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20.1 INTRODUCTION

Scanning nanoscopies have led to a new stage in the study of interfacial
processes. Data derived from these techniques, especially scanning tunneling
microscopy (STM) and atomic force microscopy (AFM), offer the possibility of
studying the physical chemistry of surfaces on solid substrates at the atomic and
molecular level [1-5].

Heterogeneous catalysis is an important field for the application of these
techniques. Because of the use of these nanoscopies, advances have been made
in the knowledge of the geometry and effective area of solid catalysts, the
sintering process that decreases their performance and lifetime, the adsorbate
film structure on crystallographically well-defined surfaces, and the influence
of surface defects on the dynamic behavior of these films during adsorption,
desorption, and chemical reaction stages.

Adsorption by Carbons © 2008 Elsevier Ltd.
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514 Chapter 20 Self-Assembled Monolayers on C{0001)

Nanometer-scale (nm) nanoscopies provide information on restricted
molecular domains that comprise some hundreds of molecules. This information
at the local level is not accessible by other surface analysis techniques because
the latter provide average data on the whole sample. Studies at the local level
reveal the complexity of physicochemical processes taking place at solid/fluid
interfaces under different perturbation conditions. Local data are a solid basis
for the theoretical interpretation of these processes by the use of Quantum
Mechanics procedures.

Nanoscopies supplemented with conventional techniques will allow the ratio-
nal handling of the catalyst/reactive system based on its knowledge at the
atomic/molecular level. The application of nanoscopies in surface chemistry
offers the possibility for determining the nanostructure of solid surfaces, sur-
face reconstruction phenomena, to identify the structure of ionic and molecular
adlayers, to study the dynamics of these adlayers in their adsorption and des-
orption at the submonolayer and monolayer (ML) level. Likewise, they are
important tools to follow reactions at solid surfaces in real time in difterent
environments. The reader can get acquainted with the state of the art on these
topics in Refs [5-12].

This chapter describes the application of tunneling and AFM to the study of
inorganic and organic adsorbates on C(0001) at the submonolayer and ML level.
The C(0001) surface can be taken as a model system for the study of adsorption
processes because it is atomically smooth and exhibits a low chemical reactivity,
allowing an easy handling in the atmosphere. The knowledge of adsorption on
carbon is important in the field of electrocatalysis because carbon is widely used
as a matrix for the dispersion of catalytically active metallic clusters.

20.2 CHARACTERISTIC OF THE HOPG SUBSTRATE

20.2.1 General Considerations

Highly oriented pyrolytic graphite (HOPG) is the most adequate type
of carbon to investigate the adsorption of both molecules and atoms, and the
formation of molecular and atom clusters on the C(0001), the basal plane of
graphite [1-5],[9-12] The procedure for HOPG fabrication was developed by
Union Carbide in USA. HOPG is prepared from the thermal decomposition of
gaseous hydrocarbons on a surface heated at 1200-3800°C followed by high-
pressure compression of the surface under heating [13].

HOPG’s first use was as an X-ray diffraction grating. Later, with the advent
of nanoscopies it became of particular interest as a carbon material with flat
terraces constituted by the basal plane that could be resolved at the atomic scale.
Accordingly, HOPG was utilized as a calibration standard for STM, and as a
substrate for adsorption studies. Besides, the ease with which HOPG can have a
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pristine basal plane surface just by exfoliation with scotch tape and its chemical
inertia make HOPG a very important substrate to be utilized in STM and AFM.

HOPG consists of ordered layers (graphene sheets) of carbon atoms consti-
tuting a honeycomb lattice. The arrangement of graphene sheets is of the type
AB.A.B (Fig. 20.1(a)), the nearest neighbor graphene sheets are shifted hor-
izontally by one interatomic distance [14]. The separation distance of nearest
neighbor graphene sheets is 0.355 nm, and the lattice constant in the vertical
direction is 0.67 nm. Correspondingly, for alternatively located graphene sheets,
three carbon atoms out of the six atoms forming each hexagon of the 2D lattice
lie on the same vertical, whereas the remaining three carbon atoms lie on the
vertical containing the center of hexagons (Fig. 20.1(b)).

For each graphene sheet the atomic lattice consists of six carbon atoms forming
an open honeycomb type hexagon with 0.142nm between nearest neighbor
atoms. The Bravais lattice, however, corresponds to a hexagonal lattice centered
with two carbon atoms for each unit cell, and 0.246 nm separation between
neighbor Bravais point so that 0.246/0.142 = /3. The interaction between
graphene layers is determined by van der Waals weak forces, making exfoliation
of HOPG easy.

Graphite is thermodynamically stable under usual conditions, but its structure
is typically anisotropic as it is reflected, for instance, by the Young’s modulus that
is 10.3 x 107> MPa along the basal plane and 0.3 x 107> MPa in the direction
perpendicular to the basal plane. A similar effect occurs with the capacitance of
the HOPG/aqueous electrolyte interface, the potential of zero charge, and the
work function values (see Chapter 21).

Figure 20.1 (a) Scheme of the 3D highly oriented pyrolytic graphite (HOPG) atomic layer.
Note the lateral displacement of atomic layers. (b) Little circles form the honeycomb lattice.
Big circles correspond to the Bravais cell. The unit cell is drawn (shadow) at the upper right
part of the figure. The corrugation between two carbon atoms located within the ellipse is
the region sensed by the tip in the contact mode atomic force microscopy (AFM).
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The four valence electrons of carbon are involved in three o bonds and one 7
bond with its neighbors in plane. The electrical conductivity of graphite is due
to T bonded electrons. In contrast to insulator diamond, the electrical resistance
of graphite along the basal plane direction is 4.1 X 107°€) cm, a figure of the same
order of magnitude as that of metals such as platinum and palladium. According
to the band theory, graphite is considered as a semimetal, the overlapping of
the conduction and valence bands is about 0.04 ¢V. The electronic structure of
graphite accounts for its hydrophobicity [15].

20.2.2 Nanoscopy Characterization of HOPG
20.2.2.1 The hexagonal lattice

AFM images (10 x 10 um?) of a fresh HOPG surface (Fig. 20.2) show
a number of features, namely, large monoatomic terraces about 100 nm wide
and several micrometer long. Terraces are separated by steps of either one atom
or a few atoms in height. Some triangular-shaped terraces with angles that are
multiples of 30° are consistent with the hexagonal lattice (Fig. 20.3(a)). Besides,
STM images also show some features that are artifacts from the exfoliation
technique (Fig. 20.3(b)). These artifacts have been classified as steps, strings,
fibers [16] either single or agglomerated, small pieces of graphite, and very tiny
particles. A detailed analysis of these additional features is required to avoid a
wrong interpretation of the structure of adsorbate patterns on HOPG.
When terraces are imaged at high resolution (Fig. 20.4(a)), i.e., below
10 x 10 nm?, the STM image of C(0001) depicts a hexagonal lattice with nearest
neighbor distance d = 0.246 nm. The corrugation of this type of image depends
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Figure 20.2 Ex situ atomic force microscopy (AFM) image of the basal plane of highly
oriented pyrolytic graphite (HOPG). Wide terraces separated by steps can be seen.
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(a) (b)

Figure 20.3 (a) Ex situ 3.8x3.8 wm? atomic force microscopy (AFM) image of highly ori-
ented pyrolytic graphite (HOPG) that shows steps of different heights. (b) A 4.15x4.15 um?
AFM image of HOPG where strings produced by the exfoliation technique are shown.

Figure 20.4 (a) Ex situ 3 x3 nm? scanning tunneling microscopy (STM) image usually found
in highly oriented pyrolytic graphite (HOPG). (b) Honeycomb structure observed by STM
(1x1nm?).
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on the tunneling current (I,) and the voltage (V) applied between the STM tip
and the sample surface. Thus, corrugation of about 0.1 nm results for I, & 1 nA
and V, & 0.05V, whereas the corrugation decreases to 0.02nm for I, & 1V.
The change in voltage polarity has practically no effect on the HOPG image.
Occasionally, the typical honeycomb structure of graphite can be observed by
STM (Fig. 20.4(b)). As discussed below, the origin of this type of images is
controversial. They have been considered as “high-resolution images” that are
obtained when the STM tip is extremely sharp or as an “artifact” arising from
a multiple tip [17].

The lattice shown in Fig. 20.1(b), which is usually imaged by STM or AFM,
is formed by only three instead of six carbon atoms. The corresponding nearest
neighbor carbon—carbon atom distance is that of the Bravais hexagonal lattice
referred to above. The scheme depicted in Fig. 20.1(a, b) accounts for the
appearance of this image.

20.2.2.2 Additional features

Step corrugations of about 1020 nm are easily observed with thin graphite
samples that have been exfoliated several times. However, the Bravais lattice
can be observed by small-size imaging (=10 X 10 nm?), and at slightly higher
magnifications (50 X 50 nm?) superstructures of different periodicity are occa-
sionally observed. These superstructures of HOPG (Fig. 20.5.) make it difficult
to recognize unambiguously the structure of molecular adsorbates.

Figure 20.5 Ex situ 46 x46 nm? atomic force microscopy (AFM) image of highly oriented
pyrolytic graphite (HOPG) showing a lattice that is not correspondent with the lattice shown
in Fig. 20.1.
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Strings are thin graphite stripes that are removed by exfoliation from steps
and attached to another step [16]. The three threads shown in Fig. 20.3(b) that
covered the entire image are 66 nm large and about 2.8 nm wide.

Fibers are observed by STM as thin tubes about 2.5 nm in diameter and 20 nm
long formed by agglomeration of threads. Atomic resolution at fibers can also be
obtained, although with a poor definition. They are produced by step rupture
by exfoliation.

Island-like pieces, most of them at the border of holes, are also sometimes
produced by exfoliation (Fig. 20.6). The islands depicted in this figure are about
0.3 nm high, a figure that is similar to the depth of holes.

Different superlattices with +/3 X 4/3 periodicity have been imaged. This peri-
odicity has been related to rotation of graphite lattice [17]. These superlattices
can be produced by either a multiple tip effect [17b] or electronic perturbations
caused by adsorbed molecules [17¢]. A hexagonal superlattice with a 4.4nm
periodicity, rotated 30° with respect to the HOPG lattice, and 0.38 nm cor-
rugation has also been reported [17a]. This superlattice was also attributed to
rotation of the surface layer of graphite. As this type of superstructures is most
frequently observed for thin layers of material, they have been associated with
charge density waves [14, 18].

Occasionally, a sort of lattice of holes is also imaged. The structure of this
lattice can be interpreted as an atomic honeycomb lattice in which each hole
in the image would represent the hole of a hexagon in the honeycomb lat-
tice. According to theoretical calculations, graphite STM images with atomic
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Figure 20.6 Ex situ atomic force microscopy (AFM) image that shows island-like pieces
produced on highly oriented pyrolytic graphite (HOPG) by step rupture from the exfoliation
procedure.
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resolution should be dominated by independent Fourier components [19] of
three carbon atoms usually imaged. The multiple tip effect would produce a
relative change in the amplitude and phase of other components, this fact being
reflected in the change of the maximum amplitude observed by STM. A poor
instrument resolution might produce a comparable effect [20]. The same fea-
tures from atomic resolution AFM images of graphite (Fig. 20.7(a, b)) can be
distinguished.

Two models have been proposed to explain the AFM images of graphite [21].
In one of these models the calculations are based on the scanning of the graphite
surface with a single potassium atom. For applied forces of the order of 1 nN, i.e.,
a value lower than about 50 nN used in the contact mode AFM, the corrugation
between two carbon atoms located within the ellipse (Fig. 20.1(b)) would be
indistinguishable by the AFM cantilever tip. But the situation would be reversed
when the tip goes through two ellipses via the hexagon centers.

Another possibility considers the asymmetry of carbon sites in the graphite
lattice (Fig. 20.1(a)). Thus, the carbon atom located in the upper graphene,
which is directly above the carbon atom in the lower graphene, would suffer
a weaker interaction with the tip than that facing the centers of the hexagon.
This explanation would be similar to that admitted for the interpretation of the
corresponding STM images.

Therefore, it can be concluded that STM imaging on HOPG is influenced
by structural defects, adsorbates and electronic effects [22]. The latter would
prevail at step sites where an asymmetric distribution of electric charges would
be more favorable.

Figure 20.7 Ex situ atomic force microscopy (AFM) images of highly oriented pyrolytic
graphite (HOPG). The distance is 0.246 nm.
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20.3 SELF-ASSEMBLED SUBMONOLAYERS AND
MONOLAYERS

One important aspect of heterogeneous chemical reactions at solid surfaces
is related to the presence of adsorbed species that play a key role in deter-
mining the rate and efficiency of these processes. Therefore, the knowledge of
molecular arrangements on solid catalysts of reactants, reaction intermediates, or
products is of outstanding importance in dealing with fundamental aspects of
heterogeneous catalysis.

Self-assembled molecular arrangements on HOPG can be spontaneously pro-
duced by different procedures that are based on the type of interactions between
either bare HOPG regions or functional oxygen-containing groups existing
at the HOPG surface (see Chapter 21). These arrangements, covering from
the submonolayer to the multilayer level, are dominated by either physical or
chemical adsorption.

The adsorption of an atom on a molecule at a solid surface is attributed to
a physisorption phenomenon principally because of van der Waals forces. In
physisorption no appreciable reordering in the adsorbate electronic distribution
occurs. This situation is generally found in the adsorption of noble gases on
metal surfaces, in which adsorption energy values in the range 1-10kJ/mol are
involved. These figures are of the same order of magnitude as that of the thermal
energy (kT) of molecules at T'=298 K (approximately 2.5 kJ/mol). Accordingly,
to observe physisorbed systems by atomic resolution STM or AFM, experiments
have to be performed at a very low temperature and above 1 atm pressure [23].

The formation of supramolecular layers (see Chapter 21) is another way of
producing adequate architectural molecular designs on HOPG and carbons in
general, although the structural analysis of these layers by nanoscopic techniques
is still a complicated matter. A few typical examples of adsorbates on C(0001)
are described in the following sections.

20.3.1 Alkane Adsorption on C(c001)

In principle, the adsorption of alkane molecules on C(0001) would appear
unlikely because of the inert character of the substrate. In this case, however,
besides van der Waals forces, other contributions come into play and can make
energy adsorption reach values of up to 100kJ/mol, which are comparable
to those of chemisorption processes. This enables determining the structure
of aliphatic hydrocarbons adsorbed on C(0001) by AFM or STM because the
adsorbate withstands tip—sample interaction forces.

The adsorption energy of alkanes on C(0001) decreases with temperature and
increases with the chain length [24] due to an increase in the affinity of alkane
carbon atoms with C(0001) atoms. This involves the adsorption of aliphatic
molecules ordered with the chain axis lying parallel to the C(0001) plane. Under
these conditions, the interaction of the adsorbed molecule increases because of



522 Chapter 20 Self-Assembied Monolayers on C(0001)

the geometric matching of the carbon lattice of the C(0001) plane with that
of the zigzag aliphatic chain, each CH, occupying the hexagon area in the
graphite lattice. With this configuration the adsorption energies are 21.6 kJ/mol
for n-hexane and 105.6 kJ/mol for n-hexadecane.

20.3.2 Sulfur Atom Submonolayers on HOPG

Sulfur electroadsorbs on HOPG from SH™-containing neutral buffered
aqueous solution (pH 8) at potentials (E) close to —0.8 V (versus NHE), i.e., at val-
ues of E more negative than the reversible potential (E,) forthe SH™ =S+H™* +e~
reaction. The surface coverage by sulfur atoms, estimated from the electroadsorp-
tion/electrodesorption charge, is close to 1/2. Different structures of sulfur atom
submonolayers on HOPG have been observed by STM [25a, b]. One of these
structures corresponds to sulfur trimers with d = 0.24 nm and S atoms atop C
atoms (Fig. 20.8(a)). Conversely, for E > E,, other submonolayer structures are
formed, namely, a 4/3./3 R30° structure with d = 0.42 nm, a sulfur atom hon-
eycomb lattice with d = 0.24 nm, rectangular arrays of sulfur atoms with d =
0.21 nm (Fig. 20.8(b)). The influence of the HOPG surface on sulfur atom elec-
troadsorption is reflected in the values of d = 0.42nmand d = 0.24 nm, whereas
the S-S distance, d = 0.21 nm, which is observed for E > E,, is close to that
found for polysulfide species [26]. A similar behavior has been observed for sul-
fur atom electroadsorption on Au(111) surfaces [26]. Adsorption energy values
for S atom adsorption on HOPG in the range 30—40 kJ/mol have been evaluated
theoretically [25b].

20.3.3 Alkanethiol Adsorption on C(0001)

The contrast of organic molecules adsorbed on C(0001) in STM images
depends on the functional group at the molecule head [27]. Contrast is generally
enhanced for functional groups than for aliphatic chains. For functional groups
it decreases in the order SH>I>Br>NH,. This sequence offers the possibility
to discriminate the functional group from the rest of the molecule by STM.
It should be noted that for OH and chloride groups, contrast is comparable
to that of the remaining aliphatic chain, which turns their distinction by STM
practically impossible.

The structures of the CH;(CH,),,SH adlayers on C(0001) [28] are similar to
those of the alkanes. They consist of molecular domains lying parallel to each
other forming a 90° angle with respect to the chain direction. A kind of disorder
is also observed in the vicinity of neighbor SH groups.

Ex situ AFM images of a 1-dodecanethiol ML on C(0001) (Fig. 20.9(a))
exhibit an array of parallel-oriented bright rows [29]. At a higher resolution
(Fig. 20.9(b)) pale bands between rows, corresponding to aliphatic chains, and
bright circles along each row, attributed to S heads, can be seen. Similar images
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(b)

Figure 20.8 Ex situ atomic resolution scanning tunneling microscopy (STM) images
of sulfur atoms adsorbed on highly oriented pyrolytic graphite (HOPG): (a) 3x3nm?;
(b) 6.32x6.32nm?.

are obtained by STM (Fig. 20.10) although, in this case, pale bands cannot
be seen. Bands 1.2nm in length become somewhat shorter than that of the
extended chain molecule. The interband separation, which would be related to
the intermolecular separation, is 0.65 nm. The angle between a row of S heads
and the chain direction is 120°. The S heads along a row are generally placed
behind the chain of the neighbor row.
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Figure 20.9 Atomic force microscopy (AFM) images of 1-dodecanethiol monolayer
adsorbed on C(0001). (a) Bright spots are attributable to sulfur heads. Image (a) exhibits an
array of parallel-oriented bright rows. At a higher resolution (b) pale bands between rows
corresponding to aliphatic chains and bright circles along each row attributed to sulfur heads
can be seen.
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Figure 20.10 Scanning tunneling microscopy (STM) images of 1-dodecanethiol monolayer
adsorbed on C(0001). (a) and (b) Sulfur heads exhibit an array of parallei-oriented bright
rows, At a higher resolution only the highly oriented pyrolytic graphite (HOPG) lattice can
be observed (not shown).
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Figure 20.11 Molecular resolution atomic force microscopy (AFM) images of a
1-butanethiol monolayer on highly oriented pyrolytic graphite (HOPG). Distance between
bright lines are compatible with the length of adsorbed molecules.

Ex situ AFM images of 1-butanethiol on C(0001) (Fig. 20.11) exhibit a
structure similar to that described above. In the lower left part of the image
depicted in Fig. 20.11 some bright spots along the rows, probably related to
S heads, and a few pale bands, associated with aliphatic chains, can also be
observed. The intermolecular separation distance between two bright spots is
0.45nm. The 0.55-nm-long band is consistent with the aliphatic chain length
(Fig. 20.11). As observed for 1-dodecanethiol, the angle between the chains and
the direction of a bright row of S heads is 115°.

Alkanethiols with short- and medium-length aliphatic chains adsorbed on
C(0001) display heads with the molecular axis lying parallel to the basal plane of
the substrate. This conclusion that was drawn from the analysis of AFM images
is consistent with the interrow separation of S heads deduced from STM images,
and agrees with previous results for alkanethiol with 22 carbon atoms [27, 28].
However, aliphatic chains of intermediate length seem to be extended on the
substrate surface only a fraction of their length. As in the case of Au(111), for
alkanethiols adsorbed on C(0001) the longer the adsorbate aliphatic chains the
more ordered they are [30].

The fact that in some regions in the images (Figs 20.9 and 20.10) the length
of 1-dodecanethiol does not match exactly that of the molecule fully extended
on the surface is attributed to the occurrence of a mixed cis—trans configuration
(gauche conformation). The scheme of this configuration (Fig. 20.12) includes
C atoms located at the same sites as those of the C(0001) lattice, and the change
in configuration is shown by an ellipse (see Fig. 20.12). The S atom separation
between two aliphatic chains in a row is 1.25nm, a figure that agrees with that
determined from the images. The S atom separation between two molecules
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Figure 20.12 Scheme of the 1-dodecanethiol structure adsorbed on highly oriented pyrolytic
graphite (HOPG). The axis of the hydrocarbon chain is oriented parallel to the surface,
although partially extended.

located at neighbor rows is 0.75 nm, and the angle formed between the molecule
axis and the direction of S heads is 120°. These figures agree reasonably well
with measured values.

The adsorption energy of alkanethiols on C(0001) can be estimated consid-
ering the energy of lateral interactions between the aliphatic chains, which is
of the order of 4kJ/mol for CH,, and the intermolecular interaction energy in
liquid alkanes, which for hexadecane is 57 kJ/mol. The energy difference for
the interaction between the chains of the hexadecanethiol ML on Au(111) and
in liquid alkane is 17kJ/mol. From the calculation of the adsorption energy
of S on C(0001) [31], it was concluded that the vertices of graphite hexagons
(small circles in Fig. 20.1) or sites located between two hexagons (large circles
in Fig. 20.1) are the most favorable adsorption sites, as shown by 1-butanethiol
adsorption on C(0001). Predictions, however, become more uncertain because
in these cases the tendency of C atoms to follow the C(0001) lattice prevails.
On the basis of the adsorption energies of n-hexadecane (100 kJ/mol), n-hexane
(22kJ/mol), and S on C(0001), the adsorption energy for dodecanethiol obtained
from extrapolation is 70 k]/mol. This value exceeds that of the adsorption energy
of S on C(0001) and confirms the stability of the adsorbate on C(0001).

The ordering of adlayers of alkanethiols on C(0001) indicates that the
head-neighbor molecule chain interactions and, to a lesser extent, that of the
head-head of molecular pairs prevail.

Results from the adsorption of alkanethiols on C(0001) as well as on
Au(111) [32] show a strong influence of the substrate on the configuration of
adsorbed molecules, regardless of the length of the aliphatic chain.
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