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We have carried out the functionalization of multiwalled carbon nanotubes (MWCNTs)-viginter-
action with benzyl mercaptan. The presence of noncovalently bonded benzyl mercaptan was demonstrated
by X-ray photoelectron spectroscopy, which revealed spectral changes indicatingsténteraction
with the CNTs. The subsequent bonding of the thiol groups to both evaporated and chemically reduced
Pt nanoparticles was demonstrated by the formation of stron® Bbnds 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 CNTSs.

Introduction with fluorine and subsequent nucleophilic substitutidf;
electrochemical or thermal reduction of aryl diazonium
saltstt-*2addition of radicals, nitrenes, or carbefdgsupra-
molecular complexation with detergents, proteins, or poly-

Many applications utilizing carbon nanotubes (CNTS,
which can exist as single-walled, SWCNTSs, or multiwalled,
MWCNTS) require the surface to be functionalized in order mersi4-16 ozonolysis and subsequent derivatizafior®

tﬁ part|C|pat_e n cfhr?_mrllcal or ph%/ ?_lgal reacg(I)\InTS. For exa_mpl_e, ultrasonication with organic materiad$and, recently, thi-

the ge_nergtlopr? hlg —strengt : fers (;r dcglr:lq'llc')ot;sltejl 'S olation with elemental sulfidt Dry chemical processing
?SSO,C'SFe_ q Wlltc:\l'? sepgrz?]thn obas- orme h dun eScomprises plasmas using both nonreactive and reactive
Into Individual § and their subsequent thermodynam- gase¥ 2 and low-energy ion-beam bombardment in a
ically stable dispersion in a polymer matrix. Load transfer vacuumzs

efficiency demands that nanotube surfaces be thermodynam- .

) . . These methods involve both covalent and noncovalent
ically compatible with the host matrix.Further, sensor : PN L . .

. . . . - . (e.g.,m—m interactiord® 2°) bonding; az— interaction was
applications involve the tethering of chemical moieties with
specific recognition sites for analytes to nanotube surfaces
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originally propose?f as an explanation for the attractive inter-
action that exists between molecules containingrbitals

in the absence of spectroscopic evidence for HOMIOMO
interactions. Ar—u interaction is an electrostatic interaction
in which the offset and/or orientation of the orbitals on
opposing molecules maximizes the opposirgr attractive
interactions while minimizing the opposing—x repulsive
interactions. Such interactions with CNTs can be surprisingly

Yang et al.

properties of metal/CNT-based devi¢édhe catalytic effi-
ciency of supported Pt nanoparticiédias been found to
increase with the extent of dispersion, as well as with a
narrow size distribution between 2 and 4 nm.

As recently reporte@ 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

strong, depending on the opposing molecules, capable ofelectrocatalytic activity, it was shown by Kim and Mit&hi

withstanding temperatures 8f400° C 3! Manifesting fewer

that there is no such effect of the sulfur of thiol groups on

detrimental effects on the electrical and mechanical propertiesPt—CNTs, in either methanol oxidation (MOR) or oxygen
of CNTs, these latter methods have attracted considerablereduction (ORR) reactions, when there is strong adhesion

attention®

Pt nanoparticles supported on CNTs have attracted interes

as fuel-cell cathode electrocatalysts for oxygen reduction at
relatively low temperaturé€s3° and as electrochemical bio-
sensing platfornf8 because of the very large surface-to-
volume ratio of the CNTs. However, it is difficult to control
the Pt nanoparticle loadiny,as well as their dimensions
and densities. There is also a serious nanoparticle adhesio
problem because Pt interacts weakly with pristine CNTSs; this
permits nanoparticle surface diffusion and coalescence,
strongly affecting catalytic efficiency. One must choose an
appropriate CNT surface modification, e.g., grafted chemical
groups®>3° 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 densitiesnd metal/lCNT composite
mechanical properti€$, as well as the electrical contact
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of the S-containing moiety to the CNT.

Here, we explore such thiolation through the surface
%unctionalization of MWCNTSs with benzyl mercaptansts—
CH,—SH) as an example of thiolation throughra 7 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 thex
interaction®! In the case of benzyl thiol, the phenyl ring

rZCGHs—) participates in az— interaction with the walls of

the CNTs, and the thiol group—SH), separated from the
phenyl ring by a methylene group-CH,—) to minimize
electron delocalization between the two, is intended to react
with the Pt nanoparticle through the formation of af&
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 a—a 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

MWCNTSs (95% purity, 26-30-nm diameter, +5-um length)
were obtained from Nano-Lab, Brighton, MA; 0.5 mg of the CNTs
was dispersed in 5 mL of 18 M deionized water and sonicated
for 1 h toseparate the nanotub®s® They were then mixed with
375uL of benzyl mercaptan dissolved in 1148 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 Il apparatus, using nonmonochromated Mg
Ka radiation at 300 W. The instrument resolution wa8.75 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 gaf 208
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Pt nanoparticles we previously demonstrated for both HO@nd CNTS®

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 shtwhat 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 Abeant*In the present case,
a—m interaction with the extensively delocalized undam-

Figure 1. Schematics of (a) a CNT functionalized with benzyl mercaptan aged structure, represented I_Dy the_ C_l Component_Of t_he Cls
via 7— bonding and (b) the bonding of Pt nanoparticles to the function- Spectrum at 284.6 e¥f;*’ effectively limits the delocalization,

alized CNT via covalent SPt bond formation. increasing the C2/C1 intensity ratio in the C 1s spectrum:;
T T S T this is demonstrated by the measured increase in the TS
- ——- pristine MWCNTs asymmetry index?
_:3:2::2:::::3 m%:ﬁ 1 '. (b) There is also an increase of the C 1s spectral peak
. with 0.4 nm Pt = width upon functionalization, from 1.3 to 1.7 eV. This is

expected when the electron delocalization becomes lim-
ited*>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<{GH). 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 10TC for 1 h, or when washed
repeatedly with water. Even after several days at room
Fi_gl:_re 2M Vecll\?TéP(Sb)SgﬁZtrrégelri]r;eISgaerriceacgamnpfirrilsc%ggligﬂa\:}/g]’\‘;ia ((i)) temperature, the relative concentration of S is about 5%,
ggz:r:;/aporation of 0.4 nm of Pt{)nto theaunctionalized MWCNTS. although th_e f&?Ct that our CNTs are multiwalled prevents

our determination of surface coverage. However, we can
Torr (the base pressure in the deposition chamberwias 10-° estimatethe coverage from the following data: The sono-
Torr) or by the addition of separately produced nanoparticles, pre- chemical oxidation of similar CNTs in strong acid gave an
pared by the wet chemical reduction of equal volumes of 0.03 M oxygen concentration of-810%3847 The assumption was
aqueous BPtCk by 0.1 M HCOOH. After Shirley background  made that the surface was saturated with oxidation products
subtraction, the spectra were analyzed by the XPSPeak 4-1(i.e., C—OH, C=0, and COOH). Considering both the CNT/
program’* This freely available program uses two terms, TS and penzy| mercaptan orientation in Figure 1a and the relatively
TL, to express asymmetry; the value of TS controls the peak |5rqer size of the phenyl ring, a 5% relative concentration
asymmetry (TS= 0 for a symmetric peak), and the value of TL of S implies saturation by benzyl mercaptan. This estimate

controls the tail asymmetry. . . .
For HRTEM analysis, the mixture was deposited onto a 400- :zus;:pported by the TEM photomicrographs to be discussed

mesh Cu grid by dropping and drying. Pt was evaporated onto the . .
HRTEM sample using a separate electron-beam evaporator at a (3) Upon deposition of a nominal 0.4 nm of Pt, both the
pressure of 1& Torr. HRTEM was carried out in a JEOL JEM- TS peak asymmetry index and the width of the C 1s spectrum
2100F instrument operating at 200 keV, using a high-brightness decrease (Figure 2), as a result of charge transfer as the S
LaBg electron gun. forms a polarized PtS bond.
(4) The variations of the S 2p and Pt 4f peak line shapes

Results and Discussion in Figures 3 and 4, respectively, upon Pt nanoparticle depo-
ion suggest ar— interaction as follows:
(a) S 2p spectra have an S33p, 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
2ps2 peak is located at 163.5 eV (Figure 3a) upon thiol func-
tionalization?® a binding energy attributed to-€SH bonds,

Intensity (a.u.)

292 l 260 ' 2z'aa I 2F|&6 l 2:34 ' 252
Binding energy (eV)

Figure 1 presents a schematic of benzyl mercaptan attached it
to CNTs via ar—x interaction. In the absence of obvious
spectroscopic changé¥3'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 (untreatedgigg igﬂg: B:ZS:E §Z§ﬂ§{; E;;g,ﬁﬁ:}zz%%% 5202,4816205,'

CNTs) to 0.6 (after benzyl mercaptan functionalization). As (47) Z(liggS, Y. C.; Li, L.; Chusuei, C. C.; Hull, R. VLangmuir2005 21,
(48) Volm.er, M.; Stratmann, M.; Viefhaus, t%urf. Interface Anal199Q
(44) http://www.uksaf.org/software.html (accessed April 2004). 16, 278.
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Figure 3. S 2p XPS spectra of functionalized CNTs (a) before and (b,c) Binding energy (eV)
after deposition of a nominal 0.4 nm of Pt by (b) evaporation and (¢) Figure 4. Pt 4f XPS spectra of (a) pristine and (b,c) functionalized CNTs
chemical reduction. after deposition of a nominal 0.4 nm of Pt by (b) evaporation and (c)

chemical reduction.

and is shifted to 163.2 and 163.0 eV, respectively, upon Pt (b) Pt 4f spectra also have a doublet structure, P 44
deposition by evaporation (Figure 3b) and upon the addition All of our spectra were fit with the expected 4:3 peak area
of chemically reduced nanoparticles (Figure 3c), as polar ratio and a 3.3-eV peak separation, as seen in Figure 4. As
Pt—S bonds (the low-binding-energy components in Figure found by other® and recently confirmed by &8Pt 4f peaks
3b,c) are formed. The component at higher binding energy
represents thiol bonded to CNTs but not bonded to Pt. (49) Cheung, T. TSurf. Sci.1984 140, 151.
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(a) 34 b}‘-_
Figure 5. HRTEM photomicrographs of a nominal 1 nmeafaporatedPt
on (a) pristine and (b) functionalized MWCNTSs.
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Figure 6. HRTEM photomicrographs othemically reduced®t nano-

particles on (a) pristine and (b) functionalized MWCNTSs. Different scales
are used in a and b for clarity.

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 Sam%particle size of 1.2+ 0.1 nm) has been deposited onto the

spectrum for Pt that has been deposited onto functionalize
CNTs. A comparison demonstrates the presence of th& Pt
bond, manifested by the 2ppeak located at 72.3 eV @t
from the nanoparticle bulk, is located 71.3 eV), indicating a
positively charged species, in agreement with reported
values*?The 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 Pt4fpeaks 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 nanoparticles
(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>? 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 P%.

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 HOP® where it is known to be Pt
Figure 5 shows an HRTEM photomicrographic compari-
son of a nominal 1-nm-thick Pt depostaporatedonto

(50) Yang, D.-Q.; Zhang, G.-X.; Sacher, E.Phys. Chem. B00§ 110,
8348
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pristine (Figure 5a) and functionalized (Figure 5b) CNTs.
Clearly, little Pt (estimated coverage, 30%, with a nano-

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 b&panhe
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 CNTSs). 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 we&deading 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 analy4é% 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®NT inter-
action, leading to a lower Pt sticking coefficient. We note
that the suspended CNTSs 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 CNTSs.

Figure 6 shows a similar comparison chemically
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

(54) Yang, D.-Q.; Sacher, E., manuscript to be submitted.
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contrast, Pt nanoparticles,1 nm in size, almost completely CNTs, they can no longer diffuse and coalesce. We are
cover the functionalized CNTs sidewall, indicating a strong presently pursuing the optimization of nanopatrticle size pro-
interaction with the functionalized CNT surface. The very duced through chemical reduction.
strong P+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 =~ We have successfully functionalized MWCNTSs with thiol
CNTs, uniformly decorated with both evaporated and chemi- groups via ar— interaction with benzyl mercaptan. The
cally reduced Pt nanoparticles (Figures 5b and 6b), indicatesfunctionalized CNT surface interacts strongly with Pt nano-
that the functionalization achieved here, throughraz particles through the formation of PE bonds and results
interaction, is both uniform and highly dense. in a very high Pt nanopatrticle loading (both high dispersion
The nanoparticles produced by chemical reduction and @nd narrow size distribution). This method can also be used
deposited onto functionalized CNTs are too small to have for SWCNT surface functionalization, to improve Pt nano-
catalytic activity®s larger Pt nanoparticles (e.g.~2 nm) particle adhesion and loading and to better control their
are needed for such activity. Such particles must be produceddimensions.
before deposition because, once deposited onto functionalized acknowledgment. We thank the Natural Sciences and

Engineering Research Council of Canada and GM Canada for
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Conclusions




