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We have carried out the functionalization of multiwalled carbon nanotubes (MWCNTs) viaπ-π inter-
action with benzyl mercaptan. The presence of noncovalently bonded benzyl mercaptan was demonstrated
by X-ray photoelectron spectroscopy, which revealed spectral changes indicating itsπ-π interaction
with the CNTs. The subsequent bonding of the thiol groups to both evaporated and chemically reduced
Pt nanoparticles was demonstrated by the formation of strong Pt-S bonds in the Pt 4f and S 2p spectra.
High-resolution transmission electron microscopy was used to confirm the Pt nanoparticle distribution
along the walls of the CNTs.

Introduction

Many applications utilizing carbon nanotubes (CNTs,
which can exist as single-walled, SWCNTs, or multiwalled,
MWCNTs) require the surface to be functionalized in order
to participate in chemical or physical reactions. For example,
the generation of high-strength fibers or CNT composites is
associated with the separation of as-formed CNT bundles
into individual CNTs and their subsequent thermodynam-
ically stable dispersion in a polymer matrix. Load transfer
efficiency demands that nanotube surfaces be thermodynam-
ically compatible with the host matrix.1 Further, sensor
applications involve the tethering of chemical moieties with
specific recognition sites for analytes to nanotube surfaces
to ensure the observation of a predictable response in the
optical or transport properties of the CNTs.2 In addition, in
the case of metal nanoparticles deposited onto CNTs serving
as high-surface-area catalysts in industrial processes, CNT
functionalization3-6 is needed for strong interfacial inter-
actions, so as to obtain and maintain both a larger ratio
between the metal nanoparticle surface and volume and an
increased nanoparticle loading. The ability to control the type
of functionalization permits the tailoring of physical and
chemical properties for specific applications.

Many methods have been used for CNT functionalization,
including (1) wet chemical processing and (2) dry chemical
processing. Wet chemical processing comprises oxidation in
strong acids and subsequent derivatization;7,8 direct reaction

with fluorine and subsequent nucleophilic substitution;9,10

electrochemical or thermal reduction of aryl diazonium
salts;11,12addition of radicals, nitrenes, or carbenes;13 supra-
molecular complexation with detergents, proteins, or poly-
mers;14-16 ozonolysis and subsequent derivatization;17-19

ultrasonication with organic materials;20 and, recently, thi-
olation with elemental sulfur.21 Dry chemical processing
comprises plasmas using both nonreactive and reactive
gases22-24 and low-energy ion-beam bombardment in a
vacuum.25

These methods involve both covalent and noncovalent
(e.g.,π-π interaction26-29) bonding; aπ-π interaction was
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originally proposed30 as an explanation for the attractive inter-
action that exists between molecules containingπ orbitals
in the absence of spectroscopic evidence for HOMO-LUMO
interactions. Aπ-π interaction is an electrostatic interaction
in which the offset and/or orientation of theπ orbitals on
opposing molecules maximizes the opposingσ-π attractive
interactions while minimizing the opposingπ-π repulsive
interactions. Such interactions with CNTs can be surprisingly
strong, depending on the opposing molecules, capable of
withstanding temperatures of>400° C.31 Manifesting fewer
detrimental effects on the electrical and mechanical properties
of CNTs, these latter methods have attracted considerable
attention.8

Pt nanoparticles supported on CNTs have attracted interest
as fuel-cell cathode electrocatalysts for oxygen reduction at
relatively low temperatures32-39 and as electrochemical bio-
sensing platforms40 because of the very large surface-to-
volume ratio of the CNTs. However, it is difficult to control
the Pt nanoparticle loading,36 as well as their dimensions
and densities. There is also a serious nanoparticle adhesion
problem because Pt interacts weakly with pristine CNTs; this
permits nanoparticle surface diffusion and coalescence,
strongly affecting catalytic efficiency. One must choose an
appropriate CNT surface modification, e.g., grafted chemical
groups,32-39 to increase the interaction with the Pt nano-
particles, to control their dimensions and densities. Surface
chemistry also strongly affects metal quantum-dot dimen-
sions, shapes, and densities41 and metal/CNT composite
mechanical properties,42 as well as the electrical contact

properties of metal/CNT-based devices.43 The catalytic effi-
ciency of supported Pt nanoparticles39 has been found to
increase with the extent of dispersion, as well as with a
narrow size distribution between 2 and 4 nm.

As recently reported,36 a potential CNT functionalization
method for achieving this efficiency is the thiolation of
CNTs, to form S-Pt covalent bonds. Although sulfur is
generally recognized to be a surface poison that decreases
electrocatalytic activity, it was shown by Kim and Mitani36

that there is no such effect of the sulfur of thiol groups on
Pt-CNTs, in either methanol oxidation (MOR) or oxygen
reduction (ORR) reactions, when there is strong adhesion
of the S-containing moiety to the CNT.

Here, we explore such thiolation through the surface
functionalization of MWCNTs with benzyl mercaptan (C6H5-
CH2-SH) as an example of thiolation through aπ-π inter-
action. Similar interactions are expected with other aromatic
thiols, differing only in the surface density of the grafted
thiol groups (size effect) and the thermal stability of theπ-π
interaction.31 In the case of benzyl thiol, the phenyl ring
(C6H5-) participates in aπ-π interaction with the walls of
the CNTs, and the thiol group (-SH), separated from the
phenyl ring by a methylene group (-CH2-) to minimize
electron delocalization between the two, is intended to react
with the Pt nanoparticle through the formation of a S-Pt
bond. We have chosen to use benzyl mercaptan because the
small dimensions of the phenyl ring permit (a) a high density
of thiol groups on the CNTs and (b) a shorter electrical
contact distance between the Pt nanoparticle and the CNT;
benzyl mercaptan is also readily available and easy to use.
The thiolation process was followed by both X-ray photo-
electron spectroscopy (XPS) and high-resolution transmission
electron microscopy (HRTEM). Despite the fact that spectro-
scopic evidence for aπ-π interaction is normally lacking,
which results in such an interaction being assumed rather
than demonstrated, we show that XPS spectral evidence
exists that clearly confirms such interaction.

Experimental Section

MWCNTs (95% purity, 20-30-nm diameter, 1-5-µm length)
were obtained from Nano-Lab, Brighton, MA; 0.5 mg of the CNTs
was dispersed in 5 mL of 18 MΩ deionized water and sonicated
for 1 h to separate the nanotubes.25,29 They were then mixed with
375µL of benzyl mercaptan dissolved in 1175µL of ethanol, and
the solution was sonicated for 30 min or less. (XPS has revealed
that sonication for longer times causes significant thiol oxidation.)
A well-dispersed CNT mixture was obtained, that was stable for
several days.

For XPS analysis, the mixture was deposited onto a piece of Si
wafer by dropping and drying. XPS analysis was carried out in a
VG ESCALAB 3 Mark II apparatus, using nonmonochromated Mg
KR radiation at 300 W. The instrument resolution was∼0.75 eV.
The instrument analysis chamber is directly attached to a UHV
preparation chamber via a gate valve, avoiding air exposure upon
sample transfer. Pt nanoparticles were deposited either by evapora-
tion in the preparation chamber, with an electron-beam evaporator,
using a deposition rate of 0.15 nm/min at a pressure of 2× 10-8
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Torr (the base pressure in the deposition chamber was<1 × 10-9

Torr) or by the addition of separately produced nanoparticles, pre-
pared by the wet chemical reduction of equal volumes of 0.03 M
aqueous H2PtCl6 by 0.1 M HCOOH. After Shirley background
subtraction, the spectra were analyzed by the XPSPeak 4.1
program.44 This freely available program uses two terms, TS and
TL, to express asymmetry; the value of TS controls the peak
asymmetry (TS) 0 for a symmetric peak), and the value of TL
controls the tail asymmetry.

For HRTEM analysis, the mixture was deposited onto a 400-
mesh Cu grid by dropping and drying. Pt was evaporated onto the
HRTEM sample using a separate electron-beam evaporator at a
pressure of 10-7 Torr. HRTEM was carried out in a JEOL JEM-
2100F instrument operating at 200 keV, using a high-brightness
LaB6 electron gun.

Results and Discussion

Figure 1 presents a schematic of benzyl mercaptan attached
to CNTs via aπ-π interaction. In the absence of obvious
spectroscopic changes,30,31 the following evidence attests to
the presence of this interaction:

(1) The C 1s XPS core-level spectra are seen in Figure 2.
The C 1s line shape is observed to change in the following
ways:

(a) The TS asymmetry index increases from 0.2 (untreated
CNTs) to 0.6 (after benzyl mercaptan functionalization). As

we previously demonstrated for both HOPG45 and CNTs,25

the C 1s spectrum is composed of five components, one of
which, C2, at 285.6 eV, represents electron delocalization
whose range has been limited for some reason (e.g., structural
damage, chemical interaction). We have shown43 that the
value of the TS asymmetry index correlates with the intensity
of the C2 peak when the alternant hydrocarbon structure was
intentionally damaged by an Ar+ beam.44 In the present case,
a π-π interaction with the extensively delocalized undam-
aged structure, represented by the C1 component of the C 1s
spectrum at 284.6 eV,46,47effectively limits the delocalization,
increasing the C2/C1 intensity ratio in the C 1s spectrum;
this is demonstrated by the measured increase in the TS
asymmetry index.45

(b) There is also an increase of the C 1s spectral peak
width upon functionalization, from 1.3 to 1.7 eV. This is
expected when the electron delocalization becomes lim-
ited45,46 as a result of the interaction of benzyl mercaptan
with the CNT sidewall. Broadening is also due to the over-
lapping of the CNT and benzyl mercaptan C 1s spectral
envelopes, which causes an increased intensity in the binding
energy region around 286.5 eV (C-SH). Both contributions
are manifested as slight increases in peak width and
asymmetry.

(2) The functionalized CNTs are remarkably stable, with
no obvious change in their S 2p XPS spectrum, when kept
under UHV at room temperature for several days, when
annealed under UHV at 100°C for 1 h, or when washed
repeatedly with water. Even after several days at room
temperature, the relative concentration of S is about 5%,
although the fact that our CNTs are multiwalled prevents
our determination of surface coverage. However, we can
estimatethe coverage from the following data: The sono-
chemical oxidation of similar CNTs in strong acid gave an
oxygen concentration of 8-10%.38,47 The assumption was
made that the surface was saturated with oxidation products
(i.e., C-OH, CdO, and COOH). Considering both the CNT/
benzyl mercaptan orientation in Figure 1a and the relatively
larger size of the phenyl ring, a 5% relative concentration
of S implies saturation by benzyl mercaptan. This estimate
is supported by the TEM photomicrographs to be discussed
later.

(3) Upon deposition of a nominal 0.4 nm of Pt, both the
TS peak asymmetry index and the width of the C 1s spectrum
decrease (Figure 2), as a result of charge transfer as the S
forms a polarized Pt-S bond.

(4) The variations of the S 2p and Pt 4f peak line shapes
in Figures 3 and 4, respectively, upon Pt nanoparticle depo-
sition suggest aπ-π interaction as follows:

(a) S 2p spectra have an S 2p3/2,1/2 doublet structure. All
of our spectra were fit using the expected 2:1 peak area ratio
and a 1.2-eV peak separation, as shown in Figure 3. The S
2p3/2 peak is located at 163.5 eV (Figure 3a) upon thiol func-
tionalization,48 a binding energy attributed to C-SH bonds,
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Figure 1. Schematics of (a) a CNT functionalized with benzyl mercaptan
via π-π bonding and (b) the bonding of Pt nanoparticles to the function-
alized CNT via covalent S-Pt bond formation.

Figure 2. C 1s XPS spectral line shape comparison of MWCNTs: (a)
pristine MWCNTs, (b) after benzyl mercaptan functionalization, and (c)
after evaporation of 0.4 nm of Pt onto the functionalized MWCNTs.
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and is shifted to 163.2 and 163.0 eV, respectively, upon Pt
deposition by evaporation (Figure 3b) and upon the addition
of chemically reduced nanoparticles (Figure 3c), as polar
Pt-S bonds (the low-binding-energy components in Figure
3b,c) are formed. The component at higher binding energy
represents thiol bonded to CNTs but not bonded to Pt.

(b) Pt 4f spectra also have a doublet structure, Pt 4f7/2,5/2.
All of our spectra were fit with the expected 4:3 peak area
ratio and a 3.3-eV peak separation, as seen in Figure 4. As
found by others49 and recently confirmed by us,50 Pt 4f peaks

(49) Cheung, T. T.Surf. Sci.1984, 140, 151.

Figure 3. S 2p XPS spectra of functionalized CNTs (a) before and (b,c)
after deposition of a nominal 0.4 nm of Pt by (b) evaporation and (c)
chemical reduction.

Figure 4. Pt 4f XPS spectra of (a) pristine and (b,c) functionalized CNTs
after deposition of a nominal 0.4 nm of Pt by (b) evaporation and (c)
chemical reduction.
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are asymmetric, and an asymmetry index was used in peak
separation in the present case. Figure 4a shows the spectrum
of Pt that has been deposited onto pristine CNTs, with which
it does not react chemically; Figure 4b shows the same
spectrum for Pt that has been deposited onto functionalized
CNTs. A comparison demonstrates the presence of the Pt-S
bond, manifested by the 2p3/2 peak located at 72.3 eV (Pt0,
from the nanoparticle bulk, is located 71.3 eV), indicating a
positively charged species, in agreement with reported
values.51,52The lower-energy components represent Pt in the
nanoparticle that is not in contact with the thiol and has,
therefore, not formed a bond to S.

There is some difference for chemically reduced Pt
samples: As seen in Figure 4c, a somewhat larger shift in
binding energy is observed for the Pt 4f spectrum, which
consists of two contributions, with the Pt 4f7/2 peaks located
at 73.6 and 74.8 eV. These are almost 2.3 eV higher than
that of the evaporated Pt. This unexpected higher binding
energy can be attributed to both larger final-state effects,
because of the extremely small size of the nanoparticles53

(as confirmed by our HRTEM photomicrographs, shown
later), and nanoparticle charging due to a loss of conductivity
as the Kubo gap increases with diminishing nanoparticle
size.53 It is noted that the S 2p binding energy for this case,
in Figure 3c, is also slightly shifted to higher binding energy,
as mentioned in section 4a above. In addition, a higher
binding energy indicates the presence of partially reduced
Pt, which would be expected to be nonconductive. It is our
experience that, if left sufficiently long in the reducing
medium, further reduction occurs, to ultimately give essen-
tially pure Pt0.

Unfortunately, when chemically reduced Pt nanoparticles
are mixed with untreated CNTs, too little Pt adheres to be
analyzed by XPS. However, when an aqueous dispersion of
chemically reduced Pt nanoparticles is dropped onto a
surface-oxidized Si wafer and permitted to dry, its Pt 4f spec-
trum is identical to that of Pt evaporated onto the same Si
wafer, as well as onto HOPG,50 where it is known to be Pt0.

Figure 5 shows an HRTEM photomicrographic compari-
son of a nominal 1-nm-thick Pt depositeVaporatedonto

pristine (Figure 5a) and functionalized (Figure 5b) CNTs.
Clearly, little Pt (estimated coverage, 30%, with a nano-
particle size of 1.2( 0.1 nm) has been deposited onto the
pristine CNT surface in Figure 5a, some of which is certainly
due to the presence of defects. However, a significantly
enhanced Pt nucleation density is observed on the function-
alized CNTs in Figure 5b, where the Pt coverage has reached
more than an estimated 65%, with a very narrow nanoparticle
distribution of 2.1( 0.2 nm. This extent of coverage and
size distribution is the greatest we have ever found, no matter
which treatment we used to functionalize the CNTs (e.g.,
Ar plasma treatment and defect creation by ion beam54). The
present functionalization treatment also appears to furnish a
surface that is better wet by the Pt (Figure 5b).

The very low Pt coverage for evaporated Pt on pristine
CNTs (Figure 5a) is due to a low sticking coefficient because
of a low concentration of widely separated nucleation sites
(defects in the case of pristine CNTs). Functionalization
(Figure 5b) introduces thiol groups along the sidewalls of
the CNTs, resulting in a high concentration of closely spaced
nucleation sites.

The interaction of Pt nanoparticles with untreated CNTs,
similar to that with untreated HOPG, is weak,35 leading to
poor wetting of the evaporated Pt. This causes Pt to have a
very low nucleation density in both cases. However, there
are differences between depositing evaporated Pt onto CNTs
and HOPG: (a) the nucleation density is greater on CNTs
and exhibits good uniformity, indicating the presence of a
higher concentration of surface defects, which is consistent
with XPS C 1s peak shape analyses,46,50 and (b) the size of
our Pt nanoparticles on pristine CNTs on TEM grids is
smaller. We believe this to be due to a weaker Pt-CNT inter-
action, leading to a lower Pt sticking coefficient. We note
that the suspended CNTs offer a limited surface area for the
coalescence of depositing Pt atoms, which might be a major
reason for the difference in Pt morphologies on HOPG and
suspended pristine CNTs.

Figure 6 shows a similar comparison ofchemically
reducedPt deposited onto pristine (Figure 6a) and function-
alized (Figure 6b) CNTs. The morphology is clearly different
than that in Figure 5. The Pt nanoparticle density on the
pristine surface is significantly lower (Figure 6a, inset), with
∼2-nm nanoparticles, because of the weak interaction. In
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Figure 5. HRTEM photomicrographs of a nominal 1 nm ofeVaporatedPt
on (a) pristine and (b) functionalized MWCNTs.

Figure 6. HRTEM photomicrographs ofchemically reducedPt nano-
particles on (a) pristine and (b) functionalized MWCNTs. Different scales
are used in a and b for clarity.
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contrast, Pt nanoparticles,<1 nm in size, almost completely
cover the functionalized CNTs sidewall, indicating a strong
interaction with the functionalized CNT surface. The very
strong Pt-S covalent bond restricts Pt surface diffusion, and
as a result, the nanoparticles cannot coalesce into the larger
particles seen in Figure 6a. A comparison of functionalized
CNTs, uniformly decorated with both evaporated and chemi-
cally reduced Pt nanoparticles (Figures 5b and 6b), indicates
that the functionalization achieved here, through aπ-π
interaction, is both uniform and highly dense.

The nanoparticles produced by chemical reduction and
deposited onto functionalized CNTs are too small to have
catalytic activity;55 larger Pt nanoparticles (e.g., 2-4 nm)
are needed for such activity. Such particles must be produced
before deposition because, once deposited onto functionalized

CNTs, they can no longer diffuse and coalesce. We are
presently pursuing the optimization of nanoparticle size pro-
duced through chemical reduction.

Conclusions

We have successfully functionalized MWCNTs with thiol
groups via aπ-π interaction with benzyl mercaptan. The
functionalized CNT surface interacts strongly with Pt nano-
particles through the formation of Pt-S bonds and results
in a very high Pt nanoparticle loading (both high dispersion
and narrow size distribution). This method can also be used
for SWCNT surface functionalization, to improve Pt nano-
particle adhesion and loading and to better control their
dimensions.
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