- and multiwall carbon nanotubes have been investi-
gated with hydrocarbon,?**3%373% jonic liquid,*'® and poly-
mer>2% binders, and some interesting electrochemical behav-
ior has been reported. Nanotube composites are apparently
quite reactive compared with graphite composites for diverse
redox analytes such as guanine, dopamine, hydroquinone,
and ferricyanide.?”-3!6-323-324.326=328 A ¢ noted earlier, nano-
tube results should be viewed with some caution, due to
variations in the level of edge sites and the possibility of
trace metal contamination.'®*'7%2%2 Electrical conductivity
along the possibly long length of the nanotubes is an
important difference compared with graphite powder and has
been used to “wire” redox enzymes.”®! Nanotube composites
also appear to have a large active area accessible to the
solution, leading to both higher reactivity and also higher
capagczi7tance compared with conventional graphite compos-
ites.”

The huge commercial value of glucose sensors has driven
development of “screen printed” and “ink jet printed”
graphite electrodes, which in many cases are composites
containing enzymes or other catalysts. A suspension of
graphite powder in a volatile carrier is used to print patterns
on an insulating surface, often in the form of a circular
electrode and a carbon stripe as the electrode lead. Various



Advanced Carbon Electrode Materials

s, A

ifpA

-3 - T T 1
1.2 L] 02 (4 16

E/V vs, Ag/AgCl

Chemical Reviews, 2008, Vol. 108, No. 7 2675

0.3 0 0.3 06 09
E/V vs, Ag/AgCl

Figure 32. Cyclic voltammograms (PBS, pH 6.8, 50 mV/s scan rate) of dopamine (DA, 1.25 mM), ascorbic acid (AA, 1.25 mM), and uric
acid (UA, 1.25 mM) at a composite carbon/ionic liquid (A) and conventional carbon paste (B) electrode. Reprinted with permission from

ref 317. Copyright 2006 Elsevier Ltd.

reagents may be added to the printing solution, or printed
separately on top of the carbon surface.'® In commercial
devices, a reference and possibly an auxiliary electrode might
be printed in the same production line, resulting in automated
manufacture of an electrode assembly ready for use with a
drop of solution, blood, etc. Since printed electrodes may
be mass produced, they are often disposable and inexpensive.
Published applications of printed carbon composite electrodes
include substrates for electrochemiluminescence,>***** moni-
toring tyrosine phosphorylation,®*! food analysis,*** and
immunoassay>> and as sensors for ethanol,>** nucleic
acids,>*® and insulin.>*° It is not clear whether printed carbon
electrodes differ from polycrystalline graphite in terms of
the fundamental surface parameters affecting electron trans-
fer, adsorption, and catalysis, but they have enormous
practical value and are likely to dominate the commercial
applications of carbon electrodes for electroanalysis.

5. Carbon Surface Modification

As already discussed in some detail, the structure and
chemistry of a carbon electrode surface is vitally important
to electrochemical applications, particularly those involving
electrocatalysis or selectivity. Polishing, electrochemical
pretreatments, and activation procedures discussed in section

3.6 could certainly be considered surface modifications, but
the current section will deal with chemical reactions that lead
to covalent bonds (usually) between the carbon surface and
a chemical agent. Early modification procedures for carbon
surfaces included adsorption of polyaromatic hydrocarbons, 73
bonding to surface carboxylate groups to form amide
bonds,'®®*%% and reactions of acid chloride reagents with
surface hydroxyl groups.'®” Raman spectroscopy confirmed
the reaction of surface carbonyl groups with dinitrophenyl-
hydrazine to form a resonance Raman active adduct'®%'’
and showed that the DNPH adduct was a planar molecule,
oriented parallel to the graphite planes in HOPG.34%34! A
recent example of modification by physisorption involved
the adsorption of pyrene modified DNA on the basal plane
of HOPG.*** Although these modifications often result in
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Figure 33. Modification of carbon surfaces by reduction of aryl
diazonium reagents made by the reaction of an aromatic amine with
nitrous acid. For details, see refs 197 and 346.

strong surface/adsorbate bonds, they are generally low in
surface coverage (<10%) and often unstable toward acidic
or basic media. Starting in the early 1990s, significant new
approaches to surface modification were reported by several
laboratories, based on radical and photochemical reactions
with mainly sp® hybridized carbon surfaces. The most
commonly used reaction was electrochemical reduction of
phenyl diazonium reagents to produce a phenyl radical, which
then formed a covalent bond with the carbon surface.’*?
Oxidation of primary amines to a radical, which then bonded
to the carbon, was reported in 1990.34+3% As will be
described below, these reactions and more recent related
processes can lead to high coverage and very stable surface
modifications, which have significantly broadened the utility
of carbon electrodes.

5.1. Diazonium lon Reduction

The electrochemical reduction of phenyl diazonium ions
at a carbon electrode to form a covalently modified surface
was first reported by Delamar et al. in 1992°* and was
recently reviewed.**® The process is shown schematically
in Figure 33 for the case of a generic aromatic amine. The
reaction of a wide range of phenyl amines with NaNO, at
low temperature leads to phenyl diazonium reagents, usually
isolated as a tetrafluoroborate salt. Such reagents are stable
for months at low temperature, and several examples can be
purchased commercially. Electrochemical reduction by one
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Figure 34. Voltammetric reduction of the diazonium ion
TN,C¢H4NO; in 0.1 M TBABF; in acetonitrile on a GC electrode.
Curves a, b, and c are the first, second, and third scans, respectively.
From ref 346 (Copyright 2005). Reproduced by permission of The
Royal Society of Chemistry.

electron on carbon electrodes forms a phenyl radical and N»;
then the phenyl radical reacts with the carbon surface by
coupling to an unsatisfied valence or adding to a double bond.
It is likely that a short-lived neutral phenyl-N, species exists
as an intermediate, but it rapidly and irreversibly dissociates
to the much more stable N, and phenyl radical.**” The fact
that the reduction of aryl diazonium ions is chemically
strongly irreversible provides additional driving force for
radical formation, such that surface modification can occur
even without an applied potential >**** As shown for the
case of nitrophenyl diazonium ion in Figure 34, the volta-
mmetry of a phenyl diazonium reagent typically exhibits a
broad, chemically irreversible reduction peak in the region
of 0 V vs SCE, with the peak potential depending on the
substituents on the phenyl ring.>*® The low reduction
potential of the diazonium ion has been attributed to the
strong electron-withdrawing effect of the N,* group, with
electron-withdrawing R-groups shifting the peak even more
positive. The second and subsequent voltammetric scans
generally have much smaller peak currents, because the
electrode is by then covered with an organic layer, which
partially inhibits further reduction. The current efficiency for
surface attachment, that is, the fraction of electrogenerated
phenyl radicals that bond to the surface, is generally less
than 100%, with values of 56% reported for a HOPG surface
and 84% for GC.

Diazonium ion reduction has several features that make it
attractive for surface modification. Since the reactive radical
is made electrochemically, it is generated precisely where it
is most likely to react with the electrode surface. Second,
uncovered regions of the electrode surface are more likely
to reduce diazonium ions than modified regions, since the
electron does not have to traverse an organic layer by
tunneling or hopping. Thus film formation is “self-patching”
with the result being relatively even surface coverage.'®’ The
C—C bond that is formed between the phenyl radical and
the carbon surface is strong and is stable to at least 500 °C
in vacuum.**”-3° The phenyl—phenyl coupling that results
from diazonium modification of sp®> carbon surfaces is
symmetric and should exhibit relatively strong electronic
coupling between the carbon surface and the modification
layer. 140.200.202 11y some cases, surface modification of carbon
materials is spontaneous,**®%-331-32 although generally
yielding lower surface coverage than the electrochemical
route. In addition to chemical modification of sp* carbon
surfaces, diazonium reduction has also been used successfully
onboron-doped diamond,®® carbon nanotubes,*>* % silicon,>***>®
GaAs,>¥ coinage metals,® 3% stainless steel,*®? and
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iron.*>®%? Diazonium reactions with metals vary signifi-
cantly from those with carbon, and only the latter case will
be discussed here in any detail.

Molecular layers formed on graphitic and diamond sur-
faces by diazonium reduction have been characterized by a
variety of techniques, including Raman spectroscopy,®76-341-348-363-365
FTIR spectroscopy,’®®*¢” secondary ion mass spectrom-
etry, 0% XP§,08:200-547:363.369 o[ linsometry,** " and scanning
probe techniques.'®%'?5-197371' A common electrochemical
probe of the modification layer is the reduction of a redox
active substituent, notably the surface nitro group resulting
from reduction of nitrophenyl diazonium ion.*®3-372373
Several of these methods have been used to determine surface
coverage, with often significant variation in the apparent
degree of phenyl modification and the occurrence of pinholes.
The predicted coverage for a close-packed monolayer is ~12
x 107 mol/cm?, based on the geometric size of a phenyl
ring and minimal spacing between molecules on a flat
surface.’®® Quantitative estimates of coverage are generally
lower than this value, in the region of 4 x 10~ '° mol/cm?,
and the discrepancy has been the subject of significant
discussion, '89-372374

The variations in apparent coverage turned out to be an
early indication of the complexity of organic films formed
by diazonium reduction. Several years after the introduction
of the reaction, it became apparent that multilayers were
possible due to the aggressive reactions of electrogenerated
radicals.*®® Since all diazonium reagents used for carbon
surface modification to date are aromatic, electron tunneling
through a monolayer is fairly efficient, thus permitting the
generation of a second equivalent of radicals.'**'*7 Alter-
natively, a radical generated at an unmodified carbon surface
can attack an adjacent surface-bound molecule instead of
the carbon surface itself. A proposed mechanism for mul-
tilayer formation is shown in Figure 35, and both SIMS368
and FTIR?*® evidence have been presented in support of this
or similar reactions. Note that the film resulting from the
mechanism shown remains conjugated, although alternative
mechanisms can result in termination of the chain reaction.
Multilayer films as thick as 20 nm have been observed,**
implying that the multilayer film has significant electronic
conductivity.'*'®7 Experience with a wide variety of dia-
zonium reagents and carbon surfaces indicates that the
tendency to form multilayers and the thickness of the
modification layer depend on the nature of the surface, the
particular diazonium reagent employed, and the deposition
conditions, including scan rate and potential range, diazonium
ion concentration, and number of deposition scans,'8*!7-372

The propensity for diazonium-generated radicals to form
multilayers can be appreciated by considering the kinetics
of the surface reaction. Newly electrogenerated phenyl
radicals can react with the carbon surface or with each other,
depending on concentration and relative reaction rates. If
radical bonding to the surface is fast relative to attack of
molecules already bonded to the surface, then a monolayer
will form, possibly completely, before a second layer of
molecules begins to form. In contrast, if the rate of radical
attack on surface molecules is faster than bonding to the
carbon surface, “mushrooms” will form rather than “wheat
fields”. On HOPG, for example, diazonium reduction resulted
in nucleation of bonded molecules at edge plane defects and
tall clusters of molecules were observed along edge sites by
AFM.*"! Theoretical calculations predict that phenyl bonding
is much stronger at graphitic edge planes than on pristine
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Figure 35. Proposed mechanism for the formation of multilayers
during diazonium reduction at carbon electrode surfaces. From ref
346 (Copyright 2005). Reproduced by permission of The Royal
Society of Chemistry.

basal plane.’”> Spatially resolved Raman spectroscopy of
nitroazobenzene-modified HOPG revealed a much higher
coverage of NAB molecules at defects on HOPG than on
apparently defect-free basal plane.”® Glassy carbon and PPF
have a much higher density of edge plane than HOPG and
therefore many more sites for radical bonding. Figure 36
shows a progression of AFM images acquired from modified
PPF with scans to increasingly negative potentials in a
solution of biphenyl 4-diazonium reagent.'®’

For scans from +0.4 to 0 or —0.2 V, coverage is
incomplete and the variation in film thickness is large
(~40%). The scan to —0.4 V shows even coverage and low
roughness, while a scan to —0.6 V exhibits high points,
which indicate beginning of formation of a second layer of
biphenyl molecules. The squares apparent in Figure 36 are
intentional “scratches” cut into the modification layer using
contact mode AFM with a force gentle enough to avoid
damaging the carbon surface. The depth of this scratch was
determined statistically with several line profiles to provide
a direct determination of film thickness. The conditions of
the diazonium reduction were tuned for each molecule to
produce monolayers, although the AFM thicknesses were
systematically about 0.2 nm larger than that predicted for a
perpendicular monolayer.'®” An FTIR investigation of mo-
lecular layers formed with the same procedure revealed an
average tilt angle of ~35° relative to the surface normal.>®’
Additional evidence for complete coverage of GC and PPF
surfaces by monolayers resulting from diazonium reduction
is the complete absence of electrochemical reactivity for the
oxidation of catechols, which rely on adsorption to the carbon
surface for electrocatalysis'**'*° (Figure 17A) and the ability
to vapor deposit metals on top of molecular layers without
contact between the metal and the carbon substrate.??°-"°
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Although careful control of deposition conditions can result
in monolayers from diazonium reduction, monolayers are
by no means assured. If the reaction between the radical and
the surface is slow, then molecule—molecule coupling
reactions make multilayers possible and even likely. In order
to form the 5—20 nm thick films reported for such multi-
layers, it must be possible for solvent and diazonium reagents
to enter the film'®*2933%¢3™ or for the film to become
electronically conductive.'**'*7377 Solvent has been ob-
served in multilayer films, as have swelling and shrinking
with changes in environment.'® Unlike Au/thiol self-
assembled monolayers, diazonium reduction is not inherently
self-limiting, due to the possibility of further radical forma-
tion after deposition of initial monolayer. Fortunately, it is
possible to control film thickness with suitable deposition
conditions, but good practice dictates an independent veri-
fication of film thickness, for example, by AFM or
ellipsometry.

The high coverage and strong surface bond resulting from
diazonium modification of carbon surfaces has proven useful
for a variety of applications. The surface modification may
be patterned at the microscale using “soft” lithography with
polydimethylsiloxane molds®®® or at the nanoscale using
scanning probe lithography.'® High coverage of the modi-
fication layer can completely inhibit electron transfer for
reactions requiring adsorption to the carbon surface, such
as catechol oxidation'?®'? or can significantly modify the
mechanism of electrocatalytic reactions such as dioxygen
reduction.'*® Modified electrodes can exhibit “conductance
switching”, in which the observed electron transfer rate can
be increased dramatically by a redox process within the
modification layelr.140 For example, the k° observed for
ferrocene on a GC electrode modified by reduction of
biphenyl diazonium ion increased by a factor of 45 when
the biphenyl layer was electrochemically reduced to a more
conducting quinoid form. Carbon fiber electrodes modified
with phenyl sulfonate groups by diazonium reduction show
increased selectivity and sensitivity for catecholamine neu-
rotransmitters during in vivo voltammetry,'? while modifica-
tion of GC with anthraquinone groups leads to enhanced
electrocatalytic oxidation of dopamine,'*® as already noted
above.

Dioxygen reduction at GC and carbon nanotube electrodes
may be catalyzed significantly by bonding quinone species
to the electrode surface using diazonium reduction,'”-78-380
Large biological molecules such as horseradish peroxidase
may be immobilized on carbon electrodes after first reacting
the protein with a phenyl diazonium reagent containing a
para carboxylic acid group.*®' The utility of diazonium ion
bonding to carbon surfaces may be broadened to a wider
range of reagents by a two-step modification in which a
“primer” is first attached to the surface by diazonium
reduction and then a second reagent is attached to the primer,
usually in a second step. Examples include attachment of
epichlorohydrin to surface-bound aminophenyl groups®*” and
nucleophilic substitution of surface benzyl chloride.*®?

The strong surface bond resulting from diazonium reduc-
tion on carbon is particularly important for making “molec-
ular junctions” consisting of a layer of molecules oriented
between two conductors.”***% A significant difficulty with
making such junctions has been the deposition of a metal
“top contact” on a modified electrode surface without the
metal penetrating to the substrate and creating short circuits.
Au/thiol monolayers are prone to this problem due to the
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Figure 36. Tapping mode AFM images for a biphenyl-modified PPF surface following a contact mode “scratch”. Single derivatization
scans from +0.4 to 0, —0.2, —0.4, and —0.6 V vs Ag/AgJr were used to modify the PPF surface, as indicated. Also shown are the mean
thickness (mean) and relative standard deviation (%RSD) determined statistically as described in the ref 197. Reprinted with permission
from ref 197 Copyright 2003 American Chemical Society.
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Figure 37. Current/voltage curves of molecular junctions made from nitroazobenzene (NAB) and fluorene (FL) monolayers with TiO,
between PPF and Au conducting “contacts”. Black curves are the initial scans at 1000 V/s, red are after a +3 V, 100 ms pulse (PPF relative
to Au), and blue after a —3 V, 100 ms pulse. Adapted in part from ref 200 (Copyright 2006) by permission of the PCCP Owner Societies.

relatively weak surface bond and associated mobility of the ample of the behavior of a molecular junction made by vapor
monolayer.***%¢ The strong C—C bond from diazonium deposition of TiO, and Au onto PPF surfaces modified by
reduction (~4 eV compared with ~1.6 eV for Au—S) permits diazonium reduction of fluorene and nitroazobenzene re-
vapor deposition of metals or metal oxides on modified agents is shown in Figure 37.**” The molecular and oxide

carbon surfaces without observable short circuits. An ex- layers total 10—15 nm in thickness, and there is no intentional
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Figure 38. Photochemical route to covalent modification of
diamond surfaces. TFAAD is trifluoroacetamide-protected 10-
aminodec-1-ene; SSMCC is sulfosuccinimidyl-4-(N-maleimidom-
ethyl) cyclohexane-1-carboxylate. Reprinted with permission from
ref 397. Copyright 2003 American Chemical Society.
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Figure 39. AFM images of PPF before (left) and after (right) UV
irradiation in the presence of 1-decene, along with line profiles
across the imaged surfaces. Reprinted with permission from ref
190. Copyright 2007 American Chemical Society.

solvent or electrolyte present. These molecular junctions
exhibit “memory”, in that they can switch between metastable
low and high conductance states in response to “set” and
“erase” voltage pulses. The local temperature rise of the
device during metal deposition is significant, and the good
thermal stability of a C—C surface bond is important to
successful fabrication. The mechanisms and utility of these
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effects in molecular electronics have been described in some
detail.z()o’201’364’387

Formation of C—C bonds between diamond surfaces and
phenyl radicals generated by diazonium reduction has been
reported®® for the boron-doped diamond electrodes described
in section 4.2. XPS and Raman spectroscopy of BDD
modified with nitrophenyl, trifluoromethyl, and nitroazoben-
zene diazonium reagents revealed high coverage and stable
modification layers. The modification reaction had a lower
current efficiency than typically observed for graphitic carbon
surfaces, presumably because 1 equiv of electrogenerated
radical was required to abstract a hydrogen atom from the
H-terminated BDD surface. After that, a second radical could
couple with the surface radical to form the final C—C bond.
Figure 4D shows a Raman spectrum of BDD before and after
covalent modification of the diamond surface by reduction
of nitroazobenzene diazonium ion.

Some significant variations on diazonium reduction have
been reported recently, based on reactions of reactive
precursors with carbon surfaces to result in a covalently
bonded organic layer. These include the reduction of aryl
and alkynyl iodonium salts,*®® reduction of diaryl iodonium
salts,*®® and reduction of diazonium reagents that contain
disulfides.> In the latter case, a multilayer of disulfide
reagents was cleaved to yield a monolayer of a thiophenolate,
thus providing a reliable route to a monolayer modification.
A different example of radical mediated carbon surface
modification is reduction of triaryl and alkyldiphenyl sulfo-
nium ions, which leads to a carbon surface modified with
aryl groups or with a mixture of covalently bonded alkyl
and aryl groups.®®!

5.2. Thermal and Photochemical Modifications

Cycloaddition and photochemical reactions developed for
modifying silicon surfaces’® have been applied to graphitic
carbon and diamond surfaces,***** although the applications
have not been as extensive as those of diazonium reduction.
In ultrahigh vacuum (UHV), clean diamond surfaces form
surface “dimers”, which can react at room temperature with
olefins to form C—C surface bonds. The product of the
cycloaddition reaction is a four-membered ring with two
C—C bonds to the diamond surface.**> Diels—Alder type (4
=+ 2) cycloadditions have been reported on diamond, as well
as the (2 + 2) route, again under UHV conditions.>*® A
photochemical route to modification of diamond with DNA
is shown in Figure 38, involving formation of a surface amine
with trifluoroacetamide-protected 10-aminodec-1-ene (TFAAD)
followed by coupling to DNA through a cross-linker sulfo-
succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carbox-
ylate (SSMCC).*"3® A simpler modification of diamond
with alkanes was achieved by UV treatment of H-terminated
BDD in the presence of 1-decene, and the electrical proper-
ties of the modified surface were investigated.**® The stability
of both GC and BDD electrodes modified by covalent
monolayers was found to be superior to alternative bonding
schemes such as silane and Au/thiol reactions in biosensor
applications due to the thermal and hydrolytic stability of
the C—C bond.****®

A photochemical route to bonding alkenes and alkynes to
polished GC and as-prepared PPF has been reported,
involving illumination of the surface in the presence of a
range of alkenes and one alkyne with 254 nm light."*® The
reaction could be conducted in air without extensive electrode
pretreatment. AFM images of a PPF surface before and after
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Figure 40. Mechanism proposed for thermal attachment of alkene
and alkyne reagents to PPF. Reprinted with permission from ref
400. Copyright 2005 American Chemical Society.

modification are shown in Figure 39, indicating that the
coverage of the surface is not complete for the conditions
employed. Based on the voltammetric peak area for oxidation
of a PPF surface modified similarly with ferrocene—alkyne,
the coverage in that case was 16% of a densely packed
monolayer. Alkene and alkyne derivatives of porphyrin and
ferrocene can also be attached to graphitic carbon surfaces
by heat treatment, in which a solution of the reagent reacts
with a hot (175—400 °C) carbon surface in argon.**® FTIR
was used to determine that the tilt angle of the attached
porphyrin center was 37°—45° relative to the surface normal.
The modified surfaces were stable to sonication in tetrahy-
drofuran, treatment with aqueous acid or base, and extensive
potential cycling in propylene carbonate electrolyte. Surface
coverage was generally less than a complete monolayer,
ranging from 0.2 x 107 ' to 3 x 107 ' mol/cm?, determined
voltametrically for the porphyrin modification. Although the
detailed geometry of the surface bonding was not determined
from the FTIR spectra due to interference from the carbon
substrate, the tilt angle was statistically different for alkene
compared with alkyne modification. A proposed modification
scheme* based on Diels—Alder and (2 + 2) cycloaddition
chemistry is shown in Figure 40.

5.3. Amine and Carboxylate Oxidation

Covalent bonding to graphitic carbon surfaces by oxidation
of amines was reported initially in the early 1990s for carbon
fiber*** and glassy carbon electrodes®* and has been studied
in additional detail more recently.?3-361:373.401402 Eloctro-
chemical oxidation of aliphatic primary amines yields an
amine radical, which can then bond to an unsatisfied valence
or double bond on the carbon electrode surface. An example
is shown in Figure 41 for the oxidation of three alighatic
amines on glassy carbon in acetonitrile electrolyte.*’

Electrolysis in a solution of a primary amine leads to
complete inhibition of the voltammetric oxidation peak, while
similar treatment in a secondary or tertiary amine results in
only minor changes to the voltammetry. A mechanistic
investigation supported by FTIR and XPS characterization
of the modified carbon surfaces concluded that the reactive
surface binding agent is the neutral, deprotonated amine
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Figure 41. Cyclic voltammetry during the course of electrolytic
oxidation of (a) n-butylamine, (b) di-n-butylamine, and (c) tri-n-
butylamine in a 5.0 mM solution of the amine in acetonitirile
electrolyte. Reprinted with permission from ref 402. Copyright 2004
American Chemical Society.

radical.**? Both the earlier**® and later**? studies concluded
that surface binding is much more efficient for primary
amines than for secondary amines and that binding is
essentially absent for tertiary amines. Coverage was assessed
by voltammetry of surface-bound nitrophenyl groups fol-
lowing oxidation of nitrobenzylamine on GC to be in the
range of (3—6) x 10~'° mol/cm?. While this is close to that
expected for monolayer coverage, there was evidence for
pinholes from the electrochemical activity of modified GC
surfaces.*”> Amine oxidation was also used to immobilize
Au nanoparticles on carbon surfaces*®' and for detailed
studies of the “blocking” properties of modification layers
on carbon electrodes.>”* In a somewhat surprising recent
report, spontaneous adsorption of primary amines to a GC
surface was described, forming nearly monolayer coverage
that resisted removal by sonication.*”! XPS and FTIR were
used to observe surface bound nitrogen, and the surfaces were
characterized electrochemically.*"’

A distinct modification reaction that is also mediated by
a primary carbon radical is based on the oxidation of
carboxylates.>”* After carboxylate oxidation and subsequent
loss of CO,, the primary radical may bond to the carbon
surface. The voltammetry shown in Figure 42 illustrates the
oxidation of naphthyl-methyl carboxylate at +1 to 1.1 V vs
Ag*/Ag on either GC or PPF, with the second voltammetric
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Figure 42. Cyclic voltammetry at GC (a, ¢) and PPF (b, d)
surfaces, 0.2 V/s: (a, b) first scan (solid line) and second scan
(dashed) with stirring between scans of 5.2 mM naphthylmethyl-
carboxylate in 0.1 M TBABF./CH;CN solution; (c, d) scans of 3.1
mM Fe(CN)s®~ in aqueous 0.2 M KCI at bare (dashed) and
naphthylmethyl-modified (solid) surfaces. Reprinted with permission
from ref 374. Copyright 2005 American Chemical Society.

scan much smaller due to formation of the modification layer.
The naphthyl-methyl film bonded to the surface completely
inhibited electron transfer to a Fe(CN)s®> ’*~ redox system,
and it was concluded that the modification reaction formed
multilayers under the conditions employed.*”*

5.4. Modification by “Click” Chemistry

A recent and potentially versatile carbon surface modifica-
tion is based on “click” cycloaddition chemistry to a surface-
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bound azide group.*** Cu(I)-catalyzed cycloaddition of
alkynes to azides yields a stable triazole ring, and the reaction
has been used in a variety of applications, including linking
electroactive alkynes with azide groups in self-assembled
monolayers on Au electrodes.***~*°® For graphitic carbon
electrodes,*”’ the azide may be covalently attached to the
surface by addition of iodine azide, IN3, across a double bond
on a graphitic edge plane, as shown in Figure 43.

XPS analysis of the azide-modified PPF surface revealed
the presence of a surface bound azide group (shown in Figure
43B) with a coverage of ~1 x 10~'? mol/cm?. Reaction of
the azide-modified surface with ethynylferrocene in the
presence of a Cu(I) catalyst resulted in the appearance of
the surface voltammetric wave for ferrocene oxidization,
shown in the inset of Figure 43, as well as changes to the
N XPS bands (395—406 eV). The coverage of ferrocene
determined voltametrically was less than that of a typical
monolayer. The use of “click” chemistry for carbon surface
modification has the attraction of using a reaction with a
single reagent to bond a “primer” to the surface, followed
by coupling to a possibly wide range of alkynes to yield
functionalized surfaces.

6. Synopsis and Outlook

Despite at least 100 years of active use of carbon materials
in electrochemistry, there is no shortage of new materials,
properties, and applications. The advent of fullerenes and
conducting diamond by themselves represent major new
avenues for research and development of carbon electrodes,
but these innovations are accompanied by microfabricated
carbon films and devices, aggressive covalent surface
modifications, and a variety of new carbon composites for
mechanistic and analytical electrochemistry. The continued
growth of applications for carbon materials in electrochem-
istry is assured by the properties that attracted the initial users
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Figure 43. (A) Proposed reaction sequence for treatment of carbon surfaces with iodine azide followed by a terminal alkyne and (B) XPS
spectra of a PPF surface before (a) and after (b) reaction of the azide-modified surface with a ferrocene alkyne. Inset in panel b is the
surface voltammetry of the ferrocene modified surface. Reprinted with permission from ref 407. Copyright 2007 American Chemical Society.
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of carbon electrodes long ago: the availability of different
conducting allotropes, the strong covalent bonds within
carbon materials and to a variety of surface modifiers, the
good thermal and electrochemical stability, and the possibility
of a wide range of carbon microstructures of varying
hardness, cost, and reactivity. The obvious point that sp” and
sp” hybridized carbon materials differ fundamentally from
metals in their structure, reactivity, and electronic properties
still deserves emphasis, because those differences enable
many of the major applications of carbon materials in
electrochemistry.

It is generally risky to attempt to predict future results of
scientific research, but some consideration of probable
upcoming developments in carbon electrochemistry is stimu-
lated by the preceding review. Carbon nanotubes and
conducting diamond both hold significant promise, the former
for unusual electrode architectures enabled by nanotube
conductivity and aspect ratio and the latter by the hardness
and stability of diamond. Just as the dimensionally stable
anode revolutionized industrial electrochemistry, the stability
of diamond may find significant applications where stability
is paramount. The large length to diameter ratio of carbon
nanotubes, combined with their high conductivity enable new
electrode architectures for “wired” composites which enhance
electrical communication between a bulk conductor and an
enzyme or redox-active electrode modifier. In the author’s
opinion, there is still work to be done on the preparation of
monodisperse CNT materials and on determining and
controlling the structural parameters that underlie their
behavior. Applications requiring ordered arrays of CNTs with
low defects will depend additionally on growth and fabrica-
tion innovations.

Another promising area for future advances in carbon
electrochemistry is micro- or nanostructuring of thin films
and their surfaces. With electron beam and nanoimprint
lithography permitting design and microfabrication of carbon
thin films at the 10—100 nm level and the variety of surface
modifications discussed in section 5, there is a wealth of
opportunities for nanoscale electrochemical devices based
on carbon materials. These may include interdigitated arrays,
nanogaps, ultramicroelectrodes, and microfluidic channels
and detectors. When the dimensions of an electrode approach
the nanometer scale of nanotubes and modern lithographic
structures, mass transport is much more efficient, thus
permitting the study of very fast electrode kinetics and
enhancing the response of many electroanalytical sensors.
Furthermore, when the electrode dimension approaches the
double layer thickness, interesting and unusual kinetic and
electrostatic effects occur. It is likely that carbon nanotubes
and other nanostructured electrodes will be key players in
the investigation of such phenomena. Even when the many
advances in carbon materials for electrochemistry of the past
~15 years are considered, it is clear there remains plenty of
“mileage” in carbon materials for both fundamental and
applied research and development in electrochemistry.
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