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he motivation of understanding

how nanotubes interact with light is

both fundamental and applied. Nano-
tubes may some day be used as near-
infrared fluorophores,’ biological tags,? sen-
sors,® components for photovoltaics,* and
optical communications systems.> However,
single-walled carbon nanotubes (SWNT)
are synthesized as heterogeneous samples,
composed of tubes of different chirality, di-
ameter, and length.® As a result, SWNT
samples are mixtures of semiconducting
and metallic tubes, presenting very differ-
ent photoelectronic characteristics. A prom-
ising approach to elucidate the photophys-
ical behavior of SWNT in the bundles is the
deposition of metal nanoparticles (NP) as-
sisted by UV light irradiation, since recombi-
nation of photoexcited carriers directly
competes with the ability of tubes to cre-
ate electron—hole (e—h) pairs. The small
Fermi velocity and low dielectric constant
in SWNT suggest that high-energy photons
should efficiently generate these pairs,”
which finally can induce the nucleation of
metal NP. For SWNT, the band gap energy
E.n, is the energy required to generate an
e—h pair. The UV light-assisted deposition
of metal NP may give some clues to discern
between the photophysics response of me-
tallic and semiconducting SWNT in the
bundles, since they present different band
gap energies, Eyy, E;; for semiconducting
and Ey; for metallic SWNT. The detailed un-
derstanding of the mechanism involved in
the NP deposition by UV light irradiation on
SWNT is a challenge, as many factors are in-
volved. Previous studies have demon-
strated that light-assisted oxidations with
H,0, exhibit dependence on the diameter
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ABSTRACT Novel applications of single-walled carbon nanotubes (SWNT) rely on the development of new

strategies to make them easier to handle without affecting their structural properties. In this work, we have

selectively deposited Au nanoparticles (Au NP) on SWNT assisted by UV light irradiation. XPS analysis and UV —vis

spectroscopy indicate that the deposition occurs at the defects generated after oxidation of the SWNT. By addition
of n-dodecylthiol, the separation of oxidized tubes with Au NP (Au-ox-SWNT) from tubes devoid of Au NP (bare

tubes, b-SWNT) was achieved. Raman and UV—vis—NIR spectra indicate that UV irradiation induces a faster

nucleation of Au NP on metallic SWNT. This new technique can be useful for the preparation of nanohybrid

composites with enhanced properties, as increased thermal stability, and to obtain purified SWNT.

KEYWORDS: single-walled carbon nanotubes - gold nanoparticles - UV light

irradiation - nanocomposites

and band gap.? Photohydroxylation of first
semiconducting and then small diameter
metallic SWNT was produced after 254 nm
irradiation in acidic, neutral, and basic aque-
ous solutions at ambient and elevated tem-
peratures.’ The use of UV light irradiation
can be a valuable tool for creating SWNT
composite materials. In fact, it has been ob-
served that direct UV light irradiation of
SWNT deposited on a surface induces
photo-cross-linking of the tubes, improving
the electrical conductivity and the mechan-
ical properties of the bundles."”

Metal NP supported on the surface of
carbon nanotubes have attracted much in-
terest in the catalytic community due to
their potential use as hydrogen sensors,"!
catalysts,'? and direct methanol fuel cells.’
Metal NP ranging in diameter from roughly
1 to 50 nm exhibit physical and chemical
properties that are intermediate between
those of the isolated atom and the bulk ma-
terial. Catalyst performance on SWNT com-
posites strongly depends on particle size
because the surface structure and electronic
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properties change greatly with this size range.'

In the present work, we have attached Au NP to oxy-
genated groups produced on the surface of SWNT by
chemical oxidation, following the reduction of HAuCl,
to form NP under UV light irradiation in the presence of
citric acid.’ SWNT samples with different degrees of
oxidation were produced by two different techniques,
mild purification in nitric acid (ox-SWNT)'® and treated
in piranha solution (cut-SWNT),"” which result in highly
oxidized material. Our results show that oxidized de-
fects at sidewalls of SWNT play an essential role as
nucleation sites for the Au NP formation and later on
their stabilization. This new protocol allows also the
separation of nanotubes with deposited NP (Au-ox-
SWNT) from the tubes devoid of NP (bare tubes,
b-SWNT). The procedure can be useful for both the
preparation of nanohybrid composites, Au-ox-SWNT,
with enhanced properties as high thermal stability, and
to obtain purified SWNT, b-SWNT. Our results also mo-
tivate the future understanding of how CNTs interact
with light at both fundamental and applied levels and
provide some clues about the interaction between
SWNT and metal NP,'® demonstrating that oxidized de-
fects at the SWNT surface are relevant in the synthesis
of composite materials.

RESULTS AND DISCUSSION

Deoxygenated water—methanol dispersions of ox-
SWNT or cut-SWNT, with the addition of citric acid
were exposed to UV light irradiation during 1 h using
different concentrations of chloroauric acid (0.05, 1, and
3 mM). Dispersions were filtered and washed several
times with deionized water. The formation of Au nano-
particles was followed by UV—vis—NIR spectrophoto-
metry. Through TEM and UV—vis—NIR studies, we ob-
served that the filtered solutions of SWNT treated with
UV light did not contain NP, which indicates that Au NP
only grew and remained attached at the walls of SWNT.
To verify this, the chemical changes induced in the
SWNT surface were evaluated through photoelectron
spectroscopy (XPS). The relative amount of oxygen at-
oms grafted at the surface of the cut-SWNT was evalu-
ated to be 18% higher than in ox-SWNT. Figure 1 shows
the XPS spectra for the C 1s peak recorded on p-SWNT,
ox-SWNT, and cut-SWNT, before and after Au deposi-
tion. In pristine samples, the C 1s spectrum has its main
features at 284.3 eV and a secondary, the core-energy-
loss spectrum, corresponding to a p plasmon excitation
centered at 291 eV." The shoulder at the high-energy
side of the C 1s peak for the ox-SWNT is generated by
photoelectrons emitted from C atoms in oxygenated
groups: hydroxyl (component centered at 286.2 eV),
carbonyl (287.2 eV), and carboxyl groups (288.9 eV).2°
From the variation in the relative intensity of the com-
ponents forming this broad structure in the spectrum
recorded for the cut-SWNT sample, it can be suggested
that the treatment in piranha solution reduces the vari-
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Figure 1. XPS spectra for the C 1s peak recorded on p-SWNT,
ox-SWNT, and cut-SWNT, before and after Au deposition.

ety in the type of oxygenated groups at the SWNT sur-
face, pushing the reaction toward higher oxidation
states, such as the carboxyl groups.?!

Comparison of the line shapes of the C 1s XPS spec-
trum recorded after the Au deposition shows that the
C 1s satellite peaks due to oxygenated-groups are
slightly reduced. Two effects can contribute to this ob-
served reduction. First photoelectrons emitted from C
atoms beneath the Au particles will experience inelas-
tic losses when passing through the metal, and thus no
longer contribute to the C 1s main peak. If Au NP selec-
tively cover oxygen-rich areas, thus the intensity from
oxygen-related C 1s satellite peaks will be selectively re-
duced. A second possible cause for the reduction in
oxygen-related C 1s satellite peaks in the XPS spectra
is the formation of O—Au bonds. C—O—Au bonding
will change the screening of the C—0 bonds thereby
changing the binding energy of their C 1s levels.

On the basis of previous work reported in the litera-
ture, which shows the essential role that defects play
on gold nucleation at graphitic??>? and metal—oxide
surfaces,?* as well as on the results of our current experi-
ments, we believe that Au clusters nucleate at oxidized
defects on the SWNT surface and grow as a function of
increasing gold concentration in the solution and UV
light exposure time. We found that at lower Au concen-
trations in solution (0.05 mM), NP are deposited mainly
on the tube walls and at the end of the small bundles, as
shown in Figure 2, (endings of small bundles are indi-
cated by arrows). It has been reported that oxidized va-
cancies at CNT-open tips prevent their closing;?® our re-
sults suggest that these vacancies can be nucleation
sites for NP.

At higher concentrations of Au in solution (1 and 3
mM), a nonuniform distribution of NP can be seen in
Figure 3a—f. Samples prepared under different experi-
mental conditions are shown: Au-ox-SWNT obtained
from 1 mM HAuCl, solutions irradiated for 60 min, de-
tailing a dispersion and a bundle, respectively (Figure
3a,b). As can be observed, Au NP are spherical and
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Figure 2. TEM (a), AFM (b), and HR-TEM (c and d) images of
Au-ox-SWNT at low Au concentration (0.05 mM).

present an average size of 11 = 5 nm. For the samples
obtained with 3 mM concentration of HAuCl, and irra-
diated for the same time, the shape of NP seems to
elongate; both the form factor and the size distribu-
tion are broader. This result is in agreement with the re-
ported spontaneous metal NP formation on as-grown
SWNT on SiO,, which purely utilizes the redox potential
difference between Au** or Pt?* and the carbon nano-
tube.?® These authors found that longer reaction times

ox-SWNT: (a and b) 1 mM;
(c—f) 3 mM. (g and h) Au-cut-SWNT.
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cause the formation of larger particles, but do not lead
to any apparent increase in the density of particles at
the tube surface. Even if the NP formation mechanism
is different, the nucleation of the particles seems to oc-
cur selectively at the defects, that is, oxidized vacancies,
in both, their case and our case.

A significant difference was observed between ox-
SWNT and cut-SWNT loading at higher concentration
of HAuCl, (3 mM). The NP size distribution on Au-ox-
SWNT (65%, 11 = 5 nm and 35%, 70 = 5 nm) is broader
and exhibits a bimodal structure when compared with
that of Au-cut-SWNT (11 = 5 nm). The amorphous car-
bon impurities, normally found in SWNT, were consider-
ably reduced in the tubes treated in piranha solution,
cut-SWNT. The purity of the tubes and the number of
introduced defects might influence the NP deposition
as observed in Figure 3 g,h. The chemical oxidation of
SWNT can produce different types of defects: oxidative
attack at the existing active sites such as sidewall func-
tional groups, generation of additional active sites, and
introduction of vacancies in the graphene layer. In addi-
tion, consumption of the graphene sidewalls around
the vacancies of nanotube end shortens the tubes re-
sulting in differently oxygenated-groups at the SWNT
surface.”’ Suarez-Martinez et al. reported that the bind-
ing energy between a gold atom and an oxygenated
defect will depend on the nature of the defect.’” These
authors showed that the binding energy of the gold
atom to a pristine MWNT surface is 0.66 eV and will rise
to 1.07 or 1.16 eV if the atom is next to an oxygenated
vacancy or to an oxygenated divacancy respectively.
Then the observed bimodal size distribution of gold
particles formed at the surface of oxidized MWNT may
be due to the presence of mainly two types of oxygen-
ated defects. From the XPS spectra (Figure 1) the broad
band at high binding energy, indicates that for oxi-
dized samples there is a spread in the type of
oxygenated-groups grafted at the SWNT surface while
for the SWNT treated with the piranha solution the va-
riety of this groups is reduced. Thus, we suggest that
the bimodal size distribution in the ox-SWNT samples
is due to the formation of different defects at the SWNT
surface during the oxidation using nitric acid, while
the monomodal size distribution in cut-SWNT results
mainly from two factors. First the higher concentration
of oxygen atoms grafted at the nanotube surface. This
implies a large number of active sites for nanoparticle
nucleation—in this case the rate of nucleation of nano-
partcicles will be higher. The second factor is the pres-
ence of mainly one type of defect at the SWNT surface
(carboxylic groups). At higher concentrations of HAuCl,,
a competitive process can results in the growth of the
first nucleated NP: Au seed particles can act as catalysts
for the final reduction to elemental gold under UV
light irradiation.?®

Diverse control experiments were carried out. To in-
crease the dispersibility of ox-SWNT, SDS (1 wt %) was
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Figure 4. (a) Thermal gravimetric analysis in N, of ox-SWNT
and cut-SWNT before and after Au NP deposition compared
with p-SWNT. (b) TGA of p-SWNT, Au-ox-SWNT, SDS-Au-ox-
SWNT, ca-Au-ox-SWNT, ox-SWNT and dI-Au-ox-SWNT in N. (c)
TGA in air of ox-SWNT before and after Au NP depostion at
the different concentration loadings of HAuCl,,

added in selected cases before HAuCl, loading and UV
light exposure. Several Au NP can be observed on the
resulting material, Au-SDS-ox-SWNT. However it is dif-
ficult to discern whether they are directly deposited on
SWNT or if they are trapped in the surfactant. Au NP de-
posited on SDS-treated SWNT can lead to partial inter-
actions with the tube defects. Nevertheless, it was ob-
served that after sonication in DMF, the NP were
released from the SWNT, while in dispersions with no
surfactant, the NP remained attached to the tubes even
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after sonication in the same experimental conditions.
In a different control experiment, a sample of SWNT was
not irradiated with UV light but only kept in daylight
(dl-Au-ox-SWNT) at the same experimental conditions:
the presence of Au could not be observed by TEM and
EDX analysis, a demonstration that the UV light is re-
quired for NP growth.

Zhang, et.al. reported the depositon of Au NP on
—COO™ groups grafted at the MWNT surface using UV
irradiation.?’ These authors showed that both the diam-
eter of the MWNT and pH of the solutions affected the
nucleation and growth of the NP. However, these au-
thors do not present the chemical characterization of
the different diameter oxidized MWNT. To our knowl-
edge using the same experimental condition, the oxida-
tion of MWNTSs with different diameters leads to differ-
ent amounts of oxygenated-groups grafted at the
nanotube surface.® Then, the influence of the diam-
eter of MWNT in the NP growth observed in this work
might result from the degree of oxidation of the tubes.
Our results corroborate that Au NP nucleate on the
oxygenated-groups covalently attached to the tubes.
In fact, in pristine, non-oxidized MWNT (Au-MWNT), the
Au NPs formed during the reduction of HAuCl, grew in
solution and not on the tubes. We attribute this obser-
vation to the reduced amount of oxygenated-groups in
pristine MWNT. Also, in cut-SWNT treated for 9 h, in-
stead of 1 h in piranha solution, (54 = 5 nm length), the
amount of deposited NP was not significant and par-
ticles were found mainly in solution. This indicates that
the length, the surface reactivity, and the density of de-
fects of SWNT are as well important factors. On the ba-
sis of our results, we suggest that extremely short tubes
or highly damaged ones do not present the adequate
photoresponse to generate a significant electron trans-
port needed to turn defects into active gold nucle-
ation sites.

TGA thermograms are in agreement with the in-
crease of the thermal stability of the Au-ox-SWNT com-
posites toward oxidation. A higher number of Au NP
must be deposited on cut-SWNT compared with ox-
SWNT in order to enhance their thermal stability, since
cut-SWNT hold a higher number of oxygenated vacan-
cies. TGA profiles of ox-SWNT and cut-SWNT are
shown in Figure 4a. At 400 °C, the weight loss of ox-
SWNT is 12%, while in cut-SWNT is 17%. After Au NP
deposition under UV light irradiation, a considerable re-
covery of the thermal properties of the composite ma-
terials was observed. Au-ox-SWNT present now a
weight loss of 6.5% showing a recovery of 5.5% when
compared with the starting material (ox-SWNT). For
Au-cut-SWNT the weight loss is 4%, which shows an in-
crease of stability of about 13%. These results support
the hypothesis that Au NP are deposited on
oxygenated-defects on the differently treated SWNT.
The presence of Au NP deposited on top of the defects
might prevent their further oxidation, increasing the
thermal stability of the resulting materials. Thermo-
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Figure 5. XPS spectra of Au 4f and S 2p region of Au-ox-SWNT. TEM and HR-TEM of Au-ox-SWNT (top) and b-SWNT (bot-

tom) after separation by dodecylthiol.

grams of differently treated SWNT are shown in Figure
4b. At 850 °C the residual fractions of Au-ox-SWNT and
ox-SWNT are 83% and 39%, respectively, while the
pP-SWNT residual fraction is 84%. This improved stabil-
ity of Au-ox-SWNT was not observed in samples kept in
daylight, dl-Au-ox-SWNT, in which case the samples
began to decompose (~400 °C) even before ox-SWNT
and the residual fraction at 850 °C is only 35%. This
might be an indication of the physical adsorption of
the diverse chemical species present in the solution.
SDS-Au-ox-SWNT present a higher thermal resistance
when compared to ox-SWNT, which might be the con-
sequence of the grafting of the surfactant and of the
partial defect interaction with deposited Au NP. It is in-
teresting to note that the increase of the HAuCl, con-

www.acsnano.org

centration or larger irradiation times do no consider-
ably modify the TGA profiles. The same trend was
observed in the TGA carried in air. The thermographs
showed an increment in the thermal stability, ox-SWNT
decompose at 423 °C, while Au-ox-SWNT at 630 °C.
Both types of samples present the same characteristic
profiles, indicating that the size distribution and shape
of the deposited NP do not determinate the thermal
stability increases. As expected, the residual fraction in-
creases proportionally to the HAuCl, loading. This re-
sult corroborates that NP must be covering the oxidized
vacancies, preventing the further oxidation of the
graphene structure.

The separation of Au-ox-SWNT composites from
tubes devoid of particles, bare tubes, b-SWNT, was per-
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after separation are shown. E;; metal and E,, semiconductor re-
gions develop the characteristic peaks after UV-light treatment.

formed based on Au interactions with thiols. In prin-
ciple, after treatment with nitric acid, ox-SWNT will con-
sist of oxidized tubes and intact nonoxidized tubes.
Then, if the nucleation of Au NP occurs preferentially
at the oxygenated sites, only the oxidized tubes will be
covered with Au NP. Therefore, treatment of the Au-ox-
SWNT with alkyl thiols should result into a different be-
havior allowing the possible separation of Au-ox-SWNT
composite from b-SWNT. To this aim, n-dodecylthiol
was added in a 1:1 volume ratio to 10 mg of Au-ox-
SWNT composite prepared at 0.05 mM Au concentra-
tion, dispersed in DMF. Dodecylthiol self-assembles into
a monolayer, covering the Au-NP surface (3D SAM).3
The dispersion was sonicated until a homogeneous so-
lution was obtained, and then centrifuged and left over-
night. The whole procedure results in the formation of
two clear liquid phases (DMF being the bottom phase)
with two precipitated nanotube fractions, one at the in-
terface containing Au-ox-SWNT and the second one
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Figure 7. UV—vis—nlIR spectra of Au-ox-SWNT prepared at high
HAuCl, concentration in solution, after the addition of dodecylth-
iol. Different fractions can be obtained with higher concentration
of NP.
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at the bottom with b-SWNT. The two fractions were
separated, filtered, and washed thoroughly. The
SWNT—NP interactions in Au-ox-SWNT must be rather
strong because neither the sonication treatment nor
the addition of strong ligands such as thiols is sufficient
to remove the particles from the tube surfaces. This
fact confirms the previous observation that CNTs can
be considered coordinating ligands during nanoparti-
cle synthesis.?? In all the separations (three identical ex-
periments), the fraction ratios were approximately 1:4
Au-ox-SWNT to b-SWNT in weight. This result proves
that purification in diluted nitric acid can be considered
as a mild oxidant for SWNT.3 Figure 5a,b displays TEM
images of Au-ox-SWNT composites after separation.
All the SWNT are covered with Au NP capped by dode-
cylthiol, while in Figure 5¢,d, bundles of b-SWNT with
no NP can be observed. b-SWNT remained in bundles
because of the absence of NP and oxygenated vacan-
cies. The Au 4f and S2p XPS spectra recorded on the Au-
ox-SWNT samples are shown in Figure 5. The binding
energy of the major component of Au 4f (Au 4f,,, = 84
eV) is in agreament with results reported for alkanethi-
ols assembled on gold nanoparticles.* The sulfur 2p
peak presents two structures: the more intense at 162.8
eV binding energy generated by photoelectrons emit-
ted from sulphur atoms in thiolate (S—Au) bond and
the low intensity one at 168 eV that corresponds to the
emission from sulphur atoms forming sulfones/sul-
fonates.® The presence of oxidized sulfur can be associ-
ated to an excess thiol derivative which was not re-
moved by the washing protocols employed. In the case
of Au-cut-SWNT, the same separation was not pos-
sible, because the presence of a higher number of oxy-
genated defects and therefore Au NP are evenly distrib-
uted on all the tubes.

UV—vis—NIR spectra are shown in Figure 6. The
van Hove singularities appear to be completely lost in
ox-SWNT, whereas Au-ox-SWNT present the same
characteristic peaks as b-SWNT. This effect suggests
that electron transfer from the particles to the tubes oc-
curs, restoring the available electrons for optical transi-
tions. In fact, Charlier et al. reported the electron distri-
bution for Au bonded to an oxidized vacancy at the CNT
surface to be 0.2e~ transfer from the Au atom to the
tube, which confirms our hypothesis.3 Further support
to this assumption is the reduction in the relative inten-
sity of the satellite peak in the high binding energy of
the C 1s peak. As discussed above, this effect can be as-
sociated to both preferential nucleation onto the oxy-
genated groups and charge transfer to the tube. The
spectra lines of Au-ox-SWNT and b-SWNT cross at
~1000 nm, in the E;; semiconducting region. From
this point a slightly higher absorbance of b-SWNT is ob-
served while at E;, semiconducting and £;; metal the
absorption intensity is higher for Au-ox-SWNT. These
latter regimes might be more affected by the UV irradia-
tion than the E;; semiconducting region, since this lat-
ter is more distant in energy. From this, we can say that

www.acsnano.org



—— p-SWNT a
0.20 Au-SWNT RBM
T b-SWNT
ox-SWNT

— ca-UV-SWNT
3 0.15
8
2
7]
S 0.10
E

0.05

I
0.00

T T T T T T T T
100 150 200 250 300 350

Raman shift (cm")

5
o

—— p-SWNT

Au-SWNT

b-SWNT G
ox-SWNT

o
)

ca-UV-SWNT

Intensity (a.u.)
=) o
~ o

o
()
L

0.0

1 2|00 1 4b0 1 6l00 1 8|00
Raman shift (cm™)
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UV irradiation induces a faster nucleation of Au NP on
metallic and thin semiconducting SWNT.

For Au-ox-SWNT composites produced at higher
concentration of gold (1 and 3 mM), we observed after
centrifugation that it is possible to obtain fractions of
tubes with different amounts of Au NP deposited. Fig-
ure 7 shows the UV—vis—NIR spectra and a photograph
of the different tubes in DMF. As can be noticed, the so-
lution at the right side presents the typical color of
SWNT diluted solution, nevertheless the presence of
Au NP can be noticed in the UV spectra. The other frac-
tions present different intensities of purple coloration
originating from the higher concentration of Au NP.
This fact can be corroborated by the intensity of the
peak at 570 nm in the UV spectrum. The strong UV ab-
sorption of Au NP masked the characteristic van Hove
singularities of SWNT before 1000 nm.

Finally, to investigate the nature of the interactions
between Au NPs and SWNT, Raman spectra were re-
corded. Figure 8 displays the Raman response of
p-SWNT, ox-SWNT, Au-ox-SWNT, b-ox-SWNT, and ca-
UV-ox-SWNT.

The increase of the D band intensity at about 1320
cm™ for the oxidized tubes clearly shows that treat-
ment with nitric acid induces new defects on the nano-
tubes. The intensity of this band does not change too

www.acsnano.org

much with the other manipulations of the nanotubes
indicating that there is a small variation of the number
of defects. Some changes, which can be observed at
about 1350 cm™', are usually considered to derive from
the purification of the sample from carbonaceous ma-
terials. It is also possible to observe other variations in
the region between 1500 and 1550 cm™', namely a de-
creasing of the intensity of the shoulder of the main G
band. This region usually indicates the presence of me-
tallic nanotubes and its decreasing can be related to
some attack to this type of nanotubes. The intensity of
this shoulder is recovered in particular for the nano-
tubes treated with Au nanoparticles, while treatment
of Au-ox-SWNT with reducing agents, such as citrate,
does not give the same result (see Figure 8a).

One can interpret this phenomenon considering
that the oxidation of the nanotubes not only produces
new functional groups on the tubes but it is a p-doping
for the electronic structure of the nanotubes. There-
fore, the possible role of the Au nanoparticles could be
that of a donor agent, which alleviates the p-doping
and regenerates the SWNT original electronic situation.
This, however, does not mean that the nanotubes have
lost their functional groups because the intensity of
the D band is not significantly decreased.

Confirmation of these results comes from the analy-
sis of the RBM region below 400 cm ™ (see Figure 8b).
In these spectra, it is possible to see that the oxidation
determines a decrease of both the bands above 280
cm~ ! and those below 230 cm ™. The highest wave-
number bands are related to semiconducting tubes (in
particular (7,5) and (8,3)), and it is known that these
small diameter nanotubes react more easily than oth-
ers in a strong oxidation.?” On the other hand the bands
at lower wavenumbers can be related to large diam-
eter metallic nanotubes ((12,3) and (13,1) at about 220
cm~'and (13,4), (12,6), and (14,2) at about 195 cm™").
The band at about 255 cm ™" can be related to semicon-
ducting nanotubes ((9,4), (11,1,) and (9,3)) A recovery,
in particular of the intensity of the metallic nanotubes,
can be observed, although with an increased wave-
number with respect to the p-SWNT, for the Au-ox-
SWNT and b-SWNT samples. The increased frequency
is usually observed for functionalized nanotubes and
the recovery of the intensity for the nanotubes treated
with Au nanoparticles, can be related to a recovery of
the electronic structure of these nanotubes. These ob-
servations confirm the conclusions reached in the
G-band spectral region.

In conclusion, we have deposited Au NP on oxi-
dized SWNT using UV light irradiation. Our experimen-
tal findings suggest that oxygenated groups covalently
attached to SWNT are the nucleation sites for NP
growth. Irradiation of the SWNT oxidized using nitric
acid (ox-SWNT) at low HAuCl, loading resulted in the
formation of small NP (~2 nm), while for increasing
HAuCl, loading, both the growth factor and the size dis-
tribution af the NP are affected. The presence of differ-
ent type and amount of oxygen groups grafted at the
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MWNT surface and the catalytic activity of nanoscale
gold particles under UV light irradiation can explain the
broaderning of the NP size distribution for increasing
HauCl, loading. In SWNT oxidized using piranha solu-
tion (cut-SWNT), the amount of oxygen groups grafted
is higher while the spread in the nature is smaller than
in the ox-SWNT sample implying a narrower NP size
distribution (11 nm). The increase in the thermal stabil-
ity of the Au-SWNT composites suggests that NP nucle-
ate on oxidized defects preventing further oxidation.
The observation that in dispersions of pristine (p-

MWNT) and highly damage MWNT (cut-MWNT, 9 h in pi-
ranha solution) the Au NP grow in solution instead of

METHODS

Oxidation of SWNT. A 300 mg portion of pristine SWNT (p-
SWNT, HiPCO SWNT, Carbon Nanotechnology, Inc., lot no.
R0496, www.cnanotech.com) was sonicated for 5 min in 300
mL of 2.6 M solution of nitric acid and refluxed for 48 h at 125
°C under magnetic stirring."® The solution was neutralized, fil-
tered (Millipore JH 0.45 pm filter), and washed with deionized
water. After that, the oxidized SWNT (ox-SWNT) were washed
with methanol and dried in vacuo overnight (249 mg, 83%). Cut
SWNT (cut-SWNT) were prepared placing ox-SWNT in piranha
solution for 1 h and in a different experiment from 9 h at 22 °C
following the previous reported work. To increase the dispersibil-
ity of ox-SWNT, sodium dodecyl sulfate (SDS, 1 wt %) was added
in some cases (SDS-ox-SWNT) before HAuCl, loading and UV
light irradiation.

Deposition of Gold NP on Carbon Nanotubes. A 10 mg portion of
the ox/cut SWNT was sonicated in 10 mL of 1 M solution of
methanol in water for 10 min. Citric acid solution in water (1.5
M) was used to adjust the pH = 1. HAuCl, was used as metal pre-
cursors (0.05, 1, and 3 mM). Water dispersions were deoxygen-
ated with argon in order to avoid photo-oxidation of tubes. So-
lutions were irradiated with UV light (GE.R 500 W Helios
Italquartz, 250—450 nm, Amax = 360 nm) for intervals of 60 min
under magnetic stirring. Control solutions were kept in daylight
during the same time (dI-Au-ox-SWNT). Control samples were
prepared following the same procedure described above but
without any of the main component, such as citric acid, HAuCl,,
or methanol. Solutions were filtered (Millipore JH 0.45 m filter),
washed with deionized water, and dried under vacuum.

Separation of Au-ox-SWNT. For the separation of Au-ox-SWNT
from b-SWNT, 10 mg of dry UV light synthesized Au-ox-SWNT
composites prepared at low Au concentration in solution, were
dispersed in DMF, and dodecylthiol was added in 1:1 volume ra-
tio. Dispersions were sonicated until homogeneous solution
were obtained and later were centrifuged for 1 h at 3000 rpm
and kept overnight. Two clear liquid phases were observed and
also two precipitated nanotube fractions, one at the bottom of
the test tubes (b-SWNT) and the other (Au-ox-SWNT) at the in-
terface of DMF—dodecylthiol (pgodecyithiol = 0.85 g/mL and ppwr =
0.944 g/mL). The fractions were separated, filtered, and washed
thoroughly. The collected nanotubes were dried in vacuo over-
night. After that the two fractions (b-SWNT and Au-ox-SWNT)
where dispersed in DMF for their characterization. In samples
with higher Au concentration, the Au-ox-SWNT fraction was
centrifuged again and washed in methanol in order to remove
the remaining dodecylthiol. Samples were redispersed in DMF
for further characterization.

The given names to the different treated CNT used in this
study are summarized in Table 1.

Sample Characterization. For UV—vis—NIR characterization (1
cm quartz cuvettes on a Varian Cary 5000 spectrophotometer),
2 mg of each compound was dispersed in 10 mL of DMF, soni-
cated for 10 min and centrifuged at 3000 rpm for 20 min. Raman
spectra were recorded with an Invia Renishaw microspectro-
meter equipped with a He Ne laser at 633 nm. Tapping-mode
AFM analysis measurements of the mica substrates were carried
out in air at 298 K, using a Nanoscope llla (Digital Instruments
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growing attached at the tube surface indicates that both
the efficient creation of electron—hole (e—h) pairs in the
nanotube and the presence of oxygen groups grafted at
the tube surface are necessary for the nucleation and
growth of Au NP at the tube surface. Faster nucleation of
Au NP was observed on metallic SWNT, this can be asso-
ciated with a high probability of e—h pairs formation on
this type of tubes. Separation of bare tubes (b-SWNT)
from Au-ox-SWNT was achieved using dodecylthiol,
which forms a self-assembled monolayer onto the Au-NP
surface. TGA, UV—vis—NIR and Raman spectroscopy re-
veal a regeneration of the pristine SWNT properties in Au-
ox-SWNT and b-SWNT.

TABLE 1. Summary of the Differently Treated CNT

sample name type of C(NT
p-SWNT pristine HiPCO SWNT
ox-SWNT SWNT oxidized in nitric acid
cut-SWNT 0x-SWNT treated in piranha solution
Au-ox-SWNT 0ox-SWNT after gold nanoparticles deposition
Au-cut-SWNT cut-SWNT after gold nanoparticles deposition
Au-SDS-ox-SWNT ox-SWNT dispersed in sodium dodecyl sulfate solution
b-SWNT purified ox-SWNT after separation from Au-ox-SWNT
dl-Au-ox-SWNT 0ox-SWNT kept in day light at the same condition of Au-ox-SWNT
ca-UV-ox-SWNT ox-SWNT treated with UV-light in citric acid solution
Au-MWNT pristine MWNT treated in the same conditions as Au-SWNT

Metrology Group, USA) instrument. The tips used in all measure-
ments were phosphorus-doped silicon cantilevers (T = 20—80
mm, L = 115—135 mm, f = 200—400 kHz, k = 20—80 N m™',
VEECO, USA) at a resonant frequency of ca. 290 kHz. Thermo-
gravimetric analyses (TGA) of approximately 1 mg of each com-
pound were recorded on a TGA Q500 (TA Instruments) under N,
or air by equilibrating at 100 °C, and following a ramp of 10 °C/
min up to 1000 °C. Transmission electron microscopy analyses
were performed on a TEM Philips EM208, using an accelerating
voltage of 100 kV. For the sample preparation 0.1 mg of the dif-
ferent compounds was dispersed in 1 mL of solvent, and one
drop of this solution was deposited on a TEM grid (200 mesh,
nickel, carbon only). Analysis of individual metal particles was
performed by high-resolution TEM using a Philips CM30 FEG mi-
croscope, operated at 200 kV electron energy. The chemical
composition of the samples was examined through XPS analy-
sis carried out in a VG-ESCALAB 220iXL instrument equipped
with an Al K monochromatized X-ray beam. The X-ray emis-
sion energy was 25 W with 15 kV accelerating voltage focused
to a spot of 250 X 1000 wm. Typical operating pressures were
better than 107° Torr. The emitted electrons were detected by a
hemispherical analyzer at fixed pass energy of 20 eV for the high-
resolution spectra for all specimens. The takeoff angle was gen-
erally 90° (the angle between the specimen surface and the di-
rection of photoelectrons to the detector).
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